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Abstract 

 

Declines in coastal water quality are a global problem resulting in enhanced algal 

biomass, altered community compositions and changes to ecosystem structure and 

functioning. Poor water quality continues to have a detrimental impact on coral reef 

health. The abundance of hard corals in the Great Barrier Reef (GBR) region has 

reduced by 70% over the past century. Key threats such as coral bleaching, skeletal 

diseases, lack of reef recovery, and the proliferation of crown-of-thorns starfish in the 

GBR are all exacerbated by eutrophication. The inshore regions of the GBR are at risk 

of impacts from increased nutrient (as well as sediment and pesticide) loads delivered 

to the GBR waters. Therefore, the Reef Water Quality Protection Plan 2013 indicates 

the targets by 2018 should be at least a 50% reduction in anthropogenic dissolved 

inorganic nitrogen loads, and at least a 20% reduction in sediment and particulate 

nutrients in priority areas. 

Fluvial discharge is a primary source of nutrients for algae growth in the GBR lagoon 

although upwelling, mineral dust deposition, biological nitrogen fixation, and rainfall 

can also be sources of new nutrients. Fluvial discharges of sediment and nutrients and 

their impacts on the GBR have been previously studied to describe the presence, nature 

and extent of land-derived contaminants in GBR waters. Upwelling is also a source of 

nutrients for the GBR ecosystem, with this study examining a hitherto unidentified 

seasonal chlorophyll-a (Chl-a) anomaly likely due to upwelling on shelf waters to the 

southeast of Fraser Island and also off Stradbroke Island.  

Although aeolian dust inputs are thought to be a critical source of dissolved iron (dFe) 

for phytoplankton growth in some oceanic regions, research on dust-derived nutrients 

in Australia has been very limited in comparison with research on fluvial transport of 

nutrients. There has been no long term study of the influence of mineral dust 

deposition on marine primary productivity and algal blooms along the Queensland 

coast.  

The tropical and sub-tropical phytoplankton communities can exhibit a wide range of 

responses to climate variability. The El Niño Southern Oscillation (ENSO) is the 

dominant source of inter-annual climate variability in the tropical Pacific Ocean. 
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However, the influence of ENSO on the spatial and temporal variability in chlorophyll 

concentration on the Queensland continental shelf is less well known.  

This PhD thesis examines the non-fluvial factors that could influence phytoplankton 

blooms on the Queensland continental shelf. To achieve this aim, three key objectives 

of the research are:  

(i) To examine the spatiotemporal variability in satellite-derived Chl-a and SST and 

their relationship with ENSO.  

(ii) To analyse the relationship between phytoplankton dynamics and upwelling.  

(ii) To assess the impact of nutrient inputs from mineral dust deposition on algal 

blooms, especially cyanobacteria. 

A 15-year time series (3/2000-2/2015) of monthly and 8-day satellite derived Chl-a, 

aerosol optical depth (AOD), and sea surface temperature (SST) were used in this 

study. Seasonal climatological means of each variable were computed and analysed. 

Empirical orthogonal function (EOF) analysis was used to examine spatio-temporal 

patterns of variability in these variables. Eigenvectors of Chl-a, AOD and SST present 

a strong seasonal variability on the first EOF modes. Thus, the seasonal variability was 

removed by computing anomalies of the monthly and 8-day Chl-a, SST and AOD. The 

EOF analysis was then reapplied to the anomaly time series. Cross-correlation analysis 

was used to investigate the relationship with climate variability through correlations 

between the multivariate ENSO index (MEI) with Chl-a, SST, and AOD. Statistically 

significant correlations are found between Chl-a and AOD with MEI on the 

Queensland continental shelf. There is a significant correlation between SST and MEI 

in the whole study region. 

There was a gradient in satellite-derived Chl-a decreasing from the coast across the 

shelf. Distinctly different distributions of Chl-a occur on the continental shelf and in 

offshore regions. Variability in SST and AOD is mainly along a north-south gradient. 

A large plume of higher Chl-a along the continental margin off Fraser Island and the 

Gold Coast, during spring and summer time, is possibly caused by upwelling. Negative 

correlation coefficients between 8-day anomalies of Chl-a and SST are found on the 

continental shelf to the east of Fraser Island and Stradbroke Island. Analysis of a 

particular algal bloom event indicates a negative SST anomaly and negative curl of 
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wind stress in the waters to the southeast of Fraser Island, suggesting that wind stress is 

possibly a secondary, but significant physical driver, of the upwelling system.  

A statistically significant correlation was found between the eigenvectors associated 

with the first EOFs of monthly and 8-day Chl-a and AOD. Interestingly, Chl-a lead 

AOD by a few weeks to a few months and this lag may be due to emissions of the 

biogenic compound dimethylsulfide (DMS) during the senescent phase of algal 

growth.  

The monthly climatology of dust deposition from simulations using the Computational 

Environmental Management System (CEMSYS) dust transport model show very high 

values in the central and southern GBR during the austral spring from August to 

October, high values in the northern Coral Sea in January and very low values during 

the autumn. Plots of simulated dust deposition shows a significant increase of 

deposition in the southern GBR during the spring of 2000, 2002, 2003, 2006, 2008 and 

2009, which coincide with peaks in the observed dust storm index (DSI), an indicator 

of dust storm activity, and satellite-derived AOD. Plots of Chl-a show the major peaks 

in the summer wet seasons and minor peaks in November of 2002 and 2009 which 

may be due to phytoplankton blooms caused by dust-derived micro-nutrients.  

Nitrogen-fixing cyanobacteria such as Trichidesmium spp. are known to be stimulated 

by dust-derived iron. A Trichodesmium detection algorithm was applied to seven 

MODIS Aqua images after the severe dust storms in October 2002 and September 

2009 to detect the presence of Trichodesmium blooms in the southern GBR lagoon. 

Trichodesmium blooms were found in early November 2002 in Hervey Bay (off 

Bundaberg) and in late November 2002 off Rockhampton. A huge bloom was found in 

the southern GBR lagoon in late December 2002. A large Trichodesmium bloom was 

found a after the severe dust storm in September 2009 and subsequent extensive 

blooms continued for three months after the dust event. These blooms of 

Trichodesmium may reduce light penetration, increase nitrogenous nutrients through 

dinitrogen fixation and lead to further phytoplankton and macro-algal blooms by N-

limited species. Clearly the dust-cyanobacterial link is important in the overall nutrient 

budget and may be associated to coral reef degradation and algal-coral phase shift in 

the GBR.  
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Chapter 1  

Background and Research Significance 

 

1.1. Background 

Declining coastal water quality is a global problem often resulting in enhanced 

algal biomass, altered community compositions and changes to ecosystem 

structure and functioning (Smith, 2003). Scientific evidence suggests that poor 

water quality continues to have a detrimental impact on coral reef health. The 

abundance of hard corals in the Great Barrier Reef (GBR) region has reduced by 

70% over the past century (Bell et al., 2014; De'ath et al., 2012). The principal 

proximate causes of the loss of hard corals have been attributed to storm damage, 

coral bleaching events, widespread growth of the crown-of-thorns starfish, and 

coral skeletal diseases (Willis et al., 2004). It is widely accepted that coral 

bleaching, skeletal diseases, lack of reef recovery, and the proliferation of crown-

of-thorns starfish in the GBR are partly attributable to eutrophication (Bell et al., 

2014).  

The poor water quality on the Queensland continental shelf, including increased 

nutrients, is influenced by many factors. Existing literature indicates that fluvial 

discharge is a major source of nutrients for algae growth in the GBR lagoon, 

although upwelling, dust deposition, biological nitrogen fixation and rainfall 

(Figure 1.1) can also be sources of new nutrients (Brodie et al., 2007; Brodie et 

al., 2011; Furnas, 2011). Several studies have suggested that inshore parts of the 

GBR lagoon and Moreton Bay have already or will soon become eutrophic as a 

result of anthropogenic nutrient enrichment (Brodie et al., 2001; McEwan et al., 

1998; Saeck et al., 2013). Current scientific consensus is that inshore regions of 

the central and southern GBR are at risk of impacts from increased nutrient (as 

well as sediment and pesticide) loads delivered to the GBR waters (Brodie et al., 
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2011; Schroeder et al., 2012). Brodie et al. (2007) indicate that phytoplankton 

dynamics in the GBR display a seasonal pattern, with algal standing stock 

(Chlorophyll or Chl-a) at an annual maximum during the summer wet season.  

 

 

Figure 1.1: Nutrient cycle in the coastal ocean (modified from Wikipedia’s Free 

Online Textbook “Basic Ecology” at http://en.labs.wikimedia.org/wiki/Ecology). 

 

Upwelling is a significant source of nutrients for the pelagic GBR ecosystems 

(Andrews and Gentien, 1982). Several studies suggest there are dynamic uplifts 

caused by the East Australian Current (EAC) and tidal pumping in the outer GBR 

(Andrews and Furnas, 1986; Berkelmans et al., 2010; Brinkman et al., 2002; 

Burrage et al., 1996; Wolanski and Pickard, 1983). In a study of Chl-a and sea 

surface temperature (SST) dynamics in the southern GBR, Weeks et al. (2010) 

have suggested that the Capricorn Eddy could cause upwelling of cooler, 

River 

Shelf 
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nutrient-enriched oceanic subsurface water and transport it to the reef zone, and 

eventually into the GBR lagoon.  

A recent study identified a hitherto unknown seasonal Chl-a anomaly, which 

may be due to upwelling, on shelf waters to the southeast of Fraser Island and 

also off Stradbroke Island (Tran et al., 2012). Brieva et al. (2015) computed the 

frequency of Chl-a bloom events and examined the distributions Chl-a blooms 

near the Fraser Island continental shelf. They suggested that this area was 

characterized by recurring high Chl-a events during the austral spring and 

summer months, with EAC-generated bottom layer stress possibly the main 

driver of upwelling. However, our understanding of the relationship between the 

inter-annual variability of phytoplankton biomass, upwelling and climate 

variability on the southern Queensland shelf remains limited. 

Aeolian mineral dust input is thought to be a critical source of dissolved iron 

(dFe) for phytoplankton growth in some oceanic regions (Karl et al., 2002). In 

the North Atlantic Ocean, dust deposition has been shown to stimulate blooms of 

diazotrophs (nitrogen-fixing cyanobacteria) by increasing the level of dFe within 

the water column (Lenes et al., 2001). However, research on dust-derived 

nutrients in Australia has been very limited in comparison with research on 

fluvial transport of nutrients (McTainsh et al., 1989). Several studies have shown 

a moderate correlation between the modelled flux of dust-derived iron and 

satellite-derived Chl-a in the Southern Ocean south of Australia, off the southern 

Queensland coast and in the Tasman Sea (Cropp et al., 2005; Gabric et al., 2015; 

Gabric et al., 2010). The sensitivity of phytoplankton growth in the southern 

Queensland coastal waters to dust deposition after a severe dust storm on 23 

October 2002 was demonstrated by examining changes in satellite-derived Chl-a 

concentration and aerosol optical depth (AOD)  (Shaw et al., 2008). Tran et al.  

(2012) suggested possible temporal coherences between Chl-a anomalies, 

Trichodesmium bloom, and dust storm events in 2002 and 2009 in the southern 

GBR lagoon. However, there is no long-term high-resolution study on the 
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influence of mineral dust deposition on marine primary productivity and algal 

blooms along the Queensland coast, especially during the prolonged drought in 

Eastern Australia between 1998 and 2009, when dust storm events were 

common.  

Tropical and sub-tropical phytoplankton communities exhibit a wide range of 

responses to climate variability (Rousseaux and Gregg, 2012). The El Niño 

Southern Oscillation (ENSO) is the dominant source of inter-annual climate 

variability in the tropical Pacific Ocean. During the 1997-1998 El Niño event, 

one of the strongest ENSO events that occurred in the period covered by satellite 

Ocean Colour data, the phytoplankton biomass, represented by chlorophyll 

concentration, decreased in the Equatorial Pacific (Behrenfeld et al., 2006; Boyce 

et al., 2010). Analysis of the global SeaWiFS-derived Chl-a, Yoder and Kennelly 

(2003) suggested that seasonal and ENSO effects explained a large proportion of 

the total variability in phytoplankton chlorophyll pattern. However, the influence 

of ENSO on the spatial and temporal variability in chlorophyll concentration on 

the Queensland continental shelf is less well known.  

Fluvial discharges of sediment and nutrients and their impacts on the GBR have 

been studied to understand the presence, nature and extent of land-derived 

contaminants in GBR waters (Alongi and McKinnon, 2005; Devlin and Brodie, 

2005; Furnas, 2003; Mitchell and Furnas, 1997; Wolanski et al., 2008). In GBR 

waters, concentrations of dissolved inorganic nitrogen (nitrate, ammonium, etc.), 

suspended sediment and dissolved inorganic phosphorus are many times higher 

in flood plumes than in non-flood waters (Brodie et al., 2007). Satellite remote 

sensing demonstrates the transport of river-plume derived dissolved matter across 

and along the GBR lagoon and out to the Coral Sea (Brodie et al., 2010). 

Particulate matter is dispersed less widely and tends to be trapped and deposited 

inshore (Alongi and McKinnon, 2005). Devlin and Brodie (2005) suggest most 

sediment is trapped near the coast and hence has decadal residence times in the 

GBR lagoon. Dissolved nutrients are dispersed more rapidly and may be trapped 
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in the lagoon by biological uptake and persist in this particulate form for years. 

Using satellite remote sensing, Brodie et al. (2010) found a massive 

phytoplankton bloom (Chl-a 50 times higher than in normal conditions) in the 

GBR lagoon, which spread 150 km offshore after nine days. This bloom was 

associated with a large river plume. A relationship between satellite-derived Chl-

a anomalies and subsequent algal bloom with fluvial discharge of nutrients and 

sediment inshore the GBR lagoon has been suggested (Blondeau-Patissier et al., 

2011; Blondeau-Patissier et al., 2014; Tran et al., 2012; Weeks et al., 2015). 

However, both fluvial suspended sediment and dissolved organic matter 

discharged from rivers into the GBR lagoon and the resuspension of fine 

sediments in the inshore regions by strong winds (Fabricius et al., 2013) may 

cause errors in satellite retrievals of Chl-a concentration (Gohin et al., 2002). A 

lot of effort has been devoted in recent years to investigate the impacts of fluvial 

discharge on water quality and coral reef system in the GBR; therefore, the 

fluvial nutrients are not a focus of this research. 

 

1.2. Aim and objectives 

The overall aim of this research is to examine the non-fluvial factors that could 

influence phytoplankton blooms on the Queensland continental shelf. 

The key objectives of the research are:  

(1) Examine the spatiotemporal variability in satellite-derived Chl-a and SST and 

their relationship with ENSO on the Queensland continental shelf. 

(2) Analyse the relationship between phytoplankton dynamics and upwelling on 

the southern Queensland continental shelf. 

(3) Assess the impact of nutrient inputs from dust deposition on algal blooms in 

the GBR lagoon. 
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1.3. Statement and significance 

The Reef Water Quality Protection Plan 2013 (http://www.reefplan.qld.gov.au/) 

suggests that water quality targets for 2018 should be at least a 50% reduction in 

anthropogenic dissolved inorganic nitrogen loads and at least a 20% reduction in 

sediment and particulate nutrients in priority areas. The impact of terrestrial 

sediment and nutrients on phytoplankton blooms in GBR lagoon has been 

investigated for over a decade (Brodie et al., 2001; Brodie et al., 2011; Brodie et 

al., 2012b); however, the influence of other nutrient inputs has not been 

examined in similar detail. In this study, factors such as climate variability, 

upwelling and dust-derived nutrients are examined and evaluated to provide an 

overview of their influence on phytoplankton growth on the Queensland 

continental shelf.  

Upwelling transports cold, deep, often nutrient-rich water to the ocean surface 

creating favourable conditions for algal growth. Examination of SeaWiFS 

satellite data identified Chl-a anomalies to the southeast of Fraser Island (Tran et 

al., 2012). The driving mechanism of this Chl-a anomaly is possibly seasonal 

upwelling on shelf waters. This study conducts a comprehensive investigation of 

the relationship between Chl-a variability, ENSO and upwelling, which is 

essential to understanding of the inter-annual phytoplankton dynamics, upwelling 

and climate variability on the Queensland continental shelf.  

There have been few studies of the impact of dust-derived iron (dFe) and algal 

blooms in Australia (such as in the Southern Ocean, the southern GBR and 

Tasman Sea), but no long-term, high-resolution study of dust-derived nutrients 

along the Queensland coast. The role of dust-derived nutrients in the stimulation 

of algal blooms, and in particular of Nitrogen-fixing cyanobacteria which have 

been shown to possess mechanisms that can assimilate iron from dust rapidly 

(Rubin et al., 2011), is less well understood than other aspects of the GBR 

system. This study examines the relationship between nutrient inputs from dust 

deposition and the bloom of cyanobacteria in the GBR lagoon. 
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1.4. Chapter synopses 

Chapter 1: Background and research significance.  

This chapter introduces the background of the research field, the research aims 

and objectives, a statement of the significance of the research and a summary of 

thesis chapters. 

Chapter 2: Literature review of sources and cycling of nutrients in the GBR 

lagoon.  

This chapter reviews the literature on the role of dust and iron in marine 

ecosystems, the source and cycling of nutrients in coral reef systems; 

phytoplankton diversity and distribution, nutrient sources and trophic status and 

role of the dust and iron in Great Barrier Reef waters. 

Chapter 3: Research methodology.  

This chapter presents the overall information about the study region, the data 

sources and acquisition processes, the data processing and analysis methods used 

and overall methodology of the three main thesis chapters. 

Chapter 4: Variability in satellite-derived Chl-a and SST on the Queensland 

continental shelf.  

This chapter analyses the spatial and temporal variability in satellite-derived Chl-

a and SST on the Queensland continental shelf and offshore Coral Sea using the 

Empirical Orthogonal Function (EOF) analysis. The relationships between the El 

Niño Southern Oscillation (ENSO) and variability in Chl-a and SST are 

examined using the cross-correlation between the eigenvectors associated with 

the spatial EOFs and the monthly multivariate ENSO index (MEI).   

Chapter 5: Chlorophyll-a variability and its relationship to ENSO and upwelling 

on the southern Queensland continental shelf 

In this chapter, the spatial and temporal variability in satellite-derived Chl-a and 

SST in the southern Queensland continental shelf are examined with EOF 
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analyses. The temporal variability of these variables (eigenvectors of the leading 

EOFs) is correlated with the MEI using cross-correlation functions to examine 

the relationship between these variables and ENSO in this sub-region. Spatial 

correlation analysis of Chl-a and SST anomalies as well as wind stress vectors 

and curl of wind stress are used to examine whether upwelling induced 

phytoplankton blooms on the continental shelf to the southeast of Fraser Island 

and to the east of Stradbroke Island. 

Chapter 6: Dust deposition and cyanobacteria blooms.  

This chapter analyses the spatial and temporal variability of AOD and its 

relationship with variability in Chl-a to examine the spatial and temporal 

coherences between phytoplankton growth and composition of the particles in 

the atmosphere. Computed dust and iron deposition from the Computational 

Environmental Management System model (CEMSYS) are examined with Chl-a, 

AOD and a dust storm index (DSI) calculated from observations taken at 49 

stations in Queensland. An algorithm for detecting dense blooms of N-fixing 

cyanobacteria Trichodesmium from the MODIS satellite sensor data is applied to 

detect the existence of Trichodemium blooms in the southern GBR waters as a 

consequence of the deposition of dust-derived Fe in the severe dust storms in 

October 2002 and September 2009. 

Chapter 7: Conclusions, limitations and future work.  

This chapter provides the discussion and conclusions on the significance of 

overall nutrient budget and the role of dust deposition in marine ecosystems on 

the Queensland continental shelf. It also includes the significance and 

contribution of the research and as well as limitations and suggestions for future 

work. 
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Chapter 2 

Literature Review of Sources and Cycling of Nutrients in the 

Great Barrier Reef 

 

2.1. Role of dust and iron in marine ecosystems 

The major nutrients that limit marine phytoplankton growth include nitrogen (N), 

phosphorus (P), and silicon (Si), with micronutrients such as iron (Fe) also 

limiting growth in some parts of the ocean (Krishnamurthy et al., 2010).  

Atmospheric transport and deposition of aeolian dust provides a source for each 

of these nutrients to the oceans. Variations in atmospheric iron inputs may impact 

spatial patterns of phytoplankton growth limitation and the spatial extent of the 

high-nutrient, low-chlorophyll (HNLC) regions, such as the equatorial Pacific 

and the Southern Ocean (Cropp et al., 2013; Gabric et al., 2010). Much of the 

external input of iron to open ocean regions is via aeolian dust transport, from the 

arid regions and deserts of the world (Jickells et al., 2005). 

The stimulation of phytoplankton photosynthesis by the provision of iron, a 

micronutrient contained in deposited aeolian dust (the Iron Hypothesis - the 

simplest form is shown in Figure 2.1) was first proposed by Martin (1990). 

Several artificial fertilisation experiments have confirmed the role of iron in 

controlling phytoplankton production in large regions of the ocean (Boyd et al., 

2000). The majority of dust deposition into the oceans occurs in the northern 

hemisphere (Gao et al., 2001). Australia is a relatively minor contributor to the 

global dust budget (Shao et al., 2007); however, model simulations suggest that 

aeolian dust from Australia dominates the southern hemisphere (Tanaka and 

Chiba, 2006). Turner (1996) indicates that there are time lags of several days 

between delivery of dust to the ocean and a subsequent phytoplankton bloom. 
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Figure 2.1. The simplest form of the Iron Hypothesis. Iron-rich dust deposits into 

the ocean, where iron dissolves into a form that can be used, along with other 

nutrients such as nitrogen (N) and phosphorous (P), fuelling the growth of 

phytoplankton and cyanobacteria. Cyanobacteria fix N from the air to increase 

organic N in waters. Small marine animals (zooplankton) eat phytoplankton and 

bacteria. The decomposition of cyanobacteria, phytoplankton and zooplankton, 

when they die, increases inorganic N. Organic and inorganic N in waters which 

are then taken up by other N-limited phytoplankton species to form the 

subsequent blooms (Modified diagram of Jack Cook, Woods Hole 

Oceanographic Institution - http://www.whoi.edu/). 

 

Dust deposition has been considered a cause of coral reef demise in some 

regions. Shinn et al. (2000) proposed that the hundreds of millions of tons/year of 

African soil dust that have been crossing the Atlantic could be a significant 

contributor to coral reef decline, and may be affecting other ecosystems in the 



Chapter 2. Literature review of sources and cycling of nutrients in the Great Barrier Reef  

 

 

Factors influencing the spatiotemporal variability in satellite-derived chlorophyll  

on the Queensland continental shelf                           11 

Caribbean Sea. Viable microorganisms, macro- and micronutrients, trace metals, 

and an array of organic contaminants carried in the dust-laden air masses and 

deposited in the oceans may play important roles in the complex changes 

occurring in coral reefs worldwide (Garrison et al., 2003). However, relatively 

little is known about the impact of dust-derived nutrients on algal dynamics, in 

particular N-fixing cyanobacteria, and studies of impacts on coral reefs in the 

GBR in particular have been very limited. 

 

2.2. Sources and cycling of nutrient in coral reef systems  

Coral reefs occur in waters that are generally very low in nutrients, but benthic 

productivity is among the highest in the world (Lewis, 1977). The important 

sources of nutrients in coral reefs are recycling between algal/invertebrate 

symbionts and fixation of N2 by blue-green algae and bacteria (Froelich, 1983; 

Furnas et al., 2011). Other sources of dissolved nutrients are from fluvial 

discharges (Fabricius, 2005), ground water seepage (Paytan et al., 2006) and 

upwelling (Andrews and Gentien, 1982). Fluvial discharge has been suggested as 

a significant source of nutrients in near-shore coral reef systems (Brodie et al., 

2011; Fabricius, 2005). The structural and functional properties of coral 

ecosystems lead to enhanced conservation of nutrients (Froelich, 1983). 

New nutrients can enter reef systems from both terrestrial and oceanic sources 

and, in the case of nitrogen, by in situ N2 fixation by diazotrophs (Froelich, 

1983). Coral reefs located off the coasts of high volcanic islands or on 

continental shelves may receive a considerable supply of nutrients via terrestrial 

runoff (Fabricius, 2005). Oceanic sources of nutrients depend on the 

concentration of nutrients in the source water, the rate of flow of water over the 

reef, and the ability of primary producers to take up the nutrients at the given 

concentration. Nutrient concentrations in tropical oceanic waters are generally 
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very low; however, upwelling may occasionally result in higher nutrient 

concentrations in coral reef waters (Andrews and Gentien, 1982). 

The deposition of aerolian dust is another source of nutrients in coral reef waters. 

It provides primary nutrients for phytoplankton growth and the micronutrient 

iron for N-fixing cyanobacteria in the ocean (Griffin and Kellogg, 2004). The 

nutrient input from dust deposition in coral reefs has been studied in Florida and 

the North Pacific coral reefs and shows a relationship between coral decline and 

dust deposition (Garrison et al., 2003; Shinn et al., 2000). However, there are few 

studies on dust-derived nutrient inputs in Australian waters (Cropp et al., 2005; 

Gabric et al., 2015; Gabric et al., 2010; Shaw et al., 2008). Consequently, there is 

significant gap in our understanding of the effects of aeolian nutrient inputs in the 

GBR lagoon.  

 

2.3. Great Barrier Reef waters 

2.3.1 Phytoplankton diversity and distribution 

Phytoplankton communities in the GBR ecosystem are diverse and cosmopolitan 

in character, comprising a mixture of oceanic forms with pan-tropical 

distributions, and assemblages of diatoms and dinoflagellates found in coastal 

and upwelling regions worldwide (McKinnon et al., 2007). A three-year survey 

of the micro-phytoplankton in the 1970s produced a species list of 220 diatoms 

and 176 dinoflagellates (Revelante et al., 1982). The colonial nitrogen-fixing 

cyanobacterium Trichodesmium episodically accounted for a significant 

proportion of the micro-phytoplankton in GBR lagoon samples, with abundances 

inversely correlated with those of diatoms (Revelante and Gilmartin, 1982).  

Phytoplankton studies spanning the width of the GBR lagoon have demonstrated 

a strong nearshore to offshore gradient in phytoplankton composition (McKinnon 

et al., 2007). Communities in nearshore waters are more frequently dominated by 

diatoms because of more consistent nutrient inputs and greater nutrient 
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availability from adjacent terrestrial sources and re-suspension from shallow 

sediments (Revelante et al., 1982). Diatom-dominated assemblages within GBR 

waters are therefore diagnostic of enhanced or persistent nutrient inputs into a 

region. Diatoms achieve dominance after disturbances, for brief periods at least, 

because they have fast intrinsic growth rates (Furnas, 1991). The difference in 

response times between the flagellate grazers of picoplankton (days) and the 

metazoan grazers of microplankton diatoms (weeks) also contributes to the 

persistence of diatom blooms. By contrast, communities in oligotrophic (low 

nutrient) outer-shelf and oceanic waters are dominated by picoplankton-sized 

unicellular cyanobacteria (Synechococcus) and prochlorophytes 

(Prochlorococcus) (Crosbie and Furnas, 2001), together with rafts of 

Trichodesmium and characteristic assemblages of open-ocean dinoflagellates 

(Revelante and Gilmartin, 1982; Revelante et al., 1982). 

McKinnon et al. (2007) suggest that these marked cross-shelf changes in 

plankton composition are a result of gradients in the physicochemical properties 

of these waters. These gradients are determined by the dynamic balance between 

terrestrial inputs of nutrients, water movements alongshore, and oceanic 

exchanges. The cross-shelf extent of terrestrial influence is governed by 

bathymetry, the limited cross-shelf extension of river plumes, and the magnitude 

of a northward-flowing, wind-driven coastal current. Thus, nearshore waters are 

insulated to some degree from mixing with inter-reef waters on the outer shelf 

(Luick et al., 2007; Mao and Luick, 2014).  

GBR waters are characterised by rapid rates of phytoplankton growth, pelagic 

grazing and remineralisation (Furnas et al., 2005). In situ growth rates for the 

dominant phytoplankton species range from approximately one to several 

doublings per day. Fast growth results in a high demand for nutrients and, given 

the low ambient concentrations of dissolved nitrogen and phosphorus, rapid 

cycling occurs. Ammonium cycling times range from hours to a few days, and 

phosphate and nitrate cycling times are typically less than a few days (Furnas et 
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al., 2011; Furnas et al., 2005). The cyanobacterium Trichodesmium plays an 

important role in the ecosystem by fixing significant quantities of atmospheric 

nitrogen (Bell et al., 1999). 

 

2.3.2 Nutrient sources and trophic status 

The GBR is the world’s largest coral reef system, composed of over 2,900 

individual reefs and 900 islands. It is up to 150 km wide and extends over 2,000 

km along the Queensland coast of Australia (Hutchings et al., 2008). The 

expanse of water between the mainland and outer-reef complex is referred to as 

the GBR lagoon. The circulation and flux rates of the GBR lagoon are restricted, 

and hence contaminants are expected to have a relatively long residence time 

within the lagoon and accumulate within it (Brodie et al., 2012a). The available 

water quality data shows that the concentration of nutrients in the water column 

in the GBR has reached a critical level for the survival of fringing reefs in some 

regions of the lagoon (Bell, 1992; Brodie et al., 2011; Haynes and Michalek-

Wagner, 2000). Increased suspended particulate matter and sedimentation rates 

from catchment run-off and wind re-suspension of sediment in shallow inshore 

water (Fabricius et al., 2013) have magnified the effects of eutrophication on the 

survival of coral reefs (De'ath et al., 2012; Wooldridge et al., 2006). 

One of the most important processes directly impacting the GBR is the input of 

terrestrially derived nutrients and sediments to near shore regions. This mainly 

occurs via river runoff, especially during periods of intense rainfall often 

associated with tropical cyclones (Devlin and Brodie, 2005). New nutrient 

(nitrogen and phosphorus) inputs to GBR ecosystems are dominated by river 

runoff which contributes on average 30% of the total N and 39% of P to the 

central GBR (Furnas et al., 2011; Furnas et al., 1995). Other sources are Coral 

Sea upwelling (12% of N, 39% of P), rain (16% of N, 11% of P) and nitrogen 

fixation (38% of N) (Devlin and Brodie, 2005). Nutrient usage in biological 
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uptake is dominated by internal recycling, with new inputs comprising only 27% 

of the demand for N and 18% for P (Furnas et al., 1995). On the inner-shelf, new 

inputs come primarily from terrestrial run-off while on the middle and outer 

shelf, upwelling and nitrogen fixation are more important (Furnas and Mitchell, 

2001).  

Large dust storm events in Australia are potentially capable of stimulating coastal 

phytoplankton blooms (Cropp et al., 2013; Shaw et al., 2008). It is projected that 

Australia may experience an increased number of droughts with more severe dust 

storms as a result of global climate change (Cleugh et al., 2011; McTainsh et al., 

2005). Thus, the relative significance of atmospheric nutrients may increase in 

the future. If this stimulates cyanobacterial populations, it could lead to an 

increase in the amount of new nitrogen entering the coastal system through 

nitrogen fixation by cyanobacteria (Shaw et al., 2008). Trichodesmium is the 

most comprehensively studied cyanobacterium genus and members of this taxon 

are believed to bloom following dust deposition because this increases the levels 

of dissolved iron, which is believed to be their primary limiting factor in many 

parts of the world (Behrenfeld et al., 1996; Behrenfeld and Kolber, 1999; Coale 

et al., 1996). In the GBR lagoon, aeolian transport of nutrients may be 

particularly important during both the dry season and drought periods, when 

there is only limited fluvial supply of nutrients. 

Large-scale eutrophication has occurred in the GBR lagoon, and algal blooms 

have been observed extending across the width of the lagoon and for several 

hundred kilometres along its length (Bell, 1992; Blondeau-Patissier et al., 2014; 

Brodie et al., 2007; Brodie et al., 2010; Devlin et al., 2015; Revelante and 

Gilmartin, 1982). Phytoplankton blooms often develop within the GBR lagoon 

during intermittent calm periods when water residence times exceed 

phytoplankton generation times (Furnas et al., 1990). Several studies have 

suggested that elevated nutrient concentrations in the GBR lagoon follow 

prolonged blooms of the cyanobacteria Trichodesmium (Bell, 1991; Bell, 1992; 
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Bell and Elmetri, 1995). Bell et al. (1999) suggest that Trichodesmium fix 

significant amounts of atmospheric nitrogen which are at least of the same order 

of magnitude as those entering via riverine discharge to the GBR lagoon. The 

associated increase in N-fixation and recycling may then lead to blooms of N-

limited genera such as diatoms and dinoflagellates.  

Eutrophication and nutrient enrichment of coral reefs has been suggested as a 

major cause of coral reef degradation and coral - macro-algal phase shifts 

worldwide (Szmant, 2002). Hunter and Evans (1995) suggested that coral decline 

and coral-algal phase shifts in Kaneohe Bay, Hawaii were caused by 

eutrophication. Nutrient enrichment can increase the severity of coral diseases as 

observed in the Caribbean Sea (Bruno et al., 2003). The accelerated 

phytoplankton production also increases turbidity and reduces light penetration. 

Shading temporarily reduces photosynthesis by zooxanthellae, leading to lower 

carbon gain, slower calcification and thinner tissues of corals (Telesnicki and 

Goldberg, 1995). Many responses have been devoted to assessing the impact of 

eutrophication on coral reef communities in the GBR in the last few decades 

(Bell and Elmetri, 1995; Brodie et al., 2005; Brodie et al., 2011; Furnas et al., 

2005). However, the role of increased nutrient regimes on coral reefs and macro-

algal structuring is complex and the interaction between herbivory and nutrient 

limitation is not completely resolved (McCook, 1999, 2001; Rasher et al., 2012). 

 

2.3.3. The role of dust and iron in the GBR waters 

Australia is a spasmodic continental dust source when compared with some other 

regions in the northern hemisphere (Shao et al., 2011). McTainsh et al. (1989) 

suggest that the main pathways of dust leaving the Australian continent are to the 

northwest over the Indian Ocean, south over the Southern Ocean (SO), and to the 

southeast over the Tasman Sea in association with the west-to-east passage of 

cold fronts. Dust can also occasionally be advected northeast over the GBR and 
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Pacific Ocean (Shaw et al., 2008). There is a strong seasonality in monthly 

average dust storm frequency related to wind conditions, rainfall, and vegetation 

patterns, with peak dust storm activity in northern Australia occurring during 

spring and early summer, while activity in southern Australia peaks later during 

summer (McTainsh et al., 1998). 

Cropp et al. (2013) suggested a likelihood of low to moderate dust deposition 

over the GBR from September to December. This has been corroborated by 

observations of dust storm events that can individually deposit very high loads of 

dust over the GBR region during this time of the year (McTainsh et al., 2005). 

During the spring and summer, diazotrophic cyanobacteria of the genus 

Trichodesmium, the dominant phytoplankton in GBR waters, often form 

conspicuous blooms (Furnas et al., 2005; Thompson et al., 2011) which may 

result from aeolian dust deposition.  

Berman-Frank et al. (2001) suggest that the nitrogen-fixing ability of 

Trichodesmium is limited by Fe and recent incubation studies suggest that 

although Trichodesmium acquires only dissolved Fe, unlike other phytoplankton, 

Trichodesmium accelerates the rate of Fe dissolution from oxides and dust, 

through as yet unknown cell-surface processes, thereby increasing its cellular Fe 

uptake rate (Rubin et al., 2011). Cellular elemental ratios (Kustka et al., 2003) 

suggest that Trichodesmium isolated from Australian waters are strongly iron-

limited. Therefore a link between Trichodesmium abundance and dust deposition 

would not be surprising, especially during the dry season when fluvial discharge 

of nutrients to the GBR is minimal (Cropp et al., 2013).  

Analysis of the phytoplankton response to high dust storm activity during 

October 2002 (Shaw et al., 2008) suggested a significant positive anomaly in 

satellite-derived chlorophyll-a developed in the southern GBR in the following 

weeks. Analysis of satellite-derived Chl-a anomalies and their relationship to 

nutrient sources suggest that Trichodesmium and subsequent algal blooms in the 
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southern GBR lagoon during the austral spring of 2009 were related to the severe 

dust storm events in the Eastern Australia in September 2009 (Tran et al., 2012). 

2.4. Literature synopses 

Dust deposition, upwelling and fluvial discharge may be major factors 

controlling the available nutrients for phytoplankton blooms on the Queensland 

continental shelf. The extent and impact of fluvial nutrients on phytoplankton 

dynamics and coral reefs in the GBR has been well studied recently. Upwelling, 

nitrogen fixation and dust deposition are possibly significant sources of nutrients 

for algal blooms; however, there are limited numbers of studies on these 

controlling factors. Climate variability may affect the spatial patterns and 

temporal variability of fluvial discharge, upwelling and dust deposition, but there 

is little literature on the influence of climate variability on phytoplankton 

dynamics on the Queensland continental shelf. 

Eutrophication in the GBR has been suggested as a major cause of coral reef 

degradation and coral-algal phase shifts. Recent scientific evidence suggests that 

eutrophication status is linked to outbreaks of the crown-of-thorns starfish, which 

have accounted for a 42 per cent decline of the coral cover on the GBR over the 

past 27 years. Sediment and nutrients leaving agricultural land and draining into 

the reef lagoon remain the largest contributors to the increase eutrophication 

levels. However, dust deposition of iron and N-fixing by Trichodesmium could 

contribute a significant proportion of nutrients to the GBR waters during the 

drought periods.  

The Reef Water Quality Protection Plan 2013 (http://www.reefplan.qld.gov.au/) 

targets at least a 50% reduction in anthropogenic dissolved inorganic nitrogen 

loads and at least a 20% reduction in anthropogenic loads of sediment and 

particulate nutrients in priority areas in the GBR by 2018. The reduction in dust 

load in the Australian continent and dust deposition on the GBR may also need to 

be considered in the targets of reduction nutrient loads to the GBR lagoon.   
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Chapter 3 

Research Methodology 

 

3.1. Study region 

The eastern Queensland continental shelf encompasses the Great Barrier Reef 

(GBR) and continental shelf waters from Fraser Island to the Gold Coast (Fig. 

2.1). The GBR is the world's largest coral reef system composed of over 2,900 

individual reefs and 900 islands stretching for over 2,300 kilometres (1,400 

miles) over an area of approximately 344,400 square kilometres (The Great 

Barrier Reef Marine Park Authority - http://www.gbrmpa.gov.au/). The study 

region stretches over 2000 km of the coastline from Horn Island in the far north 

GRB to the Gold Coast in the south. The primary region of interest is the 

continental shelf waters from the shore to the continental shelf margin 

approximately 200 metres in depth. The Outer Queensland continental shelf is 

the offshore Coral Sea.  

There are several major rivers flowing into these continental shelf waters such as 

the Brisbane, Burnett, Fitzroy, Burdekin, Herbert and Normanby. The climate 

zones include equatorial with a monsoonal "wet" season in the far north (Cape 

York to Cooktown), tropical with hot humid summer and warm dry winter 

(Cooktown to Mackay) and subtropical with warm humid summer, mild dry 

winter (Mackay to the Gold Coast) zones. Most of the Queensland coastal zones 

experience two weather seasons: a winter period of rather warm temperatures and 

minimal rainfall, and a sultry summer period of hot, sticky temperatures and 

higher levels of rainfall.  

The major dust source area for Queensland coastal waters is the Lake Eyre Basin 

in south-western Queensland and north-eastern South Australia (McTainsh et al., 

2005; McTainsh and Strong, 2007). It has been identified as a persistent and 
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significant southern hemisphere dust source on the basis of surface observations. 

The basin covers 1.14 million km2, with mean annual rainfall of less than 125 

mm and annual potential evaporation in excess of 2500 mm. The basin is large 

enough to give rise to several major dust events each year (Baddock et al., 2009).  

 

 

Figure 3.1: The study region - Queensland continental shelf. 
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3.2. Data acquisition 

3.2.1. Satellite data  

Satellite-derived Chl-a and SST from MODIS Aqua and Terra sensors and Chl-a 

from SeaWiFS, MERIS and VIIRS at processing level 2 (L2) from March 2000 

to February 2015 were retrieved from the NASA Ocean Color Project data 

archive (http://oceancolor.gsfc.nasa.gov/). These level 2 data were then used to 

map 1 km spatial resolution of daily Chl-a and SST data sets and aggregated to 

compute monthly and 8-day data sets.  

MODIS Aqua data at processing level 1A on 06 and 29 November and 24 

December 2002 were retrieved from the NASA Ocean Color Project data archive 

for processing to detect blooms of the cyanobacterium Trichodesmium in the 

southern GBR lagoon after a major dust storm on 23 October 2002. Four MODIS 

Aqua level 1A data on 29 September, 15 October, 16 November and 09 

December 2009 were retrieved for processing to detect blooms of the 

cyanobacterium Trichodesmium in the southern GBR lagoon after severe dust 

events in 2009. 

QuikSCAT ocean wind vector and curl of wind stress data were obtained from 

the NOAA ERDDAP archive (http://coastwatch.pfeg.noaa.gov/erddap/). Ocean 

surface winds at 12.5 kilometre resolution at 10 metre height, as processed by 

NOAA/NESDIS, are retrieved using data from NASA/JPL's SeaWinds 

Scatterometer aboard the QuikSCAT satellite. The empirical retrieval model 

currently used is referred to as QSCAT1, which relates normalized radar cross-

section with wind speed and direction. Plots of 8-day composite of surface wind 

vector and curl of wind stress are used to examine their spatial correlation with 8-

day composites of Chl-a and SST. 

Satellite-derived AOD data were obtained from NASA’s MODIS atmosphere 

data archive (http://ladsweb.nascom.nasa.gov/). MODIS Aqua and Terra 

atmosphere level 2 aerosol products at 3 kilometre spatial resolution from March 
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2000 to February 2015 were retrieved. This AOD level 2 data were then mapped 

to daily 3 kilometre resolution AOD data sets and aggregated to compute 

monthly and 8-day AOD data sets. 

 

3.2.2. Fluvial discharge data 

The fluvial discharges data from several rivers was analysed, and this included 

the major catchments such as the Brisbane, Burnett, Fitzroy, Burdekin, Herbert, 

and Normanby. The river discharge data were obtained from the Water 

Monitoring Data Portal at the Department of Natural Resources and Mines, 

Queensland Government (https://www.dnrm.qld.gov.au/water/water-monitoring-

and-data/portal). The monthly stream discharge data (cubic metres) from 2000 to 

2015 at the stations closest to the river mouths are available in chart plots and 

tables that can be used for examination with Chl-a variability in the inshore bays 

and river mouths. However, data of river gauges located well upstream such as 

Normanby may not present an accurate picture of discharge into the inshore 

region. 

 

3.2.3. Marine water monitoring data 

Marine water monitoring data were obtained from the Australian Marine Science 

Institute. Marine water quality data from surface samples for 20 sites along the 

inshore GBR were sampled three times per year during 2005-2013. Monitoring 

data includes Chl-a, suspended sediment, water temperature, salinity, and 

nutrients (NH4, NO2, NO3, PO4, Si). Marine water monitoring data are used for 

validation of satellite-derived Chl-a and SST and variability in nutrients for 

phytoplankton growth in GBR lagoon. Field measurement data of Chl-a and SST 

at 12 sampling sites along GBR lagoon was grouped into the GBR regions as in 

appendix. 
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3.3.4. Climate variability data 

The multivariate ENSO index (MEI) was acquired from NOAA’s Earth System 

Research Laboratory (http://www.esrl.noaa.gov/psd/enso/mei/). It is computed 

based on the six main observed variables over the tropical Pacific: sea-level 

pressure (P), zonal (U) and meridional (V) components of the surface wind, sea 

surface temperature (S), surface air temperature (A), and total cloudiness fraction 

of the sky (C).  The MEI is believed better for monitoring ENSO than the 

Southern Oscillation Index (SOI) or various indices because the MEI integrates 

more information than other indices. It reflects the nature of the coupled ocean-

atmosphere system better than either component, and it is less vulnerable to 

occasional data glitches in the monthly update cycles (Wolter and Timlin, 2011). 

The MEI time series is used to investigate the relationship between Chl-a 

variability and climate variability.  

 

3.3.5. Mixed layer depth data 

Monthly mixed layer depth (MLD) for the study region from January 2000 to 

December 2007 was obtained from the NASA Ocean Biogeochemical Model 

(NOBM), via the Giovanni web site (http://disc.sci.gsfc.nasa.gov/giovanni). 

NOBM is a comprehensive, interactive ocean biogeochemical model coupled 

with a circulation and radiative model in the global oceans (Gregg and Casey, 

2007). It spans the domain from -84 degree to 72 degree latitude in increments of 

1.25 degree longitude by 2/3 degree latitude. NOBM contains four phytoplankton 

groups, four nutrient groups, a single herbivore group, and three detrital pools, 

and the major ocean carbon components, dissolved organic and inorganic carbon 

(DOC and DIC). 
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3.2.6. Dust deposition model, record of dust storm event and dust storm index  

Dust load and deposition over the GBR were obtained from simulations using the 

Computational Environmental Management System model (CEMSYS). The 

CEMSYS model has been used for modelling several dust storms in Australia 

(Lu and Shao, 2001; Shao and Leslie, 1997) and was successfully validated using 

concurrent dust concentration data for a major dust storm event that moved 

north-east over the continent during October 2002 (McTainsh et al., 2005; Shao 

et al., 2007). CEMSYS comprises an atmospheric model, a land surface model, a 

wind erosion model, a transport and deposition model and a land surface 

database. CEMSYS takes into account the atmospheric conditions (wind speed, 

rainfall and temperature), soil conditions (soil texture and soil water) and surface 

vegetation. CEMSYS was run at 0.5 degree resolution over the domain 111ºE-

154ºE, 7.5ºS-46.5ºS, which covers Queensland continental shelf and western 

region of Coral Sea. Monthly mean of dust deposition from February 2000 to 

December 2012 were obtained from CEMSYS model. Monthly climatological 

means of dust deposition over 13 years were computed from monthly modelled 

dust deposition to present the seasonal variability of dust deposition over GBR. 

A record of dust storm events at observation stations and observed dust 

concentration in the atmosphere in each Nature Resources Management (NRM) 

region in Queensland were obtained was obtained from the Dust Watch Australia 

data archive (http://www.dustwatch.edu.au/). Monthly dust storm index (DSI) is 

drawn upon observational wind erosion event data from the Australian Bureau of 

Meteorology across Australia (ABM). The DSI provides a measure of the 

frequency and intensity of wind erosion events. It is a composite measure of 

SDS, MDS and LDE days, weighted according to their intensity (in visibility 

reduction) relative to each other (O’Loingsigh et al., 2014). The DSI at 49 

observation stations in Queensland during 2002-2013 was obtained for 

comparison with modelled dust deposition and satellite-derived AOD. 
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3.3. Data processing and analysis 

3.3.1. Satellite data processing 

Daily data on Chl-a and SST derived from each sensor was mapped to the study 

region at one kilometre resolution. Daily data on AOD derived from MODIS 

Aqua and Terra were mapped to the study region at three kilometre resolution. 

Because each sensor acquires data at a different time of day and over differing 

periods, Chl-a data was composited from the archived data of five ocean colour 

satellite missions by averaging the daily data from each sensor. In examining the 

consistency of products derived from various ocean color sensors, Morel et al. 

(2007) suggests that the MODIS-Aqua, SeaWiFS and MERIS derived Ch1-a 

products agree over a wide range between 0.1 and 3 mg/m-3. Thus, in the study 

region the daily Chl-a products can be merged to improve the coverage of the 

daily Chl-a. In order to improve data coverage, daily SST data (11 microns) and 

AOD were composited from the average of SST and AOD from the two MODIS 

sensors (Terra and Aqua). The daily data was then aggregated to compute 

monthly mean and 8-day average data. Monthly and 8-day climatologies were 

computed over the 15-year period of the time-series. Climatological monthly 

means were then composited to climatological seasonal means (austral seasons) 

to examine the seasonal variability in these parameters.  

 

3.3.2. Seasonal variability analysis 

Seasonal 15-year climatological means of Chl-a, AOD, and SST were used to 

examine the seasonal distribution and variability in these parameters. Austral 

seasonal climatological means of Chl-a, AOD, and SST were computed for the 

following 3-month periods: spring (September-November), summer (December-

February), autumn (March-May), and winter (June-August). Examination of 

seasonal climatological means can provide an overview of the seasonal 

variability in these parameters. 
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3.3.3. EOF analysis 

Empirical orthogonal function (EOF) analysis is often used to identify the 

dominant patterns (modes) of spatial variability and how they change with time 

(Hannachi et al., 2007). EOF analysis allows the decomposition of a space-time 

dataset into a series of orthogonal functions (spatial modes and eigenvectors). 

Ideally, the first few modes explain the majority of the variance within the data, 

although interpretation of their physical meaning is problem specific. EOF has 

been used for decomposition of large amounts of time series of satellite-derived 

biophysical parameters to meaningful components for the investigation of marine 

biological and physical processes (Baldacci et al., 2001; Borzelli and Ligi, 1999; 

Everson et al., 1997; Gallaudet and Simpson, 1994; Iida and Saitoh, 2007).  

EOF analysis gives the best result when applied to time series with no missing 

data. However, satellite-derived Chl-a, AOD and SST can contain a large amount 

of missing data due to cloud and other atmospheric properties. Navarra and 

Simoncini (2010) suggest that a simple solution to missing data is to set all 

missing values in a series equal to the mean of the available data for that series. 

This will ensure the missing values result in zero anomalies when the 

correlation/covariance matrices are calculated. Zero anomalies have no impact on 

the correlation/covariance. 

Here WIM-WAM software (Kahru, 2013) was used to compute EOFs for 

monthly and 8-day data sets of Chl-a, AOD and SST. To remove seasonal 

variability, the monthly and 8-day Chl-a, AOD and SST anomalies are computed 

from the difference between monthly and 8-day Chl-a, AOD, and SST and 15-

year climatological monthly and 8-day means of Chl-a, AOD, and SST 

respectively. Then EOF analysis was applied to the monthly Chl-a, AOD and 

SST anomalies at 3km resolution and 8-day data at 5km resolution. Chl-a 

retrievals from satellite data in river mouths and shallow bays usually contain 

some level of uncertainty of caused by bottom reflectance, fluvial discharges of 

suspended sediments and resuspension of fine sediments by wind (Devlin et al., 
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2015; Fabricius et al., 2013; Gohin et al., 2002). Therefore, the shallow regions 

of the inshore shelf within 4km of the coastline were masked out together with 

land to reduce the influences of this uncertainty on the EOF analysis. In order to 

examine the variability between the continental shelf and offshore region, EOFs 

were computed for monthly and 8-day anomalies of satellite-derived Chl-a, AOD 

and SST on the Queensland continental shelf within 200m depth and offshore 

Coral Sea separately.  

Eigenvectors of the monthly and 8-day Chl-a, AOT and SST anomalies were 

computed. The spatial EOF modes corresponding to the eigenvectors were 

computed as projections of the data matrix to the corresponding eigenvectors to 

present the spatial variability of Chl-a, AOT and SST. The three leading spatial 

EOF modes and associated eigenvectors of monthly and 8-day Chl-a, AOT and 

SST anomalies were examined to identify the spatial and temporal variability in 

these parameters. 

 

3.3.4. Cross-correlation analysis 

Cross-correlation analysis is the tool most commonly used in the analysis of 

multiple time series. It is a standard method of estimating the degree to which 

two series are correlated (Sarkisyan and Sündermann, 2009; Storch and Zwiers, 

2004). The cross-correlation function is computed between MEI and 

eigenvectors associated with three leading EOFs of monthly and 8-day Chl-a, 

AOD and SST to examine the correlation between climate variability and 

temporal variability in these parameters. Cross-correlation was computed 

between eigenvectors associated with three leading EOFs of monthly and 8-day 

Chl-a and AOD to examine the relationship between phytoplankton growth, the 

biogenic compound dimethylsulfide (DMS) and dust events. The significance of 

the correlation was tested at the 95% level of probability using the Fisher 
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transformation. Cross correlation was computed using free online statistics 

software at http://www.wessa.net/rwasp_cross.wasp. 

 

3.3.5. Spatial correlation analysis 

Correlation analysis is often used to identify pairs of potentially interacting 

elements from the cross product of two spatial time series datasets (Zhang et al., 

2003). In this study, correlation between two spatial data sets of 8-day Chl-a and 

SST anomalies was computed to examine the spatial distribution of the temporal 

correlation coefficients (R) between Chl-a anomaly and SST anomaly. In this 

analysis, the significance of the correlation was tested at the 95% level of 

probability and correlation coefficients that were below the statistical 

significance were set to 0.  

 

3.3.6. Detection of Trichodesmium from satellite data 

Trichodesmium spp. is a pelagic, colonial cyanobacterium found throughout 

oligotrophic, tropical and subtropical waters of the world (Capone et al., 1997). 

The organism comprises individual thread-like Trichomes, which bundle together 

to form dense surface aggregation colonies with scum-like appearance that range 

from silvery-white to yellow-green to orange-brown in colour (Devassy et al., 

1978). Trichodesmium have long been recognized in waters of the GBR region 

(Furnas, 1992). Surface aggregations of Trichodesmium form windrows and eddy 

swirls patterns and have been recorded to span areas as large as 50,000 km2 in the 

southern GBR (Kuchler and Jupp, 1988). 

Satellite ocean colour sensors have provided the necessary platform for synoptic-

scale detection and monitoring of the nitrogen-fixing marine cyanobacterium 

Trichodesmium spp. (McKinna, 2015). Such information is valuable for global 

biogeochemical studies which require accurate estimates of atmospherically-

fixed nitrogen. The mapping of surface aggregations of Trichodesmium in the 
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south western tropical Pacific Ocean using the Coastal Zone Color Scanner 

(CZCS) and the SeaWiFS sensor has been investigated (Dupouy et al., 2011; 

Dupouy et al., 1988). Subramaniam and Carpenter (1994) developed the first 

empirical method for detection of Trichodesmium blooms using the water-

leaving radiance of three CZCS bands: 440, 520 and 550 nm, and the CZCS-

derived Chl-a concentration. Subramaniam et al. (2002) developed a 

classification scheme for the detection of Trichodesmium using five bands of 

SeaWiFS. The empirical classification scheme was developed to identify 

Trichodesmium in moderate abundance, having a Chl-a concentration between 

0.5 and 3.0 mg Chl-a m-3. Hu et al. (2010) suggest a method to identify 

Trichodesmium from MODIS satellite data using the Floating Algae Index (FAI), 

which  is based on strong water-leaving radiance signals in the near-infra red 

(NIR) exhibited by near-surface phytoplankton, cyanobacteria and other floating 

vegetation such as Sargassum. In this method, a two-step approach was used to 

detect Trichodesmium surface aggregations. First, waters with high FAI values 

were identified and second, the spectral curvature of the MODIS remote sensing 

reflectance (Rrs) was examined between 469 and 555 nm for a pattern consistent 

with that of Trichodesmium. However, sensitivity analyses identified that this 

spectral pattern was unlikely due to sensor calibration errors (McKinna, 2015). 

In this study, a simple, binary classification scheme developed by McKinna et al. 

(2011), using MODIS to identify the presence or absence of dense 

Trichodesmium surface aggregations in GBR, was used. The method was 

developed using along-transect field measurements of Trichodesmium surface 

aggregations collected with an above-water hyperspectral spectrometer. This 

classification algorithm has been found to be robust in the presence of potentially 

confounding effects present in the GBR region such as coral reefs, shallow water, 

and river plumes high in suspended sediment and CDOM (McKinna, 2015).  

High resolution 500m level-2 (L2) MODIS normalized water-leaving radiances 

(nLw) and Chl-a were derived from Level-1A (L1A) data obtained from NASA’s 



Chapter 3. Research methodology  

 

 

Factors influencing the spatiotemporal variability in satellite-derived chlorophyll  

on the Queensland continental shelf                           30 

Ocean Color data archive. The SeaWiFS Data Analysis System (SeaDAS) (Baith 

et al., 2001) Multi-Sensor Level-1A to Level-1B (L1B) code was used to process 

MODIS L1A data to L1B data at 1km, 500m and 250m. SeaDAS’s Level-1B to 

Level-2 (MSL12) code was used to process MODIS L1B data to 500m resolution 

nLw and Chl-a. During the processing of L2 data using SeaDAS, a non-standard 

atmospheric correction procedure (Wang and Shi, 2007) was used and some 

quality control masks and flags (such as glints and clouds) were ignored. This 

processing step was followed because Trichodesmium surface blooms exhibiting 

high NIR often confounded the standard MODIS atmospheric correction 

algorithm and were masked out as bad pixels (McKinna et al., 2011). 

The classification scheme is based upon a set of four selection criteria. Criteria 1: 

nLw(859) > nLw(678); Criteria 2: nLw(645) > nLw(678); Criteria 3: nLw(555) > 

nLw(678), and Criteria 4: nLw(859), nLw(678), nLw(645), and nLw(555) > 0. 

This approach relies on the existence of a distinct red-edge (NIR) reflectance at 

859nm of Trichodesmium, a reduced nLw signal at 678 nm due to strong 

chlorophyll absorption, and increased nLw at 555 and 645 nm due to chlorophyll 

reflection. If all four criteria are met, a pixel is classified as having a 

Trichodesmium surface aggregation present. Based on the common pattern of 

Trichodesmium surface aggregation such as windrows and eddy swirls, the 

presence of Trichodesmium surface bloom can sometime be confirmed. 

 

3.4. Variability in Chl-a and SST and its relationship with climate 

variability  

Seasonal means of Chl-a and SST were examined to understand seasonal 

distribution and variability in these variables. Eigenvalues and eigenvectors of 

the monthly and 8-day Chl-a and SST data sets were computed and plotted to 

present the major variability in these data sets.  
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EOF analysis was computed for monthly and 8-day anomalies of Chl-a and SST 

for whole study region and sub-regions of Queensland continental shelf (within 

200m depth) and offshore Coral Sea (outer 200m depth). The three leading 

spatial modes and associated eigenvectors of these EOF analyses were examined 

to understand the spatial and temporal variability of these parameters on the 

Queensland continental shelf and offshore Coral Sea.  

Cross-correlation between the MEI and the eigenvectors associated with the three 

leading EOF modes was investigated to examine the relationship between the 

temporal variability in Chl-a, SST and climate variability in the study region. 

Cross-correlation was also computed for the MEI and the eigenvectors associated 

with the three leading EOF modes in subregion of Queensland continental shelf 

to examine the relationship between temporal variability in these parameters with 

climate phase shift on Queensland continental shelf.  

 

3.5. Chl-a variability, upwelling and ENSO 

Upwelling may contribute a significant amount of nutrients for primary 

production and may trigger algal blooms on the Queensland continental shelf. 

Several studies show that upwelling may occur on the continental shelf margin of 

the GBR as result of increases in the strength of the EAC during late spring and 

early summer (Berkelmans et al., 2010; Weeks et al., 2010). Upwelling may 

occur due to Ekman transport when there is a consistent wind blowing along a 

straight coastline such as Fraser Island. In this study, we analyse the relationship 

between the variability in Chl-a, upwelling and ENSO on the southern 

Queensland continental shelf. 

Seasonal 15-year climatological means of Chl-a and SST were used to examine 

the seasonal distribution and variability in these parameters on the southern 

Queensland continental shelf. Cross-shelf transects at 25.5ºS, from five 

kilometres offshore to the offshore boundary of the study region at 155ºE, were 
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plotted to examine the cross-shore variability of Chl-a and SST over the 

continental shelf.  

The EOF was computed for monthly and 8-day Chl-a and SST anomalies in this 

subregion. The shallow areas of Moreton Bay and Hervey Bay (less than 30m 

depth) and the inshore-shelf within four kilometres of the coastline were masked 

out together with land. Eigenvalues and eigenvectors of the time series of Chl-a 

and SST anomalies were computed. The spatial modes corresponding to the 

eigenvectors are computed as projections of the data matrix to the corresponding 

eigenvectors to represent the spatial variability in Chl-a and SST fields. The first 

and second spatial EOF modes and associated eigenvectors of monthly and 8-day 

Chl-a and SST time series were analysed to identify the inter-annual spatial and 

temporal variability. Correlation and cross-correlation analyses were used to 

examine the relationship between Chl-a, SST and MEI as well as temporal 

coherence of Chl-a and SST. Spatial correlation analysis was applied to the 8-day 

anomalies of Chl-a and SST to identify the spatial correlation of Chl-a and SST.  

A time-longitude Hovmöller diagram of NOBM’s assimilated monthly MLD 

from January 2000 to December 2007 was computed using the NASA Giovanni 

site to illustrate the spatial (cross shelf) and temporal variability of MLD. This 

diagram was used to examine the relationship between MLD with Chl-a 

variability. The selected 8-day anomalies of Chl-a and SST were compared with 

8-day QuikSCAT-derived sea wind vector and curl of wind stress of the same 

period. The presence of a spatial relationship between positive Chl-a anomaly, 

negative SST anomaly, northerly wind and negative curl of wind stress during 

the same period suggests a possible wind-driven upwelling event caused by 

consistent northerly winds. 
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3.6. Dust deposition and cyanobacteria bloom 

EOF analysis was computed for monthly and 8-day AOD anomalies on the 

whole study region and subregions of Queensland continental shelf and offshore 

Coral Sea. The three leading spatial modes and the associated eigenvectors were 

examined to analyse the spatial and temporal variability in AOD on the 

Queensland continental shelf and the offshore Coral Sea.  

Cross-correlation analysis was employed to examine the correlation between the 

eigenvectors of the three leading EOFs of monthly and 8-day satellite-derived 

Chl-a and AOD anomalies in the study region. Cross-correlation between the 

eigenvectors of the three leading EOFs of monthly and 8-day Chl-a and AOD in 

subregions of Queensland continental shelf and offshore Coral Sea were also 

computed to examine the relationship between temporal variability of these 

variables.  

Dust load and deposition over the GBR were obtained from simulations using the 

Computational Environmental Management System model (CEMSYS). 

Modelled monthly dust deposition in the southern GBR lagoon was computed 

and plotted to present the variability in dust deposition for the 13-year period and 

its relationship to dust storms in this region. Monthly climatological means of 

dust deposition over the 13-year period (1/2000-12/2012) were computed from 

the monthly simulated dust deposition to present the seasonal variability of dust 

deposition over the GBR. Gatehouse (2001) reports an average Fe content of 

5.6% and a range from 1.1 to 11.5% for dust deposits in Eastern Australia. For 

computation of the Fe deposition on Queensland continental shelf and Coral Sea, 

an average Fe content of 5% of dust deposition was used.  

Quasi true colour (RGB) satellite and false colour composite (NIRRG) images 

were used to identify blooms of Trichodesmium by visual interpretation of the 

half kilometre resolution images based on the particular colour and pattern of 

Trichodesmium. A simple binary algorithm suggested by McKinna et al. (2011) 
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for detection of dense Trichodesmium in GBR lagoon was used to identify 

Trichodesmium pixels from the derived nLw. The existence of dense 

Trichodesmium blooms was interpreted from the particular pattern of the possible 

Trichodesmium pixels such as windrows and eddy swirls.  
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Chapter 4 

Variability in Satellite-derived Chl-a and SST on the 

Queensland Continental Shelf 

 

4.1. Introduction 

Studies on phytoplankton dynamics suggest that inshore parts of the Great 

Barrier Reef (GBR) lagoon and Moreton Bay have already, or will soon become 

eutrophic as a result of anthropogenic nutrient enrichment (Brodie et al., 2001; 

McEwan et al., 1998). Current scientific consensus is that inshore regions of the 

central and southern GBR are at risk of impacts from increased nutrient (as well 

as sediment and pesticide) loads delivered to the GBR waters (Bell et al., 2014; 

Brodie et al., 2011). Brodie et al. (2007) indicated that phytoplankton dynamics 

in the GBR displayed a seasonal pattern, with algal standing stock at an annual 

maximum during the summer wet season. Fluvial discharge is considered a 

primary source of nutrients for phytoplankton growth in the GBR lagoon 

although upwelling, dust deposition, biological nitrogen fixation, and rainfall can 

also be sources of new nutrients (Brodie et al., 2011).  

Chl-a and SST are proxy variables representing the phytoplankton biomass and 

physical status of the ocean respectively. Understanding the variability of, and 

the relationship between, these variables and climate is very important for 

enhancing our knowledge of the nexus between climate variation and 

phytoplankton dynamics in the region. In this chapter, the spatial and temporal 

variability in these variables will be examined. This is done by analysis of 

monthly and 8-day Chl-a and SST on Queensland continental shelf using 

empirical orthogonal functions (EOF). The eigenvectors associated with the three 

leading EOFs of monthly and 8-day Chl-a and SST are correlated with the 
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multivariate ENSO index (MEI) to examine the influence of ENSO on the 

variability in these variables. 

 

4.2. Materials and methods 

4.2.1. Data sources 

Monthly data sets of Chl-a and SST were resampled to 3km resolution. There 

were a total of 180 monthly images of each data set over the 15-year period 

(3/2000-2/2015). Monthly data sets were used to examine the seasonal variability 

and relatively long-time processes.  

The 8-day data sets of Chl-a and SST were resampled to 5km resolution due to 

the computational limitations in the WIM-WAM software. A total of 690 images 

of 8-day Chl-a and 688 images of 8-day SST were processed. The 8-day data sets 

are useful for examining the relatively short-time events such as upwelling and 

dust storms.  

Monthly time series of MEI were used to investigate the correlation between 

MEI and variability in satellite derived Chl-a and SST. These correlations 

present the relationship between climate and variability in these variables. 

Marine water quality data from surface samples for 12 sites along the inshore 

GBR were sampled three times per year during 2005-2013 by AIMS. Data were 

grouped into the GBR regions as in appendix.  

 

4.2.2. Data analyses 

Seasonal climatological means of Chl-a and SST were used to examine the 

seasonal distribution and variability in these parameters. Seasonal climatological 

means of Chl-a and SST were computed for the following 3-month periods of the 

austral seasons: spring (September-November), summer (December-February), 

autumn (March-May), and winter (June-August). Examination of seasonal 
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climatological means can provide an overview of the seasonal variability in these 

variables.  

Monthly and 8-day anomalies were computed by subtracting monthly and 8-day 

climatolgical means respectively. EOF analysis was applied to the time-series of 

monthly and 8-day satellite-derived Chl-a and SST anomalies for the whole 

region as well as the Queensland continental shelf (from the coastline to 200m 

depth) and offshore Coral Sea (bellow 200m depth). Satellite-derived Chl-a on 

the inshore shelf and reefs may be unreliable due to bottom reflection and/or 

sediment suspension in shallow waters (Cannizzaro and Carder, 2006; Fabricius 

et al., 2013). Consequently, the shallow regions within 4km of the coastline were 

masked out together with land to reduce the influences of uncertainty in Chl-a 

retrievals from satellite data. 

The first three spatial EOFs and associated eigenvectors of monthly and 8-day 

anomalies data sets of Chl-a and SST over 15-year period were examined to 

identify the spatial and temporal variability in these parameters. Cross correlation 

analysis was used to examine the temporal coherence between MEI and 

eigenvectors associated with spatial EOFs of monthly and 8-day anomaly data 

sets of Chl-a and SST. The significance of correlation coefficients (R) was tested 

at 95% level of probability using the Fisher transformation.  

4.3. Results and Discussion 

4.3.1. Spatial and temporal variability in satellite-derived Chl-a 

Figure 4.1 shows the seasonal mean Chl-a for the study period and highlights the 

seasonal and spatial variability of Chl-a. Generally, Chl-a decreases gradually 

offshore throughout the year, with higher values (about 1-3 mg m-3) particularly 

evident in inner GBR lagoon and Moreton Bay during the austral summer wet 

season. The cross-shelf gradient in Chl-a is accentuated during the wet season by 

fluvial discharge of nutrient-laden sediment from the highly modified river 

catchments in central and southern Queensland (Brodie et al., 2012b).  
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The large plume of higher Chl-a along the continental margin off Fraser Island 

(Figure 4.1a) is particularly interesting. This plume initiates in winter and 

develops during spring. It is registered consistently during the spring dry season 

and is not related to fluvial discharge. This is a distinctive feature of the spring 

season that was first described by Tran et al. (2012) from examination of daily 

MODIS data, and later investigated by Brieva et al. (2015). A strip of high Chl-a 

(about 1.0 mg/m3) occurs on the inshore and inner shelves to the east of 

Stradbroke Island and the Gold Coast during the spring which is possibly the 

result of coastal Ekman upwelling (Tran et al., 2012). This upwelling system and 

its relationship to phytoplankton dynamics on the southern Queensland 

continental shelf are examined and discussed in Chapter 5. 

Chl-a in the offshore Coral Sea is less than 0.1 mg/m3 in the summer (Figure 

4.1b), while it is about 0.15 mg/m3
 in the southern Coral Sea in the winter (Figure 

4.1d). Chl-a on the continental shelf and GBR (about 0.3-0.5 mg/m3) is generally 

higher than Chl-a in the offshore Coral Sea. Chl-a in the GBR lagoon was 

highest in during March to May, possibly due to the increase of phytoplankton 

biomass in response to the dispersal of fluvial nutrients within the lagoon after 

the major floods in the summer and autumn (Brodie et al., 2010; Brodie et al., 

2012b) and resuspension of nutrient-rich fine sediments in the shallow waters 

(Fabricius et al., 2013). However, it should be remembered that suspended 

sediments associated with these nutrients may contaminate these retrievals. 

Seasonal variability in satellite-derived Chl-a was similar to field measurement 

of Chl-a in appendix. 

EOF analysis was carried out on the monthly Chl-a data set. The first EOF, 

accounts for 14% of total variation, clearly indicating variability in the 12-month 

cycle in Chl-a (Figure 4.2). It is useful in latter analysis to remove the seasonal 

variation of Chl-a to enhance the variability in Chl-a caused by other factors. 

This was conducted by first computing the Chl-a anomalies, and the EOF was 

computed on monthly and 8-day Chl-a anomalies.  
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Figure 4.1. Seasonal mean Chl-a (mg m-3) in (a) spring, (b) summer, (c) autumn, 

and (d) winter, for the 15-year period (3/2000-2/2015) on the Queensland 

continental shelf and Coral Sea (9.5-28.5 ºS, 142-156 ºE). The 200m depth 

contour is shown as a yellow line.  

Autumn (Mar-May) Winter (Jun-Aug) 

(c) (d) 
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Figure 4.2. Panels: (a) eigenvalues of the 10 leading EOFs of monthly Chl-a and 

(b) the eigenvector associated with the first EOF of monthly Chl-a showing a 

clear seasonal variation.  

 

The three leading EOFs and associated eigenvectors of monthly Chl-a anomaly 

(after seasonal variability has been removed) are shown in Figure 4.3. The first 

mode explains about 10% of the variance and the three leading EOF modes 

together explain about 20% of the total variance. These spatial EOF modes show 

a clear distinction between the variability in Chl-a on the continental shelf and in 

the Coral Sea, as well as between the northern and the southern Coral Sea. 

Consequently, subsequent EOF analyses were computed for the Queensland 

continental shelf and the offshore Coral Sea separately.   

(a) 

(b) 
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Figure 4.3. Spatial distribution (EOFs) and associated eigenvectors of the three 

leading EOF modes of monthly Chl-a anomaly (after seasonality was removed) 

for the 15-year period (3/2000-2/2015).  

EOF-2 EOF-3 EOF-1 
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The three leading EOFs and associated eigenvectors of monthly Chl-a on the 

Queensland continental shelf are shown in Figure 4.4. The first EOF explains 

approximately 11% of the variance and shows a positive Chl-a variability on the 

inner shelf and inner central and southern GBR lagoon. The associated 

eigenvector of the first EOF suggests that the positive variability may be 

associated with higher fluvial loading during the wetter climatic conditions of La 

Niña and neutral ENSO phases during 2007-2015. During the El Niño dominated 

phase (2000-2007), the eigenvector is mostly negative. The relationship between 

the eigenvectors associated with the three leading EOFs and MEI is examined in 

the next section. The second EOF mode explains around 8% of the variance and 

shows the negative values (coloured blue) in the Capricorn region of the southern 

GBR and on continental shelf from Fraser Island to the Gold Coast. These 

negative variations may be due to algal blooms caused by upwelling on the 

southern Queensland continental shelf and cyanobacteria blooms caused by 

deposition of dust-derived iron in the southern GBR lagoon. These blooms will 

be further examined in Chapters 5 and 6. The positive region (coloured red) is in 

the inner northern GBR lagoon that may be caused by fluvial discharge of 

nutrients and sediment in the summer wet season. The third EOF explains about 

5% of the variance and shows the positive variation in the central and southern 

GBR. This may be due to major floods which can disperse nutrients to the outer 

GBR lagoon and result in algal blooms (increase phytoplankton biomass) (Brodie 

et al., 2010). The eigenvector associated with the third EOF shows a high 

positive variation in early 2005, 2009, and 2012 which seems to be associated 

with floods in these years. 
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Figure 4.4. Spatial distribution (EOFs) and associated eigenvectors of three 

leading EOF modes of monthly Chl-a anomaly (after seasonality was removed) 

for the 15-year period on the Queensland continental shelf. 

EOF-2 EOF-3 EOF-1 
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The three leading EOFs and associated eigenvectors of monthly Chl-a in the 

offshore Coral Sea are shown in Figure 4.5. The spatial distribution of Chl-a 

variability in three EOFs is similar to that in the EOFs for the whole region 

(including the continental shelf). The first EOF accounts for 11% of the variance 

and shows the difference in Chl-a variability in the northern and the southern 

regions of the Coral Sea. The eigenvector of the first EOF shows a negative 

variance (corresponding to negative values in the southern region of Coral Sea) 

during the winter of most years. Thus, variability in the first EOF may be 

correlated with the variability of surface temperature and solar irradiance. The 

second EOF, accounts for about 7% of the variance, shows a distinct variation 

between the far northern region of the Coral Sea and the rest of the southern 

regions. The third EOF accounts for 5% of the variance and reveals the 

difference in Chl-a variability between the western Coral Sea off the GBR and 

the eastern Coral Sea. Chl-a in the offshore Coral Sea is very low and its 

variability may depend on the global climate, thus more sophisticated analysis 

may be needed to understand such variability. 
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Figure 4.5. Spatial distribution (EOFs) and associated eigenvectors of three 

leading EOF modes of monthly Chl-a anomaly (after seasonality was removed) 

in the Coral Sea for the 15-year period. The coastline is shown as a white line. 

The continental shelf is masked out. 

EOF-2 EOF-3 EOF-1 
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The three spatial EOFs of 8-day Chl-a (Figure 4.6) are similar with those in 

EOFs of monthly Chl-a (Figure 4.3). The eigenvectors associated with EOFs of 

8-day Chl-a and 32-days moving average of these eigenvectors provide more 

detailed Chl-a variability than the eigenvectors associated with EOFs of monthly 

Chl-a. The EOF of 8-day Chl-a on the Queensland continental shelf and in the 

offshore Coral Sea were also analysed separately (Figures 4.7 and 4.8).  

The first EOF of 8-day Chl-a anomaly on the continental shelf, accounts for 7% 

of the variance, showing a distinct variability in the inner GBR lagoon (Figure 

4.7). The eigenvectors of the first EOF presents a clear relationship between Chl-

a variability with climate phase shift between 2000-2007 and 2007-2015. The 

second EOF, accounts for 7% of the variance, presenting a variability of Chl-a on 

the inner-shelf of the southern Queensland continental shelf. The third EOF 

explains about 4% of the variance and shows the Chl-a variability in the central 

and southern GBR lagoon.  

Spatial variability in the EOFs of 8-day Chl-a anomaly in the offshore Coral Sea 

(Figure 4.8) are similar to the spatial variation in the EOFs of 8-day Chl-a for the 

whole region (Figure 4.6). The eigenvectors of the 8-day data provide more 

detailed variability in Chl-a in the offshore region. The first EOF accounts for 

5% of the variance and shows a distinct variability between the northern region 

and the southern region of the offshore Coral Sea. The second EOF accounts for 

4% of variance, and shows the difference in variability between the far-north 

regions with other regions of the Coral Sea. The third EOF accounts for 3% of 

the variance and reveals the inverse variability between the region between 

Queensland and Papua New Guinea with the offshore regions of the Coral Sea.  
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Figure 4.6. Spatial distribution (EOFs) and associated eigenvectors of three 

leading EOF modes of 8-day Chl-a anomaly (after seasonality was removed) for 

the 15-year period.  
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Figure 4.7. Spatial distribution (EOFs) and associated eigenvectors of three 

leading EOF modes of 8-day Chl-a anomaly (after seasonality was removed) for 

the 15-year period on the Queensland continental shelf.  
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Figure 4.8. Spatial distribution (EOFs) and associated eigenvectors of three 

leading EOF modes of 8-day Chl-a anomaly (after seasonality was removed) in 

the Coral Sea for the 15-year period. The coastline is shown as a white line. The 

continental shelf is masked out. 
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A statistically significant correlation was found between MEI and the 

eigenvector associated with the first EOF of monthly Chl-a on the Queensland 

continental shelf (Figure 4.9a). This reveals that fluvial discharge of nutrients on 

the inner shelf and southern GBR lagoon is strongly correlated with the shift 

from a dry El Niño dominated condition to a wet La Niña dominated condition. 

Significant correlation was also found with the eigenvector associated with the 

second EOF of monthly Chl-a on the continental shelf (Figure 4.9b), but not with 

the eigenvector associated with the third EOF (Figure 4.9b). 

Statistically significant correlations were found between MEI and the first and 

second EOF of monthly Chl-a for the whole study region (Figure 4.9d) with a lag 

of 3 to 6 months for the first EOF and 2 to 4 month for the second EOF (Figure 

4.9e). Significant correlation was found in the same month for the third EOF of 

monthly Chl-a (Figure 4.9f). These correlations suggest that the variability of 

Chl-a in the whole study region may be influenced by global climate variations 

as measured by ENSO. 
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Figure 4.9. Cross correlation function between monthly MEI and eigenvectors of 

(a) the first EOF, (b) the second EOF, and (c) the third EOF of monthly Chl-a 

anomaly on the Queensland continental shelf. Cross correlation function between 

monthly MEI and eigenvectors of (d) the first EOF, (e) the second EOF, and (f) 

the third EOF of monthly Chl-a anomaly in the whole study region.  
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4.3.2. Spatial and temporal variability in satellite-derived SST  

Figure 4.10 illustrates the seasonal means of SST in the study region for the 15-

year period (3/2000-2/2015). The seasonal means show distinct variation in SST 

from the north to the south. There is little difference in SST between the 

continental shelf and the offshore Coral Sea in the northern part of the study 

region. However, the EAC flows close to the continental shelf margin in the 

southern region creating a distinct cross-shelf gradient in SST, especially during 

spring and summer.  

In the spring, the mean SST in the southern region was 21-22 ºC on the 

continental shelf and offshore compared with 23-24 ºC within the EAC. The 

mean SST in the spring was about 25-26 ºC for the northern region, while the 

mean SST in the summer was 28-29 ºC in the northern region and 25-26 ºC in the 

southern region. Mean SST in the EAC region was about 26-27 ºC. In the 

autumn, there is a distinct north-south gradient in SST with mean SST of 26-27 

ºC in the northern region compared with 24-25 ºC in the southern region. During 

winter, the mean SST in the southern Coral Sea and the southern GBR lagoon 

was lower at 22-23 ºC, and about 20 ºC in the shallow waters of Moreton Bay and 

Hervey Bay. Seasonal variability in satellite-derived SST in the GBR lagoon was 

similar to field measurement of SST in appendix.  
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Figure 4.10. Seasonal mean SST (ºC) during (a) spring, (b) summer, (c) autumn, 

and (d) winter for the 15-year period (3/2000-2/2015) on the Queensland 

continental shelf and Coral Sea (9.5-28.5 ºS, 142-156 ºE). The 200m depth 

contour is shown as a dark blue line.  
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An EOF analysis was computed for the monthly SST data set. The first EOF of 

monthly SST accounts for 33% of total variation (Figure 4.11a), and clearly 

represents the seasonal variability in SST (Figure 4.11b). To examine other 

factors that may be driving the variability in SST, the seasonal variability was 

removed by computing the SST anomalies, and EOF analysis was repeated on 

monthly and 8-day SST anomalies.  

 

 

 

Figure 4.11. (a) Eigenvalues of the 10 leading EOFs of monthly SST and (b) 

eigenvector associated with the first EOF of monthly SST showing a clear 

seasonal variation.  
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The three leading EOFs and associated eigenvectors of the monthly SST anomaly 

are shown in Figure 4.12. The first EOF accounts for 19% of total variance and 

shows the distinct patterns between the northern region and the southern region. 

The negative variation in the southern region appears correlated with the negative 

values of the eigenvector during the El Niño dominated periods of 2000-2007 

and 2009-2010. The second EOF accounts for 8% of the variance and shows 

distinct patterns between the northern Queensland and Papua New Guinea and 

the outer Coral Sea. Strong positive variability in 2003 and 2010 (El Niño years), 

is shown in the eigenvector associated with the second EOF. The third EOF 

accounts for 6% of the variance, showing a strong positive variability in the 

central Coral Sea and negative variability in the southern region. The eigenvector 

associated with the third EOF shows the strongest negative variability in 2006 

which may be linked to the warm weather in this year. 
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Figure 4.12. Spatial distribution (EOFs) and associated eigenvectors of the three 

leading EOFs of monthly SST anomaly (after seasonality was removed) in the 

whole study region for the 15-year period (3/2000-2/2015).  
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In order to isolate inshore from offshore influences, the EOF analysis was 

applied on the continental shelf and offshore separately. The three leading EOFs 

and associated eigenvectors of the monthly SST anomaly on the Queensland 

continental shelf within 200m depth are shown in Figure 4.13. The first EOF 

accounts for 24% of variance, and shows contrasting sources of variability of 

SST in the northern and the southern shelf regions. The eigenvector associated 

with the first EOF shows negative values, which are associated with negative 

variation in the first EOF, occurring in early and latter months of the year. Thus, 

the negative variation in the southern GBR may be related to out of phase 

variations of SST during the spring and summer. The second EOF accounts for 

12% of variance showing the contrasting variation on the southern Queensland 

continental shelf. The third EOF accounts for 7% of variance, showing a positive 

variation (coloured red) on the outer reefs and outer continental shelf from Fraser 

Island and the Gold Coast. The eigenvector associated with the third EOF shows 

the positive values, which are associated with positive values in the third EOF, 

occurred mostly in spring and summer. Thus, this variability on the outer shelf 

may be due to EAC and periodic upwelling processes along the shelf break.   
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Figure 4.13. Spatial distribution (EOFs) and associated eigenvectors of the three 

leading EOFs of monthly SST anomaly (after seasonality was removed) on the 

Queensland continental shelf.  
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The three leading EOFs and the associated eigenvectors in the offshore Coral Sea 

are shown in Figure 4.14. Spatial variability in these EOFs is similar to that in the 

offshore region of the whole study region. The eigenvectors associated with the 

EOFs of monthly SST in the offshore Coral Sea are also similar to the 

eigenvectors associated with the EOFs of monthly SST for the whole study 

region. 
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Figure 4.14. Spatial distribution (EOFs) and associated eigenvectors of the three 

leading EOFs of monthly SST anomaly (after seasonality was removed) in the 

offshore Coral Sea.  
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The three leading EOFs and the assoicated eigenvectors of 8-day SST for the 

whole study region are shown in Figures 4.15. The spatial EOFs of the 8-day 

SST are similar to the EOFs of monthly SST while the eigenvectors associated 

with the EOFs of 8-day SST provide more detailed variability in SST for the 

whole study region. The first EOF of 8-day SST accounts for 13% of variance 

showing the distinct variability in SST between the northern and southern 

regions. The second EOF accounts for 5% of variance and shows strong 

variability in SST between northern Queensland and Papau New Guinea. The 

third EOF explains 4% of variance and shows the distinct variability in SST 

between the central region with the nothern and the southern regions.  

EOF was also computed for 8-day SST in the Queensland continental shelf and 

offshore Coral Sea separately. The three leading EOFs and the associated 

eigenvectors of 8-day SST for the Queensland contienental shelf are shown in 

Figure 4.16. The spatial EOFs of 8-day SST are similar to the EOFs of monthly 

SST, but the associated eigenvectors of 8-day SST provide more detailed 

variability in SST on the continental shelf. The first EOF accounts for 18% of 

variance showing a distinct variability of SST in the far north GBR. The second 

EOF accounts for 10% of variance, showing the contrasted SST variability in the 

southern Queensland continental shelf. The third EOF accounts for 5% of 

variance showing the SST variability on the outershelf of the southern GBR and 

southeast Fraser and Stradbroke Island. The relatively short-time processes such 

as upwelling on the outershelf appeare detectable in the third EOF of 8-day SST. 

The three leading EOFs and the assoicated eigenvectors of 8-day SST for the 

offshore Coral Sea are shown in Figure 4.17. The spatial EOFs are similar to that 

of the offshore region in the EOFs of the whole study region. The eigenvectors of 

these EOF are also similar to the eigenvectors of the EOFs for the whole region, 

but provide more detailed variability in SST for the offshore Coral Sea. 
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Figure 4.15. Spatial distribution (EOFs) and associated eigenvectors of the three 

leading EOFs of 8-day SST anomaly (after seasonality was removed) in whole 

study region for the 15-year period (3/2002-2/2015). 

EOF-2 EOF-3 EOF-1 
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Figure 4.16. Spatial distribution (EOFs) and associated eigenvectors of the three 

leading EOFs of 8-day SST anomaly (after seasonality was removed) on the 

Queensland continental shelf. 
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Figure 4.17. Spatial distribution (EOFs) and associated eigenvectors of the three 

leading EOFs of 8-day SST anomaly (after seasonality was removed) in the 

offshore Coral Sea. 
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The cross correlation between the MEI and eigenvectors of three leading EOFs 

of monthly SST on the continental shelf and the whole study region was 

examined to analyse the relationship between SST variability and climatic 

variation. A statistically significant correlation was found between MEI and the 

eigenvector associated with the first EOF of monthly SST on the Queensland 

continental shelf (Figure 4.18a). However, correlations between the MEI with the 

eigenvectors of the second and third EOFs have a time lag of 6 to 8 months 

(Figure 4.18b and 4.18c). This suggests that variability of SST in the southern 

Queensland outer shelf is a few months out of phase with the climate shift.  

Statistically significant correlations were found between MEI and the 

eigenvectors associated with the first and second EOFs of monthly SST for the 

whole study region (Figure 4.18d and 4.18e). A significant correlation was found 

between MEI and the eigenvector associated with the third EOF of monthly SST 

for the whole study region with time lags of 3 to 5 months (Figure 4.18f). The 

correlations suggest that the variability in SST in the study region is strongly 

influenced by climate variability.  
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Figure 4.18. Cross correlation function between monthly MEI and eigenvectors 

of (a) the first EOF, (b) the second EOF, and (c) the third EOF of monthly SST 

anomaly on the Queensland continental shelf. Cross correlation function between 

monthly MEI and eigenvectors of (d) the first EOF, (e) the second EOF, and (f) 

the third EOF of monthly SST anomaly in the whole study region.  
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4.4. Summary 

There was a gradual decrease in satellite-derived Chl-a from the coastline to the 

offshore region throughout the year and distinct distribution of Chl-a between 

continental shelf and offshore regions. The large plume of higher Chl-a along the 

continental margin off Fraser Island and the Gold Coast during spring and 

summer is possibly caused by upwelling which was initially described by Tran et 

al. (2012)  and then later investigated by Brieva et al. (2015). Chl-a in the 

offshore Coral Sea was quite low in all seasons. Chl-a in the GBR lagoon was 

high in summer and autumn which may be a result of the increase in 

phytoplankton biomass in response to fluvial nutrients. 

The eigenvector associated with the first EOF of Chl-a shows a 12-month cycle 

which suggest that the majority of variability in Chl-a in the study region is the 

seasonality. The seasonal variability in Chl-a has been also suggested by Brodie 

et al. (2007) for the GBR lagoon. When the seasonal variability has been 

removed, the major variability in Chl-a on the Queensland continental shelf 

appears dependent on climate variability through fluvial discharge with a 

significant correlation between the eigenvector of the first EOF and MEI. The 

secondary variation is likely related with upwelling and cyanobacteria blooms. In 

the Coral Sea, temporal variability in Chl-a was strongly seasonal and correlated 

with the climate variation. EOF analysis of 8-day Chl-a provides a similarity in 

spatial variability as of monthly data and more detailed temporal variability. 

Spatial variability in Chl-a has both inshore-offshore and north-south gradients. 

There is a distinct difference between continental shelf and offshore Coral Sea in 

spatial variability in Chl-a. The spatial and temporal variability in Chl-a is 

enhanced when the EOFs were computed for the Queensland continental shelf 

while there is no improvement when EOFs were computed for offshore Coral 

Sea. The EOFs of Chl-a show a distinct variability in Chl-a on the southern 

Queensland continental shelf. This variability may link to the phytoplankton 

blooms caused by upwelling (Brieva et al., 2015) and dust-derived iron (Cropp et 
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al., 2013; Shaw et al., 2008). The detailed analyses of the relationship between 

phytoplankton blooms and these sources of nutrients on the southern Queensland 

continental shelf are presented in Chapters 5 and 6. 

There was a little difference in seasonal mean of SST between the continental 

shelf and offshore Coral Sea. The EAC flows along the continental margin may 

cause a distinct cross-shelf gradient in SST during the spring and summer in the 

southern region. There is a distinct north-south gradient in SST with a very low 

temperature in the shallow waters of Moreton Bay and Hervey Bay during the 

winter.  

The majority of the variability in SST is likely the seasonal cycle. After removed 

the seasonality, the eigenvector associated with the first EOF of SST is 

statistically correlated with climate variability (represented by MEI). It suggests 

that SST variability in this region is strongly influenced by climate variability. 

The spatial EOFs of monthly and 8-day SST show a strong north-south gradient 

as well as the influences of the EAC and upwelling on SST variation. The EOFs 

of 8-day SST show a similarity in spatial variability in SST as EOFs of monthly 

SST and more detailed temporal variability in SST. 
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Chapter 5 

Chlorophyll-a Variability and its Relationship to ENSO and 

Upwelling on the Southern Queensland Continental Shelf  

 

5.1. Introduction 

Upwelling transports cold, deep, often nutrient-rich water to the ocean surface 

and subsurface (uplift) creating favourable conditions for algal growth. The 

increase of algal biomass due to upwelling can be a major food source for marine 

life and such areas often become important fishing grounds. Upwelling in the 

coastal ocean can be due to a number of factors and occurs in two forms, wind-

driven upwelling (Ekman upwelling) and current-driven upwelling (dynamic 

uplift). Several studies suggest there are dynamic uplifts caused by the East 

Australian Current (EAC) and tidal pumping in the outer GBR (Andrews and 

Furnas, 1986; Wolanski and Pickard, 1983). The dynamic uplifts which occur 

along the New South Wales (NSW) coast are caused by an interaction of the 

EAC with specific features of coastal topography e.g. the narrowing continental 

shelf (Oke and Middleton, 2000, 2001). Upwelling along the NSW coast occurs 

through both wind-driven and current-driven processes (Everett et al., 2014; 

Roughan and Middleton, 2002, 2004). During strong winds, the response to a 

dominant along-shelf wind stress forcing is a classic two-layer Ekman structure, 

yet the shelf encroachment of the southward current drives an onshore Ekman 

flow in the bottom boundary layer during weak winds (Schaeffer et al., 2013).  

Weeks et al. (2010), in a study of Chl-a and SST dynamics in the southern GBR, 

suggested that the Capricorn Eddy in the southern GBR could cause upwelling of 

cooler, nutrient-enriched oceanic subsurface water and transport it to the reef 

zone, and eventually into the GBR lagoon. Weeks et al. (2015) presented an 

unusual sequence of events of excessive river outflow, dynamic eddy activity, 
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upwelling, convergent fronts and spring ebb tides that together triggered the 

largest manta ray feeding aggregation ever observed in the southern GBR lagoon. 

Mao and Luick (2014) investigated the circulation in the southern GBR through 

an integration of remote sensing and in situ measurements, and noted that 

upwelling was driven by strong northerly winds and large scale ocean currents 

such as the EAC. Tran et al. (2012) identified Chl-a anomalies from SeaWiFS 

satellite data suggesting a hitherto unidentified seasonal upwelling on shelf 

waters to the southeast of Fraser Island and also off Stradbroke Island. Using 

daily MODIS derived Chl-a and SST, modeled bottom stress data, and measured 

wind stress, Brieva et al. (2015) computed the frequency of Chl-a bloom events 

and examined the distribution of Chl-a blooms near the Fraser Island continental 

shelf for the period 2002-2012. They suggested that this area was characterized 

by recurring high Chl-a events during the austral spring and summer months, 

with EAC-generated bottom layer stress possibly the main driver of upwelling. 

However, our understanding of the relationship between the inter-annual 

variability of phytoplankton biomass, upwelling and climate variability in the 

southern Queensland waters remains limited.  

Given the strong southerly drift associated with the EAC, nutrients from the 

Fraser Island upwelling system could be a factor in the development of nuisance 

blooms of the brown alga Hincksia sordida which were detected at Noosa Heads 

(Sunshine Coast) from late October to early November in 2002 and 2003, and 

from early October 2004 to early January 2005 (Phillips, 2006). The bloom of 

brown alga worsened with northeasterly winds, which may have transported 

upwelled nutrients south, and which were later cleared from Noosa by 

southeasterly winds. Dekker el al. (2011) also observed blooms along the 

Southeast Queensland coastline from 21 September to 18 October 2006 from 

MODIS high resolution (250/500m) data which was thought to be probably due 

to Hincksia sordida, although MODIS data alone could not confirm the species. 
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However, the literature on nuisance blooms of this brown alga and their 

relationship to the nutrients sources such as upwelling is still limited. 

In this chapter, we use EOF and correlation analyses to examine the inter-annual 

variability of Chl-a, SST, the multivariate ENSO index (MEI), mixed layer depth 

(MLD) and its relationship to phytoplankton dynamics and upwelling on the 

southern Queensland continental shelf for the period 2000-2015. The study 

region is the continental shelf in southern Queensland from Fraser Island to the 

Gold Coast from 24.25ºS to 28.25ºS (Figure 5.1). The continental margin at 

approximately 200 meters depth is located within 20-50 km of the eastern 

coastline of Fraser and Stradbroke Islands. It is expected that the EAC may 

encroach over the narrow continental shelf in this region (Oke and Middleton, 

2000; Ridgway and Dunn, 2003; Roughan and Middleton, 2004). The EAC 

shows strong seasonal variability with flows ranging from 7Sv during the austral 

winter to 16Sv in the austral summer (Ridgway and Godfrey, 1997). Most 

rainfall in the study region occurs during the austral summer (Murphy and Ribbe, 

2004), but is also subject to significant inter-annual variability. The Brisbane 

river catchment is a major source of nutrients to Moreton Bay, while the Mary 

and Burnett river catchments discharge to Hervey Bay west of Fraser Island. 

Fluvial inputs to the southeast coast of Fraser Island are very low, particularly 

during the dry spring season (Water Monitoring Data Portal, Queensland 

Government). In addition to these diffuse nutrient loadings, there are numerous 

point-source wastewater discharges from the populated areas along the western 

boundary of our study region (Bell et al., 2014; McEwan et al., 1998; Saeck et 

al., 2013). The major dust storms that occurred during the Australian Millennium 

drought (Aryal et al., 2012) may also have contributed significant micro-nutrients 

such as dissolved iron for cyanobacterial bloom development (Shaw et al., 2008). 

Supplementing the fluvial and anthropogenic nutrient inputs in the inshore area, 

upwelling could be a major source of nutrient for algal growth on the outer 
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continental shelf of this region, similar to other regions on the continental slope 

of Eastern Australia (Pritchard et al., 2003).  

 

 

Figure 5.1. Map of the study sub-region - the southern Queensland continental 

shelf from Fraser Island to the Gold Coast 

 

We consider the distribution and variability of Chl-a and SST on the continental 

shelf, differentiating the shelf into inshore shelf, inner shelf, and outer shelf. The 

term inshore shelf used in this paper refers to the region with 4km of the 

coastline, where satellite retrievals of Chl-a may be inaccurate (Cannizzaro and 

Carder, 2006). The inner shelf refers to the region between the inshore shelf to 

the middle of the continental shelf (half way between the coastline and the 200m 
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depth contour). The outer shelf is defined as the region from the middle of the 

continental shelf to the continental margin. We use the term offshore Coral Sea 

to refer to the region east of the continental margin. 

 

5.2. Materials and methods 

5.2.1. Data use 

Monthly and 8-day satellite-derived Chl-a and SST at 1km resolution for the sub-

region of southern Queensland continental shelf were subtracted from the data 

sets acquired and processed from previous process for the whole Queensland 

region (described in chapter 3). Monthly and 8-day climatologies were computed 

over the 15-year period of the time-series. Climatological monthly means were 

then composited to climatological seasonal means (austral seasons) to examine 

the seasonal variability in these parameters. The monthly and 8-day Chl-a and 

SST anomalies were computed from the difference between monthly and 8-day 

Chl-a and SST and 15-year climatological monthly and 8-day means of Chl-a 

and SST respectively. 

The multivariate ENSO index (MEI) was acquired from NOAA’s Earth System 

Research Laboratory (http://www.esrl.noaa.gov/psd/enso/mei/). Monthly MEI 

time series were used to investigate the relationship between Chl-a variability 

and climate variability. Monthly mixed layer depth (MLD) for the study region 

from January 2000 to December 2007 was obtained from the NASA Ocean 

Biogeochemical Model (NOBM). QuikSCAT ocean wind vector and curl of 

wind stress data were obtained from the NOAA ERDDAP archive 

(http://coastwatch.pfeg.noaa.gov/erddap/). Plots of 8-day composite of wind 

vector and curl of wind stress were used to examine their spatial correlation with 

8-day composites of Chl-a and SST.   
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5.2.2. Data analyses 

Seasonal 15-year climatological means of Chl-a and SST were used to examine 

the seasonal distribution and variability in these variables. The cross-shelf 

transects at 25.5ºS from 5km offshore to the offshore boundary of the study 

region at 155ºE were plotted to examine the seasonal variability of Chl-a and 

SST over the continental shelf. 

Monthly and 8-day anomalies of Chl-a and SST were computed by subtraction of 

the corresponding climatological monthly and 8-day means respectively. This 

removed seasonal variation from the data. The EOF was then computed for 

monthly and 8-day Chl-a and SST anomalies. The shallow areas of Moreton Bay 

and Hervey Bay (less than 30m depth) and the inshore-shelf within 4km of the 

coastline were masked out together with land. Eigenvalues and eigenvectors of 

the time series of Chl-a and SST anomalies were computed. The spatial modes 

(principal components) corresponding to the eigenvectors were computed as 

projections of the data matrix to the corresponding eigenvectors to represent the 

spatial variability in Chl-a and SST fields. 

The first and second spatial EOF modes and associated eigenvectors of monthly 

and 8-day Chl-a and SST time series were analyzed to identify the inter-annual 

spatial and temporal variability. Correlation and cross correlation analyses were 

used to examine the relationship between Chl-a, SST and MEI as well as 

temporal coherence of Chl-a and SST. Spatial correlation analysis was applied to 

the 8-day anomalies of Chl-a and SST to identify the spatial correlation of Chl-a 

and SST. The significance of correlation coefficients (R) was tested at 95% level 

of probability using the Fisher transformation. When presenting figures showing 

the spatial correlation analysis, all correlation coefficients below the 95% 

confidence level were set to 0.  

A time-longitude Hovmöller diagram of NOBM assimilated monthly MLD from 

January 2000 to December 2007 was computed using NASA Giovanni site to 
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illustrate the spatial (cross shelf) and temporal variability of MLD. This diagram 

was used for discussing the relationship between MLD with Chl-a variability.  

The selected 8-day anomalies of Chl-a and SST were compared with 8-day 

QuikSCAT-derived sea wind vector and curl of wind stress of the same period. 

The presence of a spatial relationship between positive Chl-a anomaly, negative 

SST anomaly, northerly wind and negative curl of wind stress during the same 

period suggests a possible wind-driven upwelling event caused by consistent 

northerly winds. 

 

5.3. Results and discussion 

5.3.1. Seasonal mean Chl-a and SST 

Figure 5.2 shows seasonal mean Chl-a for the study period and highlights the 

seasonal and spatial variability of Chl-a. Generally, Chl-a decreases gradually 

offshore throughout the year, with higher values particularly evident in Hervey 

Bay (refer to Figure 5.1 for place names) and waters to the north during the 

austral summer wet season. In Moreton Bay (adjacent to the city of Brisbane), 

Chl-a is high because of local eutrophication (McEwan et al., 1998; Saeck et al., 

2013), exacerbated during the wet season by fluvial discharge of nutrient-laden 

sediment from the highly modified Brisbane river catchment. Chl-a on the 

inshore shelf from Fraser Island to the Sunshine Coast is also high which may be 

due to reflection from the bottom and/or re-suspended sediment in shallow 

waters (Cannizzaro and Carder, 2006). It is noted, however, that accurate Chl-a 

retrievals from satellite imagery in coastal waters with high sediment and organic 

and matter concentration (Case 2 - optically complex waters) are problematic, 

particularly during the wet season when suspended sediment loads are high 

(McClain, 2009; Sathyendranath, 2000). Therefore, these inshore shelf and 

shallow waters of Moreton Bay and Hervey Bay are masked out in the EOF 

analysis. 
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The large plume of higher Chl-a along the continental margin off Fraser Island 

(Figure 5.2a) is particularly interesting. This plume initiates in winter and 

develops during spring. It is registered consistently during the spring dry season 

and is not related to fluvial discharge. The cross-shelf transect at 25.5ºS clearly 

shows a peak in Chl-a (0.5-0.6 mg m-3) on the offshore-shelf about 30-40km east 

of Fraser Island, while Chl-a on the inner shelf is 0.3-0.4 mg m-3. This is a 

distinctive feature of the spring season that was first described by Tran et al. 

(2012) from examination of daily MODIS data and later investigated by Brieva 

et al. (2015). Transects for the other seasons show Chl-a gradually decreased 

from 0.5-0.6 mg m-3 on the inner shelf to 0.1-0.2 mg m-3 in the offshore Coral 

Sea. Chl-a in the offshore Coral Sea is less than 0.1 mg m-3 in the summer, while 

it is about 0.15 mg m-3
 in the winter. Chl-a on the inshore shelf and western inner 

shelf from Fraser to the Sunshine Coast during autumn is higher than other 

seasons, possibly due to long-shore transport of eutrophic waters northward from 

Moreton Bay. There was a strip of high Chl-a (about 1 mg m-3) on the inshore 

and inner shelves to the east of Stradbroke Island and the Gold Coast during the 

spring which is possibly evidence of coastal Ekman upwelling (Tran et al., 2012). 

Seasonal means of SST over the fifteen year study period are shown in Figure 

5.3. Mean SST was lowest (18-20ºC) in the shallow waters of Hervey Bay and 

Moreton Bay during austral winter possibly due to the reduction of air 

temperature in the winter in southern Queensland (Bureau of Meteorology 

Climate Data Online http://www.bom.gov.au/climate/data/index.shtml). The 

southerly transport of warm tropical waters by the EAC can be seen with a 

tongue of high SST in the offshore Coral Sea close to the continental shelf 

margin (approximate 154ºE). This is especially evident during the winter and 

spring when the continental shelf waters are cooler. Mean SST ranged from (26-

28ºC) during the summer to (20-23ºC) during the winter. In the spring and 

summer, SST remained about 1ºC lower on the continental shelf to the southeast 

of Fraser Island than in the offshore Coral Sea which is influenced by EAC, 
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while it increased gradually from the shore to the continental margin during the 

autumn and winter. An area of 2ºC lower SST on the inshore and inner shelves to 

the east of Stradbroke Island and the Gold Coast during spring and summer is 

particularly interesting because it occurs in the same area and season as the high 

seasonal mean of Chl-a.  

  

  

Figure 5.2. Seasonal mean Chl-a (mg m-3) in (a) spring, (b) summer, (c) autumn, 

and (d) winter, for the 15-year period (3/2000-2/2015) and cross-shelf transect 

(starting at 5km from the shore) at 25.5ºS. The 200m depth contour is shown in 

yellow and cross-shelf transect is shown as a black line.  
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Figure 5.3. Seasonal mean SST (degree Celsius ºC) in (a) spring, (b) summer, (c) 

autumn, and (d) winter, for the 15 year period (3/2000-2/2015) and cross-shelf 

transect (starting at 5km from the shore) at 25.5ºS. The 200m depth contour is 

shown in dark blue and cross-shelf transect is shown as a black line.  
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5.3.2. Empirical Orthogonal Function Analyses 

Monthly data 

Seasonal variation usually constitutes the largest portion of Chl-a and SST 

variability (refer to chapter 4). Therefore, to enhance the variability caused by 

other factors, EOF analysis was applied to the monthly Chl-a and SST 

anomalies. The spatial modes and associated eigenvectors of the first and second 

EOF of monthly Chl-a and SST data (after seasonal variation has been removed) 

are shown in Figure 5.4 and 5.6. The first modes are dominant in both cases 

(explaining about 20% of total variance) and the three leading EOF modes 

explain about 30-40% of total variances.  

The spatial distribution of the first EOF mode of monthly Chl-a (Figure 5.4a) 

reveals a distinct difference in the pattern of Chl-a variability between the 

continental shelf and offshore Coral Sea. The variability of Chl-a in the inner 

shelf is stronger than in the outer shelf and offshore Coral Sea. Figure 5.4b shows 

the eigenvector associated with the first EOF mode of monthly Chl-a and MEI. 

The high MEI values indicate the occurrence of an ENSO event (positive values 

of MEI greater than +1 often indicate El Niño and negative values of MEI less 

than -1 are typical of a La Niña episode). The plot of the eigenvector associated 

with the first EOF shows striking similarities to the plot of MEI, with values 

most positive during the El Niño dominant period 2000-2007 and negative values 

evident during La Niña episodes in 2007-2008 and 2010-2011. The cross-

correlation of the eigenvectors associated with the first EOF modes of monthly 

Chl-a and MEI (Figure 5.4d) show a statistically significant correlation at a lag 

of 3-5 months (MEI ahead). The difference in timing between variation of Chl-a 

and change in climate state may be due to increasing fluvial discharge of 

nutrients when climate shifts from dry El Nino to wetter La Niña conditions. 

The second EOF mode of monthly Chl-a (Figure 5.4b) accounts for 8% of 

variance and shows a region of strong Chl-a variability (coloured blue) extending 
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from the outer shelf to the east of Fraser Island, along the continental shelf 

margin, south to the Gold Coast. This captures the consistently higher 

phytoplankton biomass on the outer shelf to the southeast of Fraser Island and to 

the east of Stradbroke Island and off the Gold Coast during the spring. This 

feature can be seen in Figure 5.2a and was described by Tran et al. (2012) and 

also noted by Brieva et al. (2015) as an outer-shelf maximum in the Chl-a 

(average of 2-3 mg m-3). The increase of Chl-a biomass on the outer shelf during 

the austral spring is possibly caused by upwelling. Another smaller area of strong 

variability of Chl-a (coloured red) extends over the inner shelf to the east of 

Fraser Island and off the Sunshine Coast, that is also mentioned by Brieva et al. 

(2015) as an elevated Chl-a concentration over the mid-shelf with values in the 

range of 0.5 to 1.0 mg m-3 during autumn and winter seasons. The plot of the 

eigenvector associated with the second EOF mode of monthly Chl-a (Figure 

5.4c) shows a stronger Chl-a variation in the latter half of El Niño years in 2000-

2007 and 2009-2010. A significant inverse correlation of MEI and the second 

EOF mode of Chl-a (Figure 5.4e) is present at a lag of 3-4 months (MEI ahead), 

which suggests the increase in Chl-a on the outer shelf possibly occurred 3-4 

months after a change to an El Niño phase, characterized by enhancement of 

northerly winds and EAC.  

Figure 5.5 shows the distinct variation in MLD during 2000-2007, which is more 

pronounced on the outer shelf and in the offshore Coral Sea than on the inner 

shelf. The MLD was deeper in the summer and autumn, and shallower during the 

winter and spring. However, there were anomalies in MLD variation, such as a 

deepening on the continental shelf in the autumn of 2000 and 2005, and shoaling 

in the offshore Coral Sea in the spring of 2001 and 2005. These anomalies were 

possibly caused by a dominant El Niño climate state during this period. These 

results suggest that variability in SST and MLD are likely to be the dominant 

factors driving Chl-a variability on the outer shelf and the offshore Coral Sea 

(Bissett et al., 1994).  
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Figure 5.4. The first (a) and second (b) spatial EOF modes of monthly Chl-a after 

seasonal variation has been removed. The coastline is shown in white, while land and 

masked out areas are in black. The 200m depth contour is shown as a dark blue line. 

Panel (c) shows the MEI during 3/2000-2/2015 and eigenvectors of the first and second 

EOF modes of monthly Chl-a. MEI values > +1 often indicate El Niño and < -1 are 

typical of a La Niña episode. Panels (d) and (e) show the cross correlation between MEI 

and eigenvectors of the first (d) and second (e) EOF modes of monthly Chl-a. The 

statistical confidence level (95%) is shown as a blue dotted line. 

(c) 

(a) (b) 

(d) (e) 
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Figure 5.5. Time-longitude Hovmöller diagram of NOBM model monthly MLD 

(from NASA Giovanni) for the period January 2000 to December 2007. The 

continental margin (200m depth) is at 154ºE approximately. 

  

Depth (m) 
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Figure 5.6 (a, b, and c) show the spatial EOF modes and associated eigenvectors 

of the first and second modes of monthly SST. The first EOF mode of monthly 

SST accounts for 19% of variance and shows areas of strong SST variability 

(coloured blue) on the inner shelf to the southeast of Fraser Island, to the east of 

Stradbroke Island as far south as the Gold Coast, and on the continental margin 

to the east of the Sunshine Coast (Figure 5.6a). These features are similar to the 

areas of strong variability in the first and second EOF modes of monthly Chl-a. 

The second EOF mode of monthly SST accounts for 17% of total variance and 

shows a strip of higher SST variability in comparison with surrounding areas on 

the outer shelf to the southeast of Fraser Island and the continental margin to the 

east of the Sunshine Coast as far as the Gold Coast (Figure 5.6b). This illustrates 

the mixing of the warm EAC waters with cooler waters on the continental shelf, 

which can also be seen in Figure 5.3, with similar features in the second EOF 

mode of monthly Chl-a (Figure 5.4b). The eigenvectors associated with the first 

and second EOF of monthly SST (Figure 5.6c) have similar variability in some 

periods. The cross correlation between MEI and the eigenvectors associated with 

the first and second EOF of monthly SST (Figure 5.6d and 5.6e) shows no 

statistically significant correlation, which suggests the variability in SST on the 

southern Queensland continental shelf was not strongly influenced by ENSO.   
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Figure 5.6. The first (a) and second (b) spatial EOF modes of monthly SST (after 

seasonality has been removed). The coastline is shown in white, land and masked 

out areas in black. The 200m depth contour is shown as a dark blue line. Panel 

(c) shows the eigenvectors associated with these modes respectively. Panels (d) 

and (e) show the cross correlation between MEI and the eigenvectors associated 

with the first and second EOF modes of monthly SST respectively. The statistical 

confidence level (95%) is shown as a blue dotted line.  

(c) 

(a) (b) 

(d) (e) 
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Eight-day data 

The analysis of higher frequency 8-day satellite data is more likely to detect Chl-

a responses to processes such as episodic upwelling. Figures 5.7 (a and b) show 

the first and second spatial EOF modes of 8-day Chl-a while Figures 5.7 (c and 

d) present the first and second spatial EOF modes of 8-day SST respectively. The 

first EOF of 8-day Chl-a, accounts for 14% of total Chl-a variance and illustrates 

a distinct difference in Chl-a variability between the continental shelf and 

offshore Coral Sea. The second EOF of 8-day Chl-a accounts for 7% of variance 

and shows a region of strong Chl-a variability (coloured blue) extending from the 

outer shelf to the east of Fraser Island along the continental shelf margin as far 

south as the Gold Coast. The spatial distribution of Chl-a variability on the EOF 

modes of 8-day Chl-a is similar to the spatial modes of monthly Chl-a. The first 

EOF mode of 8-day SST accounts for 14% of variance and shows a strip of 

higher SST variability in comparison with surrounding areas (coloured red) on 

the outer shelf to the southeast of Fraser Island and continental margin to the east 

of the Sunshine Coast and the Gold Coast (Figure 5.7c). This feature is similar to 

that found in the first EOF of monthly SST. The second EOF of 8-day SST 

accounts for 13% of total variance and shows areas of strong SST variability on 

the inner shelf to the southeast of Fraser Island, to the east of Stradbroke Island 

to the Gold Coast, and on the continental margin to the east of the Sunshine 

Coast (Figure 5.7d), which is similar to the features found in the second EOF of 

monthly SST. 

The statistically significant cross correlation between the eigenvectors associated 

with the first and second EOFs of 8-day Chl-a and 8-day SST (Figure 5.7e and 

5.7h) respectively, suggest variability in Chl-a on the continental shelf was well 

correlated with variability in SST over relatively short periods. The variability in 

the second EOF mode of 8-day Chl-a possibly represents the response of Chl-a 

to upwelling events (with lower SST) which typically occur over 6-7 days 

(Brieva et al., 2015). This confirms that higher frequency 8-day data is better 
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suited to detecting the variability of Chl-a in response to episodic processes such 

as upwelling. The cross correlation between the eigenvectors associated with the 

first EOF of 8-day Chl-a and the second EOF of 8-day SST and (Figure 7f) and 

between the eigenvectors associated with the second EOF of 8-day Chl-a and the 

first EOF mode of 8-day SST (Figure 5.7g) shows a significant positive 

correlation with time lags of 2-4 octads.  

Spatial correlation analysis was applied to 8-day anomalies of Chl-a and SST to 

identify any spatial correlation in the distributions of Chl-a and SST. The spatial 

distribution of the correlation coefficients (R) of 8-day Chl-a and 8-day SST 

anomalies (Figure 5.8) shows statistically significant negative values (blue area) 

on the continental shelf to the southeast of Fraser Island and to the east of 

Stradbroke Island and the Gold Coast. The regions of negative correlation 

coefficients suggest potential upwelling on the continental shelf extends from the 

Sandy Cape to the southeast of Fraser Island on the outer shelf along the 

continental margin and from Point Lookout on North Stradbroke Island to the 

continental shelf to the east of the Gold Coast. These upwelling systems were 

first identified by Tran et al. (2012) and the Fraser Island upwelling has since 

been confirmed by Brieva et al. (2015). 
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Figure 5.7. The first (a) and second (b) spatial EOF modes of 8-day Chl-a and 

the first (c) and second (d) spatial EOF modes of 8-day SST (after seasonality 

has been removed). The coastline is shown in white; land and masked out areas 

in black. The 200m depth contour is shown as a dark blue line. Panels (e) and (f) 

show the cross correlation between the eigenvectors associated with the first EOF 

of 8-day Chl-a and the first and second EOFs of 8-day SST respectively. Panels 

(g) and (h) show the cross correlation between the eigenvectors associated with 

the second EOF of 8-day Chl-a and the first and second EOFs of 8-day SST 

respectively. The statistical confidence level (95%) is shown as a blue dotted 

line.  

(g) (h) 

(a) (b) (c) (d) 

(e) (f) 
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Figure 5.8. Spatial distribution of the correlation coefficient (R) between 8-day 

Chl-a and 8-day SST anomalies. Correlation coefficients (R) lower than 

significance at 95% level of confidence are set at 0. The 200m depth contour is 

shown as a dark blue line. 

 

5.3.3. Physical drivers of phytoplankton dynamics  

The changes in climate conditions, nutrient loading, temperature, and mixed 

layer depth are considered primary factors controlling the phytoplankton 

dynamics on the southern Queensland continental shelf. However, upwelling can 

play an important role in supplying nutrients for growth of phytoplankton and 

macro-algae during the spring and summer. Off-shore transport of the upwelled 

nutrient rich waters could be limited by the strong southward flowing EAC on 

the continental margin, so an increase of algal biomass as a result of upwelling is 

likely to be limited to the continental shelf. 
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Similar upwelling systems occur in the northern NSW coast (Everett et al., 

2014), and the increase in strength of the EAC in spring is likely to be the major 

driving factor controlling these upwelling systems. Coastal topology such as the 

headland of Fraser Island and North Stradbroke Island may drive strong velocity 

shear and upwelling in the lee of the headland (Roughan et al., 2006; Roughan et 

al., 2005). The EAC associated bottom stress has been suggested as the main 

driver of upwelling and sporadic high Chl-a events on the offshore-shelf to the 

south of Fraser Island (Brieva et al., 2015). Change in local wind stress by 

consistent northerly winds may also enhance the upwelling during specific 

periods.  

To examine the impact of local wind stress on a specific phytoplankton bloom 

event, the spatial distribution of 8-day data of Chl-a and SST, Chl-a and SST 

anomalies, as well as wind speed vectors and curl of wind stress from 24-31 

October 2003 were examined. A tongue of very high Chl-a (2-6 mg m-3) was co-

located with lower SST (21-22ºC) (Figure 5.9a and 5.9b) on the outer shelf to the 

southeast of Fraser Island and inner shelf to the east of Stradbroke Island and the 

Gold Coast. A positive Chl-a anomaly of 1-5 mg m-3 (Figure. 9c) and a negative 

SST anomaly of 0.5-2ºC (Figure 5.9d) occurred during this period at the same 

location. Wind speed vectors (Figure 5.9e) show a strong northerly component 

during this period and the negative curl of wind stress indicates wind-driven 

upwelling (Castelao and Barth, 2006) on the outer shelf (Figure 5.9f) at the same 

location as the Chl-a and SST anomalies.  
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Figure. 5.9. Satellite-derived (a) Chl-a (mg m-3), (b) SST (ºC), (c) Chl anomaly, 

(d) SST anomaly, (e) Wind vectors (m s-1), and (f) Curl of wind stress (Pa m-1) 

(QuikSCAT Global Science Quality, data courtesy of NOAA Coast Watch, West 

Coast Node) during 24 to 31 October 2003.  

(e) (f) 

(c) (d) 

(a) (b) 

Chlorophyll-a (mg m-3) Temperature (ºC) 



Chapter 5. Chlorophyll-a variability and its relationship to ENSO and upwelling  

on the southern Queensland continental shelf  

 

 

Factors influencing the spatiotemporal variability in satellite-derived chlorophyll  

on the Queensland continental shelf                           91 

5.4. Summary 

A region of consistently high Chl-a concentration appears on the continental 

shelf south and east of the northern tip of Fraser Island during spring and is 

apparently unrelated to fluvial or catchment discharges. The seasonal Chl-a 

climatology shows a moderate cross-shelf gradient in biomass throughout the 

year with hot-spots north of Hervey and Moreton Bays, which expand during the 

wet season when fluvial nutrient loads are high. The seasonal SST climatology 

clearly shows the EAC with generally lower SST on the shelf compared with 

deep offshore waters. 

The existence of the upwelling-induced phytoplankton blooms on the offshore-

shelf to the southeast of Fraser Island with a substantial plume extending south of 

Sandy Cape and to the east of Stradbroke Island and the Gold Coast, during 

spring were clearly identified in EOF analysis of the spatial and temporal 

variability of monthly and 8-day Chl-a and SST over the 15-year period. 

Examination of the EOFs suggests that a change in climate state between El Niño 

and La Niña may affect variability of Chl-a on the inner shelf region due to 

increase of fluvial nutrient loading during La Niña periods, and resulting in more 

favourable conditions for upwelling during El Niño periods on the outer shelf. 

The EAC and variability in MLD are possible significant factors controlling 

variability in Chl-a and SST on the outer shelf and offshore Coral Sea.  

The combinations of the strength of the EAC, coastal topology and consistent 

wind stress in the austral spring are likely to be the controlling drivers of the 

upwelling systems and associated phytoplankton blooms on the southern 

Queensland continental shelf. QuikSCAT derived wind data confirmed a specific 

wind-induced upwelling event in this area. This suggests that wind stress is 

possibly a secondary but significant factor controlling the upwelling process in 

this region. A more comprehensive study which includes modelling of the 

physical dynamics of the ocean currents and field measurements is essential to a 
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more complete understanding of the mechanisms driving phytoplankton 

dynamics in this region.   
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Chapter 6 

Dust Deposition and Cyanobacteria Blooms 

 

6.1. Introduction 

Aeolian mineral dust input is thought to be a critical source of dissolved iron 

(dFe) for phytoplankton growth in some oceanic regions (Karl et al., 2002). In 

the North Atlantic Ocean, dust deposition has been shown to stimulate blooms of 

diazotrophs (nitrogen-fixing cyanobacteria) by increasing the level of dFe within 

the water column (Lenes et al., 2001). The major nutrients that may limit marine 

phytoplankton growth rates include nitrogen (N), phosphorus (P), and silicon 

(Si), with micronutrients such as iron (Fe) also limiting growth in some parts of 

the ocean (Krishnamurthy et al., 2010).  Atmospheric transport and deposition of 

aeolian dust provides a source for each of these nutrients into the oceans. 

Variations in atmospheric iron inputs may impact spatial patterns of 

phytoplankton growth limitation and the spatial extent of the high-nutrient, low-

chlorophyll regions, such as the equatorial Pacific and the Southern Ocean 

(Cropp et al., 2005; Gabric et al., 2010). Much of the external input of iron to 

open ocean regions is via aeolian dust transport, from the deserts of the world 

(Jickells et al., 2005). 

The stimulation of phytoplankton photosynthesis by the provision of iron, a 

micronutrient contained in deposited aeolian dust (the Iron Hypothesis), was first 

proposed by Martin (1990). Artificial fertilisation experiments have confirmed 

the role of iron in controlling phytoplankton production in large regions of the 

ocean (Boyd et al., 2000). The majority of dust deposition to the oceans occurs in 

the northern hemisphere (Gao et al., 2001). Australia is a relatively minor 

contributor to the global dust budget (Shao et al., 2007); however, model 

simulations suggest that aeolian dust from Australia dominates the southern 
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hemisphere (Tanaka and Chiba, 2006). Total iron content in aeolian dust is 

around 4 to 7% depending on the source areas (Journet et al., 2008). The 

percentages of free-iron relative to the total estimated aerosol mass are 2.8%, 

3.7%, and 5.0% in Sahara, China, and Sahel respectively (Lafon et al., 2004). 

Gatehouse (2001) reported an average Fe content of 5.6% and a range from 1.1 

to 11.5% for dust deposits at sites in eastern Australia. Turner (1996) indicates 

that there are time lags of several days between delivery of dust to the ocean and 

a subsequent phytoplankton bloom. 

Dust deposition has been considered a cause of coral reef demise in some sea 

regions. Shinn et al. (2000) suggested that the hundreds of millions of tons/year 

of African soil dust that have been crossing the Atlantic could be a significant 

contributor to coral reef decline and may be affecting other ecosystems in the 

Caribbean Sea. Viable microorganisms, macro- and micronutrients, trace metals, 

and an array of organic contaminants carried in the dust air masses and deposited 

in the oceans, and on land, may play important roles in the complex changes 

occurring in coral reefs worldwide (Garrison et al., 2003). However, knowledge 

of the impact of dust-derived nutrients and subsequent N-fixation on coral reefs 

in the GBR is limited. 

Several studies have shown a moderate correlation between the modelled flux of 

dust-derived iron and satellite-derived Chl-a in the Southern Ocean south of 

Australia, the Tasman Sea and off the Queensland coast (Cropp et al., 2005; 

Gabric et al., 2015; Gabric et al., 2010; Shaw et al., 2008). The sensitivity of 

phytoplankton growth in central and southern Queensland coastal waters to dust 

deposition after a severe dust storm on 23 October 2002 was demonstrated by 

examining changes in satellite-derived Chl-a concentration and aerosol optical 

depth (AOD) (Shaw et al., 2008). Tran  (2012) indicates possible temporal 

coherences between Chl-a anomalies and dust storm events in 2002 and 2009 in 

the southern GBR lagoon. However, there is no long term study on the influence 

of mineral dust deposition on marine primary productivity and algal blooms 
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along the Queensland coast during the prolonged drought in Eastern Australia 

between 1998 and 2009.  

In this chapter, the spatial and temporal variability of MODIS-derived AOD are 

examined using EOF analysis. The relationship between ENSO and AOD 

variability are examined using cross-correlation analysis. The correlation 

between satellite-derived Chl-a and AOD on the Queensland continental shelf 

and Coral Sea are analysed to examine if there is any relationship between 

change in phytoplankton biomass and anomalies in AOD as a result of dust 

storms. Monthly climatology of the simulated dust and iron deposition on the 

Queensland continental shelf are computed and examine the seasonal variability 

in dust deposition. Modelled dust and iron deposition are computed and analysed 

with satellite-derived AOD and observation dust storm index (DSI). An 

algorithm for detection of the cyanobacterium (Trichodesmium) is applied to 

selected MODIS images after severe dust storms in October 2002 and September 

2009 to determine if the dust triggered any Trichodesmium bloom. 

 

6.2. Materials and methods 

An EOF analysis was computed for monthly and 8-day satellite-derived Chl-a 

and AOD anomalies in the whole study region, and subregions of the Queensland 

continental shelf and offshore Coral Sea. The three leading spatial EOFs and 

associated eigenvectors were used to examine the spatial and temporal variability 

in AOD for the 15-year study period. Cross-correlation between MEI and the 

eigenvectors of three leading EOF was computed to examine the relationship 

between climate and AOD variability. 

Cross-correlation analysis was employed to examine the correlation between the 

eigenvectors of the three leading EOFs of monthly and 8-day Chl-a and AOD 

anomalies. Cross-correlation was also computed for the eigenvectors of the three 

leading EOFs of monthly and 8-day Chl-a and AOD in subregions of the 



Chapter 6. Dust deposition and cyanobacteria blooms  

 

 

Factors influencing the spatiotemporal variability in satellite-derived chlorophyll  

on the Queensland continental shelf                           96 

Queensland continental shelf and offshore Coral Sea to examine the relationship 

between temporal variability of these parameters. 

Dust load and deposition over the GBR were obtained from simulations using the 

Computational Environmental Management System model (CEMSYS) (Shao 

and Leslie, 1997). Monthly climatological means of dust deposition (9.5-28.5oS; 

142-154oE) over the study period were computed from derived monthly modelled 

simulated dust deposition to present the seasonal variability of dust deposition 

over the GBR. The monthly climatological means of Fe deposition on the 

Queensland continental shelf and the Coral Sea was computed as 5% of monthly 

climatological means of dust deposition (Gatehouse, 2001).  

Monthly mean of Chl-a, AOD and simulated dust deposition in the southern 

GBR lagoon (22.4-25.3oS; 150.6-153.2oE) were computed and plotted to present 

the variability in Chl-a, AOD and dust deposition and its relationship to dust 

storms in this region. Monthly dust storm index (DSI) at 49 stations in 

Queensland (O’Loingsigh et al., 2014) during 2002-2013 was plotted to analyse 

the possible dust storm events.  

Quasi true colour (RGB) satellite and false colour composite (NIRRG) images 

were used to identify blooms of Trichodesmium by visual interpretation of the 

0.5 km resolution MODIS Aqua images based on the particular colour and 

pattern of Trichodesmium. A simple binary algorithm suggested by McKinna et 

al. (2011) for detection of dense Trichodesmium bloom in the GBR lagoon (refer 

to Chapter 2 for detailed description) was used to identify Trichodesmium pixels 

from the MODIS-derived nLw. The particular patterns (windrows and eddy 

swirls) of the Trichodesmium are used to interpret the existence of dense 

Trichodesmium blooms from MODIS-derived Trichodesmium images. Seven 

MODIS Aqua images of the Southern GBR lagoon (22.4oS-25.3oS; 150.6oE-

153.2oE) during November to December 2002 and September to December 2009 

were used in the detection of Trichodesmium blooms. 
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6.3. Results and discussion 

6.3.1. Spatial and temporal variability in satellite-derived AOD 

The seasonal means of AOD in the study region for the 15-year period (3/2000-

2/2015) are shown in Figure 6.1. These seasonal means show a difference in 

AOD in the northern and southern parts of the study region. In the spring (Figure 

6.1a), AOD in the northern region of the Coral Sea and the GBR (about 0.15-0.2) 

are higher than in the eastern and southern regions (about 0.1) and may be due to 

active dust storms in Queensland during the spring season. In the summer (Figure 

6.1b), AOD on the GBR is a little higher than the offshore region (about 0.08), 

particularly in the far north GBR (about 0.15). In the autumn (Figure 6.1c) and 

winter (Figure 6.1d), there is a distinct distribution between the northern and 

southern regions. In the northern region, AOD is about 0.1, while in the southern 

region, it is very low at about 0.04-0.05. There is no difference in AOD between 

the Queensland continental shelf and offshore Coral Sea during autumn and 

winter. 
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Figure 6.1. Seasonal mean AOD in (a) spring, (b) summer, (c) autumn, and (d) 

winter, for the 15-year period (3/2000-2/2015) on the Queensland continental 

shelf and Coral Sea (9.5-28.5 ºS, 142-156 ºE).  

Autumn (Mar-May) Winter (Jun-Aug) 

(c) (d) 

AOD AOD 

Spring (Sep-Nov) Summer (Dec-Jan) 

(a) (b) 

AOD AOD 
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EOF analysis was computed for the monthly AOD data set. The first EOF of 

monthly AOD accounts for 14% of total variation and shows seasonal variability 

in AOD (Figure 6.2). To examine other factors that may be driving the variability 

in AOD, the seasonal variability was removed by computing the AOD anomalies, 

and EOF analysis was repeated on monthly and 8-day AOD anomalies.   

 

 

 

Figure 6.2. (a) The eigenvalues of the 10 leading EOFs of monthly AOD and (b) 

eigenvectors associated with the first EOF of monthly AOD showing a clear 

seasonal variation.  

  

(a) 

(b) 
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The three leading EOFs of monthly AOD anomaly (after seasonal variability has 

been removed) and associated eigenvectors are shown in Figure 6.3. The first 

EOF accounts for 6% of variance and shows a distinct variation between the 

northern and the southern parts of the study region. Its pattern is similar to the 

first EOF of the monthly Chl-a anomaly. The second EOF accounts for 5% of 

variance showing a difference between the GBR and the southern Coral Sea. The 

eigenvector associated with the second EOF shows a strong positive variation 

during the El Niño dominated periods 2002-2007 and 2009. It is possible that 

aerosol loading over the continental shelf as a result of the severe dust storms in 

2002 and 2009 appeared in this EOF. The third EOF explains about 3% variance 

and shows a difference between the northern Coral Sea between Queensland and 

Papua New Guinea and the southern Coral Sea. 

Three leading EOFs and associated eigenvectors of monthly AOD anomaly (after 

seasonal variability has been removed) on the Queensland continental shelf are 

shown in Figure 6.4. The first EOF explains about 11% of variance and shows a 

negative variability in the far north GBR region. The associated eigenvector of 

the first EOF shows that this variation appeared seasonally (even when the 

seasonal variability has been removed) with a negative variation during the 

autumn and winter, and positive variation during the spring and summer. The 

second EOF accounts for 3% of variance showing the inverted variability 

between the northern GBR and the southern Queensland continental shelf. The 

third EOF accounts for 3% of variance and shows a negative variation in the 

GBR while positive variation in the far north shelf. 

Three leading EOFs and associated eigenvectors of monthly AOD anomaly in the 

offshore Coral Sea (after seasonal variability has been removed) are shown in 

Figure 6.5. The spatial and temporal variability of the EOFs in the offshore Coral 

Sea are similar to the EOFs of the whole study region. 
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Figure 6.3. Spatial distribution (EOFs) and associated eigenvectors of three 

leading EOFs of monthly AOD anomaly (after seasonality was removed) in the 

whole study region.   
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Figure 6.4. Spatial distribution (EOFs) and associated eigenvectors of three 

leading EOFs of monthly AOD anomaly (after seasonality was removed) on the 

Queensland continental shelf.  
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Figure 6.5. Spatial distribution (EOFs) and associated eigenvectors of three 

leading EOF modes of monthly AOD anomaly (after seasonality was removed) 

in the offshore Coral Sea.  
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Figure 6.6 shows three leading EOFs and associated eigenvectors of 8-day AOD 

anomaly (after seasonal variability has been removed). The EOFs and 

eigenvectors in the Queensland continental shelf and Coral Sea are computed 

separately and shown in Figures 6.7 and 6.8. The spatial variability in the EOFs 

of 8-day AOD is similar to the EOFs of monthly AOD. The eigenvectors 

provided more detailed pictures of the temporal variability in AOD. 
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Figure 6.6. Spatial distribution (EOFs) and associated eigenvectors of three 

leading EOF modes of 8-day AOD anomaly (after seasonality was removed) for 

the 15-year period in the whole study region. 
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Figure 6.7. Spatial distribution (EOFs) and associated eigenvectors of three 

leading EOF modes of 8-day AOD anomaly (after seasonality was removed) for 

the 15-year period on the Queensland continental shelf. 
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Figure 6.8. Spatial distribution (EOFs) and associated eigenvectors of three leading 

EOF modes of 8-day AOD anomaly (after seasonality was removed) in the Coral Sea 

for the 15-year period. 
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6.3.2. Relationship between variability in AOD with ENSO and variability in 

Chl-a 

The cross-correlation between MEI and eigenvectors of three leading EOFs of 

monthly AOD on the Queensland continental shelf and whole study region for 

analysing the relationship between AOD variability and climatic variation is 

shown in Figure 6.9. A statistically significant correlation is found between MEI 

and the eigenvector associated with the first EOF of monthly AOD on the 

Queensland continental shelf (Figure 6.9a). This means that the variability in 

AOD on the Queensland continental shelf depends on climate variation. A 

significant correlation is found between MEI and the eigenvector of the second 

EOF of monthly AOD on the Queensland continental shelf with a time lag of one 

to five months (Figure 6.9b). No correlation is found between MEI and the 

eigenvector of the third EOF of monthly AOD (Figure 6.9c). 

No significant correlation is found between MEI and the first EOF of the whole 

study region (Figure 6.9d). A significant correlation is found between MEI and 

the eigenvector of the second EOF of the whole study region (Figure 6.9e). A 

significant correlation is found between MEI and the eigenvector of the third 

EOF of the whole study region with a time lag of three to five months (Figure 

6.9f). 
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Figure 6.9. Cross correlation function between monthly MEI and eigenvectors of 

(a) the first EOF, (b) the second EOF, and (c) the third EOF of monthly AOD 

anomaly on the Queensland continental shelf. Cross correlation function between 

monthly MEI and eigenvectors of (d) the first EOF, (e) the second EOF, and (f) 

the third EOF of monthly Chl-a anomaly in the whole study region.  
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Figure 6.10 shows the cross correlation between the eigenvectors of three leading 

EOFs of monthly and 8-day Chl-a and AOD in the whole study region (after 

seasonal variability has been removed). A statistically significant correlation is 

found between the eigenvectors associated with the first and second EOFs of 

monthly Chl-a and AOD with a time lag of four to five months (Figure 6.10a and 

6.10b) while between the eigenvectors associated with the third EOFs there was a 

time lag of one to two months (Figure 6.10c). Significant correlation is found 

between the eigenvectors associated with the first EOFs of 8-day Chl-a and AOD 

(Figure 6.10d) with time lag of two to three octads while the lags are 10 to 11 

octads for the second EOFs (Figure 6.10e) and third EOFs (Figure 6.10f). 

Because the correlation between Chl-a and AOD is not so clear for whole study 

region, the correlations for the sub-regions of the Queensland continental shelf 

(from coastline to 200m depth) and the offshore Coral Sea (outer 200m depth) 

are examined separately. 

Figure 6.11 shows the cross correlation between the eigenvectors associated with 

three leading EOFs of monthly and 8-day Chl-a and AOD on the Queensland 

continental shelf (after seasonal variability has been removed). Significant 

correlation is found between the eigenvectors associated with the first EOFs of 

monthly Chl-a and AOD with a time lag of more than four months (Chl-a ahead) 

(Figure 6.11a). Time lags of significant correlation between the eigenvectors 

associated with the second EOFs (Figure 6.11b) and the third EOFs (Figure 

6.11c) of monthly Chl-a and AOD are one and three months respectively. A 

significant correlation is found between the eigenvectors of the first and second 

EOFs of 8-day Chl-a and AOD with a time lag of an octad (Figure 6.11d and 

6.11e). There was a correlation between the eigenvectors associated the third 

EOFs of 8-day (Figure 6.11f) with time lag of two octads. Chl-a is ahead of AOD 

in the correlation between the first EOFs of 8-day Chl-a and AOD (Figure 

6.11c).  
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Figure 6.10. Cross correlation between the eigenvectors of (a) the first, (b) the 

second and (c) the third EOFs of monthly Chl-a and AOD anomalies. Cross 

correlation between the eigenvectors of (d) the first, (e) the second and (f) the 

third EOFs of 8-day Chl-a and AOD anomalies. EOFs were computed for the 

whole study region (including Queensland continental shelf and offshore Coral 

Sea) (9.5-28.5oS; 142-156oE). The statistical confidence level is shown as a blue 

dotted line.  
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Figure 6.11. Cross correlation between the eigenvectors of (a) the first, (b) the 

second and (c) the third EOFs of monthly Chl-a and AOD anomalies. Cross 

correlation between the eigenvectors of (d) the first, (e) the second and (f) the 

third EOFs of 8-day Chl-a and AOD anomalies. EOFs were computed for the 

Queensland continental shelf (within 200m depth). The statistical confidence 

level is shown as a blue dotted line. 
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Figure 6.12 shows the cross correlation between associated eigenvectors of three 

leading EOFs of monthly and 8-day Chl-a and AOD in the offshore Coral Sea 

(after seasonal variability has been removed). Significant correlation is found 

between the eigenvectors associated with the first EOFs of monthly Chl-a and 

AOD with a time lag of five to seven months (Figure 6.12a). No significant 

correlation is found between the eigenvectors of the second EOFs of monthly 

Chl-a and AOD (Figure 6.12b). Significant correlation is found between the 

eigenvectors associated with the thirrt EOFs of monthly Chl-a and AOD with a 

time lag of a month (Figure 6.12c). Significant correlation is found between 

eigenvectors of the first EOFs of 8-day Chl-a and AOD with a time lag of two 

octads (AOD ahead Chl-a) (Figure 6.12d) and between the third EOFs with a 

time lag of an octad (Chl-a ahead AOD) (Figure 6.12f). A significantly inverse 

correlation with a time lag of eight octads is found between eigenvectors of the 

second EOFs (Figure 6.12e) of 8-day Chl-a and AOD (Chl-a ahead of AOD).  

  



Chapter 6. Dust deposition and cyanobacteria blooms  

 

 

Factors influencing the spatiotemporal variability in satellite-derived chlorophyll  

on the Queensland continental shelf                           114 

  

  

  

Figure 6.12. Cross correlation between the eigenvectors of (a) the first, (b) the 

second and (c) the third EOFs of monthly Chl-a and AOD anomalies. Cross 

correlation between the eigenvectors of (d) the first, (e) the second and (f) the 

third EOFs of 8-day Chl-a and AOD anomalies. EOFs were computed for the 

offshore Coral Sea (outer 200m depth). The statistical confidence level is shown 

as a blue dotted line.  
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About half of the biogenic sulfur flux to the earth atmosphere each year arises 

from the oceans (Dacey and Wakeham, 1986). The oceanic carbon and 

atmospheric sulfur cycles are also connected through the biogenic compound 

dimethylsulfide (DMS), a volatile sulfur compound produced by algae and 

ventilated to the atmosphere (Gabric et al., 2002; Gabric et al., 2005). DMS 

constitutes about 90% of this marine sulfur flux and is presumed to originate 

from the decomposition of dimethylsulfoniopropionate produced by marine 

organisms, particularly phytoplankton (Dacey and Wakeham, 1986). Thus, there 

is a strong linkage between algal growth and DMS concentration. The rate of 

DMS release by phytoplankton is greatly increased when the phytoplankton are 

subjected to grazing by zooplankton (Dacey and Wakeham, 1986). Turner et al. 

(1996) demonstrated also the linkage between iron fertilization and SMS 

production. Gaseous DMS is oxidised to methanesulfonic acid (MSA) and sulfate 

particles. The satellite-derived AOD depends on the atmospheric concentration 

of particles, including sea salt, mineral dust, organic compounds, as well as non-

sea-salt sulphate and MSA. The release of DMS into the atmosphere by 

phytoplankton causes the change in AOD composition. Therefore, the 

development of phytoplankton (increase in Chl-a) is ahead the rise in AOD 

(Figure 6.11a and 6.11d). 

The rise in AOD ahead of Chl-a on the Queensland continental shelf (Figure 

6.11b and 6.11e) suggests that the dust is possibly presented in the atmosphere 

prior to the increase in phytoplankton biomass. This suggests that dust deposition 

of iron possibly triggered phytoplankton bloom on the Queensland continental 

shelf. 
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6.3.2. Simulated dust deposition and Fe delivery  

Monthly climatological means of modelled dust deposition on the Queensland 

continental shelf and Coral Sea are presented in Figure 6.13. According to these 

modelled predictions, there was a high level of dust deposition to the northern 

Coral Sea in January, while the central and southern GBR experienced high 

deposition from August to November. There was a very high level (>10 µg m-2 h-

1) of dust deposition in central and southern GBR and southern Coral Sea in 

September and October. During February and March, there was only a very small 

amount of dust deposited on the Queensland continental shelf. 

Monthly climatological mean of modelled Fe deposition (Figure 6.14) shows 

similar pattern to dust deposition. There were only few areas in the northern 

Coral Sea in January and southern GBR from September to November with Fe 

deposition of more than 1 µg m2 h-1. With high Fe deposition during most of the 

austral spring season, the southern GBR lagoon region has a high potential for 

growth of nitrogen-fixing cyanobacteria in the spring and summer. 
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Figure 6.13. Monthly climatological means of dust deposition (µg m-2 h-1) 

derived from modelled dust deposition in CEMSYS on Queensland continental 

shelf and Coral Sea (9.5-28.5oS; 142-154oE).  Land area is shown in black and 

the 200m depth contour is shown as a light blue line.  
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Figure 6.14. Monthly climatological means of Fe deposition (µg m-2 h-1) derived 

from modelled dust deposition in CEMSYS on the Queensland continental shelf 

and Coral Sea (9.5-28.5oS; 142-154oE). The 200m depth contour is shown as a 

light blue line.  
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6.3.3. Relationships between dust deposition, Chl-a, AOD and DSI 

The average of monthly satellite-derived AOD for the southern GBR (22.4-

25.3oS; 150.6-153.2oE) is plotted in Figure 6.15. The variability in AOD is 

shown as seasonally with high values during the spring and summer, low values 

during autumn and winter. The peaks of AOD usually occurred in December and 

January that may be due to high concentration of water vapour in the summer 

wet season or caused by other particles such as dust, smoke and DMS in the 

atmosphere. The monthly AOD does not present the peaks of AOD caused by the 

severe dust storms in 2002 and 2009. Higher temporal resolution data such as 8-

day AOD may show those peaks. 

 

 

Figure 6.15. Average of monthly satellite-derived AOD in the southern GBR 

(22.5-25.3oS; 150.6-153.2oE) for 15-year period (3/2000-2/2015). 
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The plot of simulated dust deposition and AOD for the southern GBR (22.4-

25.3oS; 150.6-153.2oE) is shown in Figure 6.16. There was a seasonal variability 

of dust deposition in this region with a peak in the austral spring of 2000, 2002, 

2003, 2006, 2008 and 2009. The very high level of dust deposition in spring 2009 

was caused by a severe dust storm in Eastern Australia in September 2009. The 

peaks of dust deposition in the southern GBR occurred at a similar time to the 

peaks in DSI in Queensland (Figure 6.17). 

 

Figure 6.16. Average of monthly simulated dust deposition (µg m-2 h-1) in the 

southern GBR (22.5-25.3oS; 150.6-153.2oE). 
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Monthly mean of DSI (O’Loingsigh et al., 2014) at 49 metrological stations over 

Queensland (Figure 6.17) shows the peaks of DSI in October 2002, January 2005 

and September 2009. It corresponds well with computed dust and Fe depositions 

on the Queensland continental shelf (Figure 6.16). 

 

 

Figure 6.17. Average of monthly dust storm index (DSI) at 49 stations in 

Queensland during 2002-2013. 

 

The average of monthly satellite-derived Chl-a for the southern GBR (22.4-

25.3oS; 150.6-153.2oE) is plotted in Figure 6.18. Chl-a was quite low during the 

dry El Niño period 2000-2007 (with some minor peaks in the summer of 2003, 

2004 and 2006) while there were strong peaks in Chl-a in the summer wet 

seasons during the La Niña phase 2008-2013. Therefore, phytoplankton growth 

in the southern GBR was greatly influenced by fluvial discharge of nutrients, 

particularly during the summer wet seasons. There were minor peaks of Chl-a in 

November of 2000, 2002, 2003, and 2009 which occurred in the same seasons of 

the high levels of simulated dust deposition and DSI. These increases of Chl-a 
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are likely as a results of the subsequent phytoplankton blooms caused by dust 

deposition of nutrients in October 2002 and September 2009 when there was 

minimal river discharge. 

 

 

Figure 6.18. Average of monthly satellite-derived Chl-a in the southern GBR 

(22.5-25.3oS; 150.6-153.2oE) for 15-year period (3/2000-2/2015). 

 

Figure 6.19 shows the average of 8-day satellite-derived AOD and Chl-a in the 

southern GBR (22.4-25.3oS; 150.6-153.2oE). Similar to the plot of monthly 

AOD, 8-day AOD plot shows the seasonal variability in AOD. The peaks of 

AOD caused by dust storms in eastern Australia on 23 October 2002 and 23 

September 2009 can be recognized in 8-day AOD. Similar to the plot of monthly 

Chl-a, there are peaks in Chl-a during summer wet seasons of the La Niña phase 

2008-2013. Minor peaks in the springs of 2002, 2002, 2003, and 2009 are also 

recognized in the plot of 8-day Chl-a in the southern GBR region. These peaks in 

Chl-a occurred in the same seasons with high levels of simulated dust deposition 
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and DSI suggest that these phytoplankton blooms (lead to Chl-a increase) are 

likely caused by dust deposition of micronutrients. 

 

 

 

Figure 6.19. Average of 8-day satellite-derived (a) AOD and (b) Chl-a in the 

southern GBR (22.5-25.3oS; 150.6-153.2oE) for 15-year period (3/2000-2/2015).  



Chapter 6. Dust deposition and cyanobacteria blooms  

 

 

Factors influencing the spatiotemporal variability in satellite-derived chlorophyll  

on the Queensland continental shelf                           124 

6.3.4. Trichodesmium blooms from MODIS satellite data 

Figure 6.20 shows the satellite images and derived Chl-a and Trichosdemium on 

6 November 2002, 13 days after the dust storm event. The detected 

Trichosdemium image shows an area off the coast of Bundaberg with the 

possible feature of Trichosdemium bloom. Chl-a image shows a higher Chl-a in 

this area, but not high as the inshore areas of Hervey Bay, Fitzroy and Burnett 

river mouths. Quasi true colour image shows a bright feature and false colour 

composite image show a red feature off the coast of Bundaberg. The combination 

of these recognised signals suggest that this is an area of dense Trichosdemium 

bloom. Other areas with detected Trichosdemium pixels appear as noise pixels 

because there is no recognised common Trichosdemium bloom feature 

(windrows and eddy swirls).   

Figure 6.21 shows the satellite true and false colour images and derived Chl-a 

and Trichodesmium on 29 November 2002, more than a month after the dust 

storm event. The derived Trichodesmium image shows a feature of 

Trichodesmium bloom off the coast of Rockhampton and lagoon area to the west 

of the inner southern GBR reef with windrowing feature. Higher values in Chl-a 

and pink colour on the false colour image can be seen off the Rockhampton coast 

which indicate the presence of dense Trichodesmium on the sea surface. 

Figure 6.22 shows the true and false coloured satellite images and satellite 

derived Chl-a and Trichodesmium on 24 December 2002. A huge bloom of 

Trichodesmium can be seen on Figure 6.21d to the north of Heron Island as well 

as one near Agnes Waters. These blooms can be seen as a bright feature in the 

true colour image and pink feature in the false colour image. Chl-a values are 

also higher in the surrounding Trichodesmium bloom area with Chl-a pattern 

similar to the Trichodesmium image. 
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Figure 6.20. (a) MODIS Aqua quasi true colour image and (b) Chlorophyll-a, (d) 

false colour composite and (d) derived Trichodesmium on 6 November 2002. 

Coastline is in white and possible Trichodesmium is shown in orange. 

(a) (b) 

(c) 
(d) 
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Figure 6.21. (a) MODIS Aqua quasi true colour image and (b) Chlorophyll-a, (d) 

false colour composite and (d) derived Trichodesmium on 29 November 2002. 

Coastline is in white and possible Trichodesmium is shown in orange. 
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Figure 6.22. (a) MODIS Aqua quasi true colour image and (b) Chlorophyll-a, (d) 

false colour composite and (d) derived Trichodesmium on 24 December 2002. 

Coastline is in white and possible Trichodesmium is shown in orange. 
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Figure 6.23 shows the satellite images and derived Chl-a and Trichodesmium on 

29 September 2009, 6 days after a severe dust storm in Eastern Australia. 

Trichodesmium bloom is visible in the southern part of the study area (Fig. 6.23a) 

and can be seen in the derived Trichodesmium image (Figure 6.23d).  

Figure 6.24 shows a huge bloom of Trichodesmium in the offshore parts of the 

study area on 15 October 2009, three weeks after a severe dust storm. The true 

colour image shows a bright yellow feature of the dense Trichodesmium. A 

similar pink feature can be seen in the false colour image which is clear evidence 

of Trichodesmium bloom in this study region.   

Figure 6.25 shows a large algal bloom on 16 November 2009 off the coast of 

Rockhampton which extends more than a hundred kilometres in each dimension. 

The true colour image (Figure 6.25a) shows a variation in brightness of the 

bloom feature which suggests the bloom is a combination of different algal 

species including Trichodesmium. Chl-a values are also high in the bloom area 

but not as high as the inshore area near the Fitzroy river mouth. A 

Trichodesmium bloom feature also can be seen in the offshore area to the east of 

the study region (Figure 6.25d). 

Figure 6.26 show an algal bloom in the offshore area to the north of Heron Island 

on 9 December 2009. The variation in brightness of the bloom in the true colour 

image suggests the bloom may be a combination of different algal species with a 

large proportion of Trichodesmium. 
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Figure 6.23. (a) MODIS Aqua quasi true colour image and (b) Chlorophyll-a, (d) 

false colour composite and (d) derived Trichodesmium on 29 September 2009. 

Coastline is in white and possible Trichodesmium is shown in orange. 

(a) (b) 

(c) 
(d) 
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Figure 6.24. (a) MODIS Aqua quasi true colour image and (b) Chlorophyll-a, (d) 

false colour composite and (d) derived Trichodesmium on 15 October 2009. 

Coastline is in white and possible Trichodesmium is shown in orange. 

(a) (b) 

(c) 
(d) 
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Figure 6.25. (a) MODIS Aqua quasi true colour image and (b) Chlorophyll-a, (d) 

false colour composite and (d) derived Trichodesmium on 16 November 2009. 

Coastline is in white and possible Trichodesmium is shown in orange. 
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Figure 6.26. (a) MODIS Aqua quasi true colour image and (b) Chlorophyll-a, (d) 

false colour composite and (d) derived Trichodesmium on 9 December 2009. 

Coastline is in white and possible Trichodesmium is shown in orange.  
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(c) 
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6.4. Summary 

This analysis shows a seasonal variability in the distribution in AOD in the study 

area. In the spring and summer, AOD was higher in the northern than southern 

regions and higher in the GBR lagoon than in the offshore Coral Sea, while there 

was not much difference in the autumn and winter. AOD was particularly high in 

the spring and summer while lower in the autumn and winter. The distinct north-

south variability in AOD is shown in the first EOFs of monthly and 8-day AOD 

anomalies. The variability between the continental shelf and offshore regions is 

revealed on the second EOFs. There are significant correlations between AOD 

with MEI on the Queensland continental shelf as well as in the whole study 

region. 

There is a statistically significant correlation between the eigenvectors of the first 

EOFs (major variability) of satellite-derived Chl-a and AOD on Queensland 

continental shelf with Chl-a leading AOD by a few octads to a few months. This 

may be due to the release of DMS into the atmosphere upon the decomposition 

of phytoplankton. The significant correlation between the eigenvectors of the 

second and third EOFs of Chl-a and AOD (AOD leading) with a time lag of a 

few octads is possibly due to a cyanobacterial bloom after the dust event.  

Modelled dust and Fe depositions on the Queensland continental shelf show 

strong seasonal dust deposition in the central and southern GBR during August to 

October. There was only a very small amount of dust deposited on the 

Queensland continental shelf during February and March. These modelled 

predictions agree with the observed DSI and the seasonal transport of dust across 

the Queensland coast calculated by McTainsh et al. (1989). There was a high 

level of dust deposition in the southern GBR in the spring of 2000, 2002, 2003, 

2008 and 2009. The particularly high level of dust deposition during spring 2009 

is a result of the severe dust storms in September 2009.  
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There is a temporal relationship between simulated dust deposition in the 

southern GBR and DSI while variability in monthly satellite-derived AOD is 

strong seasonally and does not show the relationship with dust deposition and 

DSI. The increase of AOD due to dust storms in eastern Australia on 23 October 

2002 and 23 September 2009 can be recognised on the plot of 8-day satellite-

derived AOD. Variability in Chl-a is seasonally and closely related with fluvial 

discharge of nutrients. The peaks of Chl-a in November 2002 and 2009 are 

potentially the results of the subsequent phytoplankton blooms caused by dust-

derived micro-nutrients. 

The Trichodesmium detection method published by McKinna et al. (2011) has 

effectively derived Trichodesmium from selected MODIS Aqua data in the 

southern GBR lagoon after dust storm events in October 2002 and September 

2009. MODIS satellite images and derived products suggest that Trichodesmium 

blooms in the southern GBR after the dust storm on 23 October 2002 were less 

intense; however, a bloom occurred in the Hervey Bay a few weeks immediately 

after the dust event and subsequent blooms occurred within a few months at 

different areas in the southern GBR. Spring and summer are the most common 

seasons for Trichodesmium blooms in GBR, thus it is not straightforward to link 

dust deposition in October 2002 with subsequent Trichodesmium blooms in the 

study region. 

MODIS satellite image data provides evidence of Trichodesmium and subsequent 

algal blooms in the southern GBR lagoon after the severe dust storm event on 23 

September 2009. A bloom of Trichodesmium occurred just a week after the dust 

event and subsequent blooms occurred in the following three months. The large 

blooms of Trichodesmium on 29 September 2009 and 15 October 2009 covered 

the entire southern GBR lagoon. These blooms may have been caused by the 

stimulation of dust-derived iron and other nutrients on the growth of the 

cyanobacteria Trichodesmium as no other sources can deliver nutrients to such a 

large region of the southern GBR lagoon (about 90 million square kilometres) 
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simultaneously. The development of Trichodesmium blooms may introduce new 

nitrogen into GBR waters which may then induce blooms of different algal 

species, as observed in November and December 2009. Thus, aeolian dust-

derived Fe deposition can impact by stimulating N-fixers, provide N for 

phytoplankton growth and exacerbate eutrophication in the GBR lagoon. The 

increase in eutrophication condition may lead to coral reef decline and increase 

the potential for algal-coral phase shifts in the GBR. 
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Chapter 7 

Conclusions, Limitations and Future Work 

 

7.1. Conclusions 

7.1.1. Factors influencing spatiotemporal variability in satellite-derived Chl-a 

on the Queensland continental shelf 

Upwelling contributes a significant amount of nutrients for algal growth in the 

southern Fraser Island waters (Brieva et al., 2015; Tran et al., 2012, 2015), the 

Capricorn region (Weeks et al., 2010) and the outer reefs of the central GBR 

(Andrews and Furnas, 1986; Berkelmans et al., 2010; Furnas and Mitchell, 1996) 

in the spring and early summer. The existence of upwelling-induced 

phytoplankton blooms on the outer-shelf to the southeast of Fraser Island were 

clearly identified in the EOF analysis of both monthly and 8-day Chl-a and SST 

over the 15-year study period (Tran et al., 2015). A substantial plume of Chl-a 

extending south of Sandy Cape and to the east of Stradbroke Island and the Gold 

Coast during spring appears in the seasonal climatology and the EOF modes. The 

combinations of the strength of the EAC, coastal topology and consistent wind 

stress in the austral spring are likely to be the controlling drivers of this 

upwelling system and associated phytoplankton blooms on the southern 

Queensland continental shelf. QuikSCAT derived wind data confirmed a specific 

wind-induced upwelling event in this area. This suggests that wind stress may be 

a secondary, but significant factor, controlling the upwelling process in this 

region (Tran et al., 2012, 2015). 

Dust deposition contributes a significant fraction of micronutrients such as Fe 

that may induce cyanobacteria blooms in the southern GBR lagoon during spring 

and early summer. The significant correlation between the eigenvectors of the 

second and third EOFs of 8-day Chl-a and AOD with a time lag of a few octads 
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(AOD leading) is possibly due to a cyanobacterial bloom after a dust event. 

Modelled dust and Fe deposition on the Queensland continental shelf show 

strong seasonal dust deposition in the central and southern GBR during August to 

October. These predictions agree with the observed DSI and the patterns of 

seasonal transportation of dust across the Queensland coast calculated by 

McTainsh et al. (1989). MODIS satellite data was used effectively to detect the 

dense blooms of N-fixing Trichodesmium in the southern GBR after the severe 

dust storms in 2002 and 2009. This supports a nexus between dust deposition and 

subsequent cyanobacteria blooms in the GBR lagoon. 

Fluvial discharges are a major nutrient source for the nearshore regions of the 

Queensland continental shelf and GBR lagoon (Brodie et al., 2010; Brodie et al., 

2011; Devlin and Brodie, 2005; Fabricius et al., 2013; Furnas and Mitchell, 

2001; Furnas, 2003; Schaffelke et al., 2012). EOF analysis of Chl-a anomalies 

shows a significant correlation between the positive Chl-a anomalies in the 

inshore regions and the inner GBR lagoon and the La Niña phase during 2007-

2015. It suggests that fluvial discharges strongly influence phytoplankton 

dynamics in the GBR lagoon. The major floods can disperse nutrients to the 

outer GBR lagoon and result in algal blooms (increased phytoplankton biomass) 

(Blondeau-Patissier et al., 2014; Brodie et al., 2010; Devlin et al., 2012; Devlin et 

al., 2015). The EOFs of Chl-a anomalies show a high positive variability in early 

2005, 2009 and 2012 in the GBR lagoon, which is likely associated with floods 

in these years. 

Climate variability may influence phytoplankton dynamics through changes in 

rainfall patterns, fluvial discharges, wind fields and dust storms. The results of 

this analysis show that there is a significant correlation between satellite-derived 

Chl-a and the MEI on the Queensland continental shelf, with a significant 

increase in Chl-a when the climate changes from dry El Niño to wet La Niña 

conditions. The relationship between upwelling and the MEI suggests that the 

stronger winds during El Niño periods may result in increased upwelling 
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occurring on the continental shelf (Tran et al., 2015). Dust-derived micro-

nutrients may also increase during dry El Niño periods and may stimulate 

subsequent Trichodesmium blooms, which were detected from MODIS satellite 

data following the server dust events in 2009. 

Each influencing factor plays an important role in determining the temporal and 

spatial variability in phytoplankton dynamics on the Queensland continental 

shelf. Fluvial discharge is the major source of nutrients for inner regions of the 

GBR lagoon in the wet summer season, while upwelling is significant source of 

nutrients for the outer-shelf and continental margin regions in the spring. Dust 

deposition is possibly a significant source of micronutrients for the blooms of 

cyanobacteria in the spring season and dry periods and N-fixing by 

Trichodesmium is likely an important source of new nutrients for phytoplankton 

growth in large outer regions of the GBR lagoon where there is a paucity of other 

nutrient sources. The roles of each nutrient source in the nutrient cycles in the 

GBR are unique and not interchangeable. They contribute to the diversity of 

GBR ecosystem as well as the trophic status of the GBR.  

 

7.1.2. Role of dust deposition in marine ecosystems on the Queensland 

continental shelf 

The presence of dense blooms of Trichodesmium in the southern GBR lagoon in 

the few weeks after dust storms suggests that dust deposition of Fe may have 

stimulated the growth of the cyanobacteria Trichodesmium and subsequently 

other phytoplankton blooms in the GBR lagoon. The blooms of Trichodesmium 

fix N and the decomposition of these phytoplankton result in an increase of 

particulate organic nitrogen available for remineralisation in surface waters. This 

may lead to subsequent blooms of other algal species in the following months 

and might affect the coral reef ecosystems in the region. This would support the 
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study on the impact of the dust storm in October 2002 when Chl-a biomass in the 

southern GBR increased in the following months (Shaw et al., 2008).  

Modelling suggests that moderate dust deposition to the southern GBR occurs 

from September to December each year. This timing coincides with observed 

Trichodesmium blooms in previous field surveys during spring and early summer 

(Furnas et al., 2005). MODIS satellite images detected a possible Trichodesmium 

bloom one week after each of the major dust storms in October 2002 and 

September 2009, with further blooms occurring in the following three months. It 

is not straightforward to differentiate between the seasonal Trichodesmium 

blooms and those which result from deposition of nutrients in dust such as we 

think occurred in 2002. Resolving this uncertainty requires a long-term 

climatological analysis of blooms which is currently unavailable. However, 

extensive blooms of Trichodesmium from October to December 2009, which 

occurred in very large regions of the southern GBR lagoon, were potentially the 

result of dust deposition of iron. There is currently no known alternative source 

that could disperse nutrients to produce a simultaneous bloom across 

approximately a hundred thousand square kilometres. 

 

7.2. Significance and contribution 

The central and southern GBR are at risk of impacts from increased nutrient 

loading (Brodie et al., 2012b). Brodie et al. (2011) concluded that the nutrient 

supply to the GBR included a range of sources. Most research has focused on 

investigating the impacts of fluvial discharge on coral reef ecosystems in the 

GBR (Brodie et al., 2010; Devlin and Brodie, 2005; Furnas, 2003; Schroeder et 

al., 2012) and suggested that increases in the discharge of water quality 

contaminants to the reef are largely a consequence of the expansion of 

agricultural practices in northern Queensland catchments following European 

settlement in the 1850s (Brodie et al., 2011; Fabricius et al., 2013; Kroon et al., 
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2012; Schaffelke et al., 2012; Wooldridge et al., 2006). Only a few studies on 

Coral Sea upwelling (Andrews and Furnas, 1986; Berkelmans et al., 2010; 

Furnas and Mitchell, 1996), Capricorn eddy (Weeks et al., 2010) and upwelling 

to the southeast of Fraser Island (Brieva et al., 2015; Tran et al., 2012, 2015) 

have been conducted in the same period. These studies suggest that upwelling of 

nutrients is important for algal blooms and ecosystems on the outer-shelf and 

continental margin. Importantly, very few studies have considered the impact of 

dust deposition on marine primary production (Shaw et al., 2008), yet it is very 

important to understand the role of dust-derived nutrients in coral reef 

ecosystems such as the GBR. Indeed, aeolian transport of micronutrients such as 

iron has been recognised as stimulating the development of N-fixing 

cyanobacteria Trichodesmium globally (Rubin et al., 2011). The N-fixing 

cyanobacterium Trichodesmium introduces biologically available nitrogen into 

surface GBR waters and may result in subsequent blooms of other phytoplankton 

species. Dust deposition has been found to be correlated with coral decline in the 

Caribbean Sea and the North Pacific (Garrison et al., 2003). This study has 

detected some evidence for the existence of Trichodesmium blooms having 

resulted from the deposition dust-derived nutrients and subsequent algal bloom 

on the Queensland continental shelf after severe dust storms observable from 

MODIS satellite data. Dust deposition could therefore result in degradation of 

coral reefs in the GBR. 

Decadal variability in the climate system (e.g. the ENSO phenomenon) has 

increased rainfall deficits and droughts in southeastern Australia (Murphy and 

Timbal, 2007). The long-term mean Dust Storm Index (DSI) record at 180 

stations for the Australian continent shows the episodic nature of wind erosion 

activity in Australia, which is strongly influenced by rainfall (McTainsh et al., 

1989; O’Loingsigh et al., 2014). The spikes of high wind erosion correlate 

closely with droughts in the mid-1960s, 1982, 1994, 2002 and 2009 

(O’Loingsigh et al., 2014). McTainsh et al. (2005) suggested that Australia may 



Chapter 7. Conclusions, limitations and future work  

 

 

Factors influencing the spatiotemporal variability in satellite-derived chlorophyll  

on the Queensland continental shelf                           141 

experience an increased number of droughts and more severe dust storms as a 

result of global climate change. Therefore, severe dust storms in southeast 

Australia have the potential to stimulate blooms of nitrogen fixers such as 

Trichodesmium, and may have detrimental impacts on coral reefs in the GBR. 

Current climate models suggest long-term drying over southern areas of the 

continent during winter and over southern and eastern areas during spring 

(Cleugh et al., 2011). Thus, the relative significance of atmospheric nutrient input 

into Australian coastal waters is likely to increase in the future. Cropp et al. 

(2013) suggested a likelihood of low to moderate dust deposition over the GBR 

from September to December. This has been corroborated by observations of 

dust storm events that can deposit very high loads of dust over the GBR region 

during this time of the year (McTainsh et al., 2005; Shao et al., 2007). 

This study analysed the spatiotemporal variability in Chl-a, SST and AOD and 

their relationship with MEI to examine the relative significance of climate 

variability, upwelling, and aeolian dust deposition in the marine ecosystem on the 

Queensland continental shelf, particularly during drought periods. This study 

contributes to understanding the roles, spatial extents and temporal coherence of 

the upwelling and dust-derived nutrients on coral reef and marine ecosystems on 

the Queensland continental shelf. 

 

7.3. Limitations and future work 

Dust storms, upwelling, and subsequent phytoplankton blooms, if related, usually 

occurred within a few days to a week. Hence, higher frequency analyses using 

daily or 3-day data may possibly be more effective for examining these 

processes. However, the limit in data coverage of daily Chl-a, AOD and SST due 

to cloud may influence the outcome of high temporal resolution EOF analyses. 

Suspended sediment in flood-waters, re-suspension of sediment during storms 

and bottom reflectance in shallow waters may affect Chl-a retrieval in satellite 
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data processing. Waters affected by river plumes and inshore waters within 4km 

of the coast were excluded from this analysis, but may need to be included to 

resolve these processes more accurately. 

The limitation in the availability of satellite-derived sea wind data within 25km 

of the shore also affected the interpretation of physical drivers of the near shore 

processes. Because of the computational limitation of the WIM-WAM software, 

EOF analysis could not be applied at full resolution data of one kilometre. Thus, 

EOF was applied for monthly data at 3km resolution and for 8-day data at 5km 

resolution. 

The analyses conducted using satellite derived Chl-a, SST and AOD used global 

algorithms. The use of an algorithms developed especially for parts of the GBR, 

such as the one developed by CSIRO (Brando et al., 2006), would likely improve 

the results in those areas. However, local algorithms (by collecting ground-truth 

data) need to be comprehensively validated and compared with other algorithms 

used elsewhere before they can be relied upon for the GBR or any region. 

A more comprehensive study combining a field survey to ground-truth the 

satellite data, more extensive high spatial and temporal satellite data analysis and 

a better numerical modelling of fluvial discharge, dust deposition, and upwelling 

as well as nitrogen fixing are research avenues that could be exploited to fully 

understand the nutrient and carbon cycles and their impacts on phytoplankton 

dynamics on the Queensland continental shelf. 
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Figure A1. Marine water quality monitoring locations during 2005-2013 

(obtained from AIMS). 
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Table A1. Surface measurement of Chl-a (mg m-3) and SST (oC) at three 

sampling sites in the southern GBR lagoon during 2005-2013. 

Date Barren Island Humpy Island Pelican Island 

SST Chl-a SST Chl-a SST Chl-a 

August 2005 20.02 0.15 19.93 0.18 19.75 0.25 

January 2006 28.94 0.23 29.15 0.73 29.38 0.56 

August 2006 20.46 0.27 20.62 0.24 20.89 0.24 

March 2007 26.83 0.27  0.99 27.49 0.95 

October 2007 23.33 0.34 22.24 0.36 23.68 0.37 

February 2008  0.80  1.77  3.31 

July 2008 18.69 0.2 18.46 0.24 20.58 1.05 

October 2008 22.42 0.16 23.58 0.25 23.05 0.35 

February 2009 27.25 0.48 27.53 0.44 27.74 0.52 

June 2009 21.94 0.25 21.73 0.26 21.77 0.36 

October 2009 24.41 0.16 23.64 0.31 24.14 0.26 

February 2010 27.88 0.62 29.93 8.26 29.83 6.38 

July 2010 21.31 0.34 20.70 0.23 21.11 0.43 

September 2010 22.61 0.35 22.95 0.48 22.84 0.39 

February 2011 27.28 0.65 27.63 0.83 27.63 1.41 

June 2011 21.00 0.19 20.75 0.26 19.47 0.37 

September 2011 21.51 0.11 21.51 0.15 22.23 0.25 

February 2012 28.03 0.56 28.57 0.37 29.50 0.64 

June 2012 20.40 0.36 19.94 0.44 19.13 1.11 

October 2012 22.22 0.17 22.22 0.35 22.38 1.20 

February 2013 26.84 0.91 27.22 0.44 27.8 0.77 
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Table A2. Surface measurement of Chl-a (mg m-3) and SST (oC) at three 

sampling sites in the central GBR lagoon during 2005-2013. 

Date Double Cone 

Island 

Daydream/West 

Molle Island 

Pine Island 

SST Chl-a SST Chl-a SST Chl-a 

August 2005 21.22 0.43 21.11 0.48   

January 2006 28.7 0.79 29.18 0.56   

August 2006 21.39 0.12 19.47 0.25   

February 2007 27.63 0.31 27.63 0.24   

October 2007 25.01 0.31 23.40 0.33   

February 2008  0.63  0.89  1.10 

July 2008 20.58 0.39 20.15 0.42 19.67 0.54 

October 2008 23.69 0.31 23.30 0.59 23.15 0.62 

February 2009 29.68 0.30 29.90 0.43 28.64 0.48 

June 2009 23.10 0.34 23.49 0.45 24.01 0.42 

October 2009 25.55 0.32 25.26 0.45 25.19 0.39 

February 2010 28.97 1.04 29.08 1.28 29.29 1.00 

July 2010 22.1 0.45 21.70 0.52 21.72 0.50 

October 2010 24.97 0.46 24.88 0.41 24.98 0.50 

February 2011 29.02 0.65 28.43 0.73 28.52 0.68 

June 2011 21.10 0.48 22.20 0.72 22.07 0.74 

September 2011 22.31 0.16 22.31 0.60 22.34 0.55 

February 2012 29.56 0.60 29.49 0.65 29.70 0.63 

June 2012 21.77 0.28 21.38 0.58 21.28 0.48 

October 2012 23.80 0.24 23.80 0.50 23.86 0.46 

February 2013 28.46 0.44 28.36 0.69 28.22 0.65 
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Table A3. Surface measurement of Chl-a (mg m-3) and SST (oC) at three 

sampling sites in the northern GBR lagoon during 2005-2013. 

Date Pelorus / Orpheus 

Island 

Pandora Reef Geoffrey Bay 

SST Chl-a SST Chl-a SST Chl-a 

September 2005 24.01 0.31 24.23 0.32 24.82 0.54 

January 2006 29.35 0.53 29.11 0.68 28.83 2.39 

August 2006 24.92 0.17 24.80 0.19 24.97 0.78 

April 2007 25.69 0.51 25.52 0.86 24.80 0.99 

October 2007 25.50 0.19 25.58 0.29 25.48 0.47 

March 2008  0.42  0.35  0.53 

August 2008 20.98 0.15 20.97 0.24 20.77 0.2 

October 2008 26.07 0.16 25.6 0.22 25.69 0.45 

February 2009 29.71 0.40 29.72 0.30 29.78 0.88 

June 2009 23.88 0.33 23.46 0.19 22.79 0.19 

October 2009 26.31 0.13 26.78 0.46 26.81 0.66 

March 2010 29.31 0.95 29.52 0.20 28.74 0.63 

July 2010 23.03 0.63 22.78 0.78 22.64 0.57 

October 2010 26.47 0.35 26.72 0.26 26.53 0.83 

February 2011 28.95 1.07 29.34 0.71 29.84 0.47 

June 2011 20.05 0.28 21.70 0.11 20.50 0.27 

September 2011 24.40 0.16 24.39 0.69 24.38 0.75 

February 2012 29.67 0.48 30.69 .014 31.10 0.29 

June 2012 22.51 0.19 22.26 0.31 21.11 0.32 

October 2012 25.14 0.18 25.02 0.46 25.08 0.94 

February 2013 29.10 0.45 30.46 0.30 29.38 0.38 
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Table A4. Surface measurement of Chl-a (mg m-3) and SST (oC) at three 

sampling sites in the far-northern GBR lagoon during 2005-2013. 

Date Cape Tribulation Snapper Island Port Douglas 

SST Chl-a SST Chl-a SST Chl-a 

September 2005 24.78 0.21 24.64 0.25 24.51 0.17 

January 2006 29.01 0.45 29.22 0.67 29.23 0.29 

October 2006 26.32 0.20 26.48 0.25 26.03 0.19 

April 2007 26.23 0.47 26.23 0.49 26.08 0.34 

October 2007 24.71 0.12 24.32 0.17 26.03 0.10 

March 2008 32.63 0.50 32.40 0.75 32.11 0.40 

August 2008   21.56 0.20 21.87 0.34 

October 2008 25.88 0.32 25.75 0.34 26.16 0.17 

February 2009 29.56 0.34 29.43 0.30 29.71 0.16 

July 2009 23.98 0.24 24.11 0.22 23.86 0.41 

October 2009 26.63 0.26 26.91 0.31 26.88 0.31 

March 2010 29.77 0.28 29.52 0.38 30.33 0.34 

June 2010  0.61 23.86 0.54 23.54 0.72 

October 2010 27.10 0.68 27.19 0.37 27.05 0.25 

February 2011 28.63 0.77 28.35 0.74 28.40 0.44 

June 2011 23.00 0.18 22.48 0.25 22.74 0.21 

October 2011 25.21 0.12 24.84 0.31 24.96 0.25 

February 2012 29.59 0.45 29.99 0.45 29.43 0.38 

June 2012 23.51 0.28 23.24 0.25 23.64 0.19 

October 2012 25.73 0.20 25.47 0.66 25.63 0.26 

February 2013 29.99 0.31 29.87 0.21 29.91 0.26 

 


