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Abstract: 

Marine phytoplankton rely on nutrients and light to survive and grow. By controlling 

the supply of nutrients and by moving phytoplankton around the upper ocean, ocean 

physics play a critical role in influencing the distribution of phytoplankton. The 

physical processes that influence phytoplankton distribution act over a wide range of 

temporal and spatial scales. Using in-situ, and remotely-sensed measurements, this 

thesis investigates the relationship between ocean physics and phytoplankton 

distributions in the Banda Sea and off the coast of Western Australia, over a range of 

scales including synoptic mesoscale eddies, seasonal monsoons, climatological 

features and ENSO impacts. 

In the Banda Sea, the distribution of chlorophyll-a is used as an indicator to describe 

the biophysical response of the Banda Sea to the seasonal winds of the southeast 

monsoon. The in-situ and remotely sensed data support the idea that phytoplankton 

respond to upwelling driven by the southeast monsoon (June - September). In-situ 

physical data from the BIOP98 cruise suggest an upwelling signal, and analysis of 

phytoplankton pigments indicates a community dominated by diatoms to the east and 

a more oligotrophic community to the west; further supporting the idea of an 

upwelling response. Satellite observations reveal a strong seasonal signal and an east

west gradient in chlorophyll-a, indicating monsoon driven upwelling on the eastern 

side of the basin. Remotely sensed observations of chlorophyll-a during the 1997-

1998 El Nino suggest that the distribution of chlorophyll-a in the Banda Sea is 

modulated by ENSO, most likely through changes to the thermocline depth and wind 

regime. 
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South of the Indonesian Archipelago, the waters off central Western Australia (WA) 

are unique in terms of their biological and physical oceanographic character. 

Unusually for an eastern boundary current, the Leeuwin flows poleward and 

contributes to prevailing downwelling conditions along the WA coast. Significant 

spatial and temporal variability in phytoplankton distribution exists and a key regional 

feature of the phytoplankton variability is a seasonal peak in chlorophyll-a in the 

winter May-July period on the central WA shelf. To test the hypothesis that this 

seasonal cycle is related to nutrient inputs, this thesis attempts to address several 

potential sources: (1) upwelling from off-shelf; (2) rainfall and associated runoff; 

(3) Leeuwin Current transport; ( 4) shall owing and/or mixing of the nutricline; and 

(5) benthic supply. Nutrient inputs from Leeuwin Current transport and coastal runoff 

appear to be most important, although sparse data prevent a definite conclusion. 

Phytoplankton distribution off central WA also displays persistent mesoscale features. 

Both satellite and in-situ estimates of surface chlorophyll-a suggest low 

phytoplankton concentrations in cyclonic ("upwelling") eddies and high 

concentrations in anti-cyclonic ("downwelling") eddies. The anti-cyclonic eddies 

entrain regionally high chlorophyll-a shelf waters and then export this material 

offshore as· these eddies propagate westward. The formation of these anti-cyclonic 

eddies occurs at two preferred zones along the central WA shelf, near 29°S and 

between 31° and 33°S, and their formation and movement offshore controls the mixed 

layer distribution of phytoplankton in the open ocean off the central WA coast during 

the May-October period. 

Keywords: Indonesian Seas, Banda Sea, Indian Ocean, Leeuwin Current, ENSO, Monsoons, Mesoscale 

Eddies, Upwelling, Ocean Colour, phytoplankton communities, chlorophyll biomass. 
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1.0 Introduction 

This thesis investigates the relationship between ocean physics and phytoplankton 

distributions in the Banda Sea and off the central coast of Western Australia, over a 

range of scales including synoptic mesoscale eddies, seasonal monsoons, 

climatological features and El Nino-Southern Oscillation (ENSO) impacts. These 

regional studies contribute to the global effort to better comprehend the mechanisms 

by which the world's oceans sustain a vast array of marine life and mediate glo~al 

climate. 

Marine phytoplankton photosynthetically convert dissolved inorganic carbon dioxide 

to organic matter and thereby underpin marine food webs and affect atmospheric 

greenhouse gas concentrations. The temporal and spatial distribution of marine 

phytoplankton is important in these processes, and the last few decades have seen first 

steps made in defining regional distributions of phytoplankton as part of the effort to 

develop a marine "ecological geography" of the sea (e.g. Longhurst 1998). The 

ability to remotely sense phytoplankton distributions has contributed greatly to this 

effort, and this approach, along with in-situ observations of phytoplankton pigments, 

is the primary one taken in this thesis. 
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1.1 Thesis Structure 
The thesis is organized into 5 chapters: 

(1) This introduction. 

(2) Examination of phytoplankton distributions in the Banda Sea in the context of the 

southeast monsoon. 

(3) Examination of the seasonal cycle of phytoplankton biomass in Western 

Australian waters, focusing on the possibility of control by nutrient supply. 

(4) Examination of mesoscale features and their role in phytoplankton distribution off 

central Western Australia. 

(5) Summary & Conclusions 

1.2 Controls on the distribution of phytoplankton in the ocean 

Oceanic controls on phytoplankton distributions are complex. They are often divided 

into those factors that limit the growth and accumulation of phytoplankton and other 

factors that control phytoplankton removal. In addition, redistribution can occur in 

response to ocean circulation. Much recent research has focused on the factors that 

limit growth, especially light availability and nutrient supply (including supply of 

trace elements such as iron), in part because the mechanisms of phytoplankton 

removal have proven very difficult to study (e.g. Falkowski, Barber et al. 1998; 

Falkowski, Scholes et al. 2000). This thesis follows this approach and focuses on 

hypotheses linking phytoplankton production to light availability, as controlled by 

surface mixed layer depth, and to nutrient supply as driven by ocean circulation at a 

variety of scales. 
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These regional studies address a range of physical processes that affect phytoplankton 

distributions, and these processes are briefly described in the following sections. 

Evaluation of the importance of these processes focuses on examining the 

distributions of phytoplankton as determined by remote sensing and shipboard 

studies, and on evaluating possible nutrient sources as estimated from shipboard 

measurements. The limits of the remote sensing approach are also described below. 

1.2.1 Physical controls on phytoplankton in the Banda Sea and off the 
central WA coast 

There is a marked vertical profile of nutrients in the ocean. Phytoplankton production 

leads to the consumption of nutrients in the sunlit euphotic zone and the biological 

pump sends organic matter produced to deeper layers of the ocean where they are 

eventually remineralized. This leads to an accumulation of inorganic nutrients in the 

deep ocean. In general, ocean production is limited by nitrate (Dugdale and Goering 

1967) and therefore the rate of nitrate flux into the euphotic zone is a fundamental 

control on the distribution of phytoplankton. However, stratification, particularly in 

the tropics, works to isolate the nutrient-starved euphotic zone from deeper layers and 

physical mechanisms are needed to tap and entrain the nitrate needed for the new 

production of phytoplankton. 

The variability in the seasonal mixed layer is a key control on the availability of 

nutrients to the euphotic zone and thus the production and distribution of 

phytoplankton (Gran 1931; Sverdrup 1953). In tropical and subtropical regions, such 

as the Banda Sea and the Indian subtropical gyre, the water column is strongly 

stratified. In these regions the 'typical tropical structure" (Herbland and Voituriez 
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1979) includes a relatively shallow mixed layer, devoid of nutrients, separated from 

deeper nutrient rich water by a pycnocline barrier that is associated with a deep 

chlorophyll maximum (DCM): Longhurst (1998) characterises the Banda Sea and 

other deep basins of the Indonesian archipelago as oligotrophic with a weak 

deepening of the mixed layer, bringing the pycnocline below the base of the euphotic 

zone and enhancing mixed layer nutrients, occurring in austral winter and coinciding 

with the onset and strengthening of the "dry" southeast monsoon. In the Banda Sea in 

particular Longhurst (1998) cites the results of the 1984 - 1985 Snellius-11 Expedition 

(Gieskes, Kraay et al. 1990; Wetsteyn, Ilahude et al. 1990; Zijlstra, Baars et al. 1990) 

which, restricted to the Banda Seas eastern third and the adjacent Arafura sea, 

observed a strong seasonal upwelling cycle. However, Kinkade, Marra et al. (1997), 

in a wider ranging study of phytoplankton biomass and production in the Indonesian 

seas, found that wind-driven surface mixing was also important to the seasonal 

dynamics of nutrients, biomass, and production. Seasonal upwelling certainly is a 

fundamental process in the Indonesian archipelago (Wyrtki 1957; Wyrtki 1961; 

Wyrtki 1987; Ilahude 1998) as are the collateral impacts of both remote and local 

ENSO related forcing (Bray, Hautala et al. 1996; Ffield and Gordon 1996; Ffield, 

Vranes et al. 2000; Gordon and Susanto 2001; Susanto, Gordon et al. 2001; Moore 

and Marra 2002). In Chapter 2 I examine the role of upwelling, along with other 

potential physical responses to wind forcing, in the context of the biological response 

of the Banda Sea to the southeast monsoon and ENSO variability. 

Unlike the Banda Sea and the Indonesian archipelago in general, scientific literature 

on Western Australian waters, including the Leeuwin Current, does not show 

observations of regional upwelling (Schott 1933; Church, Cresswell et al. 1989; 

Cresswell 1991; Smith, Huyer et al. 1991; Longhurst 1998; Condie and Dunn 2004). 
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One might expect upwelling to be the primary driver of the distribution of 

phytoplankton on an eastern boundary (Pearce 1991; Thomas, Strub et al. 2004). 

However, the inter-ocean transport via the Indonesian archipelago, known as the 

Indonesian through-flow (ITF), imposes a steric height gradient along the Western 

Australian shelf (Godfrey and Ridgway 1985; Godfrey and Weaver 1991) and 

therefore downwelling-favourable conditions and a poleward flowing eastern 

boundary current (EBC) with a strong seasonality. Longhurst (1998) characterises 

the Leeuwin Curre11t region as oligotrophic, with warm, nutrient-poor waters. 

However, given the limited ecological observations, he appears to rely on data from 

l 10°E, well outside the known influence of the Leeuwin Current or WA shelf waters 

and likely more indicative of Indian Ocean subtropical gyre waters. The 

biogeographic review of the Leeuwin Current region by Condie and Dunn (2004), 

while lacking fine spatial and temporal detail, indicates higher chlorophyll-a levels 

nearer the coast and further supports regional oligotrophic conditions in the mixed 

layer. Other field observations, more spatially focused on the Leeuwin Current in the 

May period characterise the current as "high in nutrients" (Thompson 1984). Despite 

this apparent uncertainty and lack of biogeochemical observations, what is clear from 

decades of physical oceanographic in-situ and modelling efforts is that the region off 

the central WA coast is dominated by the seasonal variability in advective transport 

and mesoscale dynamics related to the Leeuwin Current (Griffiths and Pearce 1985; 

Pearce and Cresswell 1985; Pearce and Griffiths 1991; Cresswell and Peterson 1993; 

Batteen and Butler 1998; Cresswell and Griffin 2003; Morrow, Fang et al. 2003; 

Fieux, Molcard et al. 2005). Longhurst (1998) suggests that in the absence of 

upwelling, mesoscale features play a fundamental role in controlling phytoplankton 

via local nutrient fluxes. In Chapters 3 & 4, I examine the distribution of 
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phytoplankton off central WA and investigate potential physical controls such as 

advection and mesoscale features. 

1.2.2 External nutrient inputs. 

Certainly not all the nutrient controls on marine phytoplankton are internal to the 

ocean. Nutrient sources that are external to the ocean include the atmospheric 

deposition of micro-nutrients, particularly iron (Martin, Gordon et al. 1991; Martin, 

Coale et al. 1994; Longhurst 1998; Fung, Meyn et al. 2000; Moore, Doney et al. 

2002), the ability of diazotrophic plankton, Trichodesmium species for example, to fix 

nitrogen directly from atmospheric fluxes (Capone, Zehr et al. 1997), and nutrient 

in.puts from coastal runoff and anthropogenic activities (Longhurst 1998). Along 

with the direct physical oceanographic controls on phytoplankton, I consider 

combinations of these external inputs in Chapters 2 - 4. 

1.3 Methodology 

1.3.1 Remote sensing of phytoplankton - Ocean colour 

Longhurst (1998), among others, has commented on the "inadequacy of classical 

biogeography in ecological analysis", as the sparse temporal and spatial resolution of 

worldwide observations and the three-dimensional mobility of the marine 

environment conspire to make the use of classical techniques "intractable". However 

the "new availability of timely, global oceanographic data", in the form of remotely 

sensed observations and at relatively fine spatial scales, has been "revolutionary". 
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The principal remotely sensed data sets used in this thesis are ocean colour products 

derived from the Sea-Viewing Wide-Field-of-View Sensor (SeaWiFS). SeaWiFS 

currently provides the longest continuous timeseries of remotely sensed global ocean 

colour observations and offers a range of direct and secondary products. 

In this thesis I utilize the SeaWiFS chlorophyll-a and attenuation coefficient (K490) 

data-files consisting of 292 Level-3 8-day composites produced from GAC (Global 

Area Coverage) data with a nominal spatial resolution of 9 km. These files cover a 

time frame from September 2, 1997 - December 31, 2003. I also utilize a set of lkm 

resolution daily LAC (Local Area Coverage ) based Sea WiFS data for the Western 

Australian region. 

The Sea WiFS estimates have been processed under the "4th reprocessing" protocols 

(Patt, Barnes et al. 2003) with a multi-scattering aerosol correction and NIR 

correction for non-zero nLw (normalized water leaving radiances). In-situ 

chlorophyll match-up errors for the 4th SeaWiFS reprocessing (SeaDAS 4.3) in "case 

l" waters are typically 31 % or less (Sean Bailey, NASA/GSFC, personal 

communication, 2003). "Case 1" waters are those where optical scattering is 

dominated by phytoplankton. 

Error in the estimation of chlorophyll-a from space, especially in optically complex, 

coastally influenced waters, is one limitation of remotely sensed ocean colour 

techniques. Sea WiFS chlorophyll estimates based on open ocean "case l" algorithms, 

as used in this thesis, can exhibit significant biases in coastal waters due to the impact 

coloured dissolved organic matter (CDOM) and suspended materials have on optical 
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properties in these so-called "case 2" environments (IOCCG 2000). In general the 

presence of these additional materials leads to the overestimation of chlorophyll-a. 

While river inputs significantly impact the Indonesian archipelago in general 

(Kinkade, Marra et al. 1997; Longhurst 1998), the oligotrophic waters along the 

central transect in the deep basin of the Banda Sea appear to be mainly "case l". 

Match-ups between SeaWiFS-derived chlorophyll-a and cruise observations in the 

central Banda Sea are discussed briefly in Chapter 2. The examination of the 

Leeuwin Current region off central WA, however, includes continental shelf areas and 

likely is affe~ted, to some degree, by "case 2" influences. In Chapter 3 & 4 

comparison of the Sea WiFS-derived seasonal cycle on the central WA shelf with in

situ measurements is examined and suggests that Sea WiFS data remains useful in this 

region. 

A second limitation of remotely sensed ocean colour products is the fact that returns 

are weighted to the upper optical depth for incoming solar irradiance (Gordon and 

McCluney 1975). This limits SeaWIFS chlorophyll estimates to an average over a 

depth at which 90% of the backscattered irradiance is returned, which is roughly 22% 

of the euphotic zone (Smith 1981). Thus, while satellite ocean colour data is useful 

for the estimation of mixed layer structure on broad scales (Esaias, Iverson et al. 

2000), it may be of limited use in resolving vertically non-homogeneous features like 

the deep chlorophyll maximum on regional scales (MillanNunez, AlvarezBorrego et 

al. 1997). In Chapter 4, I discuss the implications of using SeaWiFS estimates given 

typical vertical profiles observed off WA. 

Other remote sensing products such as sea surface temperature (SST) and sea surface 

height anomaly (SSHA) are synthesised with ocean colour and in-situ data 
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throughout the thesis. References to their methodologies are made within the 

appropriate chapters. 

Chapter 2 was published in MARINE ECOLOGY PROGRESS SERIES in 2003 

(Moore et al. 2003) and represents the timeseries of remotely sensed ocean colour and 

other satellite data available at the time. While the results and interpretation of 

Chapter 2 are limited by the length of the ocean colour record, subsequent co

authored work, including more than 6 years of SeaWiFS data over the entire 

Indonesian archipelago (Susanto et al. 2006), continues to support the results of 

Chapter 2 in terms of both the link between upwelling and phytoplankton distribution 

and the relationship to ENSO. 

1.3.2 In-situ observations 

The in-situ observations focus on two research cruises: "Bio-Optical 1998" (BIOP98) 

in the Banda Sea, and ''Transport Indian Pacific 2000" (TIP2000) off WA. The 

primary biological observation I performed on both cruises was the filtration of 

pigments for the estimation of chlorophyll-a concentration and classification of 

phytoplankton taxa via high performance liquid chromatography (HPLC). In 

addition, nutrient samples from the TIP2000 cruise and those made available via the 

CSIRO Atlas of Regional Seas (CARS) were utilised for the examination of the WA 

region. While Chapters 3 & 4 utilise these nutrient data to examine the importance of 

various factors in nutrient supply, no data on N2 fixation or micro-nutrient input was 

obtained and conceptually puts some limits on the results. 

More detail on the in-situ methods can be found in the appropriate chapters, including 

BIOP98 related methods in Chapter 2, TIP2000 related methods in Chapter 4, as well 
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as (Treguer and Le Corre 1975)-TIP2000 nutrient sampling techniques, (Wright, 

Jeffrey et al. 1991; Clementson, Parslow et al. 2001) - HPLC techniques, (Fieux, 

Molcard et al. 2005)-TIP2000 hydrographics, and (Ridgway, Dunn et al. 2002)

technique used in the generation of the CARS dataset. 
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2.1 Abstract 

Three mechanisms are suggested to describe the physical response in the Banda Sea 

to the seasonal winds of the southeast monsoon: basin-wide wind-induced mixing, 

upwelling primarily on the eastern side, and a more complex basin circulation. We 

use the distribution of chl a in the Banda Sea, from both shipboard and satellite data, 

as an indicator of the dominant mechanism. An east-west transect of stations through 

the central Banda Sea in September 1998 shows higher phytoplankton biomass to the 

east, suggesting a remnant upwelling signal from the southeast monsoon in the 

previous months. Phytoplankton pigment data indicate a community dominated by 

diatoms to the east, and a more oligotrophic community (e.g. cyanobacteria) to the 

west. Furthermore, satellite images reveal a strong seasonal signal, an east-west 

gradient in chi a, and coincidentally, the related impact of the 1997-1998 El Nifio. 

Overall, the bio-optical data support the idea that the Banda Sea responds to the 

southeast monsoon through upwelling in the eastern part of the basin. 
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2.2 Introduction 

The Indonesian Archipelago is unique in that it represents the only low 

latitude inter-ocean connection on the planet, with the Indonesian Through 

Flow (ITF) communicating between the Pacific and Indian Oceans. The seas 

of the Indonesian Archipelago (Figure 2.1) form an artery carrying tropical 

thermocline water from the Pacific to the Indian Ocean (Wyrtki 1957; Wyrtki 

1961; Gordon 1986; Wyrtki 1987). The ITF is driven by the inter-ocean 

pressure gradient and is primarily contained in the upper layers, possibly 

entirely above 200 m, and certainly within the top 500 m (Ilahude and 

Gordon 1996). The ITF seems to reach its maximum during the southeast 

monsoon (SEM, approximately June to September) and its minimum during 

the northwest monsoon (NWM, approximately December to March) 

(Tomczak and Godfrey 1994). Under the influence of both monsoon winds 

and ENSO forcing, the ITF and associated regional properties and dynamics 

show strong variability on both seasonal and interannual timescales. In 

relation to winds, precipitation, and sea surface temperature (SST), it has 

been suggested that complex feedback mechanisms may exist between the 

monsoons, ENSO events, and the physical dynamics within the Indonesian 

Seas (Godfrey 1996). 
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Fig. 2.1 Eastern Indonesian Seas showing the station positions during 

BIOP98 (Bio-optical 1998 cruise). RV 'Baruna Jaya IV' left Bitung on 29 

September and arrived in Ambon on 10 October. Here we focus the stations 

along the 6°S transect 
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During the NWM, winds force the surf ace waters into the eastern 

archipelago, depressing the thermocline, while in the SEM, when dry air is 

brought from the Australian continent, the eastern seas empty and there is 

evidence of large-scale upwelling events in the Banda Sea and elsewhere in 

the archipelago (Wyrtki 1957; Wyrtki 1961; Meyers 1996; Ilahude 1998; 

Waworuntu, Fine et al. 2000; Susanto, Gordon et al. 2001). Boely, Gastellu

Etchegorry et al. (1990) noted an increase in the amplitude of annual sea

surface temperature going from the Flores Sea in the west to the Arafura Sea 

in the eastern part of Indonesia. These upwelling events are one of the 

processes thought to control the productivity dynamics of the region, the 

other possible contributors being the effect of local wind-mixing on the 

surface layers and tidal mixing from below. Kinkade et al. (1997) found that 

wind-driven mixing was also important to the seasonal dynamics. The action 

of the wind may still be consistent with Wyrtki's (1957, 1961) ideas. 

Longhurst (1993) suggested that summertime SE winds create a zonal wind

stress, which uplifts the thermocline to the east (and depresses it westward). 

The isotherms of the uplifted thermocline are eroded by the wind, and cool 

the surface layer. Ffield and Gordon (1996) made a further case for mixing 

through the breaking of internal waves, enhanced by wind, and 

recently Alford and Gregg (2001) showed a quantitative connection between 

wind-generated near-inertial waves and mixing in the region. Whatever the 

mechanism for the 'upwelling', there is an observable decrease in surface 

temperatures in the Banda Sea during the SE monsoon. The lower 

temperatures must represent water from depth, and are therefore a marker for 
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a nutrient flux to the smface, a flux that supports an increase in 

phytoplankton (i.e. chi a) biomass. 

Figure 2.2 shows the distributions of chi a that we might expect given 

different controlling processes across the Banda Sea. If local wind-mixing at 

the surface controls the distribution of productivity in the Banda Sea, we 

would expect a chi a signal that was fairly uniform from east to west, while 

an increase from west to east would indicate an upwelling environment. 

Other patterns of chi a distribution might indicate controls caused by more 

complex circulation regimes, for example if the SEM set up a gyral 

circulation in the Banda Sea. 

Relatively few data exist for the Indonesian Seas in general, and the_Banda 

Sea in particular. The Dutch-Indonesian Snellius-11 Expedition was 

conducted in 1984-1985 (see papers in Vol. 25(4) of the Netherlands Journal 

of Sea Research 1990), with cruises during both the SE (August 1984) and 

NW (February 1985) monsoons. Relevant contributions to that volume 

include Gieskes, Kraay et al. (1990), Zevenboom (1990) and Zijlstra, Baars et 

al. (1990). Snellius-11 sampled the eastern Banda and Arafura Seas, that is, 

from ea. 128 to 138°E, and compared the SE with the NW monsoons. Here 

we extend those observations by sampling across the Banda Sea (124 to 

132°E), in a study of the interaction of the SE monsoon with the ocean 

surface dynamics. 
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Fig. 2.2 Hypotheses for the response of the Banda Sea to the SE monsoon. 

(Dashed lines in right panel are isopycnals.) In the top schematic, the SE 

monsoon is hypothesised to generate wind-induced mixing, resulting in little 

or no gradient in chi a in the E to W direction. In the middle panel, the SE 

monsoon is hypothesised to lift isopycnals to the east (upwelling), and the 

resultant nutrient input to the surface layers would show a chl a distribution 

increasing in the eastern direction. Finally, in the bottom panel, the SE 

monsoon is hypothesised to generate an anticyclonic circulation, resulting in 

an increase in chi a around the edges of the basin 
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The BIOP98 (Bio-optical 1998) cruise was carried out aboard the Indonesian 

research vessel RV 'Baruna Jaya IV' (hereafter referred to as BJ4 ). The bulk 

of the cruise effort took place along an east-west transect line at 6°S; at 

roughly the mid-line of the Banda Sea. The timing of this cruise fell later than 

planned due to logistical obstacles, and this caused us to miss sampling at the 

height of the SEM as originally planned. Nevertheless, the characteristics of 

primary production in the Banda Sea are important to the understanding of 

the fertility and potential resources of the Indonesian Seas in particular, and 

in general to the productivity of the tropical ocean. 

2.3 Materials and methods 

During our 12 d at sea the main focus was to sample a line of 9 stations (Fig. 

2.1) on the mid-basin transect. Along this 6°S transect (referred to as 6ST 

from here on) we endeavored to establish as synoptic a picture as possible of 

the east-west distribution of oceanic properties and chl a across the Banda 

Sea. 

On board the BJ4 we used a suite of instruments built around a Marine 

Environmental Recorder (MER) model 2040 (Biospherical Instr., San Diego). 

The MER-2040 is a multi-channel spectral-radiometer which collects, as a 

function of depth, downwelling irradiance Ed(z, /...) and upwelling radiance 

Lu(z,J. .. ) (for the 6 wavelengths, 410, 441, 488, 520, 565, and 665 nm), as well 

as broad-band PAR(z) (photosynthetically available radiation). A spectrally-

25 



matched irradiance sensor was attached to the ship's top deck to measure 

irradiance above the sea surface, Ed(O,A.), during the casts. The MER was 

calibrated before the cruise by the manufacturer, and after the cruise by the 

Center for Hydro-Optics and Remote Sensing (see, e.g., Mueller, Johnson et 

al. 1994; Mueller and Austin 1995). The profiling system included 

temperature and conductivity sensors (SeaBird Electronics), a fluorometer 

(SeaTech) and a beam transmissometer (SeaTech). The SeaBird sensors were 

calibrated by the manufacturer before the cruise. The in-situ fluorometer was 

calibrated against chl a analysed from samples collected on the cruise. The 

profiling package was deployed over the starboard rail along the aft quarter of 

the BJ4 in the direction of the sun, to minimize optical effects caused by the 

presence of the ship. 

Our profiling system allows for 1 water sample to be collected in a Niskin 

sampler. This sample was collected at the depth of the fluorescence 

maximum, as indicated by the shipboard plot of sensor output during the cast. 

A second sample was collected using a bucket while the profiling system was 

just beneath the surface of the water. There was some instrument failure and 

also data problems among the suite of instruments. Here we focus on the 

successful datasets. The other major data set that has been employed is 

remotely sensed (satellite) ocean colour data from the SeaWiFS sensor 

(NASA/GSFC). 

Sea WiFS Global Area Coverage (GAC) data are on a 9 km grid, although we 

also examined 1 km, Local Area Coverage (LAC) scenes to compare with in-
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situ chl a data. The monthly and 8 d composites from September 1997 until 

December 1998 were examined to determine the variability in space and time 

of the distribution-of chl a. The GAC data used for the composites was 

generated from SeaWiFS reprocessing #4 (Patt et al. 2003). A time series of 

these composites and a quantitative analysis of a cross section along the 6ST 

are presented in the 'Results'. 

Water samples were taken at the surf ace and at the approximate depth of the 

chl a maximum, as evidenced, in-situ, by the fluorometer readings during the 

MER casts. These samples were processed for chl a analysis fluorometrically 

(JGOFS 1996) using a Turner Designs TD700 fluorometer, calibrated with 

pure chl a (Sigma Chem). Samples from each cast were also analysed using a 

high-performance liquid chromatography (HPLC) method (Wright, Jeffrey et 

al. 1991). The HPLC samples were independently analysed by the Center for 

Hydrologic Optics and Remote Sensing (CHORS) at San Diego State 

University, California, USA. Values for chl a obtained with the TD700 agree 

with total chl a (sum of chlorophyllide a, monovinyl chl a and divinyl chl a) 

from the HPLC method. The regression of fluorometrically determined chl a 

(fchla) against chl a determined by HPLC (HPLCchla) was HPLCchla = 1.06 

x fchla + 0.13 (r = 0.88), with SE< 5%. 

The SeaTech fluorometer was part of every cast of the MER package, and 5 

profiles along the 6ST are resolved. Over the entire cruise, 13 successful 

fluorescence casts were carried out. The values for chl a collected via the 

Niskin bottle, and in a surface sample during these casts, are fit via a least-
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squares method versus the fluorometer readings at the bottle depth and at the 

surface. The regression is FisEATECH = 2.832 ± 0.268 x chi a+ 0.371±0.95, 

with r2 = 0.72. In this way we arrive at a relationship between fluorescence 

and chi a that is then applied to data for the entire cruise. 

2.4 Results and discussion 

The structure in the temperature section (Figure 2.3a) shows no clear 

upwelling signal. It may have been biased by internal waves, or may be 

evidence of an internal mixed layer possibly caused by bottom friction and 

advected from elsewhere (S. Godfrey, CSIRO, pers. comm.). Alternately this 

section may simply represent the breakdown of the upwelling regime because 

it was sampled during the transition period between the SEM and the NWM. -

In contrast to the temperature section along 6ST, the chi a data, derived from 

in vivo fluorescence, clearly show a shoaling of the chi a maximum and seem 

to indicate an increase in concentration going from west to east, in 

accordance with upwelling occurring in the eastern Banda Sea (Figure 2.3b). 

We also have data from the CTD casts for chi a. Although they are not 

exactly the same as the chi a data derived from the fluorescence profiles 

(because of differing times, less depth resolution, etc.), these data also show 

an increase in chi a proceeding from east to west. The depth of the chi a 

maximum gets shallower, from approximately 75 m in the west to less than 

50 m in the eastern portion of the Banda Sea. The range in values in chi a that 

we see are at the low end of those observed during Snellius-11 (Gieskes et al. 

1990) and those reported in Kinkade et al. (1997), yet it should be taken into 
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BIOP98 (Bio-optical 1998 cruise). (b) chl a (derived from 
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account that our data were collected a month later into the monsoon seasonal 

cycle than those previous observations. 

Data on other pigments provide further support for upwelling (Wyrtki 1961) 

in the eastern Banda Sea. We plot these pigments normalized to total chl a as 

a measure of the proportion of the individual pigment within the 

phytoplankton community. (For Stn 13, at 129°E, 2 samples were taken 3 h 

apart. Both points are shown for this station in Figure 2.4) Fucoxanthin 

(relative to the total chl a), sampled both at depth and at the smface, across 

6ST shows a very marked increase from west to east (Figure 2.4a). 

Fucoxanthin is a strong indicator of the presence of diatoms, which are often 

associated with upwelling environments, and therefore may indicate a 

remnant of the SEM. On the other hand, divinyl chi a (DV A), an indicator of 

Prochlorococcus (Figure 2.4b ), and zeaxanthin, an indicator of 

cyanobacteria (Figure 2.4c), increase at the surface in the opposite direction, 

that is, from east to west across 6ST. The data for DV A and zeaxanthin are 

not as clear as for fucoxanthin, but with the exception of the station at 127°E, 

the quantities of these pigments are significantly higher to the east in the 
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Banda Sea than to the west. Prochlorophytes and cyanobacteria are usually 

associated with more nutrient-poor, oligotrophic waters. 

Comparing ocean colour data from the Sea WiFS sensor to our in-situ 

measurements of chl a is not trivial. The algorithms for the remote sensing of 

marine pigments are still evolving. Mueller & Austin (1995) state that the 

Sea WiFS program has an 'uncertainty goal' of ±35% in chl a concentration 

and the 4th Sea WiFS reprocessing, used in this analysis, has in-situ 

chlorophyll match-up errors that range from 23.77 to 31.35% (S. Bailey, 

NASA/GSFC, pers. comm.). Preliminary analysis of LAC data taken at the 

time of the BIOP98 cruise shows reasonable agreement, within the stated 

uncertainty, given our choice of 1 km pixel and ship position (C. Ho, LDEO, 

pers. comm.). 

More importantly, on a qualitative level, the SeaWiFS imagery for 1998 

shows similar patterns to those seen in the in-situ section. The time series of 

monthly composites from September 1997 until December 1998 shows 

significant variability in time and space across the study area (Figure 2.5). A 

strong gradient from west to east in remotely sensed chl a concentration 

develops during the SEM (typically June through September). However, in 

1997 the increase in concentration of chl a in the eastern Banda Sea during 

the SEM seems to last through November (see composite images 9-, 10-, and 

11-1997 in Fig 5), and is also larger in magnitude than the increase during the 

SEM of 1998 (images 7-, 8-, and 9-1998). In Figure 2.6, we have extracted 
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the remotely sensed chl a time series data along 6°S from the monthly 

composites in Figure 2.5 and plotted it versus time in months. From this 

Hofmuller representation, the 1997 and 1998 increases in chl a associated 

with the SEM are clearly seen, as well as the gradient increasing from west to 

east in the Banda Sea. The strength of signal in late 1997 and its extended 

lifespan, compared to 1998, are also evident. 

When the eastern and western bins of remotely-sensed chi a are averaged and 

then plotted versus time, along with the Southern Oscillation Index (SOI; an 

indicator for the El Nino), a relationship between strength of El Nino and the 

extended and augmented chi a burst in the eastern Banda Sea becomes 

evident (Figure 2. 7). We infer that the strong El Nino that occurred in the 

Pacific Ocean from mid-1997 to early 1998 intensifies the effect of the SEM 

on the biological response (as indicated by chi a), at least when compared 

with the SEM in 1998. It is also apparent that the effect of the monsoon 

continues later into the year during the El Nino period. The most likely cause 

for the El Nino 'boost' is that the thermocline shoals over a large region in 

response to larger scale forcing. However, a change in the monsoonal winds 

cannot be ruled out. Significant links between ENSO, thermocline depth, and 

SST have been shown in the Banda Sea and elsewhere in the archipelago 

(Bray, Hautala et al. 1996; Ffield and Gordon 1996; Ffield, Vranes et al. 

2000; Gordon and Susanto 2001; Susanto, Gordon et al. 2001; Moore and 

Marra 2002). Moore and Marra (2002) showed that the winds for November 

1997 were anomalously from the east, a direction favourable to upwelling. 
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Gordon and Susanto (2001) showed evidence that the SST minimum during 

the SEM is delayed under El Nifio conditions, although Ekman upwelling is 

slightly weaker. The relationship between colder SST's, ENSO, and the 

strength of upwelling transport is probably less straightforward than might 

have previously been thought. 

Other analyses of SST datasets, however, support our findings. Boely et al. 

(1990) show a stronger SST variation in the eastern Banda Sea in comparison 

with the west, with the west-east temperature difference being ea. 2°C. In 

Walker and Wilkin (1998), the authors performed optimal averaging on sea

surface temperature data from the NOAA/NASA Pathfinder satellite. A 

statistical interpolation was applied to 8 yr of 9 km resolution A VHRR data 

in a reanalysis of the' Pathfinder dataset. From these data the annual signal 

was removed and showed clearly that the eastern Banda Sea has much greater 

annual variability than the west. This region of high annual variability is to 

the order of 2.5°C (Walker and Wilkin 1998), consistent with the idea that 

seasonal upwelling occurs there. 

The dataset shows further evidence of a difference between the character and 

dynamics of the eastern and western Banda Sea. While Walker and Wilkin 

(1998) show an annual cycle of 2.5°C in the eastern Banda, the levels in the 

western portion of the Banda are only ~1°C. Ffield and Gordon (1996) found 

that the annual cycle of SST in the eastern Banda Sea was on the order of 5°C 

while Gordon and Susanto (2001) found an annual cycle of 3°C for the entire 

Banda region. Gordon and Susanto (2001) also showed, from weekly data 
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averaged over a grid-size of 1 x 1°, that the highest standard deviations in 

SST were in the eastern Banda Sea. Similarly, SeaWiFS ocean colour 

imagery shows high standard deviations for the eastern Banda Sea (Figure 

2.8). Differences between SST fields and ocean colour imagery are to be 

expected, primarily because of the higher resolution SeaWiFS data compared 

to the SST data in question. These differences are most likely to be expressed 

in close proximity to the smaller islands. Also, the influence of nutrient input 

from runoff during the monsoons might produce ocean colour variability 

without corresponding changes in SST. 

2.5 Conclusions 

We have used the distribution of chl a in the Banda Sea, from both shipboard 

and satellite data, as an indicator of the dominant physical dynamic in the 

basin. Both datasets support the idea that upwelling during the southeast 

monsoon dominates the east/west distribution of chl a, and supports higher 

phytoplankton biomass (and therefore, shallower euphotic depths) in the 

eastern Banda Sea. The distribution of chl a is directly related to seasonal 

upwelling in the east, modulated by interannual events such as the El Niiio

Southern Oscillation, and the satellite images reveal the related impact of the 

1997-1998 El Niiio. El Niiio conditions seem to strengthen and prolong the 

productive season in the Banda Sea, extending the time of high chl a 

concentrations well past the climatological end of the southeast monsoon. 
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3.1 Abstract 

We determine a key feature of the phytoplankton variability on the Western. 

Australian continental shelf is a strong seasonal signal, with a maximum in winter. 

The cause of the seasonal signal is not clear but we hypothesise it may be related to a 

number of potential nutrient inputs: upwelling from off-shelf; rainfall and associated 

runoff; transport related to the Leeuwin Current; winter mixing/shallowing of a 

summer DCM and nutricline; and benthic supply. Using in-situ data and remotely 

sensed data products we explore these hypotheses and place bounds on possible 

drivers for the seasonal variability of phytoplankton on the central WA shelf. 
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3.2 Introduction 

The marine environment off the Western Australian (WA) coast (Figure 3.la) is 

unique, globally, in terms of its physical and biological characteristics. The eastern 

boundary current (EBC) region off WA is dominated by the poleward flowing 

Leeuwin Current. All other eastern boundary currents systems worldwide; the 

Peru/Chile, Benguela, California, and Canary current systems; flow equatorward 

driven by equatorward winds that lead to strong upwelling and biological 

productivity. While the central WA coast is also dominated by an equatorward 

coastal wind regime the Leeuwin Current flows in the face of these winds driven by 

an alongshore pressure gradient in the upper ocean. This same pressure gradient, 

related to the connection of the Indian Ocean to the Pacific Ocean via the Indonesian 

Archipelago, drives an onshore geostrophic flow, and downwelling conditions prevail 

(Godfrey and Ridgway 1985; Godfrey and Weaver 1991; Godfrey 1996). While 

oceanic primary productivity off central WA is less than other EBC regions (Pearce 

1991; Caputi, Fletcher et al. 1996), significant spatial and temporal variability in 

phytoplankton distribution does exist and the region supports commercially important 

fisheries. 

The unique nature of the WA coast and circulation has been the subject of inquiry 

since the beginning of the 20th century. Using the ship based temperature 

measurements of the period, Schott (1933) found no significant large scale upwelling 

off WA in stark comparison to the Peruvian or Benguelan upwelling systems. While 

Schott (1933) pondered the seasonal causes of this phenomenon, the mechanism was 

left as an open question. Godfrey and Ridgway (1985), using steric height derived 
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primarily from 15 years of expendable bathythermograph (XBT) data, argued that the 

unique WA current system is driven by an alongshore oceanic pressure gradient set up 

by the connection of the Pacific and Indian Oceans via the Indonesian archipelago. 

This hypothesis has been subsequently advanced by Godfrey and Weaver (1991) and 

Smith, Huyer et al. (1991). Recently studies of the south-west corner of the WA coast 

have shown evidence of localized upwelling and smaller scale coastal counter 

currents during the summer (Gersbach, Pattiaratchi et al. 1999; Pearce and Pattiaratchi 

1999). However the WA coast is dominated, in both a seasonal and spatial sense, by 

downwelling rather than upwelling conditions. The upwelling regions of the 

Benguela and Humboldt current also drive climate characteristics such as coastal fog 

and precipitation. The central WA coast by comparison has much higher sea surface 

temperatures offshore in any given season (Pearce 1991), and while the coastal plain 

is temperate with dry summers and wet winters (BOM 1995), it does not exhibit the 

"fog belt" seen in other BBC regions. 

The large-scale lack of upwelling and onshore geostrophic transport along the WA 

coast leads to general oligotrophic conditions. The bulk of the oceanographic 

literature characterises the Leeuwin Current and its subtropical gyre source waters as 

"low-nutrient" (Church, Cresswell et al. 1989; Caputi, Hetcher et al. 1996; Caputi, 

Chubb et al. 2001). However, some of the cruise data used for these analyses and 

definitions of "Leeuwin Current" characteristics come from as much as 1500 km off 

the WA coast. Indeed other studies within the Leeuwin Current itself characterize the 

current as being "high in nutrients" (Thompson 1984). 

While small in catch-size by world standards, the coastal fisheries of WA support 

finfish species representative of the other, more productive, BBC regions. More 
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significant are demersal invertebrate fisheries including the commercially important 

Western rock lobster (Panulirus cygnus) fishery (Lenanton, Joll et al. 1991). It has 

been shown that variability in the physical dynamics of the Leeuwin Current can be 

linked to concrete biological responses (Pearce and Phillips 1988; Caputi, Chubb et al. 

2001; Caputi, Chubb et al. 2003). For example, Pearce and Phillips (1988) showed 

that interannual variability in the strength of the Leeuwin Current, as inferred from 

coastal sea level, is related to the settlement of the pueruli of western rock lobster. It 

was suggested that the Leeuwin Current and its associated mesoscale features play a 

key role in transporting the pelagic larvae to the coast. It has also been hypothesised 

that aside from the issue of larval transport the relatively warm waters of the Leeuwin 

Current may improve larval growth and ·survival (Caputi, Fletcher et al. 1996; Caputi, 

Chubb et al. 2001). 

A more quantitative modelling approach by Griffin, Wilkin et al. (2001) concludes 

that the variability in larval transport was not the dominant control on settlement. 

Griffin also makes note of the spatial and temporal variability in phytoplankton 

distribution and the role it may play as a measure of potential food sources for the 

pueruli. Inspection of SeaWiFS animations from 1997-1999 show cyclonic (anti

cyclonic) eddies have lower (higher) levels of chlorophyll-a (Griffin, Wilkin et al. 

2001) and Caputi, Chubb et al. (2003) suggests that anti-cyclonic eddies may 

therefore be critical to the recruitment of the fishery. Work by Moore et al (2005 in 

preparation - see chapter 4) shows the chlorophyll-a distribution and phytoplankton 

community structure inside anti-cyclonic eddies is linked to the distribution of 

chlorophyll on the shelf. 
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We aim to explain the characteristics and causes of the large scale chlorophyll 

distribution, as seen by SeaWiFS, and its seasonal evolution on the central WA shelf. 

We first describe the spatial and temporal distribution of phytoplankton and question 

whether the SeaWiFS observations accurately represent the seasonal cycle. We then 

discuss what might drive this cycle. We assume that the system is macro-nutrient 

limited, thus we need to investigate the sources nutrients on the shelf, their seasonal 

cycle, and what level of nutrients are needed to support the seasonal signal in 

chlorophyll. We propose five possible mechanisms to deliver these macro-nutrients 

to the shelf: (1) upwelling from off-shelf; (2) rainfall and associated runoff; (3) 

advection related to the Leeuwin Current; (4) mixing of a summer DCM and the 

nutricline towards the surface, and (5) benthic supply. Moore et al (2006 accepted

see chapter 4) shows that the distribution of chlorophyll-a on the shelf is linked via 

mesoscale features to the regional chlorophyll-a distribution off the shelf. Better 

understanding drivers for the seasonal cycle of phytoplankton on the central WA shelf 

will provide a key to understanding the regional ecosystem. 

3.3 Materials and Methods 

Our analysis combines remotely sensed and in-situ datasets. Sea WiFS-derived 

chlorophyll is used to describe the spatial and temporal evolution of phytoplankton 

off the central WA coast and in-situ chlorophyll measurements are used to help 

validate the temporal signal. A combination of other remotely sensed and in-situ data 

is used to formulate and test various hypotheses. 

3.3.1 Sea WiFS 

The principal remotely sensed data sets used in this study are ocean colour products 
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derived from the Sea-Viewing Wide-Field-of-View Sensor (SeaWiFS). The remotely 

sensed chlorophyll-a and attenuation coefficient (K490) data-files consist of 292 

Level-3 8-day composites produced from GAC (Global Area Coverage) data with a 

nominal spatial resolution of 9 km. These files cover the period from September 2, 

1997 -December 31, 2003 and were provided from NASA's GSFC (Goddard Space 

Flight Center) in a compressed Hierarchical Data Format (HDF). 

The GAC SeaWiFS data-files used in the present work are the most up-to-date 

available from NASA at this time. The Sea WiFS estimates have been processed 

under the "4th reprocessing" protocols (Patt et al. 2003). ln-situ chlorophyll match-up 

errors for the 4th SeaWiFS reprocessing (SeaDAS 4.3) in "case 1" waters are 

typically 31 % or less (Sean Bailey, NASA/GSFC, personal communication, 2003). 

Case 1 waters are those where optical scattering is dominated by phytoplankton. The 

atmospheric correction applied employs a multi-scattering aerosol correction with the 

765/865 model and NIR correction for non-zero nLw (Normalized Water Leaving 

Radiances). 

The individual 8-day HDF files are converted to equivalent NetCDF (Network 

Common Data Format) files and then concatenated together into year-long time-series 

for the entire globe. Each yearly NetCDF time-series is read into the Ferret software 

package (www.ferret.noaa.gov) and a single, complete, 6 year time-series is 

generated. A monthly climatology is created from the time-series by regridding the 8-

day data to a monthly climatological axis with a modulo regridding transformation. 

In addition to the 9km, 8-day GAC-based composites we also analysed a set of lkm 

resolution daily LAC (Local Area Coverage) SeaWiFS data. The level-2 LAC data 
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for the Western Australian region, received by the Western Australian Satellite 

Technology and Applications Consortium (WASTAC) in Perth, WA, was obtained 

from NASA (daac.gsfc.nasa.gov) and processed at CSIRO Marine Research Remote 

Sensing using the "4th reprocessing" protocol (SeaDAS Version 4.4, MS112 3.0.2) 

OC4 chlorophyll algorithm. The default atmospheric correction (aero_opt: -3, Multi

scattering with 765/865 model selection and NIR correction for non-zero nLw ) and 

pixel masking ( land, cloud, and albedo threshold ) were employed. The final result is 

a "level-3", daily spatial composite geometric mean of SeaWiFS-derived chlorophyll

a concentration and attenuation coefficient (K490) with a nominal lkm resolution. 

The geometric mean is generated by averaging the logarithm of the data, and then 

inverse-transforming the average logarithm. 

3.3.2 Sea-surface Temperature (SST) 

An optimally interpolated advanced very high resolution radiometer (A VHRR) SST 

product, calculated according to Walker and Wilkin (1998), is analysed from January 

1995 to July 2002. The A VHRR data product has a resolution of 10 days and 5 km 

and was derived from daily passes. SST climatologies are created in a fashion similar 

to the Sea WiFS data. 

3.3.3 SRFME 2 Rocks data 

The Strategic Research Fund for the Marine Environment (SRFME) conducted 

hydrographic and biogeochemical sampling, including High Performance Liquid 

Chromatography (HPLC) estimates of chlorophyll-a off the WA coast along the 
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SRFME Two Rocks transect. The Two Rocks transect (see Figure 3.1 b) sampled 5 

stations: a 15-20 metres water depth station at roughly 3 l.5°S (Station A), two shelf 

stations (Stations B & C), and a shelf-break and mid-slope station (Stations D & E). 

The stations were sampled approximately once every 2 to 3 months from February 

2002-February 2003. 

3.3.4 Precipitation 

A gridded rainfall data product was provided by the Australian Bureau of 

Meteorology (BOM). Over a century of rainfall station data, from December 1899 to 

December 2002, was objectively analysed and mapped to a .25 degree grid using a 

Barnes successive correction technique (Koch 1983; Jones and Weymouth 1997). In 

this approach, values at each .25 degree grid point are based on data at near 

observation points. The influence that an observation has on a given grid point is 

determined by a weighting factor that is a function of the distance separating data and 

grid points. From 103 years of monthly BOM rainfall grids generated by this method 

we calculate a monthly climatology for Australia rainfall. 

3.3.5 CARS 

The CSIRO Atlas of Regional Seas (CARS) was used to investigate the evolution of 

nitrate concentrations and temperature off WA. CARS is derived from 65,000 

vertical hydrographic profiles from the World Ocean Database (WOD98), the CSIRO 

marine research archives, and the New Zealand Institute of Water and Atmospheric 

Research (NIWA). These casts are screened for duplicates, errors, and outliers and 
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interpolated onto 56 standard depths (CSIRO Standard Depth Levels - CSL). The 

mapping algorithm is adapted from a four-dimensional weighted least-squares 

quadratic technique, "loess" smoother. Quadratics are fitted in the horizontal and 

vertical direction, with bathymetry-influenced weighting. Annual and semiannual 

harmonics are fit in time by a weighted least squares method. As an interpolation 

system, CARS is designed to resolve both large-scale structure as well as persistent 

mesoscale features, such as narrow coastal fronts and currents. A review of the 

method is found in Ridgway, Dunn et al. (2002). For this analysis we query the CSL 

"raw" data searching for cast profiles in specified regions of interest, utilising the 

CARS spatial interpolation without the harmonic temporal fit. 

3.3.6 Bathymetric data 

For calculating position, isobaths, and spatial statistics we use the January 2002 

edition of the Australian bathymetry and topography grid. The grid has a 0.01 degree 

("'1 km) cell size, and is derived from Geoscience Australia (GA) databases including 

over 900 surveys acquired since 1963 by GA, the Australian Hydrographic Service, 

and other institutions (Petkovic and Buchanan 2002). 

3.4 Results 

3.4.1 How well do Sea WiFS chlorophyll-a estimates represent in-situ 
measurements on the central WA shelf? 

The Sea WiFS data used for the chlorophyll climatology are remotely sensed 

estimates. SeaWiFS chlorophyll estimates based on open ocean "case l" algorithms, 
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as investigated here, can exhibit significant biases in coastal waters due to the impact 

of coloured dissolved organic matter (CDOM) and suspended materials on optical 

properties in these so-called "case 2" environments (IOCCG 2000). In general the 

presence of these additional materials lead to the overestimation of chlorophyll-a. In 

open ocean "case 1" waters, where phytoplankton dominates the scattering of light in 

the water column, the 4th Sea WiFS reprocessing, used here, has global in-situ 

chlorophyll match-up errors that range from 23.8 to 31.3% (S. Bailey, NASA/GSFC, 

pers. comm.) 

Secondly, the Sea WiFS sensor signal is weighted to the near surface layer and 

observes only the first optical depth. This limits Sea WIFS chlorophyll estimates to an 

average over a depth at which 90% of the backscattered irradiance is returned, which 

is roughly 22% of the euphotic zone (Smith 1981). While it has been cited that 

satellite ocean colour data are useful for the estimation of mixed layer structure on 

broad scales (Esaias, Iverson et al. 2000) it may be of limited use resolving vertically 

non-homogeneous features like the deep chlorophyll maximum on regional scales 

(MillanNunez, AlvarezBorrego et al. 1997). 

We investigate whether we can favourably compare the SeaWiFS-derived seasonal 

cycle on the central WA shelf with surface in-situ measurements from the SRFME 

Two Rocks transect. Figure 3.1 b shows the location of the Two Rocks transect. We 

exclude the very shallow 10 metre station A, and plot both the scatter of surface 

HPLC-derived chlorophyll for all stations against the nearest 8-day, 9km (8D9K) 

SeaWiFS composite value (Figure 3.2) as well as a comparison of the timeseries for 

each station.( Figure 3.3 a-d). 
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The regression of Two Rocks HPLC-derived chlorophyll against the matching 

Sea WiFS estimate is ChlaHPLC = 0.675•Chla5w vIFs + .0617 and the r 2 = 0.4969, 

explaining roughly half the variance. One cause of error is inherent in matching a 

9km, 8 day composite with an instantaneous in-situ measurement made in a 
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Figure 3.2 Relationship between HPLC and SeaWiFS chlorophyll-a estimates, Two 

Rocks Stations B-E 
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dynamic, mesoscale-influenced environment. If, for example, one of the outliers 

where ChlaHPLC reports nearly twice the surface chlorophyll of the SeaWiFS estimate 

is removed, the variance explained by the relationship increases to nearly 70%. Other 

causes of variability in the relationship include the influence of coastal "case 2" 

waters and the associated overestimates in remotely sensed chlorophyll. Indeed, 

Figures 3.3 a-d suggest that Sea WiFS overestimates decrease as the stations move 

offshore and away from coastal influence. 

The average absolute match-up error between the nearest 8 day, 9km (8D9K) 

SeaWiFS chlorophyll estimates and the HPLC measured chlorophyll-a is 13% for the 

offshore stations, 36% for the shelf stations, and 95% for the near-shore station (not 

shown in figures). The mean absolute match-up errors for all but the near-shore 

station are of the same order of magnitude or less than the expected Sea WiFS match

' 
up error for case-1 waters. The relatively more substantial errors in May and August 

2002 are likely caused by seasonal effects in the bio-optical parameters of tP.e water 

column (SRFME interim report 2005). Moore et al (2006 accepted DSRII - see 

chapter 4) show that for two shelf stations sampled off central WA in September, 

2000 during the Transport Indian Pacific (TIP2000) cruise, match-up errors between 

in-situ surface HPLC and 8D9K SeaWiFS chlorophyll-a estimates were 16% and 

39% with the SeaWiFS estimate under-reporting at one station and over-reporting at 

the other. 

3.4.2 The seasonal cycle of Sea WiFS-derived chlorophyll-a on the central 
WA shelf. 

Examining the full 6 year record of Sea WiFS-derived chlorophyll in a climatological 
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sense we find that behind the mesoscale variability that often dominates the synoptic 

view of the system (Moore et al 2006 accepted DSRII - see chapter 4; Griffin, Wilkin 

et al. 2001) there is a strong seasonal signal. On the central WA shelf this seasonal 

Sea WiFS signal is characterised by relatively low summer values ( shelf average = 

0.24 mg/m3 ), a gradual increase through April, and then a rapid increase in 

chlorophyll in May (Figure 3.4 a-e ), mainly inshore of the 70m isobath - the "inner 

shelf'. The chlorophyll signal peaks in June (shelf average= 0.69 mg/m3) and 

spreads offshore through August decaying back to the relatively low chlorophyll 

levels in austral summer. Figure 3.5 presents an along-shore Hofmuller diagram on 

the 200m isobath and shows little difference in the north-south temporal variability of 

chlorophyll. The significant May increase in chlorophyll, winter peak, and 

subsequent decrease through July, August, and September are apparent along the 

entire length of the shelf (The influence of the Abrolhos Islands appears year-round 

near 29°S ). Figure 3.6 a-d presents cross-shore Hofmuller diagrams at 28, 30, 31 

and 32°S latitudes. They also show little difference in the chlorophyll signal north to 

south but indicate the seasonal increase of shelf chlorophyll and the progression of the 

seasonal chlorophyll increase off the shelf into the eastern Indian Ocean over the 

winter period. Mechanisms for the export of chlorophyll-a biomass off the shelf are 

discussed in Moore et al. (2006 accepted DSRII- see chapter 4). 

3.4.3 The seasonal cycle of nutrients on the central WA shelf. 

CARS data on CSIRO standard depth levels (CSL) are used to investigate nitrate 

seasonality off central WA and rationalise the seasonal cycle in nitrate with the cycle 
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in chlorophyll-a estimates. 

We generate monthly means of nitrate, along with temperature, from CARS CSL data 

in two regions bounded by 30°S and 32°S; (1) on-shelf from the coast out to 70m 

depth and (2) off-shelf from the shelf-break at 200m offshore for a distance of 0.5° 

longitude. The shelf and off-shelf regions contain nitrate data from 271 and 97 

stations respectively spanning the years 1948 to 1996 (Figure 3.7 (a)). There are 429 

and 302 temperature casts respectively in the shelf and off-shelf regions over the same 

50 year period across all months. Figure 3.7 (b)-(g) show the monthly means and 

standard error for each of these regions at a number of depths. On the shelf (Figure 

3.7 (b), (c), & (f)) the depths of 0 and 30 metres were chosen as they represent well 

the euphotic zone on the shelf. Off-shelf and along the shelf slope (Figure 3.7 (d), 

( e ), & (g) ), depths of 70 metres and 100 metres are shown to bracket depths that 

capture the core of the Leeuwin Current, the nutricline for stratified stations, and 

reach down to the base of the euphotic zone. 

The nitrate monthly means show a seasonal cycle on the shelf that peaks between 

May and July, likely due to winter deepening of the mixed layer and shallowing of the 

nutricline. Concentrations at the surface range from 0.20 ± 0.03-0.44 ± O.SOµM to 

0.19 ± 0.03-0.40 ± 0.05µM at 30m. Off-shelf, a seasonal cycle is less clear, 

although at 70m a summer to winter trend, increasing from 0.05 - 0.55 ± 0.1 µM , is 

apparent from January to June. These increases in monthly average N03 are 

accompanied, both on and off-shelf, by warming January through May. The offshore 

N03 data are exceptionally sparse in July and may confound interpretation of the 

entire seasonal cycle from this climatology in that area. 
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3.4.4 The seasonal cycle of rainfall on the central WA coastline. 

Western Australia covers 21° of latitude and includes a wide range of climates. The 

central WA coast is temperate with dry summers and wet winters, and rainfall 

generally decreases away from the coast (BOM 1995). The rainfall feeds a number of 

major estuaries along the central WA coast including the Swan-Canning (Perth) and 

the Moore river estuary (Figure 3.8 (a)). Figures 3.8 (b) - (c) depict monthly rainfall 

in mm/month for the Moore river catchment area, which was chosen for analysis due 

to its representative location and availability of data. Figure 3.8 (b) shows monthly 

climatological rainfall while Figure 8 (c) presents monthly means from 1978 through 

2003. Rainfall has a strong seasonal cycle; a dry summer period with rainfall near 

lOmm/month and an onset of significant precipitation beginning in May, reaching a 

winter peak in June around 80mm/month, and then declining sharply to summer 

levels by November. 

3.5 Discussion 

The seasonal cycle of estimated near-surface chlorophyll-a presented in the results 

and supported by the Two Rocks in-situ HPLC data is inversely related to the 

seasonal cycle of solar irradiance. It is therefore unlikely light is a limiting factor in 

phytoplankton productivity driving the observed seasonal cycle. Further, it has been 

shown that the inorganic N:P molar ratio off WA is an order of magnitude below the 

Redfield ratio, suggesting that new production is not limited by phosphorus (Condie 

and Dunn 2004). Other factors that might drive new production and the distribution 
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of chlorophyll-a include N fixation by diazatrophic marine cyanobacteria, such as 

Trichodesmium, and the atmospheric deposition of micro-nutrients such as iron. 
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There is evidence of Trichodesmium blooms off the northern coast of WA (Capone, 

Zehr et al. 1997) as well as along the shelf-break on the Two Rocks transect in calm 

January conditions (Pers. Comm., Leon Majewski 2004). However, favourable 

conditions for Trichodesmium are generally stable, well stratified, clear water 

environments with deep light penetration. This does not describe the well mixed 

conditions we expect on the central WA shelf in May - July: in fact, water column 

mixing and breakdown of stratification show the opposite seasonality, by increasing 

from the low chlorophyll-a in summer to the relatively high chlorophyll-a winter 

season. 

Modelling studies of atmospheric dust transport and deposition show globally 

significant, although uncertain, levels of iron sourced from Australian continental dust 

deposited into eastern Indian Ocean and WA coastal waters (Moore, Doney et al. 

2002). While the presence of iron in oligotrophic waters can play a significant role in 

diazotroph production, and according to one model does so off the northwest coast of 

WA on an annual basis (Moore, Doney et al. 2002), in the absence of nitrate and the 

conditions suitable for diazotroph blooms a leading role for iron input in the control 

of new production and the seasonal cycle of chlorophyll-a distribution described is 

unlikely. 

We make the assumption that the temporal evolution of phytoplankton on the central 

WA shelf is driven by the supply of nitrate to the euphotic zone. We hypothesise that 

the source of these nutrients may come from one or more of a number of potential 

inputs: (1) upwelling from off-shelf; (2) rainfall and associated runoff; (3) advection 

related to the Leeuwin Current; ( 4) winter mixing of a summer DCM and nutricline 

towards the surface; and (5) supply from the benthos. 
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To address these potential drivers for the observed seasonal variability in chlorophyll 

on the central WA shelf we create a conceptual nitrate budget and make the best use 

possible of limited and coarse data to put bounds· on a number of hypotheses. We 

examine an across-shelf slice, from the shelf slope to the coast, at 3 l.35°S (Figure 

3.9). We choose this latitude as it is near the centre of our region of interest and is 

aligned with the mouth of the Moore River estuary (near Guilderton, WA). 

3.5.1 How much nutrient input is needed to drive the seasonal chlorophyll
a signal? 

For the nitrate budget calculation, we examine the inner shelf, defined from the 10 to 

70m isobath, to both include the region with the strongest seasonal cycle in 

chlorophyll-a (Figure 3.4 (b)) and remove the strong case-2 influence shown in the 

shallow Two Rocks station. The nominal width of our idealized inner shelf slice is 

35.1 km; the average depth is 39.32 m and the effective "volume" for the idealized 1 

m thick slice is 1.419 E6 m3
• Using the difference between March and June 

Sea WiFS-derived chlorophyll climatologies to represent the seasonal cycle, and 

scaling with the ChlaHPLc relationship from the Two Rocks transect, the horizontally 

integrated change in chlorophyll-a is 5848 mg/m. Assuming conservatively that the 

chlorophyll-a profile is mixed to the bottom the total integration yields 224,726.0 mg 

chlorophyll-a for the idealized 1 m thick slice. 
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We assume a standard Redfield ratio of 106C:16N:1P (Redfield et al 1963), and 50mg 

of carbon per mg of chlorophyll-a (e.g. Geider, Macintyre et al. 1998) and arrive at an 

uptake of over 1.41E+8 µmol, or roughly 100 µmol/m3 (see Table 3.1) of nitrate for 

the observed increase in phytoplankton on the inner shelf. There is significant 

uncertainty in our assumptions, especially the carbon to chlorophyll ratio (which is 

known to vary from at least 30 to 100 under different environmental conditions, e.g. 

Geider et al., 1998). However, our results put bounds on the seasonal nitrate uptake 

by phytoplankton across the inner shelf. 

We also consider the change in nitrate concentration in the water column. Using the 

CARS monthly means on a shelf-average basis, we estimate the change of nitrate over 

the March to June period in the water column to be 0.22 µM. This value is roughly 

20% of the near-coast change in seasonal nitrate given by (Pearce, Johannes et al. 

1985) which shows a similar cycle in nitrate for the near-shore portion of the shelf. 

Over the inner shelf slice this change in concentration requires an input of 3.16E+8 

µmol of nitrate, or roughly 220 µmol/m3
; more than twice the amount required for 

phytoplankton uptake. The total estimate of nitrate needed on the shelf is 4.57E+8 

µmol, or roughly 320 µmol/m3 (see Table 3.1). 

In the other four major EBC regions of the world the seasonal input of nutrients due 

to offshore Ekman transport and associated upwelling is the major driver of the 

temporal and spatial distribution of phytoplankton (Thomas, Strub et al. 2004). 

However, while localised summer upwelling off WA is documented (Gersbach, 

Pattiaratchi et al. 1999), general geostrophic conditions, particularly off central WA 

in autumn and winter, are strongly onshore and favour downwelling. Examination of 
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the CARS monthly means on and off-shelf (Figure 3.7) shows no evidence of 

upwelling. The waters off the shelf do show an increase in nitrate concentration in the 

first third of the year but both off and on the shelf the nitrate increases are 

accompanied by an increase in water temperature. We note that the depths shown and 

spatial region examined likely correspond to the core of the Leeuwin Current. 

April-May corresponds with the onset of strong Leeuwin Current flow and its 

associated mesoscale variability as well as the beginning of seasonal rains along much 

of the coast (Figure 3.8). As hypothetical drivers of the seasonal distribution of 

chlorophyll-a on the central WA inner shelf they are coincidental and potentially 

confounding. However, we attempt here to examine their possible influence on the 

distribution of phytoplankton on the central WA inner shelf. What is certain is that 

winter rains will make shelf waters more optically complex and contribute to "case-

2", non-chlorophyll returns in the Sea WiFS estimates. Indeed, investigation of 

individual SeaWiFS passes on the shelf area off the Moore River estuary (not shown) 

clearly indicate the effects of the March 1999 flood event caused by ex-tropical 

cyclone Elaine. This event saw anomalously high levels of total suspended solids 

discharged into the coastal zone (Cousins 2000) and Sea WiFS observed anomalously 

high chlorophyll-a estimates for the period that were likely related, at least in part, to 

suspended inorganic matter and coloured, dissolved organic matter (CDOM). 

However this particular event was short lived, with elevated SeaWiFS-derived 

chlorophyll-a estimates on the inner shelf lasting one to two weeks, and we have 

shown that as a whole in-situ measures of chlorophyll-a support the seasonal cycle 

observed by Sea WiFS. 
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Rainfall in WA has marked temporal and spatial variability, and there are strong 

meridional gradients in rainfall, especially in winter. April - May brings the onset of 

seasonal rains to the central WA coast (Figure 3.8). This timing coincides with the 

May increase in chlorophyll on the central WA inner shelf and we examine the role 

rainfall and associated runoff might play in driving the seasonal distribution of 

chlorophyll-a in our idealized shelf slice. Our estimates are somewhat limited and 

include significant assumptions regarding the hydrology of the WA coastal plain and 

the biogeochemistry of the shelf waters. However, they allow us to put some bounds 

on the importance of runoff in the nitrate budget and to progress our hypotheses. 

We examine our idealized 2-D slice of the inner shelf and estimate the amount of 

nitrate that coastal runoff can deliver between March and June. The climatological 

rainfall data is analysed from the coast to 120°E and from 27° to 33°S latitude, 

including the watersheds for estuaries along the central WA shelf, including the 

Swan-Canning (Peters and Donohue 2001) and the Moore River (Cousins 2000) 

(Figure 3.8 (a)). Creating a smaller sub-region that corresponds to the watershed of 

the Moore River estuary, we compared the outflow at the coast for the month of June 

1995 and the years 1974, 1995, and 1999 (Cousins 2000) to estimates based on the 

BOM monthly rainfall data. We found that the BOM results over-estimated coastal 

outflow by 7.4, 3.6, 2.9, and 2.1 times respectively. BOM rainfall estimates of total 

rainfall on the Moore River estuary watershed compare more favourably with true 

riverine flows at the coast when examined over longer periods of time. This may 

indicate that inland storage of rainfall plays a role over shorter time periods. 

Reliable estimates of estuary nutrient loads into the ocean are both difficult to make 
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and limited along the central WA coast (SMCWS, 1996). To place an upper bound 

on the impact that runoff might have on delivering nutrients to the inner shelf, we set 

the nitrate concentration of the runoff at .46 mg/litre, near the 1999 seasonal 

maximum for biologically available nitrogen measured in the Moore River estuary at 

the coast (Cousins 2000), and assume that the nutrient input is instantaneously, 

completely and efficiently mixed across the inner shelf slice. The nitrate 

concentration value chosen is also comparable to, if slightly higher than, the 

maximum winter input from the Swan-Canning Estuary (SMCWS, 1996). We note 

that, due to anthropogenic changes, there has been an order of magnitude increase in 

estuary nutrient discharges since the 1960's (SMCWS, 1996) and this adds additional 

uncertainty to future impacts of runoff. 

We examine the total rainfall for the March-June period over topographic masks from 

the coast to various heights from lOOm (roughly the edge of the coastal plain) to 

700m (nearly filling the entire region). The 400m topographic contour visually 

resembles the .Moore River and Swan-Canning watersheds. Normalizing by the 

length of the coastline we arrive at a nitrate input into the slice that, without scaling 

for storage and evaporation, runs from 71 µmol/m3 (lOOm topographic mask) to 1007 

µmol/m3 (700m topographic mask). Given the minimum rainfall to outflow factor 

found for the Moore River over monthly and yearly periods we arrive at a likely upper 

bound of 479 µmol/m3
, or nearly 150% of the input needed in our estimate for the 

total of the seasonal phytoplankton uptake and the change in water column nitrate 

concentration (see Table 3.1). It is more likely that coastal runoff will not be sourced 

from the entire region and that the impedance between total rainfall and discharge at 

the coast for the 3 month season will reflect both the time-period and source distance 
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from the coast. We find that a more reasonable set of estimates range from 35 

µmol/m3 to 160 µmol/m3
, or roughly 10- 50% of the needed nitrate input (see Table 

3.1), although we note we have limited our budget to the inner shelf which is more 

likely to be influenced by estuarine outflows. 

The timing of the chlorophyll increase on the central WA inner shelf also coincides 

with the onset of strong Leeuwin Current flow along the central WA shelf. The 

Leeuwin Current system entrains subtropical waters from both Indian oligotrophic 

gyre and tidally mixed northwest shelf (NWS) s<;mrces, carrying them to more 

temperate regions along the WA coast. Maximum southward flow along the central 

WA shelf occurs in the April/May period (Smith, Huyer et al. 1991) and peak speeds 

range from .75 - 1.5 m/s (Church, Cresswell et al. 1989; Smith, Huyer et al. 1991; 

Cresswell 1996). Given such speeds, a parcel of water could travel from the 

Northwest shelf (NWS) to the central WA shelf within one to three weeks. 

Investigation of SST timeseries animations (not shown) indicate the Leeuwin Current 

core meandering onto the shelf and mixing with shelf waters at this time. 

While the Leeuwin has been classified as having "low-nutrients" (Church, Cresswell 

et al. 1989), others have shown the current to be "high" in nutrients in May, 

particularly in the core of the current over the shelf-break off Shark Bay at 25.4°S 

(Thompson 1984). Of interest is the temporal evolution of the Leeuwin Current 

"source". Smith, Huyer et al. (1991) indicate that the source of the Leeuwin Current 

in late winter is subtropical surface water from offshore. However, in early autumn 

they suggest that flow from the NWS feeds the Leeuwin Current. Further, Cresswell 

(1991) states that current meter data from 1982/1983 show the contribution of NWS 
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water to the Leeuwin Current was strongest from February to June, peaking in March 

to May. Satellite tracked drifters on the NWS reveal a distinct seasonal behaviour; 

from November to late March flow is quiescent, however beginning in April there is a 

"dramatic" change with flow into the Leeuwin Current. May through August sees 

continued poleward flow but increasing tendency for the NWS transports to flow west 

feeding the South Equatorial Current (Cresswell 1991). Recent results (Domingues, 

2006) have confirmed that, as the steric height anomaly builds in April and May, the 

NWS is flushed to the south and significantly contributes as a source of Leeuwin 

Current waters. These results support the idea that the NWS has the potential to 

rapidly influence the character of the Leeuwin Current source water specifically in the 

April/May period. The tidally mixed NWS waters likely have very different nutrient 

characteristics than the subtropical, oligotrophic waters of the eastern Indian Ocean. 

Thompson (1984) found nitrate concentrations of 1 - 3 µMin the Leeuwin Current 

core over the outer shelf south of the NWS in May 1982. 

We next estimate the effect the onset of the Leeuwin Current might have on nutrients 

supplied to our idealized inner shelf slice over the March - May period. The 

observations of the 1986-1987 Leeuwin Current Interdisciplinary Experiment 

(LUCIE) show a 0.5 sv and 1.0 sv onshore flow across two sections of differing 

lengths off the central WA shelf in March and June respectively (Smith, Huyer et al. 

1991). Both these observations amount to approximately 2.2 m3/s of onshore transport 

per metre of alongshore distance. 

The total nitrate input will be linearly related to the difference between the 

concentrations in the ambient and incoming watermasses and the timescale over 
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which the nutrient input occurs. Uncertainties in estimates of both these factors are 

somewhat arbitrary and limit the confidence in the result: however, we estimate the 

impact per 0.1 µM difference above the average shelf nitrate concentration, .45 µM in 

May, over a range of timescales. This allows us to put some measure on the potential 

contribution a NWS nutrient spiked Leeuwin Current might have on the seasonal 

chlorophyll-a cycle on the central WA inner shelf. Given the volume of the inner 

shelf slice and a timescale from one week to three months, the estimate for the 

Leeuwin Current contribution, per 0.1 µM nitrate difference between the current and 

inner shelf water concentrations, is 100-1200 µmol/m3
, or 31 % - 375% of the 

needed input (see Table 3.1). 

There are other alternative mechanisms by which the Leeuwin Current may contribute 

to the seasonal cycle of nutrients on the central WA shelf. As the Leeuwin Current 

moves south in autumn seasonal cooling may lead to vertical mixing or localized 

upwelling may occur due to the interaction of mesoscale eddies and meanders with 

the slope topography. These alternative mechanisms are difficult to scope in terms of 

our inner shelf budget, given the data available. 

Another hypothesis is that winter storms mix the water column on the shelf, and the 

observed seasonal cycle in surface chlorphyll-a can be explained by a summer DCM 

being mixed to the surface along with the shallowing/mixing of the nutricline. From 

remotely sensed observations alone it is difficult to determine if a summer DCM 

exists on the shelf and if such a DCM contains enough chlorophyll-a to account for 

the observed seasonal cycle. While not directly on the shelf, some preliminary work 

from the SRFME Two Rocks transect (Pers. comm. 2004 Tony Koslow) suggests that 
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a summer DCM (as indicated by fluorescence) does exist off the shelf-break in 300m 

of water and that both the DCM (as indicated by fluorescence) and the nutricline 

shallow at the very end of April (Figure 3.10 - from Koslow, pers. comm. 2004). 

However the Two Rocks profiles, as presented, are more consistent with 

phytoplankton growth supported by the arrival of warmer, nutrient-rich water in the 

autumn period. 

There are other alternative mechanisms that may contribute to the seasonal cycle on 

the shelf. One hypothesis is that the nitrate needed for the seasonal cycle of 

chlorophyll on the central WA shelf is supplied from benthic sources. There is a lack 

of scientific literature on benthic nutrient budgets for the WA coast or shelf and it is 

difficult to make any estimates on what the potential role of benthic nutrient input 

may be. 

78 



"' 

I 

! 
100 

17 18 

0.5 1.5 

Station 01 17-12-02 

Nitrate 

10 20 

Temperature 

2.5 3 3.5 

Fluorescence 

21 

4.5 

.. 
I 
= a. 
~ 

100 

22 17 " 

5.5 

0.5 

Station D 29-04-03 

Nitrate 

10 20 

Temperarure 

• s 
Fluorescence 

21 

Figure 3.10 (Pers. comm., Koslow 2004) Summer/Autumn profiles, Temperature, 

Nitrate, fluorescence, station D, Two Rocks Transect. 

1.5 

22 

79 



Benthic sources of nitrate will be controlled by stratification and any potential benthos 

supplied phytoplankton growth is limited by vertical diffusion in the summer. 

Autumn/winter mixing breaks down the water column stratification on the shelf, 

coupling the upper and lower water column and thus could allow benthic sourced 

nutrients to be mixed throughout the euphotic zone. This timing suggests that benthic 

inputs could play a role in the observed seasonal cycle. However, without any clear 

measure of the benthic nutrient fluxes or the amount of sedimentation and subsequent 

nutrient regeneration on the central WA shelf it is not possible to put any further 

bounds on this hypothesis. 

3.6 Conclusions 

A climatology of remotely sensed chlorophyll-a estimates highlights a seasonal cycle 

on the central WA shelf that is characterized by relatively low summer values, a large 

increase in chlorophyll starting in May that peaks in June and spreads offshore before 

decaying back to summer levels. The winter peak shelf average is nearly 3 times the 

summer value but still low compared to other EBC regions worldwide. While some 

of the SeaWiFS signal may be related to the influence of CDOM and suspended 

inorganic matter, the estimated seasonal cycle is supported by in-situ HPLC-derived 

chlorophyll-a data from the SRFME Two Rocks transect. Outside of the 15-20m 

near-shore station the mean absolute match-up errors are of the same order of 

magnitude or less than the expected Sea WiFS match-up error for case-1 waters. 

We have made the reasonable assumption that the system is macro-nutrient limited 

and furthermore that external inputs of nitrate drive the seasonal cycle of 
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phytoplankton on the shelf. We then attempted to place bounds on various potential 

sources of nitrate to an idealized slice of the central WA inner shelf. 

Our analysis of the CARS nutrient climatology suggests that large-scale upwelling 

from off-shelf does not play a major role in the input of nitrate to the shelf. However, 

the timing of the onset of seasonal rainfall, the onset of strong Leeuwin Current flow, 

mixing and shallowing of the DCM and nutricline, and the coupling of the surface 

mixed layer to potential benthic fluxes all have a coinciding timing that suggests their 

potential influence on the delivery of nutrients to the shelf in late April and May. 

By placing conservative upper bounds on the amount of runoff available to the coastal 

water column and the nitrate concentration in runoff, we propose that rainfall and 

associated runoff has the potential to play a large role in driving the evolution of 

phytoplankton on the central WA inner shelf. Given our assumptions, we estimate 

rainfall could reasonably account for 10 - 50% of the seasonal nutrient input needed 

with an extreme upper bound for the runoff contribution of 150%. While we note we 

have limited our budget to the inner shelf, which is more likely to be influenced by 

estuarine outflows, this is also the region that bounds the strongest seasonal signal in 

Sea WiFS-derived chlorophyll-a. 

While the Leeuwin Current is typically considered to bring "low nutrient" water south 

along the WA coast it is possible that at a key time of the year the Leeuwin may 

entrain source waters from the NWS that have significant nutrient concentrations. In 

May nitrate levels in the Leeuwin Current core have been shown to be between 1 and 
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3 µM. If high nutrient water was sourced from the NWS during the May spin-up of 

the Leeuwin Current, it could reach the central WA inner shelf in as little as one to 

three weeks. Given a number of assumptions regarding the transport the Leeuwin 

brings to the central WA inner shelf, the efficiency of mixing across the shelf, and 

over what timescale to consider such a Leeuwin sourced nutrient supply event, we 

estimate that the Leeuwin Current could deliver as much as 31 - 375% of the 

estimated nitrate input needed, assuming a 0.1 µM highe~ concentration in the 

Leeuwin Current than in shelf waters. The nitrate concentration over the inner shelf 

was --0.36 µM on average in the study area over the March - May period, so that 

observations of Leeuwin Current nitrate concentrations appear to permit a relatively 

important role for nitrate transport onto the inner shelf. 

The hypothesis that the observed seasonal cycle in surface chlorophyll-a can be 

explained by a summer DCM being mixed to the surface along with the 

shallowing/mixing of the nutricline is difficult to determine from remotely sensed 

observations alone. Preliminary work from the SRFME Two Rocks transect (Pers. 

comm. 2004 Tony Koslow) suggests that a summer DCM (as indicated by 

fluorescence) does exist off the shelf-break and both the DCM (as indicated by 

fluorescence) and the nutricline shallow at the very end of April. It is not clear from 

our observations if there is a summer DCM on the shelf. 

Our final hypothesis for the control of the cycle of observed chlorophyll-a on the 

central WA shelf is that the needed macro-nutrients could come from benthic sources. 

While the timing of the increase in chlorophyll-a on the shelf and the potential for the 

de-stratification on the shelf to couple the surface mixed layer to benthic nutrient 
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fluxes is coincident, the lack of significant literature on the benthic nutrient budget 

does not allow us to suggest any level of importance for benthic sources. 

We have observed a robust climatological feature of chlorophyll biomass on the 

central WA shelf. We proposed a number of potential hypotheses and made a number 

of significant assumptions regarding the potential drivers of phytoplankton on the 

central WA shelf in the interest of progressing our understanding of the system. 

While our results are highly sensitive to a number of the assumed parameters, they 

place some bounds on the potential drivers of the seasonal evolution of phytoplankton 

biomass in the central WA shelf ecosystem. Further, they provide a platform and 

direction for the detailed in-situ work that is required to advance the quantitative 

biogeochemical understanding of this ecosystem. 

Chlorophyll distribution as a proxy for food availability may be an important factor 

that helps drive the WA marine ecosystem and needs to be considered along with 

temperature effects and advective processes in the life cycle of commercially and 

ecologically important species. 
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4.1 Abstract 

We utilized over 6 years of remotely sensed chlorophyll-a estimates from SeaWiFS, 

along with in-situ observations from the targeted sampling of mesoscale eddies during 

the 2000 "Transport Indian Pacific" (TIP2000) cruise to characterize phytoplankton 

variability on and off the central Western Australian (WA) shelf. Much of the 

variability is associated with mesoscale eddies, and we find that, contrary to canonical 

ideas, satellite and in-situ estimates of surface chlorophyll off WA show low 

phytoplankton biomass in cyclonic eddies and high biomass in anticyclonic eddies. 

Off-shelf we find two types of phytoplankton communities; modified shelf 

communities in anticyclonic eddies and offshore subtropical communities 

concentrated in the deep chlorophyll maximum outside the anticyclonic eddies. The 

presence of the modified shelf community offshore in anticyclonic eddies supports a 

shelf-based origin and cross-shelf distribution mechanism for phytoplankton off the 

central WA coast. Anticyclonic eddies, formed adjacent to the shelf, entrain shelf 

waters with relatively high chlorophyll-a concentrations and, as they propagate 

westward, export coastal phytoplankton communities offshore. The formation of 

anticyclonic eddies appears to occur at preferred locations along the WA coast. Our 

observations suggest that the anticyclonic eddy communities are long-lived (five 

months or more) and their maintenance may result from the sub-mesoscale injection 

of nutrients into the eddy boundary. 
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4.2 Introduction 

The waters off Western Australia (WA) (Figure 4.1), differ greatly from other eastern 

boundary current (EBC) regions (Pearce, 1991 ). The link between the Pacific and 

Indian Oceans via the Indonesian archipelago allows for an oceanic pressure gradient 

that drives a poleward-flowing EBC, the Leeuwin Current. While some localized and 

ENSO modulated summer upwelling events have been documented off southern WA 

between Cape Naturaliste and Cape Leeuwin (Gersbach et al., 1999; Pearce and 

Pattiaratchi, 1999), off the Gascoyne region (Hanson et al., 2005), and on the 

northwest shelf (NWS) (Wilson et al., 2003), the alongshore steric height gradient 

forces on-shore geostrophic flow and general downwelling along the entire length of 

the central WA coast. While, regionally, the seasonal chlorophyll-a biomass off WA 

has been shown to be significantly less than other eastern boundary current regions by 

roughly an order of magnitude (Condie and Dunn, 2006; Thomas et al., 2004), limited 

work has been done on smaller time and space scales. It is largely unclear how the 

unique physical characteristics of the Leeuwin Current region control the distribution 

of phytoplankton and other biogeochemical characteristics off WA. 

Decades of physical oceanographic in-situ and modelling efforts have shown the 

region off the central WA coast is dominated by the seasonal variability in advective 

transport and mesoscale dynamics related to the Leeuwin Current (Batteen and Butler, 

1998; Cresswell and Griffin, 2004; Cresswell and Peterson, 1993; Fieux et al., 2005; 

Griffiths and Pearce, 1985; Morrow et al., 2003; Pearce and Cresswell, 1985; Pearce 

and Griffiths, 1991 ). Flowing in the face of prevailing southerly winds, the seasonal 

strength of the Leeuwin Current is likely governed by the seasonal variability in both 
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these winds and the alongshore pressure gradient (Godfrey and Ridgway, 1985; 

Godfrey and Weaver, 1991). Increased Leeuwin Current flow starts in late April, 

peaking in June and continuing into late August and September. These periods of 

strong Leeuwin Current flow are also characterised by increasingly intense mesoscale 

activity along the shelf-break boundary between the coastal waters of the central WA 

shelf and those offshore. Indeed, the May period is a peak time for both the 

alongshore pressure gradient and the generation of long-lived anticyclonic eddies 

(Fang and Morrow, 2003). 

Longhurst (1998) suggests that in the absence ofupwelling, mesoscale features may 

play a fundamental role in controlling phytoplankton via local nutrient fluxes. 

However, off WA, Griffin et al. (2001) do not observe relationships between eddies 

and chlorophyll-a biomass that match a canonical mechanism suggested for the eddy 

driven injection of nutrients: the vertical displacement of the nutricline within 

cyclonic eddies, so-called "eddy pumping" (Falkowski et al., 1991). Griffin et 

al.(2001) visually inspect SeaWiFS animations from 1997-1999 and find cyclonic 

(anticyclonic) eddies have lower (higher) levels of chlorophyll-a expressed at the 

surface. This is in contrast to observations in well-studied oligotrophic regions of the 

Atlantic and Pacific (McGillicuddy et al., 2001; Seki et al., 2001). 

Griffin et al. (2001) examines drivers for the interannual variability in larval 

settlement for WA' s western rock lobster (WRL) fishery which is strongly correlated 

with ENSO and related physical variables such as coastal sea-level and the strength of 

the Leeuwin Current (Pattiaratchi and Buchan, 1991; Pearce and Phillips, 1988). 

Griffin et al. (2001) conclude that advection is not a dominant process and one 
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alternate hypothesis proposed is that temporal and spatial variability of phytoplankton 

biomass is a key driver ofrock lobster recruitment variability. Caputi et al. (2003) 

suggests that anticyclonic eddies, regionally high in surface chlorophyll-a biomass, 

may therefore be critical to the recruitment of the fishery and require further study. 

Indeed, analysis of remotely sensed sea-level anomaly (SLA) data in this same region 

off WA suggests there are links between interannual variability in the number and 

intensity of long-lived anticyclonic eddies and ENSO (Fang and Morrow, 2003). 

In our investigation, we are motivated by the need to better understand the links 

between eddies off central WA and the distribution and character of phytoplankton 

communities. We hypothesise a major driver for phytoplankton variability in the 

eastern Indian Ocean off the central WA coast is the export of coastal and shelf 

phytoplankton communities in anticyclonic eddies. A mechanism for the formation 

of anticyclonic eddies and the preferential entrainment of coastal water from the shelf 

already exists in the literature. 

Using AVHRR SST data, in-situ, and laboratory observations, Pearce and Griffiths 

(1991) proposed a mechanism whereby the Leeuwin Current jet flow along the shelf

break evolves through large meanders to become free anticyclonic eddies. They 

suggested the initial instabilities that form meanders are associated with cyclonic 

eddies on the outboard side of the Leeuwin Current and the resulting anticyclonic 

eddies preferentially entrained shelf water (Figure 4.2 adapted from Pearce and 

Griffiths, 1991). 

To cover the spatial and temporal scales required, we analyse over 6 years of 

Sea WiFS ocean colour data, along with other remote sensing data, to identify the 
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Figure 4.2 Mechanism for free anticyclonic eddy formation, adapted from Pearce and 

Griffiths 1991. The evolution of the flow along the shelf break from a jet, through a 

fully developed meander, to a free anticyclonic eddy 
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distribution of cholorphyll-a biomass off the central WA shelf. We also make use of 

a targeted in-situ biophysical sampling effort during the TIP2000 cruise and, 

combined with the remotely sensed observations, focus on the links between eddies and 

phytoplankton variability to elucidate the spatial and temporal relationships between 

the mesoscale dominated Leeuwin Current system and the distribution of chlorophyll

a and other pigments, as a proxy for phytoplankton species, off central WA. We 

investigate the "eddy pumping" role of cyclonic eddies off WA, the relationships 

between mesoscale eddies and the distribution and community structure of 

phytoplankton, and consider how WA phytoplankton communities within 

anticyclonic eddies might be sustained. 

4.3 Datasets 

Our analysis synthesises physical, biological, and geochemical in-situ measurements 

with a suite of remotely sensed data products. 

4.3.1 Sea WiFS remotely sensed ocean colour 

The principal remotely sensed data sets used in this study are ocean colour products 

derived from the Sea-Viewing Wide-Field-of-View Sensor (SeaWiFS). The remotely 

sensed chlorophyll-a and attenuation coefficient (K.i90) data-files consist of 292 Level-

3 8-day composites produced from GAC (Global Area Coverage) data with a nominal 

spatial resolution of 9 km. These files cover a time period from September 2, 1997 ,

December 31, 2003 and were provided from NASA's GSFC (Goddard Space Flight 

Center) in a compressed HDF (Hierarchical Data Format) format. 
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The Sea WiFS estimates have been processed under the "4th reprocessing" protocols 

(Patt et al., 2003). In-situ chlorophyll match-up errors for the 4th SeaWiFS 

reprocessing (SeaDAS 4.3) in "case 1" waters are typically 31 % or less (Sean Bailey, 

NASA/GSFC, personal communication, 2003). Case 1 waters are those where optical 

scattering is dominated by phytoplankton, as opposed to other constituents such as 

coloured dissolved organic matter (CDOM) and suspended materials. 

In addition to the 9km, 8-day GAC-based composite data we also analysed a set of 

lkm resolution daily LAC (Local Area Coverage ) based Sea WiFS data. The level-2 

LAC data for the Western Australian region, received by the Western Australian 

Satellite Technology and Applications Consortium (WAST AC) in Perth, WA, was 

obtained from NASA (daac.gsfc.nasa.gov) and processed at CSIRO Marine Research 

Remote Sensing using the "4th reprocessing" protocol (SeaDAS Version 4.4, MS112 

3.0.2) OC4 chlorophyll algorithm. The default atmospheric correction (aero_opt: -3, 

Multi-scattering with 765/865 model selection and NIR correction for non-zero nLw) 

and pixel masking ( land, cloud, and albedo threshold ) were employed. The final 

result is a "level-3'', daily spatial composite geometric mean of SeaWiFS-derived 

chlorophyll-a concentration and attenuation coefficient (Ki90) with a nominal lkm 

resolution. The geometric mean is generated by averaging the logarithm of the data, 

and then inverse-transforming the averaged log-value. 

The estimates of ocean chlorophyll-a concentration made by Sea WiFS will effectively 

be an average over the water column, with higher weighting given to the surface 

values. We note that chlorophyll-a at depths greater than one or two optical 

attenuation lengths (K1 where K= the diffuse attenuation coefficient for downwelling 

irradiance) will not be resolved by SeaWiFS (Smith, 1981). 
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4.3.2 Sea surface temperature and sea surface height anomaly 

Both remotely sensed sea surface temperature (SST) and sea surface height anomaly 

(SSHA) were used in conjunction with the Sea WiFS data to describe and quantify the 

position and character of mesoscale features. 

The SST dataset employed contains 10 day composites of LAC Advanced Very High 

Resolution Radiometer (AVHRR) for the Western Australian region collected at 

WASTAC. The composites have a nominal 5 km resolution and cover the time 

period from 3 January, 1995 to 20 July, 2002. As with the SeaWiFS dataset AVHRR 

SST is affected by cloud, which has some seasonal variability. Off the WA coast 

compositing produces useful observations year-round but may average out local 

variability on daily timescales. 

Remotely sensed SSHA is derived from combined coastal tide gauge, European Space 

Agency Earth Resources Satellite (ERS), and (NASA-CNES) TOPEX!Poseidon 

altimeter data and is optimally interpolated onto a 20km, 5 day grid. A detailed 

review of the sea-level mapping method used can be found in Griffin et al. (2001). 

The dataset used covers a time period from 3 January 1993 to 1Jan2001. 

4.3.3 TIP2000 hydrographics 

The TIP2000 ("Transport Indian Pacific") cruise, lead by a French team aboard the 

R/V Marion Dufresne, included thirty-seven profiles (Figure 4.1, stations 39-75) 

along four sections (Figure 4.1, WAI- WA4) between 110°E and the Western 

Australian coast from 24 September to 1October,2000. Remotely sensed images of 
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Sea Surface Temperature (SST), Sea Surface Height Anomaly (SSHA), and SeaWiFS 

estimated chlorophyll-a concentration were received regularly on-board and allowed 

the cruise track to be adjusted to best sample the field of cyclonic and anticyclonic 

mesoscale features as they developed in real-time. 

Each of the thirty-seven stations off the WA coast included CTD, oxygen, and 

fluorometer profiles. A SeaBird CTD fitted with a fluorometer and an oxygen sensor 

was mounted to the RIV Marion Dufresne' s rosette along with twelve Niskin bottles 

(12L). A full review of the hydrographic data collection, water properties, and related 

transports from the TIP2000 cruise is presented in Fieux et al. (2005). We will 

discuss the use of the fluorometric data in more detail later. 

4.3.4 Nutrient analyses 

Nutrient samples were taken from various depths via Niskin bottle. Samples for 

nitrate, nitrite, and phosphate were collected in polyethylene flasks and immediately 

preserved with HgCh (1 Oµg/ml). Samples were frozen onboard and analyzed after 

the cruise in the Centre Oceanologique de Marseille by P. Raimbault. Concentrations 

were determined using an automated colourimetric procedure, according to Treguer 

and LeCorre (1975), on a Technicon AAII system. The detection limit for nitrate 

using this method is 0.1 µM, although "trace" levels below this concentration were 

reported where they were distinguishable. 

4.3.5 HPLC - pigment analysis 

Samples for pigment analysis by HPLC (High Performance Liquid Chromatography) 

were collected from at least two bottles per selected station, during both day and night 
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time - nominally one from the surface layer and one as close as possible to the depth 

of the deep chlorophyll maximum (DCM) as determined by the fluorescence signal on 

the initial down-cast. During the TIP2000 cruise, 53 HPLC samples were taken from 

22 stations covering an area from approximately 25 to 32°8 latitude and from the 

shelf out to 110°E longitude. Between one and two litres of sample water was filtered 

through a 4 7 mm glass fibre filter (Whatman GF IF), under subdued lighting, and then 

stored in liquid nitrogen until analysis. Pigment extracts were analyzed using a HPLC 

(Waters) with photo-diode array detection. The separated pigments were detected at 

436 nm and identified against standard spectra using Waters Millenium software. 

Concentrations of chlorophyll-a, chlorophyll-b, ~.~-Carotene and ~,£-carotene in 

sample chromatograms were determined from standards (Sigma) and all other 

pigment concentrations were determined from standards of purified pigments isolated 

from algal cultures. A more detailed description of the method can be found in 

Clementson et al. (2001). 

4.3.6 Fluorescence derived chlorophyll-a 

Fluorometric measurements were part of the TIP2000 program and casts were 

recorded at thirty-seven stations off WA. Fifty-three HPLC-derived values for total 

chlorophyll-a, from both day and night samples, were fit via a least-squares method 

against the fluorometer reading at the corresponding bottle depth. The resulting 

regression is: 

2 
Chlafl = 0.9912 *ft +0.023 ( r = .6567) 
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Where Chlafl is total chlorophyll-a derived from fluorescence andfl is the voltage 

return from the fluorometer. This relationship between fluorescence and chlorophyll

a is used to estimate the depth profile of chlorophyll-a at all stations. 

4.3.7 Comparison of SeaWiFS and HPLC-derived chlorophyll-a 

The two types of SeaWiFS chlorophyll-a estimates, both the one day, one km (ldlk) 

and the eight day, nine km (8d9k) composites are compared to "total chlorophyll-a" 

as measured in-situ by HPLC (Chl-aHP1c). 

During the TIP2000 sections off the WA coast, Chl-aHPLC surface measurements are 

available at 16 stations. Both the LAC-based and GAC-based SeaWiFS chlorophyll 

products were compared to the HPLC-derived values. For the Sea WiFS 8d9k 

composite data the closest spatial and temporal point was used. While the Sea WiFS 

ldlk product ideally has daily coverage, in 2 cases (stations 49 and 51) one day old, 

and in 3 cases (stations 60, 61, and 62) two day old data was used for comparison due 

to cloud cover. The ldlk pixel nearest in space was used at all 16 stations. 

Figure 4.3 shows surface Chl-aHPLC values for each station plotted against the 

corresponding SeaWiFS 8d9k and ldlk estimates. The SeaWiFS products, with some 

exceptions, over-estimated chlorophyll-a concentration when compared to in-situ 

HPLC measures. The average match-up error (Ch/-aseaW1FS - Chl-aHPLC I Chl-aHPLC) 

across all 16 stations was 25 .5% for the 8d9k and 25. 8% for the 1d1 k products. While 

the mean match-up errors for both LAC-based and GAC-based products are 

numerically similar there was considerable standard deviation in this match-up error 

between stations and between the two Sea WiFS products on a per station basis. 
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Overall the match-up errors ranged from 0.4-47.7%. 
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from September 1997 through December 2003 (Figure 4.6). The 95% significance 

level for this calculation has an r value less than 0.18 (the r = 0.20 level is marked by 

a thin solid line on Figure 4.6). 

Figure 4.6 shows that, for the waters off the central WA shelf, high SSHA 

(anticyclonic) features are positively correlated in space with chlorophyll-a anomalies 

from the Sea WiFS timeseries. This relationship is above the 95% significance level 

for most of the region and inside marked "bands" ("A" and "B" on Figure 4.6), r is 

greater than 0.6. The "bands" extend out from the shelf near 29°S and between 31 

and 33°S latitude and we attribute these features in Figure 4.6 to preferred paths for 

warm-core, anticyclonic eddy propagation. The correlation of SeaWiFS's derived 

chlorophyll-a with mesoscale eddies as viewed by satellite altimetry off central WA 

does not support the idea that "eddy pumping" by cyclonic eddies significantly 

contributes to the near-surface concentration of chlorophyll-a, as seen in other 

oligotrophic ecosystems (McGillicuddy et al., 2001; Seki et al., 2001). 

The significant positive correlation between anticyclonic features and anomalously 

high chlorophyll-a biomass breaks down, (1) on the shelf where SSHA data is 

unreliable; (2) north of Shark Bay and (3) in the southern limits of the region of study, 

where the influence of the seasonally varying Sub-Tropical Front (STF) dominates the 

dynamics. 

If cyclonic eddies are not playing a characteristic role in driving the surface 

distribution of chlorophyll-a in the oligotrophic waters off central WA then the 

question remains as to what are the drivers for the patterns observed. The relationship 
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between the Sea WiFS and SSHA timeseries suggests that anticyclonic features, 

formed at preferred locations along the WA coast, are fundamental to this question. 

4.6 Observations of a "decadally significant" anticyclonic eddy 

4.6.1 Remotely sensed observations 

To provide a synoptic view of the remotely sensed observations, Figures 4.7(a)-(h) 

show a series of snapshots of Sea WiFS chlorophyll with superimposed SSHA 

contours for the April through November 2000 period. In late April of 2000, with an 

increasing alongshore pressure gradient and the slackening of prevailing southerly 

winds, the Leeuwin Current increases in strength bringing warm, low salinity water 

south. During this time of increased Leeuwin Current activity, intense mesoscale 

eddies spawn along the coast (Figure 4.7 (a)) and chlorophyll-a on the shelf begins a 

rapid increase in concentration (Figure 4.4). In June (Figure 4.7 (c)), while levels of 

chlorophyll-a on the shelf are close to their seasonal peak, the eddies have separated 

from the coast and begin to propagate westward. By the end of July (Figure 4.7 (d)) 

the entire region off WA out past 110° east and including the Leeuwin Current is at 

seasonally high levels of Sea WiFS-derived chlorophyll-a, likely influenced by a 

seasonal winter bloom due to surface cooling and mixing (Longhurst 1998). By late 

September (Figure 4.7 (f)) both the coastal sea-level and chlorophyll-a signal are in 

decline and by mid-November (Figure 4.7 (h)) the chlorophyll-a signal in the region 

is at an annual low. 

During this sequence of remotely sensed observations one observes the formation of a 

very large anticyclonic eddy (ACE - a strong positive sea level anomaly) just off the 
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shelf near 31°S around 4 May 2000 (Figure 4.7 (b)-label eddy "ACE") which 

compellingly resembles the mechanism advanced by Pearce and Griffiths (1991) and 

shown in Figure 4.2. Examination of the SSHA record since January 1993 shows 

this "ACE" eddy is the most significant anticyclonic eddy in terms of its height 

anomaly and lifespan (Waite et al., this volume -figure 1). 

By June 2000 (Figure 4. 7 ( c)) the "ACE" anomaly has separated from the shelf and 

develops into a seasonally large anticyclonic eddy. Other smaller cyclonic eddies 

appear in conjunction with the "ACE" eddy as well as other smaller anticyclonic 

features. By late August (Figure 4.7 (e)) eddy "ACE" has moved well off the shelf 

and by the time of the TIP2000 cruise sampling (Figure 4.7 (f)) eddy "ACE" is 

roughly centred at 30°S, 110.5°E. Almost one month later (Figure 4. 7 (g)) eddy 

"ACE" appears as part of an eddy pair that is involved in a bifurcating jet advecting 

shelf water along 28°S out past 110°E and into eddy "ACE". As the end of 

November 2000 approaches (Figure 4.7 (h)) eddy "ACE" can still be seen from its 

SSHA but its level of SeaWiFS-derived chlorophyll has decreased significantly. 

Figure 4.8 presents an index of Sea WiFS estimated chlorophyll concentration for 

eddy ACE over time. The binned average of all Sea WiFS returns within the core of 

eddy ACE, defined by a SSHA of +0.5m, was calculated for nine instances from April 

through November 2000. While this index is not conservative, potentially influenced 

by eddy splitting, entrainment, and changes in the depth of the mixed layer, it gives an 

indication as to the evolution of chlorophyll within the large anticyclonic eddy. The 

mean chlorophyll-a concentration in eddy "ACE" decreases with time, ranging in 

average from nearly 0.3 mg/m3 while it is still forming in mid-April to just over 0.1 
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significant anticyclonic eddy) 
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mg/m3 as it travels west past 109°E longitude in mid-November. 

4.6.2 In-situ observations - TIP2000 cruise 
By late September, the time of the TIP2000 research cruise, a series of anticyclonic 

eddies (including eddy "ACE") and cyclonic eddies were established off the coast of 

WA (Figure 4. 7 (t)). The TIP2000 cruise targeted in real-time and sampled a number 

of cyclonic and anticyclonic eddies, including eddy "ACE" (Figure 4.7 (t)) shows the 

cruise track, September 24- October 1, 2000, superimposed on the nearest-in-time 

synoptic view of mesoscale features). Of the four main transects off the WA coast, 

WAI - WA4, we will focus on those that best dissect the large mesoscale features; 

WA3, and part of WA4. 

The W A3 transect plus two stations from W A4, a "bent" section designated 

"WA3+WA4", (Figure 4.9) cross both a cyclonic eddy and the large anticyclonic 

feature (eddy "ACE"). There is a strong deep chlorophyll maximum (DCM) 

associated with the cyclonic eddy (0.34 mg chlorophyll-a/m3 maximum centred near 

75m depth) while chlorophyll-a biomass in the anticyclonic eddy (between 0.06-

0.27 mg chlorophyll-a/m3
) is mixed down to a depth of nearly 250m (Figure 4.9 (c)). 

Along the W A3 transect at station 60, at the boundary between the anticyclonic eddy 

ACE and the cyclonic eddy, there is a nutrient feature (Figure 4.9 (d)) where 

measurable levels of nitrate over 0.2 µM extend to the surface - no comparable 

feature was seen elsewhere throughout all the TIP2000 transects. 

This feature of non-zero surface nutrients coincides with the strong frontal boundary 

between the two eddies. The chlorophyll signal on the "cyclonic" side of the front 
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Figure 4.9 TIP2000 Cruise Section "WA3+WA4", Section plot, Stations 54-64 
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responds with a DCM that is vertically thicker and higher in concentration than within 

the remainder of the cyclonic eddy. The "anticyclonic" side of the front exhibits a 

higher, vertically mixed concentration of chlorophyll-a in comparison to the centre of 

eddy "ACE". 

In the centre of eddy "ACE" at station 62, nutrients were exhausted throughout the 

mixed layer with no detectable nitrate above 200 metres. At stations 61 and 63 one 

finds trace levels of surface nitrate (0.07 and 0.04 µM respectively). Station 63, in the 

periphery of the eddy's southeast quadrant, exhibits locally high concentrations of 

chlorophyll-a in the upper mixed layer (20 - 60m depth). The nitrate profiles for 

stations 61 and 63 decrease with depth to undetectable or trace levels between 100 

and 150 metres before increasing again with depth. 

Besides the two shallow and vertically mixed coastal stations, 39 in the north and 75 

directly off Perth, and the anti-cyclonic eddy "ACE" stations 60, 61, and 63, no other 

stations showed any evidence of detectable nitrate penetrating into the surface layer. 

The centre of the W A3 cyclonic eddy (Station 57) has no detectable nitrate above the 

DCM at 73m and while the 1.0 µM isopleth is uplifted it is still below lOOm. 

Table 4.1 presents water column properties, along with the Sea WiFS estimates and 

Csat (Gordon and Clark, 1980), for 7 representative stations across the entire TIP2000 

cruise: 2 shelf stations (3 9 and 52), 3 eddy "ACE" stations ( 60, 61, and 62), and 2 

cyclonic eddy stations ( 45 and 57). Total chlorophyll-a (T chla) in mg/m2 is calculated 

from Chlafi integrated over the euphotic depth, or in the case of the deeply mixed 
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eddy "ACE", over the mixed layer depth (.MLD) which was 250m. 

Station Typ~ · · i • · · 

'DCM depth(m) .· 
z9o emf · · ., : .. .. :-:· " 
1010· Epar depttl. Cm) -
Tchla :cm9/mZ) ~· - -~ .· . 
8D,9K SeaWiFS{mgim3) 
lDlK ·Sea'WiFS(mg/11_13) 
C~at(mg/ni3) .- - - -

Shelf 
none 
17.9 
82 

24.5 
0.29 
0.32 
0.29 

· Station ·'· 
. 45 ·.». s2. · 51 ·.&() · .6.i· 
CE Shelf CE ACE ACE 
70 none 75 none none 

27.5 17.4 27.5 22.4 20.8 
126 80 126 103 96 
30.9 20.2 21.7 49.6 51.8 
0.12 0.33 0.12 0.18 0.21 
0.10 0.25 0.12 0.15 0.25 
0.10 0.23 0.09 0.27 0.20 

Table 4.1 Water column properties at representative stations. Station type: ACE= 

anti-cyclonic eddy , CE = cylonic eddy ; Z90 calculated from "K.i90; Depth of the 

euphotic zone, 1 % Epar, calculated from (Smith 1981); Total Chlorophyll-a (T chla) 

calculated over the euphotic zone for CE and over the MLD (250m) for ACE; Csat 

calculated from Chlafl. 

62 -
ACE 
none 
22.4 
103 
48.8 
0.19 
0.21 
0.28 
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The Sea WiFS imagery shows that cyclonic eddies have lower estimated chlorophyll-a 

concentration when compared to anticyclonic eddies and this is certainly true for 

surface in-situ estimates (Chl-aHPLc) with mean surface concentrations of 0.08 mg/m3 

and 0.19 mg/m3 for cyclonic eddies and the "ACE" anticyclonic eddy, respectively. 

SeaWiFS 8d9k chlorophyll-a estimates for the same locations and dates yield 0.12 

mg/m3 and 0.19 mg/m3 for cyclonic eddies and the "ACE" anticyclonic eddy, 

respectively. 

While Sea WiFS-derived chlorophyll-a underestimates the water-column integrated 

chlorophyll-a concentration in cyclonic eddies, and other regions with DCM's, the 

theoretically expected Sea WiFS estimates, Csat (Gordon and Clark, 1980), agree well 

with the actual Sea WiFS returns. Furthermore, in a column integrated sense, T chla in 

the anticyclonic eddy "ACE" is roughly twice that of the cyclonic eddies, which has 

concentrations at the same order of magnitude as the shelf values. 

Our remotely sensed and in-situ observations show a clear relationship between the 

type of mesoscale feature, either cyclonic or anticyclonic, and both the vertical and 

horizontal distribution of chlorophyll-a biomass. Our in-situ pigment observations 

allow us to further query if similar relationships exist in terms of the phytoplankton 

community structure. 
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4. 7 Relationship between phytoplankton pigments and mesoscale 
structure 

Pigment analysis has been used in this study to estimate the phytoplankton 

community composition and concentration at all TIP2000 cruise stations. 

Pigments which relate specifically to an algal class are termed marker or diagnostic 

pigments (Jeffrey & Vesk, 1997; Wright & Jeffrey, 2006) and some of these 

diagnostic pigments are found exclusively in one algal class (e.g. alloxanthin which is 

only found in cryptophytes) while others are the principal pigments of one class but 

are also found in other classes (e.g. fucoxanthin in diatoms and some haptophytes; 

19'-butanoyloxyfucoxanthin (19BF) in chrysophytes and some haptophytes). The 

presence or absence of these diagnostic pigments can provide a simplified guide to the 

composition of a phytoplankton community including identifying classes of small 

flagellates that cannot be determined by light microscopy techniques. 

In this study the presence of fucoxanthin has been used to indicate diatoms; peridinin 

- dinoflagellates; 19'-hexanoyloxyfucoxanthin (19HF)-haptophytes; alloxanthin-

cryptophytes; prasinoxanthin - prasinophytes; zeaxanthin - cyanophytes; chlorophyll 

b- chlorophytes and/or euglenophytes and Divinyl chlorophyll a,b (DV chl-a, DV 

chl-b) - prochlorophytes. 

The pigment results were examined with hierarchical cluster analysis, using the Bray-

Curtis similarity coefficient, to identify groups of stations with similar phytoplankton 

compositions. Two main clusters, each containing samples with approximately 30% 

119 



similarity were identified (Figure 4.10 (a)). Cluster l(as shown Figure 4.10 (a)) 
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Figure 4.10 (a) Hierarchical cluster analysis, using the Bray-Curtis similarity 

coefficient, to identify groups of stations with similar phytoplankton compositions. 

Cluster 1, including sub-clusters la and 1 b, denoted as the "DCM group", sub-cluster 

2a denoted as the "coastal group" and sub-cluster 2b denoted as the "modified coastal 

group". (b) Diagnostic marker pigment composition stations representative of each 

grouping as denoted in (a). Accessory pigments not shown. 
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contained all the samples that were collected in regions not classified as either the 

anticyclonic "ACE" eddy or coastal/shelf and separated into two sub-clusters (sub

clusters la and lb) differentiated by depth. Cluster 1 surface samples (sub-cluster la) 

generally contain only the pigments 19-HF and zeaxanthin, indicating a 

phytoplankton community dominated by haptophytes and cyanophytes (Figure 4.10 

(b) - accessory pigments not shown). At depth (sub-cluster lb) the samples contained 

19-BF and DV chl-a,b as well as 19-HF and zeaxanthin, indicating the phytoplankton 

community also contains chrysophytes and prochlorophytes in addition to 

haptophytes and cyanophytes. The stations within cluster 1, unlike the other samples, 

exhibit a strong vertical gradient in the chlorophyll-a profile, with a DCM occurring 

between 60 and 80 metres (Figure 4.9 (c)). Zeaxanthin and the minor pigment, B.B-

carotene, decreased with depth while DV chl-a,b and B,e-carotene increased with 

depth (Figure 4.10 (b)). This would suggest that cyanophytes are dominant in the 

surface layer and prochlorophytes dominate in the DCM, although pigment analysis 

alone doesn't allow us to preclude photoacclimation or ecotype photoadaptation 

(Bouman et al., 2006; Partensky et al., 1999; Toledo and Palenik, 2003) as a possible 

cause for these vertical gradients. Haptophytes appear equally abundant at all depths 

sampled in terms of the marker pigment composition. However, we are unable to 

preclude photoacclimation effects. We refer to this cluster of samples, cluster 1, in 

further discussion as the "DCM group". 

Unlike cluster 1, cluster 2 didn't separate cleanly into sub-clusters based on depth. 

Sub-cluster 2a (as denoted in Figure 4.10 (a)) contained all the samples, across all 

depths, that were collected in the coastal/shelf region. This group of samples is 

characterised by a pigment composition of primarily 19-BF, 19-HF, fucoxanthin, 
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zeaxanthin, chlorophyll-b, and alloxanthin. This composition of diagnostic pigments 

indicates a mixed phytoplankton community consisting mainly of haptophytes, 

chrysophytes, diatoms, cyanophytes, cryptophytes and probably euglenophytes 

(Figure 4.10 (b)). We suggest euglenophytes rather than chlorophytes as lutein, a 

marker pigment for chlorophytes was not detected in these samples. Additionally 

euglenophytes are a common member of phytoplankton communities in temperate 

inshore and coastal waters (Jeffrey & Vesk, 1997). Cryptophytes were only found in 

samples collected at the most inshore stations and the presence of minor pigments, 

chlorophyll cl +c2, diadinoxanthin and B.B-carotene, in addition to the fucoxanthin, 

indicated the presence of diatoms. We refer to this cluster of samples, sub-cluster 2a, 

in further discussion as the "coastal group". 

Within the main cluster 2 was a smaller group of offshore stations, sub-cluster 2b (as 

denoted in Figure 4.10 (a) which contained samples that had been collected within 

the anticyclonic "ACE" eddy. While the "coastal group", sub-cluster 2a, contained 

alloxanthin and fucoxanthin, in sub-cluster 2b these pigments were absent. The 

absence of fucoxanthin is an indication that there are few if any diatoms in the 

phytoplankton community within the anticyclonic "ACE" eddy (sub-cluster 2b) and 

that the haptophytes within the coastal samples (sub-cluster 2a) may differ from those 

in the "ACE" eddy (sub-cluster 2b). 

Samples collected from an anticyclonic eddy in a study reported by Thompson et al. 

(2006 in press) showed similar results in terms of pigments. Light microscopy 

analysis of these samples, however, indicated a phytoplankton community 

composition which is diatom dominated - about 61 % of cells counted. In contrast 
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CHEMT AX analysis of the pigment composition suggested diatoms account for only 

4 - 15% of the phytoplankton composition. 

Although there is no phytoplankton count data from this study, the results from 

Thompson et al. (2006 in press) together with the pigment results from this study 

suggest that the diatoms in offshore anticyclonic eddies may be present but lacking or 

low in pigment. The diatoms listed as present in the eddy described by Thompson et 

al. (2006 in press) are mostly large phytoplankton (30 - > 100 µm), which are fragile 

and vulnerable to breakage. During a previous study off Western Australia 

(Hallegraeff and Jeffrey, 1984) similar large diatoms were noted to be empty or 

without a chloroplast (Jeffrey, personal communication). This suggests that even 

though diatoms may be present in the offshore anticyclonic eddies, they do not 

contain fucoxanthin due to a loss of chloroplasts or possibly nutrient limitation 

(Thompson et al., 2006 in press) and hence do not contribute to the pigment 

composition. This could explain why low or below detection level concentrations of 

fucoxanthin have been observed in our study. 

Prochlorococcus is a small (picoplanktonic) algal cell that is found primarily in 

oligotrophic regions throughout the surface layers but especially in the DCM' s found 

at the base of the euphotic zone (Jeffrey & Vesk, 1997) and is either well suited to 

exploit low concentrations of recycled nutrients or even unable to utilize nitrate 

(McCarthy, 2002). Both the "coastal" group and the community inside the "ACE" 

anticyclonic eddy have no Prochlorococcus pigment signature (Figure 4.10 (b)), 

while the "DCM" stations, including the cyclonic eddy, show divinyl chlorophyll-b 

marker pigment at and increasing with depth. 

123 



We suggest that, from the pigment observations and the cluster analysis, the samples 

collected in the anticyclonic "ACE" eddy, approximately 430kms off the WA shelf, 

indicate a modified coastal phytoplankton community and we refer to this cluster of 

samples, cluster 2b, in further discussion as the "modified coastal group". 

4.8 Discussion 

In their Interim Final Report (Keesing and Heine, 2005) the Strategic Research Fund 

for the Marine Environment (SRFME) finds that coastal waters off WA are more like 

"case 1" environments, where optical scattering is dominated by phytoplankton, rather 

than other typical "case 2" coastal regions where CDOM and detrital constituents 

confound the remotely sensed observation of chlorophyll-a. While Keesing and 

Heine (2005) do report some overestimation in remotely sensed chlorophyll-a data, 

overall levels of CDOM and detrital absorption are low and comparable to open

ocean or oligotrophic regions. Keesing and Heine (2005) show that for WA waters 

there is a reasonably good relationship between in-situ and remotely sensed estimates 

of chlorophyll-a derived from the standard Sea WiFS algorithms. Our examination of 

match-up data from the TIP2000 cruise concurs with Keesing and Heine (2005) and 

gives us confidence to use Sea WiFS observations as a proxy for chlorophyll-a 

biomass that captures the fundamental temporal and spatial near-surface features. 

Our examination of the correlation between SeaWiFS's derived chlorophyll-a and 

SSHA off central WA does not support the idea that "eddy pumping" by cyclonic 

eddies significantly contributes to the near-surface concentration of chlorophyll-a. 

Further, our in-situ observations off the central WA coast in September 2000 indicate 
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that, while nutrients are somewhat uplifted in the centre of the cyclonic eddy, the 

penetration of nutrients into the euphotic zone was not significant, in contrast to 

studies of "eddy pumping" cyclonic features in other oligotrophic regions 

(McGillicuddy et al., 2001; Seki et al., 2001). Thompson et al. (2006 in press) also 

found a lack of nutrient input to the euphotic zone in a similar cyclonic feature, in the 

same region, in October 2003. 

The evolution of the 2000 anticyclonic eddy "ACE" (Figure 4.7 (b)) bears a strong 

qualitative resemblance to the mechanism described by Pearce and Griffiths (1991) 

(Figure 4.2). In this manner we suggest that, coincident with the intensification of 

the Leeuwin Current, the peak period in formation of long-lived anticyclonic eddies 

(Fang and Morrow, 2003), and the seasonal increase of phytoplankton on the central 

WA shelf, shelf phytoplankton communities are entrained into anticyclonic features 

during their formation at annually persistent locations along the shelf-break and then 

exported far offshore along preferred paths of eddy propagation (Figures 4.5 & 4.6). 

This hypothesis is supported by our TIP2000 pigment results. Cluster analysis of the 

sampled pigments grouped by similarity the offshore anticyclonic "ACE" community 

with the coastal stations. Further, we use the marker pigments for Prochlorococcus as 

an indicator to differentiate between the oligotrophic waters of the eastern Indian 

Ocean and those of the central WA shelf origin. In a three year study of 

phytoplankton composition determined by pigment analysis, samples collected from a 

transect off Two Rocks along the central WA coast show prochlorophytes are only 

found at the offshore stations (SOO and 1000 m water depth) and never at the inshore 

stations ( <60 m water depth) (L.Clementson, unpublished data). Marker pigments for 
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Prochlorococcus, while expected and present in the oligotrophic waters of the 

offshore "DCM group", are not present, as expected, in the "coastal group" nor are 

they present offshore in the anticyclonic "ACE" eddy, directly adjacent to the "DCM 

group" community in the cyclonic eddy. These results support our hypothesis that 

this offshore community evolved from the shelf communities entrained into the 

anticyclonic eddy "ACE" during its formation at the shelf break. 

The lack of the diatom marker pigment fucoxanthin in the "modified coastal group", 

present in the "coastal group", can be explained by both a possible loss of chloroplasts 

due to breakage and/or nutrient limitation - hence the label as a "modified coastal 

group". This study found that nutrients were exhausted throughout the mixed layer 

with no detectable nitrate above 200 metres in the centre of the anticyclonic "ACE" 

eddy. Thompson et al. (2006 in press) found in a similar anticyclonic eddy a 

significant amount of diatoms, 61 % of the community by cell count, that were lightly 

pigmented and low in fucoxanthin. 

The overall trend in SeaWiFS estimated chlorophyll-a concentration inside eddy 

"ACE" over an 8 month period (Figure 4.8) is a steady decline, although the core 

average, according to our index, does increase slightly on two occasions. Keeping in 

mind that our measure is not conservative, these variations may indicate fluctuations 

in chlorophyll-a due to variability in grazing pressure, new production due to nutrient 

supply, or re-seeding by the entrainment of other watermasses, including the 

possibility that over the lifetime of an eddy it may reconnect with the shelf and entrain 

more phytoplankton of coastal origin, as suggested by Figure 4.7 (g). 
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The presence of relatively high SeaWiFS estimated chlorophyll-a inside eddy ACE 

many months after its initial formation in proximity to the shelf raises the question as 

to how the chlorophyll-a is maintained in the anticyclonic mesoscale feature. If the 

entrained coastal communities were purely remnant and decaying away at a constant 

loss rate, Figure 4.8 would indicate an exponential decline. The roughly linear 

decline suggests some combination of processes that produce a linear trend. One of 

the potential processes would be the growth of phytoplankton due to the injection of 

new nutrients. 

There are a number of possible nutrient supply vectors including input from nutrient 

rich deep waters, horizontal advection, and nitrogen fixation. We have not thoroughly 

investigated the impact of nitrogen fixation, as our HPLC pigment analysis is unable 

to distinguish between diazatrophic phytoplankton species (such as Trichodesmium) 

and other cyanophytes. However, Twomey et al. (2006 in press) found that rates of 

nitrogen fixation were 2 orders of magnitude lower than dissolved inorganic nitrogen 

uptake. Twomey et al. (2006 in press) concluded that nitrogen fixation did not 

significantly contribute to primary productivity during their study off the central WA 

coast in Spring 2003 (late October - early November). 

Our in-situ observations reveal that the TIP2000 eddy "ACE" has a deep mixed layer 

that is largely depleted of nutrients (Figure 4.9 (d)). The eddy also exhibits 

homogeneous concentrations of chlorophyll-a (Figure 4.9 (c)) well below the 

euphotic depth (Table 4.1) and the vertical density gradient implies significant and 

vigorous vertical mixing within the mixed layer to a depth of nearly 250m. Waite et 

al. (this volume) find that large phytoplankton in the October 2003 anticyclonic eddy 

must access new nutrient sources external to the eddy and conclude that some 
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combination of the nitrate incorporated in the anticyclonic eddy during formation and 

nutrient input across the bottom boundary supplies nutrients to the large 

phytoplankton size fraction of that community. Thompson et al. (2006 in press) 

found increased phytoplankton concentrations at the surface only in the high 

horizontal shear "jet" between the October 2003 anticyclonic/cyclonic eddy pair. Our 

in-situ observations suggest a source of nutrients for the surface-layer may occur in 

the region between anticyclonic/cyclonic eddy pairs. 

The relatively high surface nutrients seen at station 60, where measurable levels of 

nitrate over 0.2 µM extend to the surface, coincides with the frontal boundary 

between the anticyclonic eddy "ACE" and the cyclonic eddy (Figure 4.9 (d)). 

Further, the nitrate profiles for stations 61 and 63, within the periphery of eddy ACE 

but further away from the strong front between the two eddies, exhibit trace levels of 

nitrate at the surface which then decrease to undetectable levels between 100 and 150 

metres before increasing again with depth. This suggests the local, relatively high 

nitrate concentration found near the surface at stations 61 and 63 may be sourced from 

processes occurring near station 60 and connected via circulation around the eddy 

periphery. We suggest this is evidence for sub-mesoscale features in the frontal ring

boundary between the anticyclonic and cyclonic eddies, injecting nutrients into the 

surface layer and leading to the enhanced nitrate and chlorophyll-a in the anticyclonic 

eddy. 

Numerical models (Levy et al., 2001) and observations (Hitchcock et al., 1993; 

Longhurst, 2001; Tranter et al., 1980) have found relatively high chlorophyll 

concentrations in anticyclonic eddies especially in the periphery and the boundary 
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between the rings. Levy et al. (2001) shows that sub-mesoscale processes ("'5-20km 

scale) in the periphery of anticyclonic eddies can play a critical role in the supply of 

nutrients and distribution of phytoplankton, as well as the level of new production. 

It has been suggested that factors such as temperature, advection, food aggregation, 

and primary production, moderated by mesoscale features, can influence fisheries 

(Kimura et al., 2000; Nakata et al., 2000; Seki et al., 2002). In the Leeuwin Current 

region off WA, mesoscale eddies, their variability and biophysical dynamics impact 

on higher trophic levels and commercially important fisheries (Muhling et al., 2006 in 

press; Paterson et al., 2006 in press; Strzelecki et al., 2006 in press; Waite et al., 2006 

in press). A well documented characteristic of the commercially important WA rock 

lobster (Panulirus cygnus) fishery is the relationship between interannual variability 

in larval settlement and a number of inter-related physical indices: the Southern 

Oscillation Index (SOI), coastal sea-level, and the strength of the Leeuwin Current 

(Caputi et al., 2003; Caputi et al., 2001; Caputi et al., 1996; Pearce and Phillips, 

1988). In general, El Nifio periods lead to lower coastal sea-level, a weaker Leeuwin 

Current, and less settlement success of rock lobster larvae. In their modelling study, 

Griffin et al. (2001) discount that variability in physical advection could drive the 

seasonal variability in rock lobster larval settlement. Instead they suggest that, along 

with temperature, the variability and distribution of chlorophyll-a biomass, and the 

larval prey fields, may be an important driver. Given this "Griffin hypothesis" and 

the links we have shown between mesoscale features and the vertical and horizontal 

distribution of phytoplankton, we hypothesise that the variability in the fishery may 

be influenced by interannual variability in the mesoscale field. Indeed, it has been 

shown that more numerous and more intense long-lived anticyclonic eddies are shed 
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from the WA coast in La Nifia conditions in comparison to El Nifio periods (Birol and 

Morrow, 2003; Fang and Morrow, 2003). 

4.9 Summary 

Our analysis of climatological SeaWiFS-derived chlorophyll-a shows a strong 

seasonal cycle and an average on the shelf in winter that is nearly 3 times the summer 

value but still low compared to other EBC regions worldwide (Thomas et al., 2004). 

We have found that cyclonic eddies are associated with deep chlorophyll maxima 

(DCM) and anticyclonic eddies with vertically homogeneous concentrations of 

chlorophyll-a. In comparison to the "upwelling" cyclonic eddies, anticyclonic eddies 

contain greater chlorophyll-a biomass, both in terms of surface concentration and in a 

column integrated sense. The anticyclonic eddies, formed along the shelf-break in 

autumn at preferred locations, entrain shelf waters with regionally high concentrations 

of chlorophyll-a. Off-shelf we find two types of phytoplankton communities; 

modified shelf communities that have been exported in these anticyclonic eddies and 

offshore subtropical communities concentrated in the DCM outside the anticyclonic 

eddies. Our results suggest that these anticyclonic eddy communities can survive, 

separated from the shelf, for five months or more and their maintenance may result 

from the sub-mesoscale injection of nutrients at the boundaries between anticyclonic 

and cyclonic eddy pairs. 
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5.0 Summary and Conclusions 

Synthesizing remotely sensed and in-situ observations, this thesis investigated the 

relationship between ocean physics and phytoplankton distributions in the Banda Sea 

and in the eastern Indian Ocean off the coast of Western Australia. The approach 

taken was to investigate factors that limit phytoplankton growth and to address a 

range of scales including synoptic mesoscale eddies, seasonal monsoons, 

climatological features, and ENSO related interannual variability. The goal of this 

thesis was to provide a better understanding of regional biogeography, with the 

overall motivation of contributing to the global effort to comprehend the mechanisms 

by which the world's oceans ecosystems are sustained and in turn act to mediate 

atmospheric trace gas compositions and global climate. 

In the Banda Sea, the distribution of chlorophyll-a is used as an indicator to describe 

the biophysical response of this deep Indonesian basin to the seasonal winds of the 

southeast monsoon (June - September). The in-situ and remotely sensed data support 

the idea that the Banda Sea responds through upwelling, driving seasonal variability 

in phytoplankton. In-situ physical data from the BIOP98 cruise suggests an upwelling 

signal and HPLC analysis of phytoplankton pigments indicates a community 

dominated by diatoms to the east, and a more oligotrophic community to the west, 

further supporting the idea of an upwelling response. Satellite observations reveal a 

strong seasonal signal and an east-west gradient in chlorophyll-a, confirming 

monsoon driven upwelling on the eastern side of the basin as reported by (Wyrtki 

1957; Wyrtki 1961; Wyrtki 1987; Boely, Gastellu-Etchegorry et al. 1990; Wetsteyn, 
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Ilahude et al. 1990; Zijlstra, Baars et al. 1990; Kinkade, Marra et al. 1997; Ilahude 

1998). Remotely sensed observations of chlorophyll-a during the 1997-1998 El Nino 

suggest that the distribution of chlorophyll-a in the Banda Sea is modulated by 

ENSO, most likely through both local and remote forcing that impacts thermocline 

depth and the monsoonal wind regime. 

South of the archipelago, signals and properties from the ITF influence the 

oceanography of the region off central Western Australia (WA). These Leeuwin 

Current waters are unique in terms of their biological and physical oceanographic 

character as the current flows poleward along an eastern boundary and contributes to 

prevailing downwelling conditions along the WA coast. Despite the oligotrophic 

conditions, significant spatial and temporal variability in phytoplankton distribution 

exists and I find a key regional feature of the phytoplankton variability is a seasonal 

peak in chlorophyll-a in the winter period (May-July) on the central WA shelf. To test 

the hypothesis that this seasonal cycle is related to nutrient inputs, this thesis attempts 

to quantify several potential sources: (1) upwelling from off-shelf; (2) rainfall and 

associated runoff; (3) Leeuwin Current transport; (4) shallowing and/or mixing of the 

nutricline; and (5) benthic supply. Potential nutrient inputs from Leeuwin Current 

transport and coastal runoff appear to be most important, although sparse data 

prevents a definite conclusion. 

Mesoscale physical variability has been well documented in the Leeuwin Current 

influenced region of central WA (Griffiths and Pearce 1985; Pearce and Cresswell 

1985; Pearce and Griffiths 1991; Cresswell and Peterson 1993; Batteen and Butler 

1998; Cresswell and Griffin 2003; Morrow, Fang et al. 2003; Fieux, Molcard et al. 

2005). Regional biogeochemical characteristics also display persistent mesoscale 
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features and influence. Both satellite and in-situ estimates of surface chlorophyll-a 

suggest low phytoplankton concentrations in cyclonic ("upwelling") eddies and high 

concentrations in anti-cyclonic ("downwelling") eddies, contrary to canonical ideas 

about "eddy pumping". The anti-cyclonic eddies entrain regionally high chlorophyll

a shelf waters and then export this material off shore as these eddies propagate 

westward. Further, I have shown evidence that suggests sub-mesoscale features at the 

ring-boundary can inject nutrients into the surface layer, which converge on the eddy 

centre, and become available for utilisation by the phytoplankton communities. I 

propose this may be one of the mechanisms whereby off-shelf phytoplankton 

communities are sustained beyond background levels of recycled nutrients. The 

formation of these anti-cyclonic eddies occurs at two preferred zones along the central 

WA shelf, near 29°S and between 31° and 33 °S, and their formation and offshore 

advection strongly influences the mixed layer distribution of phytoplankton in the 

open ocean off the central WA coast during the 'May-October period. 

As a final comment, this thesis contributes to the understanding of regional 

biogeography in both the Banda Sea and the eastern Indian Ocean off the central WA 

coast and also highlights the limitations of the methods used and the sparse 

observations available. To better understand the physical and biogeochemical drivers 

behind the ecology of these regions further efforts are needed. Of great interest is 

how the distribution and structure of the phytoplankton communities relate spatially 

and temporally to rates of primary production, nutrient recycling, the distribution of 

grazers, and external nutrient inputs such as iron and N fixation. Of particular note is 

the need for a comprehensive nutrient budget for the WA continental shelf including 

realistic bo_unds on the magnitude and variability of benthic cycling. 
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All these topics can be advanced to some degree by modelling and remotely sensed 

observations, however greater "sea-truth", at least in terms of the observations needed 

to parameterise and validate future regional biophysical models, is vital. The addition 

of biogeochemical instrumentation to profiling floats and similar AUV (autonomous 

underwater vehicle) technology, highly successful in the physical arena (see current 

bibliography at http://www.argo.ucsd.edu/), may be able to fill some of this need. 

In terms of what arguably may be the biggest technical advance in biological 

oceanography of the past decade, the ability to make consistent, synoptic, and high 

resolution observations of global ocean colour from space, developments in new 

ocean colour derivative products such as sea surface nitrate (Goes, Saino et al. 1999; 

Goes, Saino et al. 2000; Goes, Gomes et al. 2004), primary production (Behrenfeld 

and Falkowski 1997), and markers of phytoplankton community structure (Seppala, 

Ylostalo et al. 2005) hold promise to further "revolutionize" the understanding of 

regional biogeography. 
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