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ABSTRACT 

 

Seawaters associated with the Subtropical Frontal Zone located off the eastern coast of New Zealand 

are of particular interest for studies of the global marine carbon cycle. The Southland Front represents 

the near-coastal portion of the Subtropical Frontal Zone, which is a major circumpolar oceanic system 

that marks the boundary between Subtropical and Sub-Antarctic water masses. The Southland Front is 

subject to unique interactions between the oceanic water masses and coastal processes and is 

characterised by high seasonal and spatial variabilities in surface partial pressure of CO2 (pCO2). 

These features and the proximity of the frontal zone to land provide an ideal natural laboratory for the 

marine carbonate system. The Munida Time Series Transect has collected high frequency marine 

carbonate data across the Southland Front since 1998. Historic data indicates considerable spatial, 

seasonal and interannual variability in pCO2, which is attributed to strong seasonal biological 

drawdown, thermodynamic mixing and wind events. 

Chlorophyll-a (chl-a), net primary production (NPP) rates, macronutrient, and hydrographic data were 

sampled on a bi-monthly basis along the 65 km Munida Time Series Transect. Peak NPP rates were 

observed in the near-shore neritic water and modified-subtropical waters (STW) during the austral 

summer season of 2009/2010, with column integrated rates of 1.5 ± 0.2 g C m
-2 

d
-1
 and 1.6 ± 0.1 g C 

m
-2 

d
-1
 measured in December 2009 and January 2010, respectively. Phytoplankton primary 

production was also amplified (0.90 ± 0.08 g C m
-2 

d
-1
) during the December 2009 sampling period in 

the iron limited High Nutrient, Low Chlorophyll (HNLC) waters of the Sub-Antarctic (SASW) 

portion of the Southland Front. Measurements of relative depletions of macronutrient concentrations 

across the frontal system indicate that primary production is nitrogen limited in the neritic and STW 

waters, with primary production in the SASW co-limited by silicate and trace metal concentrations. 

Peak production rates measured in the Spring and Summer 2010 period for both the STW and SASW 

portions of the Southland Front were significantly less than the previous year, with integrated values 

of 0.7 ± 0.1 g C m
-2 

d
-1
 and 0.2 ± 0.2 g C m

-2 
d

-1
, respectively. This variation in primary production 

was likely caused by interannual differences in the physical structure of the Southland Front, 

including the front location, gradient strength, inherent optical properties, and subsequent transport 

and availability of growth limiting nutrients.  

Coincident satellite derived chl-a observations were obtained for dates relating to sampling cruises 

along the Munida Time Series Transect in order to evaluate direct temporal matching pairs between 

remotely sensed and in situ chl-a concentrations. Although the retrieval and validation of global 

standard chl-a products from the ocean colour MODIS and MERIS sensors were limited due to cloud 

cover during the course of the study period, the performances of the empirical MODIS OC3M and 
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MERIS Algal 1 global standard chl-a algorithms were relatively consistent with other New Zealand 

specific studies. These satellite estimates were within the international remote sensing detection goal 

of 35% of in situ chl-a concentrations. The semi-analytical MERIS Algal 2 systematically 

overestimated chl-a relative to in situ measurements by 500 ï 800%. This overestimation was likely 

due to a lack of appropriate in situ matching data within the conditions optimised by the algorithm. 

This combined shipboard and remote sensing analysis produced a high resolution temporal and spatial 

biological profile of the frontal system. 

The comparison of this biological profile to concurrent pCO2 data provided insight into the dynamic 

processes dictating air-sea CO2 exchange in the Southland Front. A numerical model was developed to 

isolate and compare the physico-chemical and biological processes dictating pCO2 variations over the 

18 month sampling period. Biological processes (including organic production, degradation, and 

calcification processes) and thermodynamic processes were identified as the dominant processes in 

controlling seasonal pCO2
sw

 trends. Other processes assessed by the numerical modelling included air-

sea gas exchange and vertical entrainment. During the period from July 2009 to December 2010, all 

water masses in the Southland Front system were undersaturated in respect to atmospheric pCO2 and 

represented a net sink in atmospheric CO2. The undersaturation of these waters was observed by the 

dramatic minimum in measured pCO2 (approximately ïȹ60 to 75 µatm) around late spring to 

summer. These minima coincided with peak biological activity as indicated by extreme deficits in 

macronutrient concentrations. Estimates of net community production (NCP) were derived from 

nutrient mass-balances between phosphate and carbon using several published nutrient ratios. The 

NCP results indicated that the Southland Front was generally autotrophic (NCP > 1) during the study 

period, with annual biological drawdown of carbon and nutrients dominating heterotrophic respiration 

processes. 

This study provides the first inter-annual investigation of seasonal trends of phytoplankton abundance, 

distribution, and production for the Subtropical Frontal waters off the coast of Otago as sampled by 

the Munida Time Series Transect. The characterisation and quantification of the biological uptake of 

carbon dioxide relative to other processes within the marine carbonate system is required to resolve 

complex interactions between physical and biogeochemical processes within the dynamic Southland 

Front. The incorporation of this data from the Munida Time Series, along with other ocean time series 

observations, is essential for resolving complex interactions and processes throughout the global 

oceans and for detecting and predicting changes caused by anthropogenic climate change and ocean 

acidification. 
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CHAPTER 1: INTRODUCTION  

 

 Overview 1.1

 

The coupling between primary production by marine autotrophs in surface waters and the export of 

organic carbon to depth is crucial to the biogeochemical cycling of carbon within both the global 

oceanic and terrestrial biospheres. The fixation of inorganic carbon by photosynthesis serves as the 

entryway of carbon into the marine biological pump. This process also helps dictate the strength and 

efficiency of the biological pump in sequestering carbon dioxide from the atmosphere. As 

atmospheric CO2 continues to increase due to rising emissions from human activity, there is 

considerable concern within the global marine science community about effects due to climate change 

as well as from ocean acidification. There is also the question as to how the efficiency of the marine 

carbon sink will be affected due to changes in the chemical composition of the surface ocean and 

shifts in the transport and sequestration of carbon in the deep ocean. 

To address these questions, scientists from around the world have worked to quantify and characterise 

the processes dictating air-sea CO2 exchange and the dynamics of both the marine carbonate system 

and the biological pump within specific regions and basins of the global oceans. The Munida pCO2 

Time Series Transect is one such study that has amassed hydrographic, nutrient, carbonate system 

parameters, and air-sea CO2 exchange data in the waters off the South Island of New Zealand since 

1998 (Currie and Hunter, 1999, Currie et al., 2011a). This long-term study is not only significant due 

to the high frequency and resolution of the sampling but also because of the unique marine 

environment that it monitors. The Southland Front off the coast of Otago is the local manifestation of 

the Subtropical Convergence, a major oceanic frontal system separating Subtropical and Sub-

Antarctic basin waters that circumnavigates the globe between the 40°S ï 50°S parallels. This system 

effectively serves as the boundary edge for the Southern Ocean, one of the most under-sampled yet 

highly significant carbon sequestration regions on Earth. 

The aim of this study is to examine the seasonal and spatial variations in phytoplankton abundance 

and primary production across the Southland Front and to characterise the relative importance of 

biological drawdown of atmospheric CO2 in this area. This study incorporates conventional shipboard 

sampling regimes with new advancements in satellite remote sensing of the surface ocean and the 

inclusion of numerical modelling schemes to quantify the physical and biogeochemical processes 

affecting air-sea gas exchange within the highly dynamic system of the Southland Front.  
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 Atmospheric Carbon Dioxide and the Global Ocean Carbon Cycle 1.2

 

Since the Industrial Revolution, atmospheric concentrations of carbon dioxide (CO2) have risen 

steadily from 280 ppm at the middle of the 19
th
 century (Canadell et al., 2007) to current 

concentrations of over 390 ppm (Tans and Keeling, 2011). This increase is in stark contrast to historic 

data analysed from polar ice cores that indicate a regular oscillation of atmospheric CO2 levels 

between 200 and 280 ppm over the past 400,000 years (Sabine et al., 2004a). Intensified burning of 

fossil fuels and changes in land use stemming from the expansion of industrialisation and 

globalisation over the past two centuries have been identified as the main causes for this departure 

from natural variations. Predictions based on current emission trends warn of possible atmospheric 

CO2 levels reaching up to 800 ppm by the end of the century. This rapid accumulation is a significant 

environmental concern because of its broad-scale effects on the global climate and biogeochemical 

cycles (Keeling et al., 1996, Dore et al., 2003, Caldeira and Wickett, 2003, Orr et al., 2005, Mikaloff 

Fletcher et al., 2007, Heimann and Reichstein, 2008, Le Quéré et al., 2009, Boyd, 2011). 

Only half of the excess emitted from anthropogenic activities has remained in the atmosphere; the 

remaining CO2 has been absorbed by natural carbon sinks including the terrestrial biosphere and the 

ocean (Figure 1.1). Research conducted by the Joint Global Ocean Flux Study (JGOFS) estimates 

that the total oceanic uptake of anthropogenic CO2 from 1800 to 1994 amounts to approximately 118 

± 19 Pg C (Petagram = 10
15

 g), which accounts for an approximately 25 ï 30% of the net 

anthropogenically emitted CO2 over the last 200 years (Sabine et al., 2004a). Recent assessment and 

compilation of multiple international measurement programmes of CO2 concentrations in the surface 

ocean and lower atmosphere estimates the net annual drawdown of CO2 by the global ocean to be -1.6 

± 0.9 Pg C y
-1
 with the direction of flux from the atmosphere to the surface ocean (Takahashi et al., 

2009). This flux of CO2 includes the natural exchange of carbon across the air-sea interface as well as 

the transport and sequestration of carbon into the deep ocean reservoir. Thus, these multi-national flux 

studies not only reaffirm the importance of the oceanic reservoir within the global carbon cycle, but 

they also indicate that the global oceans are a net carbon sink for excess anthropogenic carbon dioxide 

emissions. 
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Figure 1.1. Schematic of the global carbon cycle. Carbon reservoirs and their natural historic magnitudes (GtC) are indicated 

in the yellow boxes and carbon fluxes (GtC yr-1) are indicated by the black arrows. The amount of carbon introduced and 

transferred via anthropogenic activity is indicated in red font and arrows. Carbon released from anthropogenic activities into 

the atmosphere includes burning of fossil fuels (6.4 GtC yr-1), soil degradation and agricultural modification (1.6 GtC yr-1), 

and general land use change (e.g. - loss of 140 GtC from vegetation, soil, and detritus reservoir).  Consequently, a net 

terrestrial sink of anthropogenic carbon (101 Gt yr-1) has been estimated in order to account for the uptake of excess carbon 

from biogeochemical processes in the biosphere (Sabine, 2004b). Since the Industrial Revolution, a significant portion of 

anthropogenic carbon has been absorbed by the ocean carbon reservoir where it is cycled through the inorganic and organic 

marine carbon systems and ultimately sequestered in the deep ocean carbon reservoir. Figure modified from IPCC 4th 

Assessment Report 2007 and NASA Earth Observatory 2001. Data obtained from IPCC 4th Assessment Report 2007 (IPCC, 

2007)  
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However, it is important to note that the net global carbon flux estimate for the oceanic sink is the 

product of modelling and interpolation from millions of individual measurements from localised 

regions of the worldôs oceans (Takahashi et al., 2009). As the composition of the ocean is highly 

variable, these individual ocean measurements monitor the very specific processes controlling the air-

sea gas exchange, carbon sequestration, and drawdown of CO2 within a localised area. The direction 

of CO2 flux between the surface ocean and the atmosphere is partly driven by the differences in air-sea 

concentrations of CO2, usually expressed as a partial pressure (pCO2). The partial pressure of a gas in 

a mixture is proportional to its mole fraction, xi (i.e. ï number of moles of specific gas divided by total 

number of moles in mixture) in the gas phase in relation to the total pressure, p (Equation 1).  

 ὴὅὕ ὼὅὕὴ         (1) 

 

In accordance with the laws of entropy, the rate of gas transfer is partly dependent on the gradient of 

gas concentration between media, with net flux being from a region of high concentration to a region 

of low concentration. The rate of transfer is also affected by the oceanôs resistance to gas exchange, 

which depends on the state of the sea surface, and is influenced by factors such as the presence or 

absence of breaking surface waves and bubble formation and injection (Zeebe and Wolf-Gladrow, 

2001).  

Air -sea CO2 flux (FCO2) can be determined from the difference in the partial pressure between the 

atmosphere and sea surface (pCO2
atm 

- pCO2
sw

) multiplied by the solubility of CO2 in seawater (s) and 

the gas transfer velocity (k) (Liss and Merlivat, 1986).   

 Ὂ   Ὧ ί  Ўὴὅὕ           (2) 

 

The gas transfer velocity (k) coefficient is also known as the piston velocity and is controlled by the 

level of turbulence at the air-sea interface. The transfer velocity is currently parameterised as a 

function of surface wind speed causing sheer stress on the boundary surface (Liss and Merlivat, 1986, 

Wanninkhof, 1992, Nightingale et al., 2000, Ho et al., 2006). The difference between the partial 

pressure of the atmosphere and the sea surface (ȹpCO2) determines the direction of the CO2 air-sea 

gas exchange while the magnitude of the ȹpCO2 gradient combined with the value of k determines the 

rate of CO2 transfer.  
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 The Solubility and Biological Pumps 1.3

 

The concentration of CO2 in seawater is dictated by the air-sea flux and the physico-chemical and 

biological processes that influence the global ocean carbon cycle (Figures 1.2a & 1.2b). The air-sea 

interface portion of the solubility pump is the physical transfer of CO2 gas between the atmosphere 

and surface ocean and is dependent not only on the directional gradient of pCO2 but on the 

temperature and electrolyte concentration of the underlying water mass (Heinze et al., 1991). Thus, 

cold temperature and lower salinity waters have a higher affinity for the absorption of CO2 from the 

atmosphere than warm saline waters. This physical transfer of carbon into the ocean by the solubility 

pump is enhanced by circulation and mixing. The oceanôs thermohaline circulation system is driven 

by the cooling and sinking of surface waters at high latitude.  The result is the formation of dense 

deep waters that flow throughout the main global ocean basins. Since these cold surface waters also 

have high solubility for CO2 gas, they transport the sequestered carbon from the high latitudes 

throughout the deep ocean during circulation (Broecker, 1991).  In contrast, waters with warmer 

temperatures and higher salinities have reduced solubility of CO2 gas. Additionally, areas 

experiencing physical upwelling of carbon and nutrient laden water from the deep ocean have higher 

concentrations of dissolved carbon in surface levels as well as lower pH and higher pCO2
sw

 because of 

biological remineralisation (see Section 1.3.1.3). Due to these characteristics, equatorial and tropical 

basin waters tend to be areas of outgassing of CO2 back into the atmosphere resulting in a net positive 

flux value from the sea surface to atmosphere (Figure 1.2 a). 

The biological pump is based on two separate processes conducted by marine phototrophs in the 

surface ocean. The first process is the fixation of inorganic carbon to particulate organic carbon 

(POC) by these organisms via reactions involved with photosynthesis. The second process is 

formation of calcium carbonate (CaCO3) skeletal structures via calcification. Both of these processes 

are linked to the abundance and growth of microscopic planktonic algae which constitute not only the 

vast majority of primary productivity in the global oceans, but also the foundation of the marine food 

web (Chisholm, 2000). 
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Figure 1.2 a - Solubility Pump  

 

         

Figure 1.2 b - Biological Pump 

Figure 1.2. The solubility and biological pump schematics summarise the exchange and transport of carbon from the 

atmosphere through the water column via physico-chemical (Figure 1.2a) and biological processes (Figure 1.2b). Images 

adapted from Heinze et al., 1991and Chisholm, 2000, respectively.
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  Phytoplankton and the Biological Pump  1.3.1

1.3.1.1 Phytoplankton photosynthesis 

The term ñphytoplanktonò refers collectively to planktonic aquatic organisms that derive most, if not 

all, their energy from light and CO2 through oxygenic photosynthesis. This group includes 

microscopic algae such as dinophytes (dinoflagellates) and chromophytes (brown algae and diatoms) 

as well as photosynthetic prokaryotes such as cyanobacteria. All eukaryotic phytoplankton and some 

prokaryotes (including cyanobacteria) contain the photosynthetic pigment chlorophyll-a (chl-a) which 

is essential for the absorption of light energy for the conversion of chemical energy during 

photosynthesis (Blankenship, 2008). Because of the ubiquity of chl-a within global phytoplankton 

species, the analytical measurement of this pigment in natural systems is a basic proxy for the 

estimation of phytoplankton biomass and abundance (Ulloa and Grob, 2010). 

In eukaryotic algae and higher plants, chl-a and other photosynthetic pigments are contained within a 

system of thylakoid membranes in organelles of the cell known as chloroplasts. Photosynthetic 

reactions occur within the chloroplast and can be divided into two pathways, which are summarised in 

Figure 1.3. The first pathway is the conversion of light energy into the compounds ATP and NADPH. 

These reactions are referred to as ñlight reactionsò as the first step involves the absorption of photons 

and the subsequent excitation of electrons within chlorophyll molecules. Chlorophyll and other 

pigments (including chlorophyll-a, chl-b, and carotenoids) are organised into clusters of a few 

hundred pigment molecules called photosystems which act as light-harvesting antenna complexes in 

the thylakoid membrane. The absorption of light energy causes the excitation of electrons extracted 

from water which leads to charge separation in the reaction centre of the antenna complex. Molecular 

oxygen gas (O2) is a product of the reaction of the photochemical oxidation of water. Through the loss 

and transfer of excited electrons along an electron transfer chain to the complexôs reaction centre, the 

chlorophyll molecule is subsequently oxidised and holds a positive charge. A series of rapid 

secondary reactions ensure that the excited electrons are not recombined back to their original 

molecules, resulting in a waste of cellular energy.  Excited electrons from the photosystems are used 

in further reduction reactions for the creation of the compounds ATP and NADPH, which are used in 

the second pathway of photosynthesis (Falkowski and Raven, 1997). 

The second primary pathway of photosynthesis uses energy in the form of ATP and NADPH to 

reduce carbon dioxide to sugars in a process called carbon fixation. The primary metabolic pathway 

for the reduction of carbon to carbohydrates is known as the Calvin-Benson-Bassham cycle. Within 

these series of reactions, carbon dioxide becomes incorporated into a five-carbon compound known as 

ribulose biphosphate (RuBP). Catalysed by the enzyme ribulose biphosphate carboxylase/oxygenase 

(RubisCo), the RuBP and incorporated CO2 is then converted into two molecules of the carbohydrate 

3-phosphoglycerate (Wilson and Calvin, 1955). However, because of the low concentrations of 
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dissolved CO2(aq) in seawater relative to other carbon species (see Section 1.4) and the poor substrate 

affinity of RubisCo for CO2 (Badger and Price, 1994), many phytoplankton have developed CO2 

concentrating mechanisms to enhance the active uptake of other forms of inorganic carbon, including 

the more abundant HCO3
-
, through the use of conversion enzymes like carbonic anhydrase (Rost et 

al., 2003).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Schematic of the pathways of photosynthesis within a chloroplast of a plant cell. Light absorbed by chlorophyll 

and other pigments within the thylakoid membrane drives a transfer of electrons and hydrogen extracted from water. The 

transport and excitation of electrons across Photosystem II to Photosystem I is used to reduce NADP+ to NADPH. The light 

reactions also generate ATP by powering the photophosphorylation of ADP. Molecular oxygen is a product of the oxidation 

of water during photosynthesis. Although not explicitly depicted, these photosynthetic electron transport and oxidation-

reduction reactions occur exclusively within the thylakoid membrane structure. The fixation of carbon dioxide to 

carbohydrates and the utilisation of ATP and NADPH as part of the Calvin-Benson-Bassham cycle occur within an aqueous 

phase of the chloroplast, the stroma. (Adapted from Blankenship, 2008, and Campbell, 1996). 
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1.3.1.2 Limiting factors for phytoplankton primary productivity 

As light and CO2 are two essential ingredients for photosynthesis, phytoplankton growth can be 

limited by the availability of light and inorganic carbon in the water column. The abundance of other 

macro and micronutrients has profound effects on phytoplankton growth and production. Within the 

cell, elements such as nitrogen and phosphorus are necessary for the production of the nucleus and 

ribosomes as well as the structure of the cell wall (C-N) and membranes (C-P). Sili cifying organisms 

like diatoms use reactive silicate to form their outer skeletal structure (Hawke, 1989). Trace metals 

such as iron and copper act as electron carriers for photosynthesis (Boyd, 2010), while others such as 

zinc and cadmium are used as the active sites within carbonic anhydrase (Morel et al., 1994, Price and 

Morel, 1990). Thus, the specific abundance and interplay of these controlling factors dictate and limit 

the phytoplankton growth and primary productivity within a given area of the surface ocean.    

In natural systems, light intensity through the water column is related to a variety of factors, including 

seasonal fluctuations in surface irradiance, mixed layer depth and turbidity (Diehl et al., 2002). Light 

penetration or irradiance is attenuated at depth and follows an exponential decay function. The 

euphotic zone is the portion of the water column equal to the depth with greater than 1% of surface 

irradiance. Thus, the irradiance at the lower boundary of the euphotic zone is the minimum amount of 

light that is capable of supporting net primary production (Morel, 1988). Phytoplankton are often 

transported within and out of the euphotic zone through vertical mixing within the surface ocean 

water column. This vertical movement through physical forcings such as turbulent mixing and 

internal waves results in fluctuations of the light intensity experienced by phytoplankton within the 

water column (Denman and Gargett, 1983). The vertical mixing may also result in the exposure to 

higher sub-surface nutrient concentrations coupled with changes in irradiance. In a stable water 

column with a well-defined mixed layer, phytoplankton can be retained in the near surface where 

consistent light irradiance is conducive for growth; however, the availability of nutrients may then 

become a limiting growth factor within the vertically constricted mixed layer. Thus, the physical 

processes of vertical mixing, mixed layer depth, and water column stability can have significant 

impacts on both the availability of light and nutrients to phytoplankton within the water column. 

Nutrients are supplied, transported, utilised, and converted throughout the surface and deep oceans by 

processes akin to the global cycling of carbon. The mean molecular composition of some species of 

phytoplankton is very similar to the elemental ratio of marine organic particles at a ratio of 106 C: 16 

N: 1 P. Phytoplankton use these nutrients (in the form of CO2, nitrate + nitrite and ammonium, and 

phosphate respectively) within this stoichiometric ratio known as the Redfield Ratio in areas of non-

nutrient limitation (Redfield, 1958). As inorganic carbon concentrations are abundant in the surface 

ocean through the absorption and dissolution of atmospheric CO2 and the vertical transport from the 

deep ocean carbon reservoir (see following Section 1.2.1.3), carbon is very rarely a limiting nutrient 
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for phytoplankton growth. The relative concentrations of the macronutrients (e.g. ï nutrients of 

micromolar concentration or greater) of nitrate and phosphate are often the limiting Redfield factors 

for phytoplankton primary productivity. As many species of phytoplankton have adapted or are 

constrained to limited concentrations of these nutrients, C:N:P ratios in localised natural systems often 

deviate from the ideal Redfield Ratio which is more representative of global phytoplankton 

assemblages. 

Macronutrients like nitrate, phosphate, and silicate are supplied to the surface ocean through various 

sources including vertical upwelling from deep ocean reservoirs, atmospheric deposition, riverine 

runoff (including silicate supply from terrestrial weathering), and anthropogenic input and fertilisation 

through agricultural and industrial runoff and coastal intrusion. Vertical upwelling is the primary 

source of macronutrients in many surface pelagic environments throughout the global ocean 

(Sarmiento et al., 2004). Regenerated nutrients are also produced from and recycled by bacteria and 

grazers within the water column. Conversely, many dissolved micronutrients (e.g. ï nutrients in 

abundance of picomolar concentrations or less) such as iron, zinc, cadmium, and copper are mainly 

terrestrial in origin and are supplied to the global oceans through atmospheric transport or alluvial and 

coastal runoff, although heterotrophic microbial regeneration and cycling of various iron species is a 

crucial source of recycled iron within the marine ecosystem (Strzepek et al., 2005, Boyd and Ellwood, 

2010).  Areas of the ocean far removed from terrestrial influences have been found to be depleted in 

trace metals which severely limit phytoplankton growth despite sufficient light and macronutrient 

levels. Thus, remote regions like the Southern Ocean have continually high concentrations of 

macronutrients (nitrate, phosphate) but low biological activity (e.g. ï chlorophyll-a pigment 

concentrations, growth rates, and biomass abundance) and productivity. Areas that have high 

concentrations of macronutrients such as nitrate and phosphate but low biomass and productivity are 

known as High Nutrient Low Chlorophyll (HNLC) regions of the ocean (Martin & Fitzwater 1988 

Martin and Fitzwater, 1988).    

 

1.3.1.3 Biological Cycling of Inorganic and Organic Carbon 

Phytoplankton are the main group of phototrophic organisms that form the foundation of the marine 

ecosystem and provide organic carbon and oxygen to higher trophic levels through primary 

productivity. Heterotrophs including protozoa, zooplankton, fish, and higher predators use this initial 

photosynthetically derived organic matter as a source of energy as organisms are consumed within the 

marine food web. A large fraction of the photosynthetically-derived organic carbon, in the form of 

dissolved organic carbon (DOC), is made available to the marine ecosystem by processes such as 

phytoplankton excretion, zooplankton ñmessy grazingò, and bacterial lysis (Azam, 1998). DOC is 

cycled through the marine food web through the initial consumption by heterotrophic bacteria and 
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later through grazing by protozoans like flagellates and ciliates. This initial phase of the marine 

ecosystem is known as the microbial loop and is essential for the channelling of carbon derived from 

primary production. The DOC is eventually converted back to dissolved inorganic carbon (DIC) via 

respiration within the microbial loop. Respiration is the inverse process of primary productivity and 

can also be described as the amount of photosynthetic-derived carbon utilised to sustain necessary 

cellular life functions within all organisms in the ecosystem community (Ulloa and Grob, 2010).  

Net primary productivity (NPP) is the difference between the total amount of carbon fixed via 

oxygenic photosynthesis and the amount respired or utilised by phytoplankton for essential life-

support processes. Measurements and models of global oceanic NPP estimate an annual drawdown of 

35 ï 70 Pg C year
-1
 driven by a cumulative phytoplankton biomass of ~1 Pg C (Carr et al., 2006). 

This amount of marine-based biomass equates to less than 0.2% of the total photosynthetic biomass 

on Earth (Falkowski et al., 1998). In comparison, the annual biological terrestrial drawdown of 

atmospheric CO2 is approximately 60 Pg C year
-1
 from an approximated photosynthetic biomass 

range between 466 ï 654 Pg C (IPCC 2007). 

Although the majority of DOC is respired back to carbon dioxide, some of the organic carbon is 

transported to the deep ocean via sinking of settling particulate organic carbon (POC) out of the 

surface layer. This flux of POC through the water column, known as export production, is 

approximated to be 11 PgC year
-1
 at a depth of 100 m (Schlitzer, 2002a). While a portion of these 

particles sink out of the water column and accumulate on the underlying seafloor sediment, the 

remainder of the particle flux is re-assimilated within the water column and bacterial uptake of DOC 

in the deep ocean remineralises the organic carbon molecules to inorganic form (Lutz et al., 2007). 

Some DOC is also transported to the deep ocean by the physical process of downwelling (Figure 

1.2b). The cycle of transport for inorganic carbon from the atmosphere to the deep ocean, circulation 

via the global thermohaline conveyor system and passage back to the surface ocean through upwelling 

of deep waters equates to a total sequestration period of 500 ï 1000 years.  

An additional biological process that dictates the cycling and transport of inorganic carbon from the 

surface to deep oceans is the formation of calcium carbonate (CaCO3) shell material via calcification. 

Calcifying organisms including phytoplankton (e.g. ï coccolithophores) and zooplankton (e.g. ï 

protozoa, foraminifera and pteropods) utilise the inorganic carbon form of carbonate to form their 

external skeletal structures. Upon death, a portion of biologically synthesised carbonate sinks through 

the water column as suspended particulates and eventually settles on the seafloor as benthic snow. 

Another proportion of the biogenic carbonate becomes dissolved in the water column or within the 

seafloor sediments. The sinking flux of calcium carbonate is estimated to be 0.6 PgC year
-1
 within the 

water column at 100 m (Milliman, 1993). This calcification process also results in a shift in the 

seawater inorganic carbon equilibrium through the uptake of carbonate and subsequent generation of 
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dissolved CO2 (see Equation 6, Section 1.4). As calcification is the opposite process of carbonate 

solid dissolution, this biogenic reaction results in the addition of carbon dioxide to the surface ocean 

(Gattuso et al., 1995).  

 

1.3.1.4 Phytoplankton and Ocean Colour Remote Sensing 

As discussed in a previous section, the abundance, distribution, and productivity of phytoplankton in 

the global oceans are controlled by specific physical and biogeochemical processes. These processes 

vary considerably according to location, time of year, and global climate fluctuations such as the El 

Niño Southern-Oscillation (ENSO). Although phytoplankton growth and productivity measurements 

are crucial to the knowledge of the marine carbonate system, the short-lived nature of the 

phytoplankton blooms and the expanse of the global oceans are significant hurdles to the in situ 

measurement and monitoring of these systems. The current knowledge of seasonal cycling and 

distributions of phytoplankton on the global scale has come primarily from remote satellite 

observations of ocean colour (Behrenfeld et al., 2006, McClain, 2009). 

The presence of phytoplankton in surface waters can be detected by the content of the pigment 

chlorophyll-a relative to the absorption spectral signal of water. Water appears transparent within the 

blue and green visible wavelengths, whereas chlorophyll-a has a primary absorption peak near 440 nm 

(McClain, 2009). In areas where the only non-water coloured constituent present is the chlorophyll-a 

pigment (e.g.- the open ocean), the ratio of the blue-to-green light leaving irradiance with an applied 

atmospheric correction provides an estimate of the concentration of chl-a (Gordon and Wang, 1994).  

However, in other environments such as coastal and shallow oceans and estuaries, many constituents 

are present in the sea surface that alter the colour, absorption, and backscattering properties of water 

(known as inherent optical properties, IOPs). These constituents have distinctive spectral absorbances 

and include suspended sediments, silt, and chromophoric (coloured) dissolved organic matter 

(CDOM).  

In recent years, improvements in bio-optical empirical algorithms and semi-analytical models have 

allowed for the accurate detection and differentiation of chl-a, CDOM (Siegel et al., 2005), calcite 

(from calcite liths produced by calcareous plankton) (Gordon et al., 2009), and particulate organic 

carbon (Stramski et al., 2001) in marine environments with varying optical complexity. The remote 

estimation of IOPs such as total and constituent specific backscattering and absorption have also been 

derived through the relationship between reflectance and inherent optical properties and the inversion 

of satellite leaving reflectance (Maritorena et al., 2002).    

Ocean colour sensors including the Coastal Zone Color Scanner (CZCS), Ocean Colour and 

Temperature Sensor (OCTS), Sea-viewing Wide Field-of-View (SeaWiFS), Moderate Resolution 
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Imaging Spectroradiometer (MODIS), and Medium Resolution Imaging Spectroradiometer (MERIS), 

have provided researchers with routine global ocean spatial and temporal coverage. With the in situ 

verification of satellite-derived parameters and extensive data availability, satellite remote sensing 

products have been used to monitor the biological effects from large scale physical processes and 

dynamics including mesoscale eddy, upwelling, and ENSO events (McGillicuddy et al., 2007, Wilson 

and Adamec, 2002, Siegel et al., 2011). Satellite ocean colour data have also been crucial in the 

derivation of global net primary productivity models (Behrenfeld and Falkowski, 1997, Behrenfeld et 

al., 2005). A comparison of 24 of these satellite-based productivity algorithms has estimated the 

average global production by marine autotrophs to be approximately 51 to 52 Pg C yr
-1
 (Carr et al., 

2006, Westberry et al., 2008).  

 

 Marine Carbonate System 1.4

 

The marine carbonate system allows the oceans to absorb CO2 from the atmosphere beyond the 

potential uptake capacity based on the solubility of CO2 gas in the underlying seawater. Gaseous CO2 

(CO2(g)) and aqueous CO2 (CO2(aq))are related by Henryôs Law of gas solubility in thermodynamic 

equilibrium:  

 ὅὕ  ᵵ ὅὕ            (3)

  

  ὑ            (4)

   

where KH is the solubility coefficient of CO2 in seawater, fCO2 is the fugacity of CO2(g) and ŬCO2 is the 

activity of CO2. The fugacity of CO2 (fCO2) and pCO2 are often used analogously to describe the 

equilibrium of CO2(gas) to a solution containing dissolved CO2 species. Fugacity slightly differs as it is 

a parameterisation of the tendency for a component in solution to escape or to change phases, and 

becomes equal to partial pressure only when the vapour behaves as an ideal gas (Moore, 1972).  The 

activity, Ŭ, of a species is a unitless parameter related to its apparent concentration in a solution.   

Aqueous CO2 is a weak acid that reacts with water to form the divalent carbonic acid (H2CO3), which 

generally immediately dissociates to form a bicarbonate ion (HCO3
-
) and carbonate ion (CO3

2-
). 

Because the concentration of H2CO3 is only 0.1% of the concentration of CO2(aq) at equilibria and both 

species are uncharged, the total concentration of the unionised species is often depicted as the 

hypothetical species CO
*
2 (Butler, 1998, Dickson, 2010). 

 ὅὕᶻ ὅὕ Ὄὅὕ          (5) 
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The dissociation of aqueous carbon dioxide is related by the following equilibria reactions:  

 ὅὕᶻ ὌὕᵵὌὅὕ  Ὄ    ὑ         (6) 

 

 Ὄὅὕ ᵵὅὕ  Ὄ           ὑ      (7) 

     

The equilibrium constants of carbonic acid, K
ô
1 and Kô2, are functions of temperature, pressure, and 

salinity of seawater and have been parameterised and refit to specific pH scales within a number of 

studies (Hansson, 1973, Mehrbach et al., 1973, Dickson and Millero, 1987, Goyet and Poisson, 1989, 

Roy et al., 1993). At the current average pH of the surface ocean of 8.1 to 8.2, approximately 90% of 

the dissolved inorganic carbon in the oceans is in the form of the bicarbonate ion. The concentrations 

of carbonate and aqueous carbon dioxide are far less in comparison and make up approximately less 

than 10% and 1% of the remaining portion, respectively (Doney et al., 2009) (See Figure 1.4). The 

equilibria between these species in seawater regulates the pH of the system and subsequently acts as a 

buffering system to the addition of hydrogen ions from the dissolution of CO2(aq). There is also a 

small component to the buffering from borate ions, which will be discussed in further detail with the 

definition of total alkalinity (Section 1.4.1). The primary carbonate system buffering process may be 

summarised in Equation 8 with the combination of Equations 6 and 7: 

 ὅὕᶻ ὅὕ ὌὕᵵςὌὅὕ        (8) 

     

The effects of anthropogenic CO2 on the marine carbonate system, including the acidification of 

surface waters and decrease in carbonate concentrations, will be discussed in further detail in Section 

1.4.2. of this chapter.  

 

 Analytical Parameters of the Marine Inorganic Carbon System  1.4.1

 

The spatial and temporal variations in CO2 uptake by the ocean and subsequent impact on availability 

and transport of dissolved inorganic carbon can be measured through the four analytical parameters of 

the marine carbonate system: pH, pCO2, total dissolved inorganic carbon (DIC) and total alkalinity 

(AT) (Dickson et al., 2007). If two of these parameters are known, then the other two parameters may 

be calculated using primarily the equilbrium (or dissociation) constants K
ô
1 and K

ô
2 of carbonic acid 

for a given temperature, salinity, and pressure. Other data is also necessary to compute these 
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parameters, including the dissociation constants of boric acid and the dissociation of water (Kw) 

(Millero et al., 2006, Dickson et al., 2007). 

The partial pressure of CO2 (pCO2) (defined in Equation 1) of a seawater sample is the partial 

pressure of CO2 in the gas phase that is in equilibrium with the seawater, pCO2(sw) (Zeebe and Wolf-

Gladrow, 2001). This parameter can be measured by equilibrating seawater with air at a known 

temperature in an equilibrium chamber. The mole fraction of CO2(g) in air is then measured using 

infrared analysis to determine the in situ fCO2 (Dickson et al., 2007,Currie et al., 2011a).  

Seawater pH can be measured using spectrophotometric analysis of a seawater sample after the 

addition of an indicator dye such as metacresol purple (Clayton and Byrne, 1993). The 

spectrophotometric method relies on the measurement of absorbances at two different wavelengths in 

a seawater solution with a small addition of indicator dye. Seawater pH is then determined using the 

relationship of the dissociation constant of the indicator to the extinction coefficients of the relative 

indicator acid-base species at the two wavelengths and the absorbance ratio (Clayton and Byrne, 

1993).    

As seawater also contains multiple constituents with various acid-dissociating constants, it is 

necessary to represent seawater pH on an appropriate scale that factors in these concurrent 

dissociating effects. The recommended scale is the total hydrogen concentration scale (Dickson et al., 

2007), which recognises the influence of the formation of the hydrogen sulphate ion (HSO4
-
) on the 

free (i.e. ï hydrated) form of the hydrogen ion (H
+
) concentration. 

Seawater pH may be calculated using Equations 9 and 10 under the total hydrogen concentration scale 

(Dickson et al., 2007). 

ὴὌ ὰέὫὌ            (9) 

Ὄ  Ὄ ὌὛὕ           (10) 

 

 Total dissolved inorganic carbon (DIC or CT), is defined as the sum of the total carbonate species 

(Equation 11). DIC can be determined using the coulometric measurement of CO2(g) evolved from an 

acidified sample. The parameter is independent of temperature and pressure of the seawater sample 

and is usually expressed in units of moles per kilogram of solution (Dickson et al., 2007).  

 ὈὍὅ ὅὕᶻ Ὄὅὕ ὅὕ        (11) 
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Total alkalinity (AT) may be defined as the deficiency of H
+
 or excess of base relative to the zero 

reference point condition (i.e.- when no base has been added) at the CO2 equivalence point (Dickson, 

1981). Alkalinity is mathematically defined in Equation 12: 

 ὃ Ὄὅὕ ςὅὕ ὕὌ Ὄ ὄὕὌ ςὖὕ       (12) 

  Ὄὖὕ Ὄὖὕ ὛὭὕὕὌ άὭὲέὶ ὧέὲίὸὭὸόὩὲὸί 

  

Alkalinity can be determined through the potentiometric titration of seawater with acid and examining 

the speciation of the seawater system in regards to the first and second dissociation constants of 

carbonic acid (K
ô
1 and K

ô
2) following the first equivalence point (Dickson, 1981).  

As both DIC and AT are conservative properties, they are useful in the tracing of water mass 

characteristics and mixing (Dickson et al. 2007). 

 

 Effect from anthropogenic CO2  1.4.2

 

Ocean acidification is the increase of H
+
 production and subsequent decrease in seawater pH as a 

result of increased absorption of atmospheric CO2 from anthropogenic emissions. As demonstrated in 

Equations 6 and 7, the reaction between CO2(aq) and seawater forms carbonic acid (H2CO3), which 

immediately dissociates to form bicarbonate (HCO3
-
) and carbonate species (CO3

2-
), respectively, in 

addition to protons (hydrogen ions, H
+
(aq)). The concentrations of CO2(aq) and subsequently H

+
(aq) are 

regulated by the equilibria between the dissociation of carbonic acid reactions (Equations 6 and 7), 

which buffers the potential decrease of pH from increased proton production. This buffering ability is 

regulated by the relative abundance of the dissolved carbon species in seawater. As demonstrated in 

Equation 8, the ability of the carbonate system to buffer changes in pH is therefore limited by the 

supply of the carbonate species, which is consumed in the reaction (see Figure 1.4).  
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Figure 1.4. Species concentration plot of dissolved carbon species vs. pH. At an average seawater pH of 8.1 ï 8.2, the 

bicarbonate species is favoured with the highest concentration followed by a decline of carbonate and increase in CO2(aq) as 

pH decreases. Figure adapted from Raven et al., 2005).  

 

 

Compared to the pre-Industrial sea surface pH of approximately 8.3, current measurements of 

averaged surface seawater pH have decreased by 0.05 to 0.1 pH units (Feely et al., 2004).  Predictions 

for atmospheric CO2 levels at the end 2100 assuming a ñbusiness as usualò model approach equate to 

atmospheric CO2 concentrations exceeding 800 ppm with a subsequent 0.3-0.4 pH unit reduction in 

global surface oceans. This decrease in pH is equivalent to a 150% increase in [H
+
] and 50 ï 60% 

decrease in [CO3
2-
] (Orr et al., 2005).     

The ability of the carbonate system to buffer the effects of increased atmospheric CO2 can be 

described quantitatively by a parameter known as the Revelle Factor. This parameter describes the 

buffering capacity of seawater as the relationship between the relative changes in partial pressure of 

CO2 in seawater for a given change in DIC (Revelle and Suess, 1957). 

  Ὑ ὴὅὕ‏ Ⱦ‏ὈὍὅ Ⱦὴὅὕ ȾὈὍὅ      (13)

  

The efficiency of the carbonate buffering system is inversely proportional to the Revelle Factor. In the 

present day global oceans, the average Revelle Factor is approximately 10, with higher and lower 

values found in warm equatorial waters and high latitude cold waters, respectively. Given a Revelle 
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Factor of 10, a 1% increase in surface pCO2(sw) would result in a 0.1% increase in surface DIC 

concentrations (Bopp and Le Quéré, 2010).  

One of the major impacts of ocean acidification on marine life is the reduced availability of carbonate 

ions for the formation of biogenic calcium carbonate structures by organisms such as plankton, coral, 

and coralline algae. These organisms use two mineral forms of calcium carbonate, aragonite and 

calcite.  The saturation state of these minerals, as denoted by the symbol ɋ, is related to the 

thermodynamic potential for the mineral to dissolve in seawater (ɋ < 1) or be available for biogenic 

and physical formations (ɋ > 1). Both aragonite and calcite are currently oversaturated (ɋ > 1) in 

global surface waters and become increasingly undersaturated (ɋ < 1) at depth. Biogenic shell 

formation generally occurs where ɋ > 1, and dissolution occurs at ɋ < 1. However, model 

calculations based on future atmospheric CO2 levels predict aragonite (the more soluble carbonate 

polymorph) to become undersaturated at surface levels, particularly in high latitude oceans including 

the Southern Ocean (Orr et al., 2005).   

The study of ocean acidification and the identification of potential impacts to the marine carbonate 

system and marine ecosystems have become significant topics of research in the global marine 

science community (see Doney et al., 2009 for review of the field and summary of research findings). 

There are two essential concerns with regards to the marine carbonate system and biological uptake of 

CO2. The first is the future ability of the marine carbonate system to buffer increasing concentrations 

of atmospheric CO2 due to changes in dissolved carbon species equilibria. The second is the reduction 

of calcification by calcareous organism.  This reduction impacts both the efficiency of the biological 

drawdown of CO2 via photosynthesis and the contribution of biogenic carbon to the marine carbonate 

system. While this thesis is not directly focused on the impacts of ocean acidification, these concerns 

are central when considering system scale dynamics and potential effects to the marine carbonate 

system and the biological pump.   

 

 The Southern Ocean and the Subtropical Frontal Zone 1.5

 

The Southern Ocean is crucial to the understanding of the global carbon cycle in regards to past, 

present, and future changes in climate and concentrations of atmospheric CO2. The Southern Ocean, 

making up 17% of the worldôs oceans, has been identified as a current net sink for atmospheric CO2 

(Takahashi et al., 2002, Sabine et al., 2004, Le Quéré et al., 2009) and the largest contributor of 

anthropogenic CO2 sequestration of all the major ocean regions (Mikaloff Fletcher et al., 2007). A 

large proportion of the carbon uptake is regulated by the solubility pump and the formation of 

intermediate and deep waters which sequester and transport carbon to all major ocean basins via the 
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global thermohaline conveyor belt (Rahmstorf et al., 2005). High seasonal rates of primary 

productivity account for a significant but potentially variable proportion of CO2 drawdown in the 

Southern Ocean as regulated by the biological pump because of the underutilization of abundant 

nutrients such as phosphate, nitrate, and silicate (Takahashi et al., 2002). The Southern Ocean is 

characterized as an HNLC region due to extremely low Fe concentrations, with measurements in the 

open Polar Frontal region ranging from 0.05 ï 0.4 nM (de Jong et al., 1998). Previous shifts in the 

degree to which Southern Ocean phytoplankton growth was limited by micronutrients such as iron has 

been used to explain glacial-interglacial atmospheric CO2 concentrations (Watson et al., 2000).  

Increasing emissions of anthropogenic CO2 directly threatens the Southern Ocean through the 

warming of surface sea and land temperatures due to climate change and the alteration of global 

cycling of carbon within the deep ocean. Since these effects have significant implications to both 

marine and terrestrial global biogeochemical cycles, the Southern Ocean is a region of high interest in 

the scientific community. A study of overlying atmospheric CO2 in the Southern Ocean conducted by 

Le Quèrè in 2007 (Le Quéré et al., 2007) found that although the level of atmospheric CO2 has 

increased over the past 20 years, the subsequent net sink of CO2 had remained unchanged, indicating 

a reduction in the efficiency of the Southern Ocean as a carbon sink. One potential cause identified 

was the intensification of polar winds. As both sea surface and continental temperatures increase due 

to large-scale warming from climate change, atmospheric temperatures have simultaneously 

decreased due to the relatively thin ozone layer over the Antarctic pole. This increased temperature 

gradient between the surface of the earth and the lower atmosphere produces intensified polar winds, 

which can cause increased upwelling and outgassing of deep ocean carbon back to the atmosphere. 

Though studies like Le Quéré et al. (2007) indicate the potential effects of a changing climate and 

anthropogenic emissions of CO2 on the major ocean carbon sinks, the study (which lacks sufficient in 

situ pCO2 data) also highlights the deficiency of high resolution temporal and spatial monitoring and 

long-term studies in the Southern Ocean. 

 

 The Subtropical Frontal Zone   1.5.1

 

The Subtropical Frontal Zone (STFZ) is one of the major oceanic fronts of the Southern Ocean and 

separates Sub-Antarctic waters in the South from Subtropical Waters in the North at a latitude of 

approximately 40 - 50°S (Heath, 1981). This front represents a transitional zone between the two 

water masses as well as a site of complex temporal and spatial interactions and mixing processes 

(Bradford-Grieve et al., 1997). Subtropical waters (STW) are derived from the warm, high salinity 

waters of the subtropical gyres and tend to be depleted in nutrients due to high seasonal instances of 
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biological activity (1992 Butler et al., 1992). Sub-Antarctic Surface Waters (SASW) are characterized 

by cooler, fresher waters from south of 40°S and have high concentrations of nitrate and phosphate 

but are severely limited in iron and are designated as HNLC waters (Boyd, 2002).   

Biological productivity studies from open ocean subtropical regions and STFZ regions have found 

increased levels of biomass and primary production in subtropical waters and at the frontal zone with 

a marked decrease of biological activity moving into the SASW (Laubscher et al., 1993, Clementson 

et al., 1998, Froneman et al., 1999). These studies also found that the enrichment of the STFZ and the 

subtropical waters in their respective limiting nutrients was facilitated by the formation and shedding 

of large warm-core eddies that transported nutrients as well as heat and salinity into the adjacent water 

mass. These mixing processes also resulted in the localized stabilization of the water column at eddy 

edges which further propagated seasonal primary productivity (Laubscher et al., 1993). 

 

 New Zealand and the Subtropical Frontal Zone 1.5.2

 

The Eastern New Zealand region of the Subtropical Frontal Zone is unusual in that the island nation 

breaks up the almost continuous circumpolar hydrographic boundary. The frontal system in the form 

of the Tasman Current is deflected along the shelf-break of the southwest tip of the South Island and 

then follows the shelf bathymetry north along the Eastern coast and out into the open Pacific Ocean at 

the Chatham Rise (Hopkins et al., 2010), as depicted in Figure 1.5. This induced northward 

geostrophic flow of the modified Subtropical Convergence system forms the Southland Current, 

which is characterized by traditional features of subtropical frontal waters including warmer 

temperatures, higher salinity, and depletion in macro-nutrients (Heath, 1981). The frontal zone, along 

with the interaction between the Southland Current and SASW, is prone to high seasonal variability 

stemming from the interference of fresher neritic water, (mainly the Clutha River located 100 km 

south of the Otago Peninsula) coastal mixing processes, and influences from regional and global 

climate events such as the El Niño Southern Oscillation (ENSO) (Chiswell, 1996, Sutton, 2003, 

Hopkins et al., 2010).  

Significant nutrient gradients are present across the front, with nitrate and phosphate exhibiting a 

positive gradient moving offshore and into the SASW. Conversely, silicate concentrations exhibit a 

negative gradient across the frontal zone, indicating that subtropical shelf waters are a  silicate source 

to the Sub-Antarctic via riverine input (Hawke, 1989). Studies utilizing chlorophyll-a as a proxy for 

biological activity (Currie et al., 2009, Pfannkuche, 2002, Hamidian, 2009, Adu pers. comm.) showed 

a negative gradient across the frontal system from the coast with seasonal variability associated with 

light availability and mixed layer depth. 
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Primary productivity and phytoplankton biomass studies from the oceanic incidence of the STFZ 

along the Chatham Rise indicated consistently higher rates of NPP and nutrient utilisation in 

Subtropical Waters and the Subtropical Convergence Waters (Frontal Zone) as opposed to Sub-

Antarctic Waters (Bradford-Grieve et al., 1997). Both primary productivity and biomass were highest 

for all water masses in the Austral spring and autumn seasons and lowest in winter, with the increase 

in NPP and chlorophyll-a two orders of magnitude between the maximum and minimum periods for 

all water masses (Gall et al., 1999). Remotely sensed satellite-derived observations of phytoplankton 

distributions around New Zealand confirmed that SASW had low seasonal abundances of surface chl-

a relative to other waters, with highest chl-a incidence observed along the STFZ at the site of frontal 

convergence and mixture of waters (Murphy et al., 2001).   
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Figure 1.5. Currents and ocean fronts around New Zealand. New Zealand is situated amidst the South-Western Pacific 

portion of the Subtropical Frontal Zone which serves as the boundary for the Southern Ocean and waters of Antarctic origin. 

The Southland Current off the east coast of the South Island is the local manifestation of of modified waters from subtropical 

origin, moving north along the coastline and extending out on the Chatham Rise off the Banks Peninsula. Figure modified 

from Heath, 1981). 
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 The Munida Time Series 1.5.3

 

 The Munida Time Series is a coastally orientated pCO2 time series that has collected measurements 

over the Eastern New Zealand region of the STFZ on a bi-monthly basis since 1998 (Currie et al. 

2009). The 65 km transect runs from the coast at the tip of the Otago Peninsula at Taiaroa Head (Ref. 

-45Á46.200ô N, 171Á43.200 E) in an east south-easterly direction to -45Á50.059ô N 171Á32.429 E and 

samples across the major water masses present in the STFZ. Continuous measurements of pH, pCO2, 

temperature and salinity are collected from surface waters, with discrete measurements taken at 

surface and at depth for alkalinity, DIC, nutrient, and chlorophyll-a parameters. The Munida Time 

Series is one of the few coastally focused pCO2 time series as well as one of the only pCO2 time series 

to frequently sample the Southern Ocean during the extreme weather and sea conditions commonly 

found in the winter season (Currie et al., 2011a). 

Results from the Munida Time Series show a general slight positive gradient in surface water pCO2 

going offshore as the transect crossed neritic, Southland Current, and Sub-Antarctic waters, 

respectively (Currie and Hunter, 1999, Currie et al., 2011a). Seasonal changes in neritic, Southland 

Current, and SASW waters show a minimum pCO2 in the austral summer and maximum pCO2 in the 

autumn (Currie et al., 2011a). Flux calculations derived from shipboard measurements and overlying 

atmospheric pCO2 data indicate that the Sub-Antarctic waters are an overall sink for atmospheric CO2. 

However, in 1998 and 1999 these waters were small sources of CO2 with a positive flux due to 

outgassing. These calculations also show that the average annual fluxes for the Sub-Antarctic water 

masses are significantly less than the fluxes derived from the Takahashi et al., 2009) climatology 

studies (Currie et al., 2011a).  

During this on-going study, seasonal and interannual variabilities of the physiochemical processes 

controlling the surface seawater pCO2 and the subsequent atmospheric flux have been assessed using 

thorough hydrological measurements coupled with precise measured values of the four carbonate 

system parameters (Currie and Hunter, 1999, Currie et al., 2011a). Nutrient and chlorophyll-a proxy 

measurements along with research conducted in the oceanic portion of the STFZ (Hawke, 1995, 

Currie and Hunter, 1999, Pfannkuche, 2002, Hamidian, 2009) allude to significant drawdown of CO2 

by biological processes; however, the complexity of the coastal system and the sharp transition 

gradients between water masses along the coastal portion of the STFZ prevent accurate estimation of 

primary productivity from satellite derived models or comparison to other oceanic studies. Thus, in 

order to understand the seasonal and interannual variability of pCO2 and predict future responses from 

increasing atmospheric CO2 concentrations, it is crucial to quantify and evaluate all the processes that 

dictate air-sea gas CO2 in this dynamic region of the Southern Ocean. 
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 Thesis objectives and outline 1.6

 

The purpose of this thesis is to investigate the effect of the biological fixation of inorganic carbon 

within the total pCO2(sw) signature and its contribution to air-sea CO2 exchange along the Munida 

Time Series Transect. Previous studies and models from the Munida Time Series indicated a missing 

residual sink for CO2 that could not be accounted for by air-sea gas exchange, thermodynamic, or 

vertical mixing process (Currie and Hunter, 1999, Currie et al., 2011a). Surface chlorophyll-a and 

nutrient data from the time series suggest that biological drawdown is the most likely process to 

account for this flux discrepancy, particularly within the Austral Spring and Summer seasons. The 

coastally-oriented region of the STFZ off the coast of the Otago Peninsula is one of the most highly 

variable and complex areas of the convergence system; therefore it likely that biological primary 

productivity and distribution of phytoplankton is dictated by multiple physical and biogeochemical 

forcings across a range of spatial and temporal scales.  Thus, it is hypothesised that the biological 

drawdown of CO2 is the most significant process dictating pCO2(sw) minima observed in the spring 

and summer seasons, which coincide with  peak periods of biological activity as evidenced by historic 

chlorophyll-a measurements 

Other studies, including research conducted across the Chatham Rise (Heath, 1981, Bradford-Grieve 

et al., 1997, Gall et al., 1999, Hannon et al., 2001, Nodder et al., 2005, Currie et al., 2011b), and the 

localised studies along the Munida Time Series (Jillett, 1969, Hawke, 1989, Pfannkuche, 2001, 

Hamidian, 2008, Velasquez et al., 2011), indicate that physical and biogeochemical processes and 

characteristics are highly constrained within individual water masses of the STFZ. However, mixing 

and transport process were found at the boundary edge of water masses and within the primary 

Frontal Zone between the Southland Current and Sub-Antarctic Surface Water which facilitated the 

exchange and reaction of physical and biogeochemical properties. Therefore, is it hypothesized that 

the sink flux associated with biological drawdown of CO2 is dictated by the physical and geochemical 

properties of the individual water masses and is enhanced by the transport and mixing of nutrient-

laden Sub-Antarctic Waters at the frontal interface.   

The Munida Time Series is unique amongst global pCO2 measurement time series in the fact that it 

has frequent measurements within an area considered both a coastal region and the Sub-Antarctic 

edge of the Southern Ocean. Therefore, it is crucial that all major processes affecting the CO2 flux 

between the atmosphere and sea surface are quantified and assessed in relation to temporal and spatial 

variabilities across the transect. This study provides the first long-term direct analysis of biological 

primary productivity for this time series, which is essential not only to the investigations of CO2 and 

the marine carbonate system, but also contributes to the knowledge of macro- and micro- nutrient 
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cycling and regenerated production, marine ecosystem structures, and the organic and inorganic 

pathways of the biological pump for this unique marine environment.    

 

Chapter 2 describes the study area associated with the Munida Time Series and the sampling and 

analytical techniques used for the measurement of hydrographic properties, macronutrients, 

chlorophyll-a, net primary productivity, and light attenuation and availability through the water 

column. This section also introduces the satellite and space born remote sensors and associated 

algorithms used to monitor regional and seasonal scale processes within the study area and to validate 

in situ with remotely sensed ocean colour data. 

Chapter 3 summarises the spatial and temporal variations observed in physical and chemical 

characteristics across the STFZ and their subsequent effect on the abundance, distribution, and 

primary productivity of phytoplankton with the study period. The annual drawdown budget for net 

primary productivity within different water masses of the STFZ is discussed in relation to seasonal 

trends and inter-annual effects such as the ENSO. 

Chapter 4 presents the validation of the remotely sensed ocean colour observations with in situ data 

acquired during the study. Modelled values of net primary productivity were also derived from 

published vertically-generalised productivity models and the satellite imagery (Behrenfeld and 

Falkowski, 1997) and compared to shipboard NPP measurements. 

Chapter 5 determines the relative importance of biological fixation of inorganic carbon on the marine 

carbonate system and air-sea CO2 fluxes compared with other physical and geochemical processes. 

The impact of major processes including air-sea gas exchange, thermodynamic exchange, vertical 

entrainment, and biological uptake are determined using numerical models and the calculation of 

theoretical levels of pCO2 for each process using alkalinity and DIC measurements and values.  

Chapter 6 presents the overall conclusions and discussion associated with this study and recommends 

future work associated with this research.  
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CHAPTER 2: SAMPLING AND ANALYTICAL METHODS 

 

2.1. Study Area 
 

The Munida Time Series Transect is a 65 km long transect that extends across the Southland Front in 

the waters off the coast of the South Island of New Zealand. The time series originated in 1998 and 

was named after the original University of Otagoôs research vessel, the RV Munida, which was used 

to study the waters off the coast of the Otago Peninsula. The Southland Front is the local 

manifestation of the coastally-oriented Subtropical Front Zone (STFZ), where modified subtropical 

waters in the form of the Southland Current converge with waters originating from the Sub-Antarctic 

(Butler et al., 1992). The proximity to land and the contraction of the frontal system along the coast of 

the Otago Peninsula are factors conducive to the acquisition of frequent and comprehensive 

measurements not usually feasible for a major oceanographic feature (Figure 2.1). Because of this 

proximity to the coast, studies involving the Munida Time Series Transect have accumulated an 

extensive seasonal record of primarily surface measurements of CO2 partial pressure (pCO2), pH, total 

alkalinity (TA), dissolved inorganic carbon (DIC), nutrient, chlorophyll and hydrographic data since 

1998 (Currie and Hunter, 1999, Currie et al., 2011a). 

During the period of November 2008 to November 2010, an expanded suite of biological and 

hydrographic measurements were collected at surface and at depth from 8 discrete sampling locations 

on a bi-monthly basis. These stations were selected to coincide with previous research (Currie et al., 

2011a, Hamidian, 2009) and are approximately equidistantly spaced to best survey the major local 

oceanographic features across the frontal system (Figure 2.2). A summary of the station locations and 

characteristics is presented in Table 2.1.  
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Figure 2.1. The Subtropical Front (STF) situated to the east of the South Island of New Zealand. The STF represents the 

convergence of Subtropical Waters (STW) and Sub-Antarctic Waters (SAW) and is manifested locally as the Southland 

Current.  
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2.2. Ship-board collection 

 

Samples and measurements were collected during day-long cruises on board the current University of 

Otagoôs research vessel, RV Polaris II . Between November 2008 and November 2010, a total of 

1,631 discrete samples were collected on eleven cruises spaced approximately every two months. 

Continuous salinity and temperature data were measured with a calibrated Sea Bird SBE21 

thermosalinograph with water pumped from the ship board surface scientific seawater supply. 

Discrete surface water samples were also obtained from the surface supply system with an intake at 

approximately 2 m below the sea surface.  

A calibrated SBE 19plus V2 SEACAT Profiler was used to measure conductivity, temperature, and 

depth (CTD) profiles at depth casts at the discrete sampling stations. Salinity (Practical Salinity Scale, 

PSU) and temperature (°C) measurements were processed and analysed using SeaBird Electronics 

processing software. A series of five 12 L Niskin bottles configured on the CTD rosette were 

deployed to collect water samples within and below the euphotic zone, with the deepest collection 

point ranging 70 ï 120 m in depth. CTD casts were taken at each of the 8 stations and specific 

parameters were targeted for specific depths and discrete measurements. All discrete measurement 

bottles were rinsed at least three times with collection water before taking the required sample.   

 

Figure 2.2. Location map for study of the Subtropical Frontal zone along the Munida Time Series Transect off Taiaroa 

Head, Otago New Zealand. Discrete sampling stations are described in detail in Table 2.1. 
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Table 2.1. Summary of discrete sampling station locations in relation to reference beginning point of Munida Transect at Taiaroa Head (-45ϊ46.200' N, 170ϊ43.200' E). The water mass 

identification category indicates approximate incidence of water mass type at each discrete sampling station. The spatial and temporal variability of the frontal zone and water mass 

identification, frequency, and mixing are discussed in Section 3.4.1 of Chapter 3.  

Station ID Latitude  Longitude 
Distance from Taiaroa 

Head (km) 
Water mass 

Taiaroa Head -45ϊ46.200' N 170ϊ43.200' E 0 Neritic 

Station 1 (ST1) -45ϊ46.999' N 170ϊ54.766' E 15.83 Southland Current/Neritic 

Station 2 (ST2) -45ϊ47.368 N 170ϊ59.503' E 21.65 Southland Current/Neritic 

Station 3 (ST3) -45ϊ47.785' N 171ϊ04.315' E 27.82 Southland Current 

Station 4 (ST4) -45ϊ48.221' N 171ϊ09.429' E 34.48 Southland Current/Frontal Zone 

Station 5 (ST5) -45ϊ48.671' N 171ϊ14.702' E 41.66 Southland Current/Frontal Zone 

Station 6 (ST6) -45ϊ49.087' N 171ϊ20.791' E 49.55 Sub-Antarctic Water/Frontal Zone 

Station 7 (ST7) -45ϊ49.563' N 171ϊ26.556' E 56.90 Sub-Antarctic Water 

Station 8 (ST8) -45ϊ50.059' N 171ϊ32.429' E 64.36 Sub-Antarctic Water 
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2.2.1 Chlorophyll-a  

 

The vertical distribution of chlorophyll-a pigments as a proxy for phytoplankton biomass was 

measured at each of the 8 stations via in vitro fluorescence of discrete water samples as well as in situ 

fluorescence with a WETStar fluorometer mounted to the CTD. These in situ profiles were later 

analysed using SeaBird Electronics processing software and used to confirm the existence of the deep 

chlorophyll maximum at depth. 

At Stations 1-2, 4-6, and 8, samples for in vitro fluorescence of chlorophyll-a were collected in either 

500 ml or 1000 ml HDPE bottles, with three replicate samples per depth. Bottles were rinsed several 

times with collection water before taking a sample, and samples were then filtered immediately on 

board using Whatman GF/F filters at a low vacuum (eg < 200 mm Hg) to prevent breaking of algal 

cells. Following filtration, these filters were folded and placed into pre-labeled 15 ml polypropylene 

centrifuge tubes and were frozen in preparation for laboratory extraction and fluorescence 

measurement. 

At Stations 3 and 7, additional chlorophyll-a samples were collected at each depth for size 

fractionation filtration to be conducted in the laboratory immediately upon return from the cruise. 

Water for the size fractionation measurements were collected in opaque 1000 ml HDPE bottles which 

were then stored in ice packed insulated containers until return to the laboratory (approximately 6 ï 8 

hours following collection). Upon return, these samples were filtered using 0.2, 2, 5, and 20 µm pore 

sized polycarbonate membrane filters (GE Osmonics) stacked in succession under a low vacuum of 

approximately 200 mm Hg. Mesh spacers were placed between the polycarbonate filters to ensure 

separation and consistent vacuum for all size fractionations. The filters were then inserted into 

polypropylene centrifuge tubes and kept frozen until further analysis. 

Within 2-4 weeks after collection, the samples were analysed for chlorophyll-a pigments using 

fluorometric methods as outlined in Parsons et al., 1984). The instrument used during the course of 

the study was a 10-AU Turner Fluorometer. A calibration curve for the fluorometer was prepared 

using a spinach chlorophyll standard (Fluka No. 108665). The instrument blank was measured using a 

solution of 90% v/v AR grade acetone before each use. To extract the pigments from the filter, a 10 

ml aliquot of 90% acetone was dispensed into the centrifuge tubes containing the frozen filters. These 

tubes were then vortexed and refrigerated in the dark for 20-24 hours to maximise pigment extraction. 

After the extraction period, a portion of the supernatant solution was pipetted into a 13mm glass 

cuvette for fluorescence measurement in the fluorometer. The fluorescence of the sample was 

measured before and after the addition of 2-3 drops of 10% v/v HCl. The acidification of each sample 
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and its subsequent fluorescence allowed for determination of phaeo-pigments relative to the 

concentration of chlorophyll-a.  

The concentrations of chlorophyll-a (µg Chl a L
-1
 or mg Chl a m

-3
) were calculated from the two 

readings using the following equation (Strickland and Parsons, 1972): 

 ὧὬὰ ὥ ςȢπρψυ  ὼὊ  Ὂ ὺ
ὠ      (14) 

where 

F0 = Fluorescence reading before acidification 

Fa = Fluorescence reading after acidification  

v = Volume of acetone extract (10 ml) 

V = Volume of sample filtered (ml) 

 2.0185 = acid ratio correction factor  

x = calibration factor  

 

2.2.2 Macronutrients 

 

Macronutrient concentrations were measured both at the surface and in depth profiles during the 2010 

sampling cruises. For depth profiles at Stations 1, 3, and 7, nutrients were collected in acid washed 

250 ml HDPE bottles (10% v/v AR grade 4N HCl, rinsed trice with MilliQ water) using Nisken 

bottles deployed by the CTD rosette. During the July, September, and November 2010 sampling 

cruises, high resolution (1-km) surface nutrient concentrations were measured over the entire course 

of the 65 km transect. Water was collected in 100 ml acid washed HDPE bottles from the shipôs 

surface scientific seawater supply at a frequency of 4-6 minutes, depending upon the steaming 

velocity of the vessel. The exact locations of the high resolution sampling were recorded by a Garmin 

GPS76 and the position data were appended to the SBE21 thermosalinograph data. All bottles for 

nutrient sampling were rinsed at least three times with collection water before acquiring a sample.   

Due to time and equipment limitations related to cruise length and research vessel capacity, all 

nutrient bottles were stored in ice packed insulated containers until return to the laboratory 

(approximately 6-8 hours after collection). Upon return to the laboratory, nutrient samples were 

filtered using Whatman GF/F filters to minimise the effect of biological processes on the nutrient 

concentrations. The subsequent filtrate was decanted into acid washed polycarbonate auto-analyser 

(AA) tubes and frozen until further analysis. 
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Concentrations of nitrate, phosphate, and silicate were determined using colourimetry with a flow-

injection analysis Lachat Auto-analyser in the Department of Botany at the University of Otago. 

Following calibration sequences using stock standards, AA tubes containing defrosted samples were 

randomly analysed with measurement of mid-range standards throughout the run for quality 

verification.   

2.2.2.1 Nitrate 

Nitrogen-Nitrate (N-NO3
-
, µg/L) concentrations were measured through the reduction of nitrate to 

nitrite (NO2
-
) by passing the water sample through a copperised cadmium column using the United 

States Environmental Protection Agency (USEPA) Approved Method 353.3. Nitrite was determined 

by diazotization with sulphanilamide and coupled with N-(1-naphthyl)-ethylenediamine to produce a 

coloured azo dye. The absorbance of the dye product measured at 540 nm was linearly proportional to 

the concentration of nitrate-nitrite in the sample. Nitrate concentrations were then determined by 

subtracting the nitrite concentration from the initial nitrate-nitrite concentration. 

Nitrate standards were prepared from a primary stock of concentration 25 µM prepared from the 

dissolution of 0.1804 ± 0.0002 g of AR grade potassium nitrate (KNO3) in 1.000 L of MilliQ water. A 

secondary working stock was created from the dilution of 10 ml of primary stock in 100 ml MilliQ 

water to yield a concentration of 2.5 µg mL
-1
. From a series of specific dilutions of this secondary 

stock, a series of 11 N(NOx) standards ranging from 0 to 800 µg L
-1 

were prepared for calibration in 

the Auto Analyser. 

2.2.2.2 Phosphate 

Phosphorous-phosphate (P-PO4
3-
), or Dissolved Reactive Phosphate (DRP) concentrations were 

determined through the reaction of the sample with a composite reagent containing molybdic acid and 

trivalent antimony to form an antimony-phosphomolybdate complex (USEPA Method 365.5). This 

product was then reduced using absorbic acid to form a blue-coloured complex. The absorbance of 

this complex measured at a wavelength of 885 nm was proportional to the concentration of phosphate 

in solution.  

Phosphate standards were prepared in a similar manner to nitrate standards, with the creation of 

primary and working stock standards through the preparation of 0.1096 ± 0.0002 g of AR grade 

potassium dihydrogen orthophosphate (KH2PO4) in 1.000 L of MilliQ and subsequent dilution to 2.5 

µg mL
-1
. A series of 11 calibration standards were prepared from this secondary working stock.  

2.2.2.3 Silicic acid, SiO4
-
 

Biologically available soluble silicate in the form of silicic acid (SiO4
-
) concentrations were 

determined through the reaction of the sample with molybdate resulting in the formation of 

silicomolybdate, phosphomolybdate and arsenomolybdate as outlined in Parsons et al., (1984). The 
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products were then reduced using metol and oxalic acid to decompose any phosphomolybdate or 

arsenomolybdate remaining in solution. The concentration of the resulting product, molybdenum blue, 

and the subsequent proportional concentration of silicate were determined by the measurement of the 

absorbance at 660 nm.  

Standards were prepared from a primary Stock Standard (BDH cat. No. 14258) containing       1000 

mg L
-1
 Si which equals 2139 ± 11 mg L

-1
 SiO4

-
, for a total concentration of 35.65 mM. An 

intermediate standard of 3.565 mM was created by diluting 1 ml of the primary standard in 100 ml. 

Nine standards were prepared from this working solution, ranging from 0 µM to 71.4 µM 

concentration. All standards were prepared in PMP plastic volumetric flasks and solutions were 

contained in PC bottles. 

 

2.2.3 Phytoplankton Primary Production Determined by 
14

C Incorporation 

 

Primary productivity rates were estimated for one Subtropical and one Sub-Antarctic station per 

cruise using the radioactive inorganic carbon uptake technique first introduced by Steemann-Nielsen, 

1951). The method used during the course of the study was adapted from procedures outlined by the 

Joint Global Ocean Flux Study (JGOFS) Protocol (JGOFS, 1996). The addition of a known 

concentration of radioactive carbon-14 (
14

C) to water samples was used to measure the proportionate 

amount of photosynthetic inorganic carbon-12 fixation by the endemic phytoplankton population over 

a specific time period. 

14
C secondary working stocks were prepared from the dilution of 1 mCi ml

-1
 NaH

14
CO3 (aqueous, 

Perkin Elmer) with a sodium bicarbonate solution to yield a concentration of 32 µCi ml
-1
.  The 

sodium bicarbonate solution was prepared by dissolving precisely 0.300 g of AR sodium bicarbonate 

into 30.25 ml of Milli-Q in a 60 ml acid washed (10% v/v 0.5 N HCl) polycarbonate bottle. The 1 ml 

aliquot of Na2-
14

CO3 was transferred via pipette from its original ampoule to the polycarbonate bottle 

for a resulting volume of 31.25 ml of secondary working stock. In order to ensure an accurate 

concentration of radioactivity, the ampoule was rinsed at least three times with the resulting sodium 

carbonate solution. The working stock was double bagged and stored under refrigeration (5 °C) until 

use.  

The working stock concentration of 32 µCi ml
-1
 (or 32 mCi L

-1
) was chosen in order to supply a 20 

µCi L
-1
 concentration of 

14
CO3 upon addition of 200 µL of secondary stock within a 320 ml 

polycarbonate bottle. Prior to the sampling cruises, these polycarbonate bottles were rinsed with 10% 

v/v HCl and washed using CitranoxÊ liquid detergent to eliminate any residual radioactivity from 
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previous incubations. The bottles were then submerged in 10% v/v 0.5 N HCl acid baths for at least 

48 hours and then rinsed several times with Milli-Q. A total of 48 bottles were cleaned and prepared 

prior to each sampling cruise, which equated to 4 bottles (3 light, 1 dark) per depth with a target of 6 

depths per station. Both clear and opaque bottles were required, the latter constructed by masking the 

bottle and lid with multiple layers of black electric tape. 

Because of the short duration (e.g. - under 24 hours) of the sampling cruises and the necessity to 

steam continuously whilst returning from the final station of the transect, it was not possible to deploy 

an in situ incubation system. Therefore, a series of 6 deck-board incubators were constructed from 

opaque sealed boxes with clear polystyrene lids containing layers of neutral density mesh screening. 

Using a hand-held Licor (model) light sensor, the screens were fitted to simulate light settings of 75%, 

50%, 25%, 10%, 2.5%, and 1% of surface seawater depth light levels.  

On board, the incubators were positioned in the aft of the ship and secured to the rails to minimise 

movement during rough sea conditions. Whilst steaming the incubators were monitored for light 

allowance and repositioned as necessary to avoid shadow. A series of individual fittings and hosing 

connected the incubators to a manifold leading to a header tank. The 1.3 m high tank was filled 

periodically with surface water from the shipôs pumping system to provide sufficient head to drive a 

flow through system designed to maintain the incubator temperatures as close as possible to the in situ 

water temperature. 

Samples for incubation were collected at the Station 3 and 7 along the transect. Due to time and 

resource constraints, it was not possible to conduct deck-board productivity experiments for each of 

the 8 discrete sampling stations. Thus, the choice of these particular stations for primary productivity 

analysis related to the general position of the Southland Current (modified Subtropical waters) and 

Sub-Antarctic Surface Waters, respectively. At these sampling stations, water from 6 pre-determined 

depths from within the euphotic zone was collected by Niskin bottles attached to the CTD rosette. 

Ideally, these depths were determined using the in situ PAR depth profiles and subsequent vertical 

light attenuation coefficient, Kd. However, as discussed in Section 2.2.4 of this chapter, it was not 

possible to obtain in situ profiles for some cruises; therefore modelled depth profiles relating to each 

of the water masses were used to determine the necessary sampling depths. 

Another significant deviation from the official method protocol occurred in regards to the time of day 

in which the samples were collected. It is advisable to collect samples for primary productivity pre-

dawn in order to minimise negative physiological effects from light shock in the endemic 

phytoplankton (JGOFS, 1996). However, due to the short time period of the cruise and logistical 

considerations, it was not possible to sample at the recommended time. Sampling for the Station 3 

generally occurred in the early daylight hours (between 7:30 and 9:00 am) and in the late morning for 
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the Station 7 (10:30 ï 11:30 am). Although sampling was conducted in less than ideal light 

conditions, care was taken to minimize prolonged light shock by ensuring quick collection of water 

from the Niskin bottles and immediate storage in chilled dark bins. 

Following collection, the three light bottles and single dark bottle pertaining to each sampling depth 

were inoculated with 200 µl of 
14

C secondary stock using an Eppendorf pipette, sealed with parafilm, 

and shaken to ensure mixing before being immediately placed in their respective incubators. 100 µl 

aliquots were obtained from one depth set of spiked samples and pipetted into a glass scintillation vial 

containing 200 µl of ethanolamine and 5 ml of scintillation cocktail fluid for the determination of 

background radioactivity. 

The spiked samples were allowed to incubate on-board the deck of the ship for the duration of the 

sampling cruise. Upon returning to port in the evening (approx. 19:00 ï 21:00), the incubators 

containing the sampling bottles were left on the deck of the ship overnight for recovery the following 

day to ensure a complete 24 hour incubation period. Samples were transferred immediately to an 

insulated container to minimise light shock and transferred to the laboratory for filtration. 

Filtration was conducted using low vacuum levels (50 mm Hg) and in low light conditions. Two of 

the three light bottles for each depth were filtered through a stacked array of 20, 5, 2, 0.2 µm of 

polycarbonate membrane filters (GE Osmonics) to determine size fractionated productivity rates. 

Both the remaining light bottle and the dark bottle were filtered through a 0.2 µm polycarbonate 

membrane filter to determine total light production and heterotrophic inorganic carbon fixation, 

respectively. Upon completion, each individual filter was placed into a 10 ml labelled glass 

scintillation vial, transported to a fume hood and covered with 200 µl of 0.5 N HCl. The lids from the 

vials were removed and the acidified filters allowed to vent under the fume hood for 1 hour to remove 

any unincorporated radioactively labelled inorganic carbon remaining in the sample. Finally, 5 ml of 

Optiphase Hi-Safe II scintillation cocktail was added and the vials were tightly sealed, vortexed to 

ensure complete mixing, and stored in the dark prior to analysis. 

The radioactivity of the samples was determined using a Beckman LS 6500 scintillation counter. 

Standardised quench correction curves specific to the 
14

C radioisotope were pre-loaded into the 

scintillation counter software to provide counts in the form of disintegrations per minute (DPM). The 

radioactivity of each sample was counted twice over a period of 3 minutes intervals. Primary 

productivity rates were calculated using the following equation: 
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    (15) 

where 

SDPM = Sample activity, DPM  

Vsample = Volume of sample, L 

C = Concentration of total inorganic carbon (DIC) present in samples, mg C m
-3
  

TDPM =  Total 
14

C activity, DPM 

vspike= Volume 
14

C spike, L 

1.05 = Correction factor for the lower uptake of 
14

C compared to 
12

C 

t = Time, days 

 

The values of the three light treatments (including the summation of the two size-fractionated depths) 

were averaged to determine total primary productivity rates at each depth. Values for the dark bottles 

were used as indicators of non-photosynthetic carbon fixation or absorption and were subtracted from 

the corresponding light bottle uptakes at depth. Individual productivity rate measurements at depth 

were used to calculate water column production in g C m
-2
 using trapezoidal integration. 

 

2.2.4 Photosynthetically Active Radiation (PAR) 

 

Photosynthetically Active Radiation (PAR) is the range of wavelengths between 400 ï 700 nm used 

by autotrophs for photosynthesis. This parameter was used to determine the availability of light and 

its attenuation through the water column with respect to depth and water mass optical characteristics. 

A LiCor LI-193SA underwater spherical quantum PAR sensor was attached to the CTD in the rosette 

configuration and the unit was deployed slowly (approximately 1 m per second) to ensure consistent 

measurement throughout the water column. The data from the sensor was analysed using SeaBird 

Electronics Software (version) and the subsequent light attenuation profiles were used to determine 

the necessary sampling depths for primary productivity analysis. Instantaneous PAR at the surface 

was measured using a hand-held Biospherical Instruments PAR Scalar Irradiance sensor (model QSL-

2101), with readings taken at the end of the transect line (approximately 12:00 ï 14:00). 

Supplementary light climate data for the cruise dates was obtained from high resolution (five minute 

averaged) measurements provided by the Dunedin campus weather station managed by the Energy 

Studies Programme within the Physics Department at the University of Otago (Department of 



37 

 

Physics, 2011).  This data was used as an additional source of information to confirm daily levels of 

cloudiness and daily averaged PAR.  

The measurement of in situ light attenuation using the CTD integrated PAR sensor was only possible 

on two of the eleven cruises. On three cruises, moderate-to-intense sea conditions prevented 

deployment of the fragile probe. On another six cruises, the sensors were unavailable for use due to 

calibration or repair at the manufacturers. Measurement of light attenuation and optical properties was 

also attempted using two sets of spectroradiometers. However, sea conditions and calibration issues 

prevented the collection of meaningful data. On one occasion (July 14, 2010), discrete surface 

samples were collected from the neritic, Southland Current, and Sub-Antarctic water masses for 

optical property analysis at the NIWA laboratory in Christchurch (see Appendix III ). 

In order to compensate for the lack of in situ light attenuation and PAR depth profiles, modelled depth 

profiles were produced using seasonal optical property and light attenuation data collected along the 

Otago Shelf during the research conducted for a masters dissertation by Jens Pfannkuche in 1998 

(Pfannkuche, 1998). Using seasonal literature light extinction coefficient (Kd) values (Pfannkuche, 

1998, Pfannkuche, 2002), a series of simulated water profiles were produced for each water mass 

prior to a sampling cruise, such that: 

 Ὁ ὉὩ          (16) 

where 

Ez = Irradiance at depth (moles photons m
-2
 s

-1
)  

E0 = Incident irradiance at the surface (z = 0) 

Kd= Light attenuation coefficient (m
-1
) 

z = depth, m 

          

In the event that the CTD integrated PAR sensor could not be deployed or was not available for use, 

these profiles served as the basis for predicting the light attenuation as a function of depth for the 

primary production sampling stations. The implications of using these modelled light attenuation 

values and the comparisons between in situ and modelled profiles are discussed in Chapter 4 of this 

thesis. The simulated light attenuation program and modelled and literature values are included in 

Appendix II .  

During successful deployments and measurements using the PAR sensor, the in situ light attenuation 

profiles were compared to simulated profiles to ensure model validation. Additional validation of 

modelled profiles was achieved with the comparison of remotely sensed observations of daily-
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averaged diffusion attenuation coefficients at 490 nm (K490) as well as daily-averaged PAR data from 

the MODIS-Aqua and MERIS satellite sensors, respectively.  

 

2.3 Satellite Remote Sensing 

 

Data acquired from satellite and space-borne remote sensors were incorporated with ship-board 

measurements to monitor and evaluate biological and physical oceanic processes in the dynamic 

STFZ coastal region over a range of time and spatial scales. As the sample collection schedule was 

constrained to single-day cruises on a bi-monthly frequency and was often disrupted by poor sea and 

weather conditions, the remotely sensed observations were effective in supplementing data between 

sampling time gaps and assessing progression of frontal dynamics in relation to the discrete data 

collection. 

The coastally-oriented STFZ located off the coast of the Otago Peninsula is an area of particular 

complexity in regards to remote sensing due to the mixing of waters with distinctive optical 

characteristics, in particular the influence of neritic waters stemming from the freshwater runoff of the 

Taieri and Clutha Rivers. These optical characteristics and the subsequent analytical approach in 

regards to remote sensing are discussed in depth in Chapter 4 of this thesis. As recent developments 

in sensing instruments have provided new algorithms and technology for resolving processes in the 

optically complex coastal ocean, this study incorporated traditional ocean colour sensors (e.g. ï 

SeaWiFS, MODIS-Aqua) as well as recent algal detection algorithms from the MERIS satellite 

platform.  

 

2.3.1 SeaWiFS and MODIS-Aqua 

 

The Sea Wide Field-of-View Sensor (SeaWiFS), operated by the US National Aeronautics and Space 

Agency (NASA) and GeoEye, was the principal satellite-derived sensor used to monitor ocean colour 

from its deployment in September 1997 to its mission end in December 2010. Incorporating 8 spectral 

bands within the visible and near infrared, SeaWiFS observations were widely implemented in global 

phytoplankton studies (Carr et al., 2006, Behrenfeld et al., 2006) and verified in open ocean 

environments including waters within the New Zealand Economic Exclusion Zone (Murphy et al., 

2001, Richardson et al., 2004, Pinkerton et al., 2005). Launched in 2002, the Moderate Resolution 

Imaging Spectroradiometer (MODIS) instrument aboard the Aqua Satellite Spacecraft is currently the 
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defacto continuation of the SeaWiFS ocean colour monitoring progamme operated by NASA. The 

MODIS sensor incorporates 36 spectral bands measuring within visible, infrared, and microwave 

wavelengths.  

Level 2 remotely sensed observations from within the study area were obtained from the Ocean Color 

Website (http://oceancolor.gsfc.nasa.gov/) administered by NASA and the Goddard Space Flight 

Center (GSFC). The correction for top of atmospheric scattering and absorption effects and 

geolocation standards yields Level 2 spectral data (Eplee et al., 2001). Level 2 data also incorporates 

the end products of derived marine parameters with respect to their geolocation.  

Observations used for direct comparison to ship-board data were selected for within several days of 

the sampling date and were preferentially nominated for study area inclusion and cloud-free imagery. 

Other daily cloud-free Level 2 scenes of the study area were chosen to provide high resolution 

temporal and spatial coverage between sample cruises.  Although SeaWiFS data was not used in this 

study, the software developed to analyse and process SeaWiFS data (SeaWiFS Data Analysis System 

(SeaDAS) software version 6.2 (Fu et al., 1998) was used to analyse and derive Level 2 and Level 3 

(gridded mapping and geolocation of processed sensor data pixels) plots of MODIS data. Empirical 

values of chlorophyll-a were calculated using the OC3M algorithm (Clark et al., 1997, O'Reilly et al., 

1998). Values of the diffuse attenuation coefficient at wavelength 490 nm (K490) were also derived 

from the Level 2 scenes (Mueller, 2000) for comparison to in situ and seasonal literature values of the 

diffuse coefficient of PAR, KPAR (Pfannkuche, 1998) across the water masses of the Subtropical 

Frontal Zone.  

Ocean colour derived estimates of net primary production (NPP) calculated from the Vertically 

Generalized Production Model (VGPM) (Behrenfeld and Falkowski, 1997) were obtained from the 

Ocean Productivity website (http://www.science.oregonstate.edu/ocean.productivity/index.php). The 

products of these models are presented and discussed in Chapter 4.  

  

2.3.2 MERIS 

 

The Medium Resolution Imaging Spectrometer (MERIS) sensor is one of the primary ocean colour 

sensing instruments on-board the EnviSat satellite operated by the European Space Agency (ESA). 

Similar to the SeaWiFS sensor, MERIS employs fifteen spectral bands in the visible and near infrared 

at 300 m ground resolution. Unlike its counterparts, ten of these bands are distributed within the 400 ï 

750 nm wavelengths which correspond to specific phytoplankton and coastal ocean optical properties, 

including chlorophyll pigment absorption and fluorescence peaks and suspended sediment detection.  
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Level 1 and Level 2 MERIS products were obtained via the Oregon State University (OSU) College 

of Oceanic and Atmospheric Studies (COAS) Remote Sensing Group (Tufillaro, pers. comm). MERIS 

data for the study area was ordered from the ESA Earth Observation website 

(http://earth.esa.int/dataproducts/) and obtained via file transfer protocol (FTP). The data were then 

processed using the BASIC ERS & Envisat (A)ATSR and MERIS Toolbox (BEAM) software 

provided by ESA, which included VISAT 4.9 and ENVI 4.7 softwares. Like MODIS and SeaWiFS 

products, Level 1 data included images calibrated to match top of atmosphere corrections and sea-

surface radiance. Level 2 images included derived Level 1 products with pixel values processed for 

geophysical measurements. 

Level 3 standard mapped products were constructed for the sampling area for parameters including 

instantaneous PAR, chlorophyll-a and total suspended solids. Empirical and semi-analytical 

chlorophyll-a pigment concentrations were derived using the MERIS Algal 1 and Algal 2 algorithms, 

respectively. The Algal 1 algorithm was derived by the direct relationship between the ratio of the 

blue and green spectral signal radiated from the water surface and the concentration of algal pigments 

(Antoine and Morel, 1999). This algorithm was developed ideally for the monitoring of chlorophyll 

pigments in the optically discernible open oceans and has been validated locally for New Zealand 

waters by Pinkerton et al., 2005). The second MERIS algorithm (Algal 2) also implemented the 

relationship between algal concentration and blue/green spectral data whilst considering the optical 

interference from chromophoric (coloured) dissolved organic matter (CDOM) using data derived from 

the total suspended solids detection model (Doerffer and Schiller, 2007). This chlorophyll-a detection 

algorithm was developed to resolve optically complex waters with high incidence of CDOM and 

turbidity. 
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CHAPTER 3: SPATIAL AND TEMPO RAL VARIATIONS IN PH YTOPLANKTON 

CHLOROPHYLL -A AND PRIMARY PRODUCTION A CROSS THE SOUTHLAND FRONT 

3.1.  Abstract 

 

Phytoplankton distribution, abundance, and production were evaluated in relation to physicochemical 

properties of individual water masses found within the Southland Front (SF) off the coast of the Otago 

Peninsula, South Island, New Zealand. Single day, bi-monthly cruises along the Munida Time Series 

Transect were used to collect measurements of hydrographic data, inorganic dissolved nutrient 

concentrations, total and size fractionated chlorophyll-a (chl-a), and net primary production from July 

2009 to November 2010. Peak primary productivity rates were observed in the combined neritic water 

and modified-subtropical waters (STW) during austral summer 2009/2010, with column integrated 

rates of 1.5 ± 0.2 g C m
-2 

d
-1
 and 1.6 ± 0.1 g C m

-2 
d

-1
 measured in December 2009 and January 2010, 

respectively (with 95% confidence intervals). Phytoplankton primary production was also amplified 

(0.9 ± 0.1 g C m
-2 

d
-1
) during the December 2009 sampling period in the normally iron limited HNLC 

waters of the Sub-Antarctic Surface Water (SASW) portion of the SF. However, production in the 

SASW diminished dramatically in January 2010 to 0.4 ± 0.1 g C m
-2 

d
-1 

despite sufficient 

concentrations of nitrate and dissolved reactive phosphorous. The near depletion of dissolved reactive 

silicate in the SASW as well as decreased concentrations of dissolved iron, zinc, and cadmium 

measured concurrently with this study indicates that primary production in the SASW is co-limited by 

silicate and trace metal concentrations. Peak production rates measured in the Spring/Summer 2010 

period for both the STW and SASW portions of the SF were significantly less than the previous year, 

with integrated values of 0.7 ± 0.1 g C m
-2 

d
-1
 and 0.2 ± 0.2 g C m

-2 
d

-1
, respectively. This interannual 

variation in primary production was likely caused by shifts in the physical structure of the SF due to 

the El Niño ï Southern Oscillation (ENSO). Annual carbon drawdown budgets of 240 ± 30 g C m
-2 

yr
-

1
 and 100 ± 10 m

-2 
yr

-1
 were calculated for the STW and SASW water masses, respectively. This 

sixteen-month profile of the spatial and temporal variations in the biological fixation of inorganic 

carbon provides the first interannual measurements of the seasonal cycling and variability of 

phytoplankton abundance and primary production across the dynamic Southland Front. The data and 

interpretations presented in this chapter are used in subsequent chapters to further investigate the 

effects of biological uptake of CO2 relative to other processes of the marine carbon system and 

characterising the pathways for organic carbon export in the Otago shelf. 
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3.2.  Introduction  

 

The biological fixation of inorganic carbon by phytoplankton is crucial to various biogeochemical 

processes within the global oceans. The conversion of carbon to its organic form by phytoplankton 

photosynthesis is the primary entry point for organic carbon to the surface ocean and later the deep 

ocean through particle sinking and vertical mixing. As phototrophic primary producers, phytoplankton 

also serve as the foundation of the marine food web and the source of organic matter for higher 

trophic consumption. The drawdown of inorganic carbon during photosynthesis from the surface 

dissolved inorganic carbon (DIC) pool in the surface ocean also impacts the marine carbonate system 

and the relative difference in concentration between air and sea CO2 concentrations. This 

concentration difference subsequently determines whether a particular water mass is a sink or source 

for atmospheric CO2. Therefore, in order to gain a full understanding of the processes dictating 

inorganic and organic carbon cycling and air-sea CO2 exchange, it is necessary to quantify the spatial 

and temporal variability of phytoplankton inorganic carbon fixation, otherwise known as primary 

production. 

At the Subtropical Convergence (STC) off the eastern coast of New Zealand, the convergence of 

waters from sub-tropic and sub-Antarctic origin results in a dynamic marine environment with 

physically and chemically distinctive water masses separated by a zone of active physical mixing and 

turbulent processes. In other frontal systems of the global oceans, high rates of seasonal primary 

productivity have been observed at frontal boundaries due to the lateral mixing between water masses 

and upwelling of limiting nutrients (Franks, 1992, Bradford-Grieve et al., 1997, Clementson et al., 

1998, Sabine and Key, 1998, Froneman et al., 1999).  

Studies in the open ocean region of New Zealandôs STC have been primarily focused around the 

Chatham Rise, a shallow (< 300 m) sub-marine ridge that serves as the topographic boundary for the 

frontal zone separating Subtropical Waters (STW) to the north from Sub-Antarctic Waters (SAW) to 

the South (Nodder et al., 2005). Studies from these water masses and the region of convergence have 

found maximum primary production and chl-a concentrations in the austral spring and summer 

seasons for all water mass types. Bradford-Grieve et al., (1997) reported both production and chl-a 

measurements were perennially higher in the subtropical water mass and in the frontal zone than in 

SAW, with spring column integrated production in subtropical and frontal waters in the ranges 625-

1317 mg C m
-2
 d

-1
 and  977 ï 995 mg C m

-2
 d

-1
, respectively. However, production in SAW was 

limited to 230 ï 271 mg C m
-2
 d

-1
 during the same period. A similar study (Gall et al., 1999) reported 

corresponding values of production and seasonality according to water mass type across the STC, 

with an observation of primary production in the STW of 2368 mg C m
-2
 d

-1
 during the peak bloom 

period in spring 1997. 
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Multiple studies in the STW described typical chl-a concentrations between 1 ï 3 mg m
-3
 in the spring 

with diatoms (> 20 µm) dominating the majority by size fractionation (Bradford-Grieve et al., 1997, 

Chang and Gall, 1998, Nodder and Gall, 1998, Gall et al., 1999). Seasonal fluctuations in nutrient 

concentrations of nitrate, phosphate, and silicate in the STW north of the Chatham Rise were also 

observed, with nutrient depletion events coupled with measurements of high primary production and 

chl-a concentrations (Nodder et al., 2005). 

Seasonal observations from the cooler, low salinity SAW south of the Chatham Rise reported that in 

addition to perennial low production and chl-a concentrations (Bradford-Grieve et al., 1997, Gall et 

al., 1999, Murphy et al., 2001), low concentrations of dissolved iron (Boyd et al., 1999, Hutchins et 

al., 2001) and high seasonal levels of nitrate and phosphate (Heath, 1985) were characteristic of this 

water mass throughout the year. As such, the SAW has been designated an HNLC region because of 

the coupling of high macronutrient concentrations and low phytoplankton pigment assemblages due to 

iron limitation (Boyd et al., 1999, Strom et al., 2000). Size fractionation assays of phytoplankton 

production and chl-a concentration were also typically dominated by picophytoplankton (< 2 µm) in 

the SAW (Bradford-Grieve et al., 1997, Bradford-Grieve et al., 1999, Boyd et al., 1999, Hutchins et 

al., 2001). 

In the southeast region of the South Island of New Zealand, the STC is generally constrained by the 

(200m) isobath and is driven northward along the continental shelf. This coastal expression of the 

global STC is known locally as the Southland Front (Heath, 1972, Hopkins et al., 2010, Van Hale and 

Frew, 2010). Warm, higher salinity modified subtropical waters (STW) advected from the south at 

Stewart Island converge with cold, fresher and macronutrient laden Sub-Antarctic Surface Waters 

(SASW) from the east. The frontal system is further affected by coastal processes including dilution 

from near shore neritic waters (Jillett, 1969, Heath, 1972, Sutton, 2003).    

Studies from this unique coastal manifestation of the global Subtropical Convergence have indicated 

high spatial and temporal variability of physical and biogeochemical processes. A negative gradient of 

chl-a across the frontal system from the coast was reported in multiple studies (Currie and Hunter, 

1999, Currie et al., 2011a, Pfannkuche, 2002, Hamidian, 2008, Adu, 2011). Water clarity was found 

to increase with distance from the shore, with less backscattering from suspended particles occurring 

in winter than spring season due to lower influxes of inorganic suspended sediments and minimal 

backscattering by phytoplankton cells (Pfannkuche, 2002). The transport of silicate offshore was 

reported to be largely driven by the lateral flux of nutrient laden coastal (neritic) waters along the 

Otago shelf and was significantly influenced by the outflow of the Clutha River (Hawke, 1995). 

Transport of other macronutrients into the frontal system and coastal waters was regulated by 

horizontal advection from the relatively high nitrate and phosphate pool of the SASW and through 

upwelling processes along the continental shelf (Van Hale and Frew, 2010).  
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As the Southland Front is a local modification of a major oceanographic system constrained to within 

tens of kilometres off the coast of Otago, this system is significantly impacted by interactions between 

terrestrial run off, major ocean water masses, and bathymetry of the shelf. In global studies, coastal 

oceans contribute relatively high rates of primary production per unit area (Behrenfeld and Falkowski, 

1997) and export production of organic carbon off the continental margin to the deep ocean (Muller-

Karger et al., 2005). Therefore, the characterisation of the seasonal and temporal variations in 

phytoplankton primary production is a critical first step in understanding organic carbon export and 

the relative contribution of drawdown of atmospheric CO2 due to biological processes in this unique 

coastal manifestation of the STFZ.  

The purpose of this chapter is to describe the quantification and characterisation of seasonal and 

spatial variations in size fractionated chl-a and primary production relative to shifts in the physico-

chemical structure of the Southland Front. Limiting factors to phytoplankton growth are also 

discussed in relation to the individual water mass characteristics, as well as the specific controls to the 

initiation and decline of the annual spring bloom event. The identification of interannual variations in 

physical, chemical, and biological processes - possibly due to climatic shifts resulting from ENSO 

cycling during the study period - are compared to previous studies in New Zealand waters. Finally, 

the implications of the seasonal variation of phytoplankton primary production on the drawdown of 

atmospheric CO2 and the export of biogenic organic carbon are considered for the Otago shelf region 

of the STC.  

 

3.3. Methods 

 

Comprehensive sampling of seawater physical, biological, and chemical properties along the Munida 

Time Series Transect was conducted approximately every 2 months from July 2009 to November 

2010. On these single-day cruises aboard the RV Polaris II, eight discrete stations (see Table 2.1, 

Chapter 2) were sampled using a SBE 19plus V2 SEACAT Profiler CTD with a rosette configuration 

of four to six 12L Niskin Bottles. Surface temperature and salinity data was measured continuously 

using a Sea Bird SBE21 thermosalinograph with an accompanying Garmin GPS76 to record position 

information. From July 2010 to November 2010, additional surface bottle samples were collected 

approximately every 1 km to provide high-resolution observations along the entire 65 km transect. 

At each station, water column temperature, salinity, and depth were measured using the CTD 

interfaced with a Wetstar fluorometer for the measurement of in situ fluorescence. The maximum 

depths of the CTD casts were between 70 to 120 m and were dependent on the bathymetry of the 

station. The edge of the mixed layer was defined as threshold values of temperature (ȹT > 0.2ÁC) or 
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density (ȹůɗ > 0.03 kg m
-3
) from a near-surface reference depth of 10 m (de Boyer Montégut et al., 

2004). In many cases, the edge of the mixed layer simultaneously coincided with both temperature 

and density thresholds.   

Discrete water samples were collected at set depths for the analysis of the concentrations of inorganic 

nutrients (nitrate, dissolved reactive phosphate, and silicate) and chl-a. On occasion, these depths 

were altered to suit the bathymetry of the station or the incidence of a deep chlorophyll max (DCM). 

At the de facto modified Subtropical and Sub-Antarctic stations of Station 3 and Station 7 

respectively, additional samples were collected for deck-board simulated in situ 
14

C incubations and 

size-fractionated chl-a. Sampling depths for these stations were determined by the light attenuation in 

the water column as measured by an integrated PAR (photosynthetically active radiation, 400-700 

nm) sensor (LiCor LI-193SA underwater spherical quantum PAR sensor). In instances were in situ 

PAR profiles were unavailable, the depth of the euphotic zone was estimated by the fluorescence 

depth profile. Additional information regarding inherent optical properties, light attenuation, and 

subsequent euphotic zone depth were derived from Level 2 daily scenes (resolution 1 km) of the study 

area obtained from the MODIS satellite and downloaded from the Ocean Color website 

(http://oceancolor.gsfc.nasa.gov/).  

Samples of the surface waters were obtained from the shipôs surface supply system (intake located 

approximately 2 m below the surface). Surface samples were collected at each of the eight discrete 

sampling stations as well as during high-resolution collections. Surface samples were used for the 

analysis of total and size fractionated chl-a, nutrient concentrations, 
14

C incubations at Station 3 and 

Station 7, and on one instance (July 14, 2010) inherent optical water properties (Appendix II I ). The 

high-resolution collections from July to November 2010 were sampled for nutrient and chl-a analysis. 

Details of individual parameter sampling methods, handling, and analysis are detailed in Chapter 2, 

Section 2.2.  

 

3.4. Results 

 

A total of eight single day cruises from July 2009 to November 2010 generated measurements of 

physical, chemical, and biological processes at surface and at depth within the Southland Front off the 

coast of Otago in New Zealand. As the local sector of the global STC is affected by both coastal and 

frontal system dynamics within a relatively constricted spatial area, it is crucial to identify and 

characterise the spatial and temporal variations in the physical structure of the front. By recognising 

the physical processes and interplay between water masses, the chemical and subsequent biological 
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processes may be better understood and addressed within the context of their own seasonal and 

interannual variations.  

A summary of the surface data across the transect is presented in Figures 3a-h, with an overview of 

the cruise dates, notations, and seasonal information outlined in Table 3.1. The contour plots, 

developed using Ocean Data View (Schlitzer, 2002b) represent discrete surface measurements with 

interpolations between both distances along transect and time between sampling cruises.  
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Figures 3.1 (a ï d). Summary of surface parameters measured along the Munida Time Series Transect from July 2009 to November 2010. a.) Map of transect with locations of discrete sampling 

stations. b.) Sea surface temperature (SST), °C. c.) Salinity, PSU. d.) in situ Density (ůt), kg/m3. 
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Figures 3.1 (e ï h). Summary of surface parameters measured along the Munida Time Series Transect from July 2009 to November 2010 (continued). e.) Nitrogen Nitrate + Nitrite (hereafter 

referred to as nitrate or NO3
-), µM/L. f.) Dissolved reactive phosphorous (DRP), µM/L. g.) Dissolved reactive silicate (DRSi), µM/L. h.) Chlorophyll-a (chl-a), mg/m3 or µg/L.
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Table 3.1. Summary of cruise dates, notation and season. Approximate phytoplankton bloom initiation periods, peak 

periods, and decline or secondary bloom periods are also outlined.   

 

  Physical structure and seasonal variability 3.4.1

 

During the 1.5 years of sampling, the hydrography of the waters comprising the Southland Front 

varied seasonally and spatially with regards to water mass characteristics, front location, and influence 

from neritic and coastal water dynamics. The incidence of the distinct water masses along the transect 

were identified by continuous temperature and salinity measurements using the thermosalinograph 

data plotted in relation to location from a reference starting point at Taiaroa Head (-45ϊ46.200' N, 

170ϊ43.200' E). As previously described in studies of the frontal zone near Otago (Jillett, 1969, Heath, 

1985, Hawke, 1989, Butler et al., 1992, Currie and Hunter, 1999, Shaw and Vennell, 2001, Sutton, 

2003, and Hopkins et al., 2010), the three main water masses encountered across the system were 

neritic water, modified subtropical water (STW), and Sub-Antarctic Surface water (SASW) (Figure 

3.2). A summary of water mass identification characteristics reproduced from Jillett, 1969) Currie and 

Hunter, 1999) is presented in Table 3.2. 

Cruise Date Cruise Name Season (austral) Notes 

July 14 2009 P090714 Winter  

Sept 29 2009 P090929 Early spring Pre-phytoplankton bloom period 

Dec 8 2009 P091208 Early summer Bloom period 

Jan 15 2010 P100115 Summer Peak bloom /bloom decline period 

Mar 5 2010 P100305 Early autumn 
Only hydrographical data available, 

included to provide additional physical 

structure data during Autumn season 

May 5 2010 P100505 Late autumn 
Completed one depth cast in neritic 

water, remaining data along transect 

pertains to surface values only 

July 14 2010 P100714 Winter  

Sept 28 2010 P100928 Early spring Pre - bloom period 

Nov 19 2010 P101119 Late spring  Bloom period 
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Figure 3.2. Example of the incidence of water masses across the Munida Time Series Transect (May 5th, 2010). In this 

instance, the neritic water mass is the combination of coastal waters and the freshwater plume from the Clutha River. The 

Clutha River is a major source of freshwater discharge that was observed along the transect via the northward advection of 

long-shore currents. The neritic water mass is identified by low salinity and variable seasonal temperatures. Modified 

subtropical waters are identified with higher salinity values and temperatures in between near-shore coastal and Sub-

Antarctic Surface Waters. Sub-Antarctic Surface Waters are characterised by lower salinity and temperature values relative 

to inshore and continental shelf waters. The frontal zone is the boundary between the warm, haline modified Subtropical 

Waters and the cool, lower salinity waters of Sub-Antarctic Surface Waters. The front is distinguished by a sharp negative 

gradient in surface sea water temperature (SST) that closely tracks along the 200 m isobath (Butler et al., 1992).  A summary 

of water mass identification parameters reproduced from Jillett (1969) and Currie and Hunter (1999) is found in Table 3.2.  

 

Table 3.2. General surface temperature and salinity characteristics for identification of water masses in the coastally-

oriented Southland Front off the coast of Taiaroa Head (reproduced from Jillett 1969 and Currie & Hunter, 1999).  

 

Water Mass 

 

SST (°C) 

 

Salinity (PSU) 

 Winter Summer Winter Summer 

Neritic < 10.0 > 12.0 < 34.5 < 34.6 

Modified Subtropical Water > 9.5 > 12.0 > 34.5 > 34.6 

Sub-Antarctic Surface Water < 9.5 < 12.0 < 34.5 < 34.5 
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  Water mass identification and location 3.4.2

 

Neritic water (NW) was distinguished by generally warmer temperatures and lower salinities than 

offshore water masses. Although neritic waters were mainly observed close to shore (e.g. ï less than 

10-15 km from Taiaroa Head) for the majority of the year, the presence of neritic water was 

detectable up to 20 to 30 km offshore following flood events or during periods of sustained surface 

warming events most frequently observed in the summer months. Sea surface temperature (SST) 

measurements of near-shore neritic water were highly variable throughout the year due to diurnal 

warming of the shallow water column and tidal influences. Short-term temperature fluctuations (i.e. 

daily changes) decreased offshore with depth as effects from diurnal and shallow water warming 

dissipated.  Long term variations (i.e. seasonal) in temperature were minimised with increasing 

distance offshore, as temperature within the deeper regions of the continental shelf were controlled 

mainly by seasonal and longer-term climatic cycles. Salinities within NW and inner shelf waters were 

significantly influenced by the discharge of the Clutha River, a major river system located 

approximately 100 km south of Taiaroa Head with average annual outflows of 570 m
-3
 s

-1
 (Murray, 

1975, Hawke ,1995). During a major regional flooding event in early May 2010, the dilution from the 

Clutha River plume reduced the NW salinities observed off the coast of Otago from 33.8 to 32.4 PSU 

at a distance of 10 ï 20 km from shore (see Figure 3.2). 

Modified subtropical waters (STW) were identified as having characteristically moderate 

temperatures and higher salinity throughout the year relative to inshore waters and waters of Sub-

Antarctic. Waters designated as STW have locally been associated with the northward flowing 

Southland Current. Previous studies of the Southland Current (Jillett, 1969, Heath, 1975 and 

1981,Chiswell, 1996) have indicated that the current is composed mainly of STW with some 

Australasian Sub-Antarctic Water. However, recent mesoscale studies of the current system (Sutton 

2003 and references therein) have found that the current advects mainly (up to 90%) Sub-Antarctic 

Water with only a small fraction associated with STW. This discrepancy with earlier studies is due to 

the fact that the core of the current system lies further offshore than the Southland Front (Sutton, 

2003). Thus, in order to avoid confusion with previous work in this region and within the Munida 

Time Series, the higher salinity and warmer water features of the Southland Current will be referred to 

as modified subtropical water or STW with the knowledge that these waters are part of a larger 

current system that includes the Southland Front (SF). Seasonal fluctuations of SST from this water 

mass ranged from 12.5°C in the summer to 9.5°C in the winter. Salinity measurements ranged from 

34.6 PSU in the winter to 34.8 PSU in the summer (Table 3.3). 

In the austral-summer period at the end of 2009 and beginning of 2010 (relating to cruises on the 9
th
 

December 2009 and 15
th
 of January 2010), the STW water mass was not distinguishable by surface 
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measurements of temperature and salinity. Instead, this water mass was observed as a sub-surface 

feature detected by interpolation between CTD casts. The disappearance of the STW from surface 

detection has been attributed to the intense warming and dilution of inshore waters. The lower 

densities of the neritic water allow the buoyant water to spread over the top of the denser STW water 

mass and extend out towards the open ocean. The presence of the surface neritic water offshore thus 

masks the identifying characteristics associated with STW and results in a gradual decline in surface 

temperature and salinity offshore towards to Frontal Zone. This phenomenon was also observed and 

described in studies by Jillett (1969), Currie and Hunter, (1999), and Hopkins et al., (2010) and is 

considered anomalous in regards to annual fluctuations. The sub-surface manifestation of the STW 

results in additional zones of vertical and horizontal mixing and intensified stratification through the 

water column.  

Sub-Antarctic Surface Waters (SASW) were generally encountered 40 to 50 km offshore and were 

characterised by both lower SST and salinity measurements than the adjacent STW. Seasonal 

variations in SST ranged from 11.3 °C in the summer to 7.9°C in the winter. Salinity observations 

were fairly consistent throughout the year and ranged from 34.4 PSU in the summer to 34.2 PSU in 

the winter (Table 3.3).  

The frontal zone was identified by calculating the gradients in SST and density at the boundary of the 

STW and SASW. Typically, the front coincides with an isohaline of approximately 34.7 to 34.8 PSU 

year round and with an isotherm of approximately 10°C in the winter and 14°C in the summer (Heath, 

1972).  The location of the frontal zone relative to shore shifted seasonally according to the 

distribution of surface water masses, as reported previously (Heath, 1972, Jillett, 1969, Shaw and 

Vennell, 2001 , Hopkins et al., 2010). As also reported in the aforementioned studies, this study found 

that the location of the front oscillated seasonally relative to land, with the front furthest inshore in the 

summer and farthest offshore in the winter. The width and strength of the front, as described by the 

magnitude of the temperature gradient across the frontal zone, varied seasonally and inter-annually. In 

2009, the front was strongest (i.e. ï greatest thermal gradient) in the summer and winter seasons. In 

contrast, the front was weaker and subsequently spread over a wider spatial scale in the early spring 

season. The frontal gradients in 2010 were overall much stronger and narrower in spatial coverage 

than the previous year, with the strongest manifestation of the front occurring in spring and late 

autumn and the weakest occurring in the early autumn winter.  

The shifts in the frontal strength as well as the manifestation of a sub-surface STW water mass in 

Summer 2009/2010 are most likely due to a coupled occurrence of El Niño and La Niña events from 

late 2009 to August 2010 and from September to December 2010, respectively (NIWA, 2010; NIWA, 

2011). The implications of the ENSO events on the physical structure of the SF, as well as the 
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subsequent effects on the physiochemical and biological processes, will be discussed later in this 

chapter (Section 3.5.2).  
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Table 3.3. Summary of watermass properties and incidence along the Munida Time Series Transect (July 2009 ï November 2010). NW = Neritic Water, ST = modified Subtropical water, SA = Sub-Antarctic Surface 

Water, FZ = Frontal Zone. Location of water masses described as distance (km) from reference starting point of transect at Taiaroa Head (-45ϊ46.200' N, 170ϊ43.200' E). Values are given as averages within the water 
mass location criteria specific to the cruise, with error given at the 95% confidence interval relative to the standard deviation. 

*Modified ST water mass was observed as a subsurface feature underlying neritic and frontal system waters. The surface hydrographic observations are therefore a combination of neritic and ST waters and represent 

an additional lateral mixing zone in addition to the main Frontal Zone. 

§Only surface hydrographic and nutrient data from this cruise is available. 

À In this specific incidence, a thumb of incongruous water mass disrupted the continuous Sub-Antarctic Surface Water between 46 and 56 km offshore. The observations in this area (37 ï 45 km) were not considered in 

calculating average hydrographic properties for any of the main water masses. 

 
Neritic Water  Modified Subtropical Water  Sub-Antarctic Surface Water Frontal Zone 

Location (km) SST (°C) Salinity (PSU) 
Location  

(km) 
SST (°C) Salinity (PSU) Location (km) SST (°C) Salinity (PSU) 

Location  

(km) 

Gradient 

(°C km-1) 

July 14 2009 NW < 10 8.77 ± 0.04 33.87 ± 0.04 23 < ST < 35 9.69 ± 0.02 34.56 ± 0.01 SA > 50 8.37 ± 0.02 34.31 ± 0.01 35 < FZ < 50 - 0.108 

Sept 29 2009 NW < 10 10.83 ± 0.03 34.60 ± 0.03 15 < ST < 28 10.55 ± 0.10 34.73 ± 0.01 SA > 55 8.39 ± 0.03 34.34 ± 0.03 28 < FZ < 55 - 0.073 

Dec 8 2009* NW/ST < 30 12.09 ± 0.13 34.68 ± 0.02    SA > 40 9.95 ± 0.04 34.36 ± 0.03 30 < FZ < 40 - 0.120 

Jan 15 2010* NW/ST < 28 13.94 ± 0.06 34.06 ± 0.03    SA > 36 11.25 ± 0.03 34.22 ± 0.01 28 < FZ < 36 - 0.293 

Mar 5 2010§ NW < 11 15.01 ± 0.08  34.57 ± 0.02 11 < ST < 19 13.84 ± 0.29 34.73 ± 0.03 SA > 37 12.25 ± 0.02 34.27 ± 0.00 19 < FZ <37 - 0.060 

May 5 2010 NW < 21 11.99 ± 0.09 34.07 ± 0.14 21 < ST < 43 11.73 ± 0.04 34.65 ± 0.02 SA > 46 9.72 ± 0.01 34.26 ± 0.00 43 < FZ < 46 - 0.485 

July 14 2010À NW < 14 9.45 ± 0.00 34.12 ± 0.14 17 < ST < 33 9.59 ± 0.00 34.56 ± 0.00 
36 < SA < 46, 

SA > 56 
7.98 ± 0.00 34.29 ± 0.00 33 < FZ < 36 - 0.338 

Sept 28 2010 NW < 15 10.07 ± 0.05 33.89 ± 0.07 18 < ST < 35 9.68 ± 0.20 34.70 ± 0.04 SA > 37 7.78 ± 0.03 34.28 ± 0.01 35 < FZ < 37 - 0.500 

Nov 19 2010 NW < 24 13.48 ± 0.06 34.38 ± 0.02 25 < ST < 36 12.42 ± 0.11 34.80 ± 0.01 SA > 39 10.87 ± 0.05 34.30 ± 0.01 36 < FZ < 39 - 0.456 
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  Mixed layer depths 3.4.3

 

The thermocline and pycnocline depths across the transect varied according to water mass incidence 

and interaction as well as climate and seasonal temperature forcings. The definition for the depth of 

the mixed layer was chosen to include both the effects of the thermocline and pycnocline at each of 

the discrete sampling stations (de Boyer Montégut et al., 2004).  The mixed layer depth (MLD) was 

identified from a threshold gradient in temperature (ȹT > 0.2ÁC) or density (ȹůɗ > 0.03 kg m
-3
) at 

depth from a near-surface reference of 10 m. As cast depths reached only a maximum of 120 meters 

in neritic and STW waters and a deep cast at the end of the line (500 m) in the SASW, the following 

MLD values represent seasonal mixed layers rather than the boundary between surface and deep 

water masses (e.g. > 500 m). A summary of the averages of MLD observed at stations within each 

water mass is outlined in Table 3.4.  

The MLDs of neritic water were relatively consistent and shallow (16 m in summer, 21 - 35 m in 

winter) throughout the year. These thin MLDs can be attributed to the effect of shallow water 

warming along the shelf and consistently lower densities at the surface from dilution due to coastal 

and riverine discharge. In both winter 2009 and 2010, temperature values at depth were marginally 

warmer (0.2-0.4°C) than surface values. This remnant of heat transported within the neritic water 

column from earlier warmer seasons underlying a layer of colder and less saline waters results in a 

positive temperature gradient at the MLD edge. In May 2010, heavy influx of fresh water from the 

Clutha River plume and regional flooding in the week preceding the cruise resulted in a very shallow 

MLD of 7 m. The underlying water column was well-mixed mixed down to the shelf floor at a depth 

of approximately 80 m.  

The MLDs of the modified Subtropical and Sub-Antarctic water masses were influenced by seasonal 

fluctuations in temperature, prevailing wind strength and direction, and interaction and mixing 

between water masses. In winter 2009, stations within the STW and SASW exhibited well-defined 

thermoclines at depths of around 130 m and 156 m, respectively. During the early spring sampling 

cruise (Sept 2009), the mixed layers of both water masses shoaled significantly as a result of seasonal 

warming. However, despite warmer surface temperatures, the averaged MLD of the STW stations was 

significantly deeper than the averaged MLD of the SASW stations (see Table 3.4). This effect may 

have been the result of greater water column stability in SASW caused by enhanced surface mixing. 

In summer 2009/2010, the STW water mass was present as a sub-surface feature. As the neritic water 

mass was extended offshore due to westerly prevailing winds and intense heating of inshore surface 

waters, the boundary between the overlying neritic water and the underlying STW effectively 

represented the edge of the ML. As the criterion for the identification of the STW using surface 
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measurements was masked by the presence of the extended neritic water mass, the STW sampling 

stations and their respective MLDs were combined with the neritic stations for the December 2009 

and January 2010 sampling cruises. For both of these sampling periods, a shallow ML of ca. 16 m was 

detected at the combined NW/STW sampling station.  

In December 2009, CTD casts from the SASW stations indicated that the water column was well 

stratified, with an average mixed layer depth of 18 ± 5 m and a decline in temperature of 1.5 °C from 

surface to subsurface levels (50 m). From December 2009 to January 2010, the MLD in the stations of 

the SASW deepened from 18 m to 38 m despite an increase in SST of approximately 1.5° C. The 

deepening of the mixed layer may have been caused by high surface winds, recorded at speeds of 8.5 

ï 9.6 m/s at Taiaroa Head, in the week preceding the sampling cruise (Sutherland, 2011). The 

presence of a relatively shallow spring and summer mixed layer in SASW has also been observed in 

the region south of the Chatham Rise (Bradford-Grieve et al., 1997, Boyd et al., 1999, Hutchins et al., 

2001). 

In winter 2010, casts at both the STW and SASW stations indicated that the MLD had deepened to 

mean depths of 84 ± 28 m and 200 ± 5 m, respectively. Although there was a lack of sampling cruises 

and measurements at depth in autumn 2010 due to poor weather and sea conditions, it is assumed that 

these same weather conditions facilitated the deepening of the mixed layers for both water masses due 

to high surface winds from storm events and cooler surface atmospheric temperatures. In September 

2010 and November 2010, the MLD of both the STW and SASW shoaled as per the observations 

from the previous year. However, the MLD for the SAW in spring 2010 (40 ± 15 m) was much deeper 

than the corresponding MLD for the previous year (18 ± 5), despite the SST from 2009 being cooler 

by almost a degree than in 2010 (9.95 ± 0.04°C in 2009 to 10.87 ± 0.05°C in 2010). This significant 

difference in MLD may be the result of an increased shoaling effect in 2009 due to the presence of a 

subsurface STW water mass across the transect, resulting in the fresher more buoyant SASW to be 

spread over the denser STW found at depth. The result of this shallower mixed layer and the potential 

for horizontal mixing with the combined NW/STW mass will be discussed later in this chapter.  

 

 

 

  Light climate 3.4.4

 

The coupling of the depth of the mixed layer and the attenuation of photosynthetically active radiation 

(PAR, light at wavelength 400-700 nm) are important controls for phytoplankton primary production. 



57 

 

The penetration of light at depth is determined by the vertical diffuse attenuation coefficient, Kd, 

which quantifies the exponential decay of light attenuation by vertical depth within the water column. 

The limit of the euphotic zone in a water column is defined as the depth where irradiance equals 1% 

of the surface light availability. The attenuation coefficient and subsequent depth of the euphotic zone 

are dependent upon the absorption of light from components including the water itself, dissolved 

organic material, and suspended particles including phytoplankton cells and tripton (Pfannkuche, 

2002).   

Because direct calculation of in situ Kd values was not possible for many of the sampling cruises due 

to issues with availability and functioning of multiple PAR sensors and spectroradiometers, published 

seasonal values of Kd for each water mass and remotely sensed diffuse attenuation coefficients at 490 

nm (K490) were used for the evaluation of the light climate throughout the study. Overall, the euphotic 

zone depths derived from literature seasonal values of Kd correspond well to euphotic zone depths 

calculated from remotely sensed and in situ observations (see Chapter 4 Section 4.4.1 and Appendix 

II ).  

A summary of the euphotic zone depths (Ze) and mixed layer depths (MLD) for each of the water 

masses across the SF is presented in Table 3.4. Further information on the derivation of euphotic zone 

depths from literature and remotely sensed diffuse attenuation coefficients at 490 nm (K490) is detailed 

in Chapter 4 Section 4.4.1 and Table 4.1. 
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Table 3.4. Summary of mixed layer depths (MLD) and euphotic zone depths (Ze). The MLD values are presented as averaged values ± 1ů between stations of the same water mass within each 

cruise. Standard errors rather than confidence intervals are presented due to the limited number of stations within each water mass. The euphotic zone depths are defined as the depth where the 

irradiance at depth Ze is 1% of surface irradiance.  

n.d. ï not determined 

* For this cruise, only a single depth cast was recorded (neritic station). 

Cruise # 

Neritic Water  Modified Subtropical Water  Sub-Antarctic Surface Water 

MLD (m) Ze (m) MLD (m) Ze (m) MLD (m) Ze  (m) 

July 14 2009 21 ± 3 46 130 ± 25 92 156 ± 6 92 

Sept 29 2009 n/a 22 77 ± 1 92 55 ± 7 77 

Dec 8 2009 16 ± 2 42   18 ± 5 66 

Jan 15 2010 16 ± 5 31   38 ± 4 42 

May 5 2010* 7 33 n.d. n.d. n.d. n.d. 

July 14 2010 35 67 84 ± 28 92 200 ± 5 92 

Sept 28 2010 23 31 64 ± 28 66 55 ± 24 57 

Nov 19 2010 16 ± 2 33 19 ± 5 57 40 ± 15 66 
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Although Ze calculations derived from literature values of Kd obtained from the study of inherent 

optical properties along the Otago Shelf (Pfannkuche, 1998, 2002) corresponded fairly well to Ze 

derived from daily observations and eight-day composites of remotely sensed values of diffuse 

attenuation coefficients at 490 nm, it is possible that phytoplankton samples were occasionally 

incubated at light intensities greater than in situ conditions due to discrepancies between estimated 

values and actual conditions on the day of sampling. This difference was judged not to have greatly 

impacted the overall column integrated net primary production values due to acclimation of 

phytoplankton to varying light intensities due to vertical oscillation within the mixed layer (Denman 

and Gargett, 1983, Bradford-Grieve et al., 1997).  

A possible significant error occurred during the December 2009 and January 2010 sampling cruises, 

when the complex physical structure of the Southland Front and the combination of the NW and STW 

resulted in a slight overestimation of the euphotic zone depths. As the depth of the euphotic zone is 

important to the determination of depths for the collection of samples for simulated in situ incubation 

and the MLDs were very shallow during these sampling cruises, it is possible that the individual rates 

of primary production may be overestimations of actual conditions. However, during these sampling 

periods the interface between the subsurface STW and the buoyed surface neritic water essentially 

served as the boundary for the edge of the mixed layer. Therefore, it is also possible that light 

attenuation was not constant through the water column as the boundary layer facilitated the 

conservation of optical properties intrinsic to each water mass. Since only surface values of remotely 

sensed diffuse attenuation coefficients are available for these cruises, it is not possible to determine 

whether light attenuation was constant through the water column. Despite this potential error in 

euphotic zone depth determination, is it likely that only a minimal (e.g. less than significant) 

overestimation in column integrated primary production occurred. This theory is supported by 

accompanying evidence of macronutrient and trace metal depletion as well as frontal zone structure 

and mixing dynamics.    

 

  Macronutrient concentrations 3.4.5

 

Within all water masses observed across the transect, nitrate and DRP concentrations were highest in 

the winter and lowest in the late spring and summer (Figure 3.1 e and f). Concentrations of DRSi 

(Figure 3.1g) also displayed seasonal cycling within all the water masses with significant reductions 

in early summer and increased levels during the middle of the year. The significant depletions in 

nutrient concentrations across all water masses in the transect coincide with maxima in phytoplankton 

primary production and chl-a concentrations, which will be discussed in detail in Section 3.4.6. As 
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observed in previous studies, there was a positive gradient of nitrate (Van Hale and Frew, 2010) and 

DRP (Hawke, 1989, Currie et al., 2011a) and a  negative gradient of DRSi in Spring and Summer 

seasons(Hawke, 1995) observed as distance from shore increased. The averaged nutrient 

concentrations by water mass (with 95% confidence intervals) for the duration of the sampling 

timeline are depicted in Figures 3.3 to 3.5 and summarised in Table 3.5. 

Both neritic water and STW displayed similar nitrate and DRP seasonality. Maximum surface 

concentrations of nitrate were observed in the winter seasons for both NW and STW, ranging on 

average from 7.2 ï 7.5 and 9.5 ï 11.4 µmol L
-1
, respectively (Figure 3.3). Significant depletions in 

surface nitrate were observed for both these water masses in the period between the September 29
th
 

2009 and January 15
th
 2010 sampling cruises, and again in the September 28

th
 and November 19

th
 

2010 period. The minimum average nitrate value observed was recorded in the combined NW/STW in 

January 2010, with a concentration of 0.4 ± 0.2 µmol L
-1 

(Figure 3.3). Concentrations in DRP 

revealed a similar seasonal cycle, with highest values (0.5 ± 0.3 µmol L
-1
 for NW , 0.8 ± 0.2 µmol L

-1
 

for STW) measured in winter and lowest (0.1 ± 0.0 µmol L
-1
) in January 2010 (Figure 3.4). The 

minimum values of both surface DRP and nitrate for the NW and STW waters coincide directly with 

high primary production events in those water masses (see Section 3.4.6.). 

Throughout 2009 and 2010, surface and vertical profiles of nitrate and DRP concentrations were 

significantly higher and showed less seasonal variability in the SASW compared to STW and NW. 

Averaged winter values (with 95% confidence interval) of surface nitrate within the water mass 

ranged from 12.6 ± 2.3 µmol L
-1
 in 2009 to 15.5 ± 0.0 µmol L

-1
 in 2010 (Figure 3.3). Averaged 

surface DRP measurements for SASW in winter 2009 and 2010 were 0.9 ± 0.2 µmol L
-1
 and 0.9 ± 0.0 

µmol L
-1
, respectively (Figure 3.4). In December 2009, vertical and surface concentrations of DRP 

and nitrate declined but did not reach the extremely depleted levels (e.g. ï near zero) observed in the 

NW and STW water masses. In the January 2010 sampling period, DRP levels did not significantly 

change from December (0.7 ± 0.1 µmol L
-1
 for both sampling periods), and nitrate only decreased 

slightly from 11.0 ± 0.8 to 9.9 ± 0.4 µmol L
-1
. These measurements of surface nutrients reflect the 

pattern of fluctuation in the primary production measurements from December 2009 to January 2010 

in the SASW, where high rates of primary production and chl-a were observed in December followed 

by a sharp decline in both parameters in January.   

The vertical distribution of DRP and nitrate generally reflects the physical (e.g. ï mixed layer depth) 

and biological vertical structures for each of the water masses throughout the year. Depletion of 

nutrients in the upper surface levels of the water column coincided with higher concentrations of 

chlorophyll and rates of primary production. Nutrient concentrations increased with depth, 

particularly below the mixed layer in the spring and summer sampling seasons. As in surface 

observations of nutrients, nitrate and DRP were in greatest supply within the euphotic zone 
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throughout the year in SASW, with highest concentrations found in winter 2009 and 2010. A full 

presentation of vertical nutrient profiles of nitrate, DRP, and DRSi are depicted with vertical profiles 

of chlorophyll and primary production in Figures 3.8 ï 3.21.      

Concentrations of dissolved reactive silicate displayed a slightly different seasonality within each of 

the water masses relative to nitrate and DRP. In neritic waters, DRSi concentrations were highest in 

May 2010 and July 2010 which corresponded to a period of above average winter rainfall and 

flooding along the south-eastern coast of the South Island (NIWA, 2011). In May 2010, a large range 

of DRSi was measured within neritic waters, with a mean concentration and 95% confidence interval 

of 3.9 ± 3.9 µmol L
-1
 (Figure 3.5). The large error associated with this water mass averaged value is 

due to the observation of extremely high (> 6.5 µmol L
-1
) DRSi values in the near shelf region of the 

Otago Peninsula (< 10 km). Concentrations decreased to approximately 3.0 ï 4.5 µmol L
-1
 further off 

the shelf within the neritic water mass. This event of high DRSi measurements and variability 

observed directly off the coast of the Otago Peninsula was attributed to extreme flooding from the 

Clutha River in the days preceding the sampling cruise. Studies including Martin and Maybeck, 

(1979) and Hawke (1995) confirm the importantance of the Clutha River for the influx and transport 

of DRSi to shelf waters and the waters of the Southland Front in the region off the coast of Otago, 

particularly during flood events. 

In winter 2009 and 2010, the STW and SASW exhibited lower surface DRSi concentrations than the 

near-shore NW, with the lowest concentrations found in SASW (Figure 3.5). In September 2009, 

DRSi concentrations for the STW and SASW slightly increased from winter levels while 

concentrations in NW dropped significantly. This slight increase in silicate in the outer waters of the 

SF may be the result of lateral transport of DRSi from near shore waters, facilitated by inter-water 

mass mixing processes caused by a relatively weak frontal strength (- 0.073°C/km). The effect of 

frontal strength on water mass mixing and horizontal transport will be discussed in further detail in 

Section 3.5.1. of this chapter.  

In December 2009, all water masses indicated intense depletion of surface concentrations of DRSi, 

with a concentration of 0.4 ± 0.2 µmol L
-1 

in both the mixed NW/STW and SASW water masses. The 

drawdown of DRSi in neritic water in spring and later in all water masses in early summer is 

consistent with the observation of the onset of the spring phytoplankton bloom and dominance of 

diatoms observed in the size community structure of both chlorophyll and primary production 

measurements (see Section 3.4.4.). Vertical profiles of DRSi in the STW and SASW water masses in 

December 2009 also show depletion of silicate in the upper water column, indicating uptake by 

diatoms in the shoaled mixed layer (see Figure 3.12 and Figure 3.13). 
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In January 2010, the combined NW/STW water mass exhibited a slight but significant increase in 

surface DRSi while concentrations in the SASW remained depleted (Figure 3.5). Profiles of total and 

size fractionated chlorophyll and primary production in the NW/STW indicate a continuation of 

bloom conditions and dominance by diatoms. Similar profiles within the SASW, however, indicate a 

sharp drop off in both chlorophyll and primary production, with dominance of size classification 

shifted from diatoms to picophytoplankton (< 2 µm size classification) (see Section 3.4.6). 

Following the decline of the summer 2009/2010 bloom, DRSi concentrations within all water masses 

observed across the SF were replenished by the time of the May 2010 and July 2010 sampling cruises, 

presumably by transport from near-shore waters, vertical upwelling, and intensified rainfall and flood 

conditions mentioned previously. In the early and late spring sampling cruises of September 2010 and 

November 2010, DRSi in all water masses declined in response to the onset of the seasonal 

phytoplankton bloom and the increase in diatom dominance of chl-a assemblages and primary 

production. 
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Figure 3.3 Nitrogen Nitrate + Nitrite (nitrate) concentrations in µmol L-1 from July 2009 to November 2010, averaged by 

water mass. Error bars represent 95% confidence intervals.  

 

Figure 3.4 Dissolved reactive phosphorous (DRP) concentrations in µmol L-1 from July 2009 to November 2010, averaged 

by water mass. Error bars represent 95% confidence intervals.  
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 Figure 3.5 Dissolved reactive silicate (DRSi) concentrations in µmol L-1 from July 2009 to November 2010, averaged by 

water mass. Error bars represent 95% confidence intervals. The extremely large error bar for the neritic water mass in May 

2010 is related to the large range of DRSi observed in this area. This range of silicate is not surprising given that regional 

scale flooding induced a significant outflow of riverine water from the Clutha River in the days preceding the sampling 

cruise (as detected by surface temperature and salinity data in Figure 3.1).  
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Table 3.5. Summary of surface nutrients averaged by water mass during the sampling time series. All units are in µmol L
-1
 and include 95% confidence intervals.  

 

*For this cruise, only single measurements of nutrients were available within neritic water mass, and only two replicates were available within the modified subtropical water mass. For the STW 

averaged values, a single standard deviation from the mean is presented in lieu of a confidence interval. 

 

Cruise # 

 

Neritic Water  

 

Modified Subtropical Water  

 

Sub-Antarctic Surface Water 

NO3
-  
 DRP      DRSi   NO3

-  
 DRP      DRSi   NO3

-  
 DRP      DRSi   

July 14 2009 7.5 ± 2.6 0.5 ± 0.3 3.4 ± 1.4 11.4 ± 1.1 0.8 ± 0.2 1.9 ± 0.2 12.6 ± 2.3 0.9 ± 0.2 2.5 ± 0.3 

Sept 29 2009* 3.1 0.4 2.0 10.3 ± 0.3 0.6 ± 0.0 2.9 ± 0.1 13.9 ± 1.3 0.9 ± 0.2 2.6 ± 0.3 

Dec 8 2009 0.9 ± 0.6 0.2 ± 0.1 0.4 ± 0.2    11.0 ± 0.8 0.7 ± 0.1 0.4 ± 0.2 

Jan 15 2010 0.2 ± 0.1 0.1 ± 0.0 1.3 ± 0.3   
 

9.9 ± 0.4 0.7 ± 0.1 0.5 ± 0.1 

May 5 2010 6.3 ± 1.7 0.3 ± 0.1 3.9 ± 3.9 8.2 ± 1.2 0.5 ± 0.1 2.0 ± 0.2 13.2 ± 1.1 0.7 ± 0.1 1.1 ± 0.3 

July 14 2010 7.2 ± 0.0 0.3 ± 0.0 4.3 ± 0.0 9.5 ± 0.0 0.5 ± 0.0 3.3 ± 0.0 15.5 ± 0.0 0.9 ± 0.0 2.8 ± 0.0 

Sept 28 2010 3.7 ± 0.5 0.4 ± 0.1 2.4 ± 0.4 7.5 ± 1.5 0.6 ± 0.1 2.0 ± 0.3 10.8 ± 1.1 0.7 ± 0.1 2.3 ± 0.1 

Nov 19 2010 0.7 ± 0.1 0.3 ± 0.0 1.0 ± 0.1 3.7 ± 1.9 0.5 ± 0.1 0.9 ± 0.2 11.0 ± 0.6 0.8 ± 0.0 0.6 ± 0.1 
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The averaged molar ratios of the surface macronutrient concentrations during the entire study period 

were compared in order to identify the primary limiting nutrient for each water mass (Table 3.6). In 

the SASW, ratios of N:P were relatively consistently throughout the study period, ranging from a 

minimum in November 2010 of ca. 13.5 to a maximum of 17.2 in July 2010. However, variations in 

N:Si ratios were much more pronounced with minimum ratios of ca. 5.3 in September 2009 and 5.9 in 

July 2010 and a maximum molar ratio ca. 38 in December 2009. The increases in the molar ratio of 

N:Si are analogous to depletions in DRSi and instances of increased phytoplankton chlorophyll 

assemblages and primary production. The molar ratios of N:P and N:Si throughout the study period 

confirm that nitrate and DRP are in excess in the SASW and DRSi is the major limiting 

macronutrient, which along with trace metals (including iron, zinc, and cadmium) and light, are 

fundamental co-limiting factors for phytoplankton growth in the SASW (Hutchins et al., 2001, Boyd, 

2002, Boyd et al., 2004).  

In the NW, STW, and NW/STW combined water mass, reductions in molar ratios of both N:P and 

N:Si were observed relative to periods of high biological activity. The period of highest biological 

production in the NW/STW (January 2010) was accompanied by the smallest ratios in both N: P and 

N:Si. The seasonality of these ratios signify that phytoplankton in the NW and STW are most likely 

limited primarily by nitrate, although silicic acid availability is most likely a significant nutrient for 

the sustenance of diatom growth further in the outer shelf waters of the STW. This limitation is in 

agreement with other studies of the NW and STW along the Southland Front, including Hawke (1995) 

and Van Hale and Frew (2010).   

 

Table 3.6. Summary of surface nutrient molar ratios averaged by water mass. All units are in mol:mol ratios and include 

95% confidence intervals.  Values for the STW during December 2009 and January 2010 cruises are presented in the NW 

column as the combined NW/STW water mass described in Section 3.4.2. 

Cruise # 

Neritic Water  Modified Subtropical Water  Sub-Antarctic Surface Water 

N:P  N:Si  N:P  N:Si  N:P  N:Si  

July 14 2009 15.7 ± 1.5 2.7 ± 0.4 14.9 ± 0.9 4.6 ± 0.2 14.5 ± 0.9 6.8 ± 0.2 

Sept 29 2009 8.9 1.5 16.1 ± 0.7 3.5 ± 0.1 15.1 ± 1.0 5.3 ± 0.2 

Dec 8 2009 5.3 ± 0.5 3.3 ± 0.8   16.4 ± 0.9 38.8 ± 7.6 

Jan 15 2010 1.8 ± 0.6 0.2 ± 0.0   15.2 ± 0.6 21.2 ± 1.6 

May 5 2010 14.8 ± 0.7 2.6 ± 0.6 14.8 ± 0.8 4.0 ± 0.7 16.2 ± 0.7 13.2 ± 1.3 

July 14 2010 17.2 ± 0.3 1.6 ± 0.1 16.9 ± 0.1 3.3 ± 0.9 17.2 ± 0.4 5.9 ± 0.2 

Sept 28 2010 10.3 ±  0.4 1.6 ± 0.1 13.0 ± 1.2 3.5 ± 0.6 15.1 ± 0.2 6.2 ± 0.3 

Nov 19 2010 2.5 ± 0.2 0.7 ± 0.1 8.0 ± 1.6 4.2 ± 0.7 13.5 ± 0.2 15.2  ± 1.3 
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 Chlorophyll-a concentrations and net primary production 3.4.6

 

The measurement of the pigment chl-a was used as a proxy for phytoplankton biomass abundance and 

distribution along the transect and for the determination of phytoplankton size classification. 

Throughout the study, individual measurements of total chl-a concentrations at surface and at depth 

were less than 4.05 mg m
-3
 and rarely exceeded 1 mg m

-3
 except in peak bloom periods (e.g. ï 

December 2009/January 2010 and November 2010). These observations are considerably less than 

those reported from other near-shore coastal systems with high riverine nutrient input such as the 

Oregon/Washington coast which exhibits peak near surface chl-a concentrations exceeding 20 mg m
-3
 

(Evans et al. 2011). However, these chl-a observations are consistent with other studies from the 

Southland Front (Pfannkuche, 2002, Currie and Hunter, 1999, Currie et al., 2011a, Adu pers. comm.) 

and the STC along the Chatham Rise (Bradford-Grieve et al., 1997, Chang and Gall, 1998, Gall et al., 

1999, Currie et al., 2011b).  

The highest levels of near surface and depth integrated (to 100 m) chl-a concentrations were observed 

in the combined NW/STW water mass in December 2009 (Figure 3.6). Throughout the year, neritic 

water exhibited higher near-surface (< 10 m) chl-a concentrations than the STW and SASW water 

masses, with the exception of the November 2010 where the STW stations had the highest near 

surface and depth integrated chl-a concentrations. Column integrated chl-a concentrations in the STW 

were also comparable to integrated NW concentrations from May 2010 to November 2010, affirming 

the presence of a significant deep chlorophyll maximum (DCM) which was observed in the vertical 

depth profiles of these sampling periods (Figure 3.6 and vertical profiles, Figures 3.12-3.23). In the 

STW, higher chl-a concentrations at both surface and depth were observed in spring and summer 

seasons than in autumn and winter. 

Near surface and depth integrated chl-a concentrations were consistently lower in the SASW water 

mass, with column integrated measurements under 30 mg chl m
-2 

for much of the year. A significant 

increase in chl-a at both surface and depth was observed in the bloom periods of December 2009 (49 

± 11 mg chl m
-2
) and November 2010 (48 ± 5 mg chl m

-2
), with a significant decline relative to the 

NW/STW levels in January 2010 (19 ± 3 mg chl m
-2
) (Figure 3.7). These fluctuations in chl-a are 

consistent with observations in nutrient availability and depletion for the SASW water mass in the 

spring and summer sampling periods. The exception to this pattern was observed in September 2009, 

where both the chl-a and primary production measurements in the SASW exceeded the measurements 

in the adjacent STW.  

The spatial and temporal distribution of column integrated net primary production (g C m
-2
 d

-1
) 

depicted a similar pattern to that of chl-a concentration (Figure 3.7). The highest primary production 
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rates were observed in the NW/STW water mass in summer 2009/2010 (1.6 ± 0.1 g C m
-2 

d
-1
 in 

December 2009 and 1.5 ± 0.2 g C m
-2 

d
-1
 in January 2010). A relatively high rate of column integrated 

primary production of 0.9 ± 0.1 g C m
-2 

d
-1
 was also observed in the SASW water mass in December 

2009, which was followed by a sharp decline in January 2010 (0.4 ± 0.1 g C m
-2 

d
-1
). A less 

pronounced increase in primary production than the previous summer was observed in November 

2010 for the STW (0.7 ± 0.1 g C m
-2 

d
-1
), but measurements of rates of production in the SASW 

remained low (0.2 ± 0.2 g C m
-2 

d
-1
) and were only slightly higher than SASW production rates from 

the winter and early spring 2010 seasons.  

Measurements of size fractionated chl-a and primary production indicated that the contribution from 

picophytoplankton (< 2 µm) was dominant for the STW and SASW in the late autumn to early spring 

austral seasons (May to September) (Tables 3.7 and 3.8  

The transition from dominance by picophytoplankton to dominance by diatoms (> 20 µm) from 

September 2009 to December 2010 was observed in both the combined NW/STW and SASW water 

masses, with diatom production accounting for 56% and 38% of total NPP, respectively. This 

transition in phytoplankton size class was accompanied by intense depletions of silicate at the surface 

and through the vertical water column profile (Figures 3.12 ï 3.15).  

In January 2010, the decline of the SASW bloom was observed as the production rates decreased 

dramatically relative to the December 2009 observations (Figure 3.7 and Figure 3.9). As described 

by other studies, including Joint and Pomroy, 1993 and Pommier et al., 2009, the deterioration of a 

phytoplankton bloom may be classified by the point where the abundance and production of the 

previous dominant large phytoplankton species classes significantly decline to levels akin to smaller 

(e.g. < 20 µm) size classes. In the SASW during the January 2010 sampling period, the > 20 µm size 

classification contributed to 16 % of depth integrated NPP, while the 5 µm, 2 µm, and < 0.2 µm 

contributed 23%, 30%, and 34%, respectively (Figure 3.9 and Table 3.8). This transition of size 

classification detected in January 2010 as well as the extreme depletion of silicate and dissolved trace 

metal concentrations (Adu pers. comm.) observed during December 2009 indicate that the bloom 

conditions in the SASW (characterised by high chl-a and NPP) likely peaked around the period of the 

December 2009 sampling and that the measurements observed in January 2010 were signs of bloom 

decline and cessation in the SASW.  
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Figure 3.6. Column integrated measurements of chlorophyll-a (mg chl m-2) averaged by water mass.  The combined 

NW/STW water mass observed in December 2009 and January 2010 is depicted as a separate water mass in this instance. 

Error bars represent 95% confidence intervals.  

 

 

Figure 3.7. Column integrated measurements of net primary production (g C m-2 day-1) at designated 14C sampling stations 

(Station 3, STW and Station 7, SASW)  Error bars represent 95% confidence intervals.  
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Figure 3.8. Size fractionated column integrated measurements of net primary production (g C m-2 day-1) for the Modified 

Subtropical Water (STW). Error bars represent 95% confidence intervals.  

 

 

 

Figure 3.9. Size fractionated column integrated measurements of net primary production (g C m-2 day-1) for the Sub-

Antarctic Surface Water. Error bars represent 95% confidence intervals.  
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In the combined NW/STW water mass, consistently high chl-a and NPP were observed in the 

December 2009 and January 2010 sampling cruises (see Figures 3.6 and 3.7), with considerable 

dominance of diatoms in both parameters during the Summer 2009/2010. Although silicate levels 

were well depleted in December (Figure 3.5), a small but significant increase in DRSi measurements 

(likely from the transport of silicate rich neritic waters offshore) coupled with sufficient levels of 

nitrate and DRP facilitated the continuation of NW/STW bloom conditions from December 2009 to 

January 2010. However, a considerable incongruity between integrated chl-a and primary production 

(with a slight decline in column NPP from December to January of ca. 1.6 to 1.5 g C m
-2
 d

-1
, and with 

a substantial drop in column integrated chl-a from ca. 103 in December to ca. 55 mg chl m
-2
 in 

January) coupled with near depleted levels of nitrate (see Figure 3.3) allow speculation that 

conditions were unfavourable for sustained high production. Other controlling factors of bloom 

initiation and decline (apart from macro and micronutrient depletion) include stress from zooplankton 

grazing, the decoupling of predator-prey dynamics in the winter and light penetration at depth 

(Behrenfeld, 2010).       

In the spring and summer bloom period of 2010, integrated net primary production rates in the STW 

and SASW were considerably less than in the previous year, with NPP rates of 0.7 ± 0.1 g C m
-2
  d

-

1
and 0.2 ± 0.0 g C m

-2
 d

-1 
in November 2010, respectively. Within the STW station, concentrations of 

chl-a and production were dominated by diatoms with relative contributions of 58% and 68%, 

respectively. Although the production rate for the STW was significantly lower than in 2009, the 

availability of nutrients above depletion levels imply that the bloom period for the STW had not yet 

reached peak potential for the summer 2010/2010 season. However, the lack of the neritic water 

intrusion to the outer shelf, as observed in summer 2009/2010, also suggests that the nutrient 

concentrations observed in November were not replenished by neritic water transport and therefore 

decreased until bloom depletion conditions were met.   

In the SASW water mass, column integrated NPP observations in November 2010 were only slightly 

dominated by diatoms (35%), relative to other size classes. However, the total integrated chl-a 

concentration was relatively immense (48 ± 7 mg chl m
-2
) compared to the NPP rate and was highly 

dominated by diatoms (62%). This incongruity between NPP and chl-a measurements was likely 

caused by substantial grazing by zooplankton prior to the sampling period or the sinking of larger 

algal cells to the edge of the MLD. This dramatic difference between magnitude and size structure of 

vertical NPP and chl-a observations, coupled with the near depletion levels of the limiting DRSi (0.6 

± 0.1 mmol L-1), may signify the near-deterioration bloom conditions in the SASW. 

Vertical profiles of nutrients, net primary production, chl-a, and per cent contribution by size 

classification are presented for the STW and SASW sampling stations from July 2009 to November 

2010 in Figures 3.8 ï 3.21 (except for May 2010, where only surface measurements were recorded).  
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Figures 3.10. (a ïd). Vertical profiles for Station 3, P090714. a.) Total net primary production, with 95% confidence 

intervals. b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) 

Chlorophyll-a, with 95% confidence intervals. d.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. Nutrient profiles at depth not available for this station. MLD is 130 m (not shown), Ze 

is 92 m (orange dashed line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 (a-f). Vertical profiles for Station 7, P090714. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Nitrate depth profile. 

d.) Chlorophyll-a, with 95% confidence intervals. e.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. f.) DRP and DRSi depth profiles. MLD is 130 m (not shown), Ze is 92 m (orange 

dashed line). 
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Figure 3.12 (a-d). Vertical profiles for Station 3, P090929. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Chlorophyll-a, with 

95% confidence intervals. d.) Size fractionated chlorophyll-a, depicted as relative per cent of total for each size class for 

surface depth only. Nutrient profiles at depth not available for this station. MLD is 77 m (blue dashed line), Ze is 92 m 

(orange dashed line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 (a-f). Vertical profiles for Station 7, P090929. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Nitrate depth profile. 

d.) Chlorophyll-a, with 95% confidence intervals. e.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. f.) DRP and DRSi depth profiles. MLD is 55 m (blue dashed line), Ze is 77 m (orange 

dashed line). 
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Figure 3.14 (a-d). Vertical profiles for Station 3, P091208. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Chlorophyll-a, with 

95% confidence intervals. d.) Size fractionated chlorophyll-a, depicted as relative per cent of total for each size class for 

surface depth only. Nutrient profiles at depth not available for this station. MLD is 16 m (blue dashed line), Ze is 42 m 

(orange dashed line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 (a-f). Vertical profiles for Station 7, P091208. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Nitrate depth profile. 

d.) Chlorophyll-a, with 95% confidence intervals. e.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. f.) DRP and DRSi depth profiles. MLD is 18 m (blue dashed line), Ze is 66 m (orange 

dashed line). 
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Figure 3.16 (a-d). Vertical profiles for Station 3, P100115. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Chlorophyll-a, with 

95% confidence intervals. d.) Size fractionated chlorophyll-a, depicted as relative per cent of total for each size class. 

Nutrient profiles at depth not available for this station. MLD is 16 m (blue dashed line), Ze is 29 m (orange dashed line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 (a-f). Vertical profiles for Station 7, P100115. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Nitrate depth profile. 

d.) Chlorophyll-a, with 95% confidence intervals. e.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. f.) DRP and DRSi depth profiles. MLD is 38 m (blue dashed line), Ze is 42 m (orange 

dashed line). 

 



76 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18 (a-f). Vertical profiles for Station 3, P100714. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Nitrate depth profile. 

d.) Chlorophyll-a, with 95% confidence intervals. e.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. f.) DRP and DRSi depth profiles. MLD is 84 m (blue dashed line), Ze is 92 m (orange 

dashed line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 (a-f). Vertical profiles for Station 7, P100714. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Nitrate depth profile. 

d.) Chlorophyll-a, with 95% confidence intervals. e.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. f.) DRP and DRSi depth profiles. MLD is 200 m (not shown), Ze is 92 m (orange 

dashed line). 
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Figure 3.20 (a-f). Vertical profiles for Station 3, P100928. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Nitrate depth profile. 

d.) Chlorophyll-a, with 95% confidence intervals. e.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. f.) DRP and DRSi depth profiles. MLD is 64 m (blue dashed line), Ze is 66 m (orange 

dashed line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.21 (a-f). Vertical profiles for Station 7, P100928 a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Nitrate depth profile. 

d.) Chlorophyll-a, with 95% confidence intervals. e.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. f.) DRP and DRSi depth profiles. MLD is 55 m (blue dashed line), Ze is 57 m (orange 

dashed line). 
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Figure 3.22 (a-f). Vertical profiles for Station 3, P101119. a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Nitrate depth profile. 

d.) Chlorophyll-a, with 95% confidence intervals. e.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. f.) DRP and DRSi depth profiles. MLD is 19 m (blue dashed line), Ze is 57 m (orange 

dashed line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23 (a-f). Vertical profiles for Station 7, P101119 a.) Total net primary production, with 95% confidence intervals. 

b.) Size fractionated net primary production, depicted as relative per cent of total for each size class. c.) Nitrate depth profile. 

d.) Chlorophyll-a, with 95% confidence intervals. e.) Size fractionated chlorophyll-a, depicted as relative per cent of total for 

each size class for surface depth only. f.) DRP and DRSi depth profiles. MLD is 40 m (blue dashed line), Ze is 66 m (orange 

dashed line). 
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Table 3.7. Column integrated net primary production rates and chlorophyll-a concentration at modified Subtropical Water discrete station (Station 3). Total values for each of the parameters 

displayed with 95 confidence intervals. Per cent contributions from size fractionation classes are calculated from column integrated size fractionation measurements (not displayed) relative to 

total column integrated value for each parameter. Cumulative per cent values may not equal precisely 100% due to losses between fractionation layers. 

*Only surface measurements of size fractionated chl-a available for these cruises. Surface values are integrated to 100 m to provide relative size class fractions in the water column. 

À Only surface measurements of all parameters available.

 

Modified Subtropical Water  

Integrated net primary production  

(g C m
-2
 d

-1
) 

Modified Subtropical Water 

Integrated chlorophyll -a 

(mg chl-a m
-2
) 

Cruise Total <0.2µm 2 µm 5 µm >20µm Total <0.2µm 2 µm 5 µm >20µm 

July 14 2009* 0.3 ± 0.1 35 % 31 % 19 % 15 % 14 ± 3 31% 37 % 18 % 13 % 

Sept 29 2009* 0.3 ± 0.1 46 % 21 % 18 % 14 % 13 ± 7 40 % 34 % 19 % 7 % 

Dec 8 2009* 1.6 ± 0.1 8% 8 % 8 % 75% 102 ± 25 8 % 4 % 32 % 56 % 

Jan 15 2010 1.5 ± 0.3 11 % 17 % 17 % 56 % 55 ± 19 12 % 15 % 16 % 58 % 

May 5 2010À 0.3 ± 0.1 34 % 31 % 20 % 15 % 16 ± 7 34 % 30 % 28 % 9 % 

July 14 2010 0.3 ± 0.1 36 % 15 % 15 % 34 % 19.0 ± 7 30 % 25 % 22 % 24 % 

Sept 28 2010 0.2 ± 01 38 % 14 % 16 % 32 % 21 ± 6 24 % 25 % 20 % 30 % 

Nov 19 2010 0.7 ± 0.1 13 % 7.6 % 12 % 69 % 64 ± 16 5 % 19 % 18 % 58 % 
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Table 3.8. Column integrated net primary production rates and chlorophyll-a concentration at Sub-Antarctic Surface Water discrete station (Station 7). Total values for each of the parameters 

displayed with 95 confidence intervals. Per cent contributions from size fractionation classes are calculated from column integrated size fractionation measurements (not displayed) relative to 

total column integrated value for each parameter. Cumulative per cent values may not equal precisely 100% due to losses between fractionation layers. 

*Only surface measurements of size fractionated chl-a available for these cruises. Surface values are integrated to 100 m to provide relative size class fractions in the water column. 

À Only surface measurements of all parameters available.  

 

Sub-Antarctic Surface Water 

Integrated net primary production  

(g C m
-2
 d

-1
) 

Sub-Antarctic Surface Water 

Integrated chlorophyll-a 

(mg chl-a m
-2
) 

Cruise Total <0.2µm 2 µm 5 µm >20µm Total <0.2µm 2 µm 5 µm >20µm 

July 14 2009* 0.3 ± 0.2 35 % 22 % 33 % 10 % 15 ± 3 51% 28 % 15 % 6% 

Sept 29 2009* 0.6 ± 0.2 40 % 28 % 20 % 12 % 24 ± 5 43 % 29 % 24 % 4 % 

Dec 8 2009* 0.9 ± 0.1 20 % 15 % 14 % 51 % 48 ± 15 6 % 23 % 33 % 38 % 

Jan 15 2010 0.4 ± 0.2 32 % 29 % 23 % 16 % 19 ± 4 34 % 18 % 20 % 28 % 

May 5 2010À 0.2 ± 0.1 36 % 37 % 17 % 9 % 13 ± 3 17 % 22 % 32 % 29 % 

July 14 2010 0.2 ± 0.0 52 % 20 % 17 % 10 % 15 ± 4 40 % 32 % 19 % 10 % 

Sept 28 2010 0.1 ± 0.0 51 % 20 % 15 % 14 % 12 ± 6 51 % 24 % 16 % 8 % 

Nov 19 2010 0.2 ± 0.0 26 % 22 % 17 % 35 % 48 ± 7 10 % 14 % 15 % 62 % 
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 Discussion 3.5

 

  Interannual dynamics along the Southland Front 3.5.1

 

The spatial and temporal variations in physical structure and nutrient concentrations presented in this 

study are similar to other studies of the Southland Front (Jillett 1969, Hawke, 1989 and 1995, Currie 

and Hunter, 1999, Van Hale and Frew, 2010, Currie et al., 2011a), with the main characteristics of the 

STW and the SASW water masses analogous to studies from the STC at the Chatham Rise (Heath 

1981, Bradford-Grieve et al., 1997, Chang and Gall, 1998, Gall et al., 1999, Hutchins et al., 2001, 

Boyd et al., 2004, Nodder et al., 2005, Currie et al., 2011b). Phytoplankton chl-a concentrations and 

primary production rates for the STW and SASW from July 2009 to September 2009 and July 2010 to 

November 2010 were similar to levels reported for the STC. However, mean chl-a concentrations and 

production rates in the combined NW/STW water mass in December 2009 and January 2010 were 

slightly larger than reported values within the oceanic STC and STW, while chl-a concentrations and 

production rates in the SASW for that period were significantly higher than measurements obtained 

for Sub-Antarctic waters south of the Chatham Rise.  

The changing physical structure of the waters of the Southland Front and the resulting nutrient 

concentrations and light climate were critical in controlling seasonal phytoplankton dynamics as well 

as the onset and decline of bloom events within individual water masses. Both the spring to summer 

bloom periods in 2009 and 2010 were characterised by the shoaling of mixed layers, depletion of 

limiting macronutrients, decreased euphotic zone depths with increasing values of attenuation 

coefficients, and transition of phytoplankton size structures from picophytoplankton dominating to the 

prevalence of diatoms. A significant factor dictating the interplay between these processes and the 

resulting size, drawdown, and longevity of the spring bloom was the strength of the frontal zone and 

the subsequent degree of lateral mixing across water masses of the Southland Front. 

A distinctive difference between the 2009 and 2010 sampling years was the strength of the Southland 

Front temperature gradient and the interaction between the three primary water mass systems. From 

July 2009 to January 2010, the strength of the front (as indicated by the temperature gradient between 

the discrete STW and SASW boundary edges) fluctuated between -0.073°C/km in September 2009 to 

of -0.293 °C/km in January 2010 (Table 3.3). However, from May 2010 to November 2010, these 

gradients strengthened with a maximum in September 2010 of -0.500 °C/km to a minimum of -0.338 

°C/km in July 2010. The strength of the frontal gradient is significant in determining the degree of 

mixing in the water masses comprising the Southland Front. A lower frontal strength indicates smaller 

temperature differences between water masses and a less defined boundary edge, which promotes 
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horizontal transport and mixing. In contrast, a strong front is representative of large temperature 

gradients between discrete water masses which essentially create a barrier to large scale lateral 

transport outside of diffusion processes and small eddy formation along the shear zone of the 

boundary interface. The seasonality in frontal strengths and the effect on water mass mixing was 

reported by physical oceanographic studies of the Southland Front including Shaw and Vennell, 

(2001) and Hopkins et al., (2010). Although the frontal strengths in this study are higher for both 

years than the ENSO normalised values reported by Hopkins et al., (2010), this discrepancy may stem 

from the fact that high resolution (< 0.5 km) thermosalinograph data were used for the calculation of 

frontal gradients in this study as opposed to the 1 ï 4 km resolution remotely sensed temperature 

observations used by Hopkins et al., 2010). In addition, frontal gradients calculated for December 

2009 and January 2010 may overestimate frontal strength as the boundary of the discrete STW water 

mass was largely masked by the surface intrusion of neritic water offshore. 

One of the consequences of varying frontal strength between 2009 and 2010 was the transport of 

nutrients between water masses of the Southland Front. In September 2009, a weak frontal system  (-

0.073°C/km) promoted horizontal transport of silicate from coastal waters to offshore. This event was 

identified by the observation of a significant increase in the surface DRSi signatures of the STW 

(from ca. 1.9 to ca. 2.9 µmol L
-1
) and a slight but not significant increase in SASW (from ca. 2.5 to ca. 

2.6 µmol L
-1
) relative to July 2009 observations despite increased phytoplankton chl-a concentrations 

and primary production in both water masses.  

Also during the September 2009 cruise, a slight increase in nitrate was observed in the SASW relative 

to July 2009 observations. This increase in nitrate in the SASW from July 2009 observations was 

distinctive because of the absence of a coupled increase in DRP in the same water mass and that a 

similar trend was not observed in the STW and NW water masses. Work published by Hawke (1995) 

and Van Hale and Frew (2010) identify the SASW as the major source of both nitrate and DRP to the 

SF system, with a gradient of nutrient flux increasing towards shore. However, it is likely that an 

influx of nitrate and DRP was not observed in the near shore water masses (as observed by increases 

in nutrient concentration from the July 2009 measurements) as they are limiting nutrients to 

phytoplankton growth in the STW and NW (see Table 3.6). Therefore, increased phytoplankton 

production as observed in September 2009 most likely depleted any detectable influx of nitrate or 

DRP into the near shore water masses prior to the sampling cruise. 

The hypothesis that this significant increase in nitrate was the product of a substantial transport event 

that helped fuel phytoplankton spring production is supported by concurrent measurements of 

dissolved trace metal species by Toyin Adu on the July 2009 to January 2010 cruises. Adu collected 

surface measurements of dissolved iron (DFe), dissolved zinc (DZn), and dissolved cadmium (DCd) 

concentrations at discrete sampling stations across the transect. A maximum in all dissolved trace 
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metal species was observed in SASW during the September 2009 cruise, with concentrations of DFe, 

DZn, and DCd of 0.20, 0.11, and 0.14 nmol kg
-1
, respectively (Adu, pers. comm.). A concurrent 

maximum in DRSi of 2.5 µmol L
-1
 was also observed by Adu (pers. comm.) during the September 

2009 cruise. Increased levels of DFe and DZn were also observed in September relative to July 2009 

in the STW, with an increase of 0.81 to 1.06 nmol kg
-1
 in DFe and 0.10 to 0.11 nmol kg

-1
 in DZn 

(Adu, pers. comm.). These observations of increased dissolved trace metals for both the SASW and 

STW during the early spring (when the onset of the observed phytoplankton bloom is likely to 

promote depletion effects in both limiting macro and micronutrients) supports the incidence of 

significant transport of limiting nutrients into the frontal system between the end of winter and the 

initiation of the spring bloom period in 2009. 

Although there was an evident increase in both macro and micronutrient concentrations detected at 

the onset of the spring bloom period, it is not clear what transport mechanism controlled the influx of 

limiting nutrients into this system. The weak gradient of the frontal zone was conducive to the surface 

lateral advection of nutrients across the discrete water masses. However, the incidence of south-

westerly prevailing winds during the period between the July and September 2009 cruises were likely 

to promote downwelling conditions offshore, which limited the vertical transport of nutrient laden 

deep water for autotrophic consumption at the surface (Chiswell and Schiel, 2001). At the same time, 

these same persistent wind conditions have been found to accelerate the flow rate of the coastally 

constrained Southland Current along the New Zealand continental shelf. A study from Chiswell and 

Schiel, (2001) reported that strong south-westerly winds moving in the same direction as the 

northward flowing Southland Current advanced the velocity of the current and enhanced shear stress 

and seafloor turbulent mixing as the current moved along the shelf system. The result of this benthic 

turbulent mixing is re-suspension of sediments and particulates to the water column, including 

dissolved inorganic nutrients and trace metals. Given the weather conditions, the frontal structure, and 

the time of year, this scenario is likely the dominant transport mechanism for the slight nutrient 

increase between July and September 2009 that may have amplified biological production, 

particularly in the SASW, throughout the rest of the season. However, without vertical isotopic 

nutrient profiles and deep hydrographic observations, this scenario cannot be confirmed. Other 

potential transport mechanisms include aerosol deposition and regenerated production.   

The effect of the influx of co-limiting trace metals, silicate, and nitrate into the waters of the SF 

during the initiation of the spring bloom period was particularly apparent in the elevated column 

integrated chl-a and NPP observations in the SASW (24 ± 5 mg chl m
-2
 and 0.6 ± 0.2 g C m

-2
 d

-1
) 

relative to the STW (13 ± 7 mg chl m
-2
 and 0.3 ± 0.1 g C m

-2
 d

-1
) (Figures 3.6 and Figure 3.7). 

Increased production and chl-a (with dominance by picophytoplankton < 2 µm in both parameters) 

relative to July 2009 measurements indicated the onset of the spring bloom in the STW. However, 
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biological response to the nutrient fertilisation event was more profound in the SASW because of 

perennial low trace metal and silicate concentrations relative to inshore waters, as characteristic of 

HNLC regions.  

This potential fertilisation event in September 2009, coupled with the intrusion of the neritic water 

offshore in December 2009 and January 2010, was important in promoting the high phytoplankton 

chl-a concentrations and primary production rates observed in the combined NW/STW in December 

2009 and January 2010, and in the SASW in December 2009. The presence of a sub-surface STW 

water mass, seasonal warming of surface waters, and large vertical density gradients produced well 

stratified waters across the transect and induced the shoaling of very shallow (< 20 m) mixed layers in 

the NW/STW combined water mass and in the SASW. During these conditions, both the NW/STW 

and the SASW experienced high chl-a and primary production dominated by diatom (> 20 µm) size 

phytoplankton structure (see Figure 3.8 and Figure 3.9) and intense depletion of DRP and nitrate in 

the NW/STW and DRSi in all water masses. Trace metal observations of DFe, DZn, and DCd in the 

SASW also indicated intense uptake with significant depletion of levels from September 2009 and 

measurements of 0.17, 0.08, and 0.05 nmol kg
-1
, respectively (Adu, pers. comm.). 

In January 2010, the sub-surface expression of the STW continued in the near shore and outer shelf 

waters resulting in sustained shallow MLDs (< 20 m), intense vertical stratification and a combined 

NW/STW water mass in the discrete measurement stations. Strong wind events (NIWA, 2010, 

Sutherland pers. comm.) in the week preceding the sampling cruises promoted the deepening of the 

MLD to ca. 40 m in the SASW. Despite the constant shallow ML in the NW/STW and the potential 

entrainment of subsurface nutrients through the deepening of the ML in the SASW, phytoplankton 

bloom activity in the form of high chl-a concentrations and primary production dominated by large 

cells was sustained in the NW/STW while the SASW exhibited signs of bloom termination 

(diminished chl-a and primary production, depleted nutrients, and transition to smaller phytoplankton 

size structures with cessation of dominance by diatoms). 

The difference in bloom longevity between the NW/STW and the SASW was caused by the 

availability and transport of their respective limiting nutrients. In the NW/STW, the continued surface 

intrusion of the nutrient laden neritic water mass provided a horizontally advected supply (potentially 

originating from re-suspension due to benthic turbulent mixing) of limiting nitrate and DRP 

concentrations to a stable water column with a shallow mixed layer that would have otherwise 

depleted its nutrient resources without subsurface entrainment or upwelling processes. The stronger 

frontal gradient (-0.293 °C/km) observed in January 2010 also meant that this nutrient laden intrusion 

of neritic water was constrained within the outer shelf and did not transport limiting nutrients to the 

SASW.  
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Although the deepening of the MLD in the SASW would result in the entrainment of subsurface 

nutrient concentrations, there was not a significant biological response due to limiting concentrations 

of dissolved trace metals. Measurements of surface DZn and DCd in the SASW were 0.03 nmol and 

0.01 nmol kg
-1
, respectively (Adu, pers. comm). Although a higher concentration of DFe relative to 

the other trace metal species (0.15 nmol kg
-1
), was observed, the extremely low zinc and cadmium 

values were indicative of severe trace metal limitation for physiological functionality in the SASW 

from December 2009 to January 2010. Dissolved zinc is used within the enzyme carbonic anhydrase, 

but can be replaced by cadmium in the event of zinc limitation (Rost et al., 2003), therefore the 

dissolved trace metal depletions from December to January coupled with the crashing of the SASW 

bloom prior to the January 2010 sampling cruise are consistent with trends in phytoplankton trace 

metal limitation stress observed in other studies including Hutchins et al., (2001), Boyd et al., ( 2004), 

and Gault-Ringold, (2011). 

A gap in sampling from January 2010 to May 2010 meant that the parameters controlling the decline 

of the NW/STW bloom were not directly observed or characterised. However, it is likely that nitrate 

and light limitation combined with grazing stress were factors in the deterioration of peak bloom 

conditions for this water mass. This suggestion is similar to findings from other studies including 

Bradford-Grieve et al., 1997), Gall et al.(1999), Pfannkuche, 2002), Van Hale and Frew, 2010). A 

surface sampling cruise along the Munida Time Series transect in March 2010 reported a collection of 

relatively high chl-a (0,74 ï 1.39 mg m
-3
) assemblages in the NW and STW water masses with low 

but replenished concentrations of nitrate (0.4 ï 5.0 µmol L
-1
), DRP (0.23 ï 0.65 µmol L

-1
), and DRSi 

(0.57 ï 2.30 µmol L
-1
) relative to January 2010 concentrations (Currie and Adu, per. comm.). This 

data suggests that the formation of autumn phytoplankton blooms in near-shore waters may be 

initiated through re-supply of nutrients from coastal waters or regeneration and recycling of nutrients 

entrained from the spring bloom and may contribute a significant drawdown period of nutrients and 

inorganic carbon within the seasonal cycle of the Southland Front. 

From January to May 2010, changes in sea surface and atmospheric temperatures relating to a positive 

Southern Oscillation Index resulted in higher seasonal average sea surface temperatures in all water 

masses across the Southland Front (Hopkins et al., 2010, Griffiths, 2011). The warmer sea surface 

temperatures in winter produced higher temperature gradients between water masses which yielded a 

stronger frontal system from July 2010 to November 2010. These intense temperature gradients at the 

boundary edges of the discrete water masses prevented the onset of horizontal mixing processes 

observed from winter to spring 2009 and led to spatially constrained physical, chemical, and 

biological processes within each respective water mass. 

This lack of horizontal mixing and transport is apparent in the comparison of STW and SASW surface 

nutrient and column integrated chl-a concentrations and primary production rates between the spring 
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and summer seasons 2009 and 2010. Both the STW and SASW water masses exhibit lower chl-a and 

primary production rates in September 2010 than in 2009, and nutrient concentrations are further 

depleted in September 2010 relative to the previous winter maxima values for both years. During the 

November 2010 cruise, the STW was observed as a discrete water mass system with a distinct 

boundary edge to the inshore neritic waters and the frontal zone further offshore. High values of 

surface and column integrated chl-a concentrations and primary production rates (with diatoms as the 

dominant size classification) were observed in the STW region but were significantly lower than 

levels reported in the late spring of the previous year. Although the differences in time of sampling 

(November 19
th
 to December 8

th
) may have led to an earlier observation of the spring bloom event 

than in 2009, the strong frontal gradient (-0.456 °C/km) indicated that the horizontal supply of 

limiting nutrients to the STW from inshore was unlikely compared to the previous year.  

Observations from the SASW region indicated that despite a significant depletion of DRSi from 

September 2010 to November 2010 and a corresponding dominant contribution from diatoms in chl 

concentrations (58%) and production rates (68%), column integrated measurements of chl-a (68 ± 16 

mg chl m
-2
) and production rates (0.7 ± 0.1 g C m

-2
 d

-1
) were significantly lower than in the previous 

year. Although dissolved trace metal measurements were not available for the May 2010 ï November 

2010 sampling period, the strong frontal gradient and lack of inter-water mass mixing in 2010 indicate 

a reduction of influx of limiting trace metals across the frontal akin to observations in 2009 with 

accompanying high chl-a and production rates in both the STW and SASW. The considerable 

discrepancy between magnitude and size structure of the NPP and chl-a observations and the near 

depletion of DRSi (ca. 0.6 µmol L
-1
) were signs that the peak phytoplankton bloom period in the 

SASW may have occurred earlier than the sampling date of November 19
th
 2010.  

Annual carbon drawdown budgets for the STW and SASW water mass systems were estimated by 

interpolating between the vertically integrated column NPP measurements over a full annual cycle. In 

order to incorporate the highest number of observations as well as the spring peak bloom seasons for 

2009 and 2010, the 1
st
 of December 2009 was chosen as the beginning of the annual cycle. The annual 

carbon drawdown budgets for the STW and SASW are 240 ± 30 g C m
-2
 year

-1 
and        100 ± 10 g C 

m
-2
 year

-1
, respectively (with 95% confidence intervals). The difference in the annual carbon 

drawdown budgets between the two water mass systems reflect the physiochemical factors limiting 

phytoplankton abundance and production relative to the distinct water masses. These annual NPP 

drawdown budgets for the STW and the SASW are in agreement with estimates derived from 

remotely sensed satellite data and productivity models for subtropical waters in the Pacific Southwest 

and HNLC waters of the Pacific and Southern Ocean, respectively (Carr et al., 2006).    
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  El Niño Southern Oscillation (ENSO) 3.5.2

 

This study of the seasonal and spatial variations in phytoplankton primary production across the 

Southland Front is unique because of the high frequency and high spatial resolution of sample 

collection across the dynamic frontal system. During the sampling period of July 2009 to November 

2010, a shift in climate from a moderate El Niño to moderate-to-strong La Niña occurred. This study 

therefore serves as a detailed report of the climatic forcings and shifts which occurred during the 

2009-2010 ENSO cycling and the subsequent feedback of physical and biogeochemical processes 

along the Southland Front.    

Positive correlations between the cycling of ENSO events and temperature anomalies in the waters off 

the coast of New Zealand have been observed in previous studies (Gordon, 1986, Greig et al., 1988, 

Mullan, 1998, Kidston et al., 2009). A decrease in the Southern Oscillation Index (SOI) in the spring 

of 2009 ushered in an El Niño period, characterised by un-seasonably cold surface air and sea surface 

temperatures, strong (e.g. multiple records of gusts exceeding 100 km/hr) south-westerly prevailing 

winds and prevalent dry climate conditions for much of October to December 2009 (NIWA 2010 & 

2011) (see Figure 3.24a). During this same period, lower mean SST were measured in all water 

masses across the Southland Front relative to the same period in 2010 and the STW was observed as a 

sub-surface feature across the frontal zone. This manifestation of a sub-surface STW, also reported by 

Jillett (1969), Currie and Hunter (1999) and Hopkins et al., 2010, is not a regular seasonal trend but 

rather is observed in spring and summer seasons with corresponding decreases in the SOI relating to 

El Niño events (Hopkins et al., 2010). Shaw and Vennell (2001) reported a decrease in mean SSTs 

and frontal gradient strength between April 1989 and March 1992 also coinciding with negative 

indices in SOI.  

Although not isolated to El Niño conditions, Chiswell and Schiel, (2001) reported that prevailing 

southwesterly winds promoted downwelling conditions offshore and full vertical enhancement of the 

northward flow of the Southland Current along the shelf. The re-suspension of dissolved inorganic 

nutrients and trace metals from the sediment of the shelf system due to turbulent shear stress is 

therefore one potential consequence of a moderate to strong El Niño event that may be a significant 

transport mechanism of limiting nutrients to the SF off the coast of Otago.     

In the middle of 2010, the large-scale climate setting for New Zealand shifted to a La Niña climate 

pattern (e.g. ï positive SOI) which intensified in September and prevailed through the rest of the year. 

The indices for the Southern Annular Mode (SAM) were also largely positive for the year, indicating 

a decline in westerly wind strength and prevailing anticyclonic conditions over the southern part of 

the South Island (Griffiths, pers. comm). The main effect of a positive SOI index in the waters off the 
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coast of New Zealand (as reported during La Niña events) is the prevalence of north-easterly winds 

and the subsequent transport of warmer surface waters and surface air temperatures from the tropics 

and subtropics southward (see Figure 3.24b). Both Shaw and Vennell (2001) and Hopkins et al. 

(2010) reported intensified frontal strengths due to warmer sea surface anomalies and increased 

temperature gradients during periods relating to positive trends in the SOI. Chiswell and Schiel, 2001) 

reported that prevailing northerly winds, characteristic of La Niña climate patterns, could limit the 

effects of downwelling offshore or even promote upwelling events. However, as outlined in the 

aforementioned ENSO studies, Chiswell and Schiel (2001) also noted that any vertical transport of 

nutrients through upwelling would be highly constrained within the discrete water masses due to high 

temperature gradients creating a barrier to lateral advection across the SF system.     

The physical structure of the Southland Front and the observed physical, chemical, and biological 

processes in this study correspond  to the reported anomalies experienced in the marine environments 

and general climate during ENSO cycles. The seasonal variations in frontal strength and impact on 

horizontal water mass mixing match reported variations in sea surface temperature and temperature 

gradients across the Southland Front (Chiswell and Schiel, 2001, Shaw and Vennell 2001, Hopkins et 

al., 2010). The sub-surface STW feature and the propulsion of surface neritic water beyond the outer 

shelf corresponds to the prevalence of strong and sustained south-westerly wind events from October 

2009 to early January 2010 (NIWA, 2010 and 2011, Sutherland pers. comm.). Although the 

subduction of the STW during the spring and summer seasons may not be limited to El Niño events, 

reports of similar phenomena (Jillett, 1969, Currie and Hunter, 1999) occurred during periods of 

strongly negative SOI indices (Hopkins et al., 2010).  

Although these results may indicate potential interannual variability along the Subtropical Frontal 

Zone caused by ENSO for the 2009 to 2010 calendar years, it is noted that this study is limited by its 

spatial range and temporal periods of observation.  In order to determine the full impact of interannual 

variabilities caused by global climate events such as ENSO and other long term patterns including the 

Pacific Decadal Oscillation, it is necessary to evaluate the full Munida Time Series database as well 

mesoscale satellite data from the study area.  However, this study does suggest the importance of 

interannual fluctuations in the structure and strength of the frontal zone, and the subsequent impact on 

the parameters dictating phytoplankton production rates, assemblages, and biomass distributions. On-

going research, including the variability of the seasonal frontal gradient, impacts on vertical and 

horizontal transport processes, and implications on primary productivity, has been submitted for 

funding consideration to the New Zealand Ministry of Science and Innovation as of April 2012.  
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Figure 3.24 (a & b). Averaged wind anomalies during El Niño (a.) and La Niña (b.) conditions in the south-western Pacific. 

Images are used with permission from the National Institute for Water and Atmospheric Research of New Zealand (NIWA 

El Niño and Climate Forecasting, http://www.niwa.co.nz/node/82178). 

 

a. 

b. 
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 Conclusions 3.6

 

This study depicts the first interannual assessment of phytoplankton production and biomass across 

the dynamic Southland Front system off the coast of Otago. Near shore waters, including coastally 

derived neritic waters and modified Subtropical Waters, exhibited highest seasonal concentrations of 

chl-a and net primary production (as measured within the STW and the combined NW/STW). In 

agreement with previous studies such as Hawke (1995) and Van Hale and Frew (2010), phytoplankton 

production in these waters proved to be nitrogen limited. Further offshore, phytoplankton production 

and biomass in the Sub-Antarctic Surface Waters were perennially lower than near shore waters and 

were co-limited by the abundance of silicate and dissolved trace metals, which are features 

characteristic of a HNLC region. The size structure analysis for both chl-a and NPP revealed that 

smaller phytoplankton classes (including picophytoplankton and nanophytoplankton) were the 

dominant size class for most of the year. During the initiation of the spring bloom, size class 

structures for both the STW and the SASW shifted to dominance of larger algal cells including 

diatoms. The shifts and seasonal variations in size structure of chl-a and NPP not only signify the 

onset and decline of bloom formation in the STW and SASW, but are also important in determining 

effects of zooplankton grazing and subsequent local ecosystem structure and efficiency. The coupling 

of inorganic carbon fixation and organic carbon export processes will be discussed in further detail in 

Chapter 6.  

The results of this study show that that varying rates of primary production between water mass type 

and interannual fluctuations are dependent upon physical structure of the frontal zone and macro- and 

micronutrient influx. These physiochemical characteristics are significantly impacted by seasonal and 

interannual climatic conditions that drive up-welling and down-welling conditions, lateral surface 

advection, and re-suspension of benthic particulates along the continental shelf via acceleration of the 

Southland Current. The complex and dynamic nature of the Southland Front (on both spatial and 

temporal scales) and the short lifespan of the peak blooming periods demonstrate the importance of 

combining ship surveys and mesoscale observations from remote sensing to better estimate 

phytoplankton distribution and production relative to the physiochemical forcings of the frontal 

system. This topic of verifying and combining data acquired from satellite remote sensing with 

shipboard data is the primary focus of Chapter 4.  

 

 

 



91 

 

CHAPTER 4: A ñSEA-TO-SKYò INVESTIGATION OF PHY TOPLANKTON 

CHLOROPHYLL -A AND NET PRIMARY PR ODUCTION TRENDS ACROSS THE 

SUBTROPICAL FRONTAL ZONE 

 

 Abstract 4.1

 

The comparison of coincident satellite and in situ observations provides a specialised means of 

assessing the accuracy of satellite algorithms and data products for a given region of the ocean. 

Remotely sensed observations of the diffuse attenuation coefficient at 490 nm (K490) from the MODIS 

sensor provided estimates of euphotic zone depth which was compared to in situ measured and 

seasonal literature values of photosynthetically active radiation (PAR, 400 to 700 nm). Satellite 

derived chlorophyll-a (chl-a) products were processed for waters comprising the Subtropical Frontal 

Zone (STFZ) off the coast of Otago from standard global algorithms from both the MODIS-Aqua 

(OC3M) and MERIS (Algal 1 and Algal 2) sensor platforms. Coincident satellite derived chl-a 

observations were obtained for dates relating to sampling cruises along the Munida Time Series 

Transect in order to evaluate direct temporal matching pairs between remotely sensed and in situ chl-a 

concentrations. The performance and the accuracy of these algorithms were assessed using the ratio of 

remotely sensed to in situ values and linear regression analyses for near-shore (neritic and modified 

Subtropical waters) and Sub-Antarctic Surface Water masses. The empirical algorithms, including the 

MODIS OC3M and the MERIS Algal 1, were within the 35% detection goal for satellite-derived 

estimations of in situ chl-a concentrations defined by Hooker and McClain, (2000). However, the 

MODIS-derived estimates were inconsistent and had large associated uncertainties, with estimates 70 

± 60% (95% confidence interval) of the in situ chl-a measurements. The MERIS Algal 1 algorithm 

performed the most accurately and precisely, with estimates of satellite-derived chl-a 80 ± 20% of the 

in situ values despite a limited number of matching date pairs (n = 20) and a small range of chl-a used 

in the validation (< 0.5 mg m
-3
). The performance of the MODIS OC3M algorithm was erratic due to 

highly variable satellite derived chl-a relative to in situ values at the higher end of chl-a detection 

(>1.5 mg m
-3
), conditions most commonly found during phytoplankton bloom events. The semi-

analytical MERIS Algal 2 systematically overestimated chl-a relative to in situ measurements by 500 

ï 800% because of the lack of appropriate in situ matching data within the conditions optimised by 

the algorithm. Although cloud cover greatly reduced the number of match-ups and the availability of 

remotely sensed chl-a for validation, this preliminary assessment of standard global chl-a algorithms 

provides a standard of comparison for more specialised algorithm application and allows for the 
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relative temporal and spatial assessment of biological seasonal and interannual trends within the study 

area. Applications of these remotely sensed products include an integrated remotely sensed and 

shipboard surface chl-a time series and the assimilation of remotely sensed bio-optical products into 

net primary production (NPP) models.       

 

 Introduction  4.2

 

Data acquired from satellite-based remote sensing instruments have allowed scientists to monitor and 

evaluate oceanic processes and dynamics encompassing a wide variety of spatial and temporal scales. 

Ocean colour plots are remotely sensed products derived from the relative concentration of absorbed 

and scattered photons from within the visible range of the electromagnetic spectrum (McClain, 2009). 

Ocean colour data are commonly used to estimate concentrations of marine phytoplankton using the 

ubiquitous photosynthetic pigment chlorophyll-a (chl-a) as an index for biomass. The global coverage 

and wide range of temporal and spatial resolutions of remote sensing facilitates the study of 

phytoplankton dynamics that may not be achievable through shipboard sampling alone. High 

resolution chl-a measurements averaged over daily cycles can reveal the initiation and expansion of a 

regional scale algal bloom, while globally accumulated observations over several years to decades can 

provide insight to interannual trends influenced by climate variability (Behrenfeld et al., 2006).   

However, ocean colour is not solely a function of the relative concentration of chlorophyll; the 

detection spectra for chromophoric (coloured) dissolved organic matter (CDOM) and detrital or 

suspended particles also lie within the visible range with an absorbance maximum at approximately 

412 nm (McClain, 2009, Tufillaro, 2011). The presence of these constituents in seawater can result in 

overestimations of chl-a (Siegel et al., 2005), which has an absorption maximum at 440 nm, a 

minimum at 660 nm, and a fluorescence peak at 680 nm (Tufillaro, 2011). Other factors can result in 

the misinterpretation of ocean colour spectra in regards to chl-a detection, including refraction of the 

seafloor in shallow waters or the presence of shallow water seagrass or kelp.  

Waters where spectral data covary primarily with the chlorophyll-a pigment are known traditionally 

as Case 1 waters. These waters are usually deep and free from terrestrial influences, such as open 

ocean basins. In contrast, Case 2 waters are identified as areas containing a significant presence of 

other optically detectable constituents (besides phytoplankton pigments) in seawater including 

CDOM, suspended particles, or microbubbles. Case 2 waters pose a major issue in the application of 

remotely sensed data because of the interference and misinterpretation of marine optical properties 

due to the presence of these optically complex constituents, which do not covary with phytoplankton 



93 

 

pigment concentrations (IOCCG, 2000). Major examples of Case 2 waters include coastal systems 

and riverine plumes. 

Remotely sensed ocean data are also used to calculate estimated values of global scale 

biogeochemical processes that would be logistically impossible using traditional ship-board sampling 

methods. An example of this type of application is the estimation of net primary production (NPP) 

from marine autotrophs. Models and algorithms that estimate primary productivity using remotely 

sensed data, as described in published works including Berhenfeld and Falkowski, (1997), Berhenfeld 

et al.(2005), Carr et al. (2006), and Westberry et al. (2008), have been vital in determining the relative 

influence of biological processes on carbon fluxes between the atmosphere and the global oceans.  

The validation of remotely sensed observations within a particular marine environment by 

determining the accuracy of the remotely sensed product relative to its in situ measured counterpart is 

crucial to the implementation and incorporation of remotely sensed data in research. Validation with 

sea-based measurements is also important to the continued improvement of remote sensing algorithms 

which may be used to derive large scale spatial and temporal data sets for use in climate change and 

ocean dynamics modeling (McClain, 2009). There is also evidence that universal applications of 

empirical radiance and chl-a concentration ratios may not be appropriate for all areas of the ocean 

(particularly in HNLC waters and the Southern Ocean) due to seasonal variations in phytoplankton 

physiology and environmental conditions (Mitchell et al., 1991, Arrigo et al., 1998, Pinkerton et al., 

2005).  

In the waters off the eastern coast of New Zealand, remotely sensed chl-a products (OC4v4 

algorithm) from the SeaWiFS platform were verified for Case 1 (i.e. open ocean) waters within the 

Subtropical (STW), Subtropical Front, and Sub-Antarctic (SASW) water masses (Murphy et al., 2001, 

Richardson et al., 2004), with an average underestimation of in situ chl-a by approximately 20% 

(Richardson et et al., 2004).  Comparison of the global standard MODIS (OC3M algorithm,Clark et 

al., 1997) and MERIS (Algal 1, Antoine and Morel, 1999) chl-a products in New Zealand waters 

indicated that both algorithms showed no definitive statistical bias with respect to in situ 

measurements in offshore water; however, the study did find that the MERIS and MODIS chl-a 

products yielded an approximately 20% positive bias in waters near the continental shelf (Pinkerton et 

al., 2005).  

In the Subtropical Frontal Zone (STFZ) off the coast of Otago, the marine environment is influenced 

by frontal processes and major water mass interactions along with near-coastal processes including 

riverine outflow and long-shore current systems. This location presents a unique challenge in relation 

to satellite remote sensing because of the intermittent effect of optically complex neritic waters within 

the frontal system. The purpose of this chapter is to compare shipboard measurements obtained from 
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the Munida Time Series with time- and location-matched standard remotely sensed products from the 

MODIS and MERIS satellite platforms. From this preliminary validation, an extended biological 

timeline for chl-a and NPP parameters along the Munida Time Series transect was developed using 

daily and eight-day composite remotely sensed observations incorporated with the shipboard data 

from July 2009 to December 2010. This timeline aided in the assessment of seasonal biological trends 

outside the scope of the bi-monthly sampling cruises, including the initiation and termination of the 

primary spring phytoplankton bloom within each of the water masses and the incidence of secondary 

bloom events outside of the peak spring and summer months.  

 

 Methods and analysis 4.3

 Shipboard measurements 4.3.1

 

Shipboard measurements were collected along the 65 km Munida Time Series Transect across the 

Southland Front along the coast of Otago near Dunedin, New Zealand. Between July 2009 and 

November 2010, nine single-day sample cruises at a frequency of approximately once every 2 months 

were used to collect waters at the surface and through the upper water column (< 120 m) (see 

Chapter 2 for further description of methodology).  

At each of the eight conductivity-temperature-depth (CTD) stations, hydrocasts in the upper 100 m of 

the water column using a SBE 19plus V2 SEACAT Profiler CTD with a rosette configuration of four 

to six 12L Niskin Bottles provided physical data (i.e.- temperature and salinity) and samples for the 

analysis of total and size fractionated chlorophyll-a and 24 hour simulated in situ 
14

C incubations for 

the determination of NPP (see Chapter 2, Section 2.2.1 and Section 2.2.3 for detail regarding 

sampling method, handling, and analysis procedures for chl-a and NPP, respectively). Attenuation of 

light through the water column was measured by an integrated PAR (photosynthetically active 

radiation, 400-700 nm) sensor (LiCor LI-193SA underwater spherical quantum PAR sensor). Water 

samples for the analysis of inherent optical properties (IOPôs, including CDOM, absorbance, 

backscattering, and suspended particulate matter) were collected from each water mass during the 

July 2010 cruise (Appendix IV ).  
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 Remote sensing data acquisition and analysis 4.3.2

 

The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument aboard the Aqua Satellite 

Spacecraft incorporates 36 spectral bands measuring visible, infrared, and microwave wavelengths. 

Level 2 remotely sensed observations from within the study area were obtained from the Ocean Color 

Website (http://oceancolor.gsfc.nasa.gov/) administered by NASA and the Goddard Space Flight 

Center (GSFC). Observations used for direct comparison to ship-board data were selected for within 

several days of the sampling date and were preferentially nominated for study area inclusion and 

cloud-free imagery. Other daily cloud-free Level 2 scenes of the study area were chosen to provide 

high resolution temporal and spatial coverage between sample cruises.  Level 2 chl-a products were 

derived from the global chlor_MODIS empirical algorithm or OC3M (Clark et al., 1997, OôReilly et 

al., 1998). Spatially gridded Level 3 chl-a products were derived from binned Level 2 observations 

using SeaWiFS Data Analysis System (SeaDAS) software (version 6.3 SeaDAS, Fu et al. 1998). 

Figure 4.1 depicts an example of a Level 3 derived MODIS scene for the STFZ region off the coast 

of Otago. Although data from the SeaWiFS platform has been assessed previously for New Zealand 

waters (Murphy et al., 2001, Richardson et al., 2004, Pinkerton et al., 2005), data from this sensor 

was not incorporated in this study because of the cessation of the SeaWiFS mission in 2010. 

 

 

Figure 4.1. Example of a Level 3 MODIS scene (2 km resolution) depicting remotely sensed chlorophyll-a concentrations 

derived from the global standard OC3M algorithm for waters off the eastern coast of the South Island on January 26, 2010. 

The locations of the discrete sampling stations of the Munida Time Series Transect (brown crosses) are super imposed on the 

image to identify the corresponding pixel locations and chl-a product temporal time matches.   
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The vertically diffuse attenuation parameter (Kd) was used to estimate euphotic zone depth and is 

directly related to the presence of scattering particles in the water column and the clarity of the 

ambient seawater system which determine the attenuation of light at depth (Lee et al., 2005). Kd is 

experimentally determined by the exponential decay at depth of the ambient downwelling irradiance 

(Ed, at depth z and wavelength ɚ), which is defined as the irradiance of photons heading in all 

downwards direction. Kd at wavelength 490 nm is useful in estimating euphotic zone depth (ze, where 

the irradiance E at depth z is 1% of surface irradiance, E0) as well as characterising terrigeneous 

influence on seawater optical properties and defining a coastal as opposed to open ocean environment 

(i.e. Case 2 vs. Case 1 scenario) (Gibbs et al., 2006). Values of the vertical diffuse attenuation 

coefficient at wavelength 490 nm (K490) were also extracted from the Level 2 MODIS at 2 km 

resolution observations (Mueller, 2000, and references therein) for comparison to in situ and seasonal 

literature values of KPAR (Pfannkuche, 1998) across the water masses of the Subtropical Frontal Zone. 

Eight-day composites of Level 3 scenes at 2 km resolution were used for comparison if a direct 

match-up (i.e. time match-up of three days or less in relation to target date) was unavailable due to 

cloudiness or processing control flags.  

Ocean colour derived estimates of net primary production (NPP) calculated from the Vertically 

Generalized Production Model (VGPM) (Behrenfeld and Falkowski, 1997) were obtained from the 

Ocean Productivity website (Productivity, 2010). The VGPM is a commonly used chlorophyll-a based 

algorithm that uses MODIS derived values of chl-a, sea surface temperature (SST), cloud-corrected 

incident daily photosynthetically active radiation (PAR), and chl-a derived euphotic zone depth 

(Morel and Berthon, 1989) as inputs. Eight day composites across the 2009 and 2010 annual time 

spans were analysed in SeaDAS for comparison to in situ column integrated NPP values measured at 

the Subtropical (Station 3) and Sub-Antarctic (Station 7) sites along the Munida Time Series Transect 

(see Chapter 3).    

The Medium Resolution Imaging Spectrometer (MERIS) sensor is one of the primary ocean colour 

sensing instruments on-board the EnviSat satellite operated by the European Space Agency (ESA). 

The MERIS instrument has fifteen spectral bands in the visible and near infrared spectra, with ten of 

these bands in the 400-750 nm range. Level 1 and Level 2 MERIS products at 300 m resolution were 

obtained via the Oregon State University (OSU) College of Oceanic and Atmospheric Sciences 

(COAS) Remote Sensing Group (Tufillaro, pers. comm.). MERIS data for the study area was obtained 

from the ESA Earth Observation website (European Space Agency, 2011). The data were then 

processed using the BASIC ERS & Envisat (A)ATSR and MERIS Toolbox (BEAM) toolbox software 

provided by ESA, which included VISAT 4.9 and ENVI 4.7 softwares. Level 3 standard mapped 

products were constructed for the sampling area for parameters including instantaneous PAR, chl-a 

and total suspended solids. An example of MERIS derived observations, including the real image scan 
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and Level 3 products of Algal 1, Algal 2, and total suspended solid products, is presented in Figure 

4.2. 

 

 

Figure 4.2. Example of MERIS platform observations for waters off the eastern coast of the South Island on November 22, 

2009. a.) RGB (real colour) image with superimposed discrete sampling station pins. b.) MERIS Algal 1 empirical Case 1 

water chl-a product, derived from 681 nm band. c.) Total suspended solids product derived from 620 nm band. d.) MERIS 

Algal 2 semi-analytical Case 2 chl-a product, derived from 708 nm band. 

 

Chl-a products were derived using both MERIS Algal 1 and Algal 2 detection algorithms. The Algal 1 

empirical algorithm is based on the statistical regression between chl-a and radiance ratios and is 

primarily used within Case 1 waters (Antoine and Morel, 2000). The Algal 2 algorithm is a semi-

analytical algorithm that is used primarily in optically complex or coastal waters (Case 2) or in low-

light and high nutrient environments found in the high latitude HNLC regions (Doerffer and Schiller, 

2007).  
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 Comparison and verification analyses 4.3.3

 

The performance of chl-a products from MODIS-Aqua and MERIS platforms for the STFZ off the 

coast of Otago was evaluated using in situ surface chl-a measurements collected from the Munida 

Time Series transect from July 2009 to November 2010. Level-2 satellite observations for both 

sensors were chosen for reduced cloudiness around study area and temporal coincidence within three 

days of the cruise date. Although temporal matches should ideally be within 24 hours of the in situ 

measurement, lack of direct in situ matches necessitated the decision to apply this less conservative 

time criterion. Standard product masks and flags, including cloud, land mass, coastal, and atmospheric 

masks were applied to all Level 2 and Level 3 observations for analyses. 

A linear regression analysis was used to determine statistical performance of the satellite algorithm 

relative to the in situ measurement, with the slope of the line and associated 95% confidence intervals 

determining the precision of the predicted chl-a products derived from satellite algorithms. For the 

chlorophyll-a assessment, Neritic Water (NW) and modified Subtropical Water (STW) were 

designated as ñnear shoreò or NS water masses, and the Sub-Antarctic Surface Water was designated 

as an offshore water mass (retaining the acronym designation of SASW). Water mass identification 

procedures using surface sea temperature and salinity parameters are detailed in Chapter 3, Section 

3.2.4. 

 

 Results 4.4

 Euphotic zone depth 4.4.1

 

In situ euphotic zone depth was calculated using the general relationship of the attenuation of 

irradiance, E, with depth z, such that: 

 Ὁ ὉὩ           (18) 

 

where E0 is the irradiance at the surface and Ez is the irradiance at depth, z. The euphotic zone is 

defined as the depth (ze) where the ratio of Ez/E0 is 0.01. Kd is the diffuse attenuation coefficient and is 

generally reported as the diffuse attenuation of scalar PAR at wavelengths 400-700 nm, or KPAR. 

During the cruise dates where the CTD integrated PAR sensor was available and functional, KPAR was 

calculated using the vertical profile measurements (Ez) at depths z.  



99 

 

However, in cases where in situ PAR vertical profiles were not available, a combination of literature 

and remotely sensed values of Kd for each of the water masses was used in order to calculate euphotic 

zone depth and light attenuation values for the deck board simulated in situ incubations (see Chapter 

3). Literature values of seasonal KPAR for each water mass were obtained from a study of the inherent 

optical properties in the Southland Front off the coast of Otago by Jens Pfannkuche from autumn 

1997 to summer 1998 (Pfannkuche, 1998 and 2002). Prior to each sampling trip, these literature 

values were compared to remotely sensed K490 to produce an estimate of water clarity for each of the 

water masses. A comparison of the in situ, literature, and remotely sensed values of Kd at PAR and 

490 nm wavelengths and calculated euphotic zone depths for the modified Subtropical and Sub-

Antarctic water masses is depicted in Figures 4.3 and 4.4, and summarized in Table 4.1. 

Although the remotely sensed K490 parameter has been successfully used to estimate euphotic zone 

depth in bio-optical marine studies (Mueller and Lange, 1989, Barnard et al., 1999, Behrenfeld et al., 

2005, Fearns et al., 2007, Jönsson, 2011), it is important to note that K490 and KPAR are not 

interchangeable parameters and may vary considerably in optically complex waters and in shallow 

waters (Barnard et al., 1999). The absorption minima for pure water ranges between approximately 

between 400 and 450 nm (Pope and Fry, 1997) , while the phytoplankton absorption minimum occurs 

at 440 nm but ranges from 550 nm up to 650 nm (Tufillaro, 2011). Thus, wavelengths in the middle of 

the absorption spectra are able to penetrate further through the vertical water column depending on the 

relative incidence of particle backscattering and other chromophoric constituents in seawater (Morel, 

1988). Euphotic zone depth (Ze) from remotely sensed daily or eight-day composite observations of 

the study site was calculated using the standard MODIS K490 product (Mueller, 2000), where: 

 ὤ ÌÎπȢπρȾὑ          (16) 
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Table 4.1. Summary of in situ, literature, and remotely sensed diffuse attenuation coefficients and derived euphotic zone 

depths (brackets) for the modified Subtropical and Sub-Antarctic water masses. In situ KPAR and ze values were derived from 

vertical measurements of PAR taken through the water column at the Station 3 and Station 7 14C incubation sites (see 

Chapter 3). Seasonal literature KPAR values were described for each of the water masses off the coast of Otago by 

Pfannkuche (1998, 2002). Some of the literature values were interpolated between reported sampling to provide adequate 

seasonal coverage. Remotely sensed K490 products from the MODIS platform were derived from daily and eight-day 

composite L2 observations at 2 km resolution. Diffuse attenuation coefficients, shown in bold, have units of m-1, and derived 

ze values, in brackets, have units of m.  

Cruise date 

Modified Subtropical Water  Sub-Antarctic Surface Water 

In situ (KPAR) 
Literature 

(KPAR) 

MODIS 

(K490) 
In situ (KPAR) 

Literature 

(KPAR) 

MODIS 

(K490) 

July 14 2009 n.d. 0.05 (92) 0.05 (92) n.d. 0.03 (153) 0.05 (92) 

Sept 29 2009 n.d. 0.08 (58) 0.05 (92) n.d. 0.07 (66) 0.06 (77) 

Dec 8 2009 n.d. 0.14 (42) 0.11 (42) n.d. 0.11 (42) 0.07 (66) 

Jan 15 2010 n.d. 0.14 (42) 0.15 (29) n.d. 0.11 (42) 0.11 (42) 

May 5 2010 n.d. 0.07 (66) 0.05 (92) n.d. 0.06 (77) 0.06 (77) 

July 14 2010 0.05 (92) 0.05 (92) 0.06 (77) 0.05 (92) 0.03 (153) 0.05 (92) 

Sept 28 2010 0.07 (66) 0.08 (58) 0.07 (66) 0.08 (58) 0.07 (66) 0.06 (77) 

Nov 19 2010 0.08 (58) 0.14 (42) 0.07 (66) 0.07 (66) 0.11 (42) 0.07 (66) 

n.d. ï not determined 

 

 

Results from the Pfannkuche seasonal study (1998, 2002) indicated a two-fold temporal variation in 

KPAR from winter to spring on the outer shelf waters, with clearest waters found in the winter for both 

STW and SASW (0.05 m
-1
 and 0.03 m

-1
, respectively). The highest KPAR values (corresponding to less 

attenuation at depth and shallower Ze) were found in near shore neritic waters (ranging from 0.15 to 

0.20 m
-1
, not depicted in Table 4.1) and in the late spring and summer for STW and SASW (0.14 and 

0.11 m
-1
, respectively) (Pfannkuche, 1998). The higher KPAR values in the near shore waters were 

associated with the influx of inorganic particles from riverine outflow, with higher seasonal values in 

the spring and summer for all water masses associated with an increase in backscattering due to 

increased phytoplankton cells and inorganic particles in the surface water (Pfannkuche 2002). 
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Figure 4.3 Comparison of diffuse attenuation coefficients (Kd) derived from measured, literature, and remotely-sensed 

methods within the Modified Subtropical and Sub-Antarctic Water masses.  

 

 

Figure 4.4 Comparison of euphotic zone depths (Ze) derived from measured, literature, and remotely-sensed methods within 

the Modified Subtropical and Sub-Antarctic Water masses.  

 












































































































































































