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ABSTRACT 

 

Dynamics and biological implications of the Port St Johns cyclonic 

lee eddy 

 

Lee-Ann Jacobs – November 2016 

MSc Thesis - Department of Biodiversity and Conservation Biology 

 

This project describes the current dynamics of the cyclonic lee eddy off Rame 

Head, Port St Johns and Waterfall Bluff, and how its physical forcing may 

influence the biological communities. Three research surveys were conducted 

during July 2013, December 2013 and July 2014 during which environmental data 

(temperature, oxygen, salinity and chlorophyll) and biological samples 

(zooplankton) were collected from 18 stations spanning latitudes 31.4° S - 32° S 

and longitudes 29.3° E - 30° E. 

 

A 300 kHz Acoustic Doppler Conductivity Profiler (ADCP) mooring deployed off 

Port St Johns revealed maximum current velocities       1.5 m s
-1

, associated with 

the Agulhas Current. Forty-one current reversals were observed over a 12 month 

period, with most of these reversals noted on the bottom boundary layer. Warming 

and cooling events were associated with these current reversals. Ship-ADCP 

measurements also revealed inshore counter-currents and cyclonic flow along the 

surface layers. There may have been a spin-up of a cyclonic eddy between Rame 

Head and Port St Johns during July (2013 and 2014), which could have influenced 

the productivity on the shelf during the winter months. Satellite altimetry also 

revealed the presence of both cyclonic and anticyclonic eddies over and offshore of 

the study area during the cruises. 

 

Isothermal doming and upwelling of cooler waters onto the shelf were evident off 

all three transects. Cooling was also evident in some of sea surface temperature 
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images. The maximum chlorophyll concentrations (across the three transects) 

ranged between 0.3 - 0.8 mg m
-3 

during December 2013 and between 0.3 - 0.7 mg 

m
-3 

during July 2014: offshore stations had higher integrated chlorophyll values 

than those closer inshore. Satellite chlorophyll images revealed increases in 

chlorophyll concentrations. Subsurface oxygen minima were evident in the vertical 

profiles off all three transects and may have been associated with upwelling, but 

other biological and environmental forcing factors may also have played a role in 

influencing these subsurface oxygen minima observed.  

 

Maximum zooplankton biomass densities were noted off Rame Head (113 mg m
-3

) 

during July 2013, off Port St Johns (27.18 mg m
-3

) during December 2013 and off 

Rame Head (88 mg m
-3

)
 
during July 2014. Greater zooplankton densities were 

noted during July (2013 and 2014). On average, higher zooplankton densities were 

noted inshore and on the mid-shelf (shelf edge) regions. Mismatches were observed 

between zooplankton biomass and integrated chlorophyll values.  

 

It is postulated that a number of mechanisms may have potentially influenced the 

current reversals and driven the upwelling observed off these transects, namely: the 

Agulhas Current topographically inducing the spin-up of the Port St Johns eddy; 

shelf edge upwelling associated with Ekman Veering and the Agulhas Current; the 

meandering of the Agulhas Current and the presence of offshore eddies, may all 

have influenced the coastal waters off the three transects. Upwelling may have 

contributed to the increases in chlorophyll and subsequently high zooplankton 

densities and biomass that were observed. Many other environmental factors and 

biological processes such as advection and species-specific tolerances (to light, 

temperature and salinity fluctuations) may have influenced both the phytoplankton 

and zooplankton communities, and therefore influenced the densities observed 

during this study. 
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Chapter 1: Introduction 

1.1 Literature Review 

1.1.1) Eddy dynamics and eddy driving forces 

Eddies are defined as a circulation system in which the water follows closed circular 

paths. Eddies can be either anticyclonic or cyclonic in nature (Lutjeharms 2006). Rings 

or loops are another form of eddy that occur in western boundary current systems such 

as the Agulhas Current system. Eddies can also exist as coastal lee eddies (Lutjeharms 

2006, Roberts et al. 2010, Weeks et al. 2010). 

 

Anticyclonic eddies are considered warm core eddies and rotate in an anticlockwise 

circulation. In the Southern Hemisphere Coriolis deflection is to the left and there 

usually is downwelling occurring in the core of a warm core eddy. The thermocline in 

an anticyclonic eddy is usually depressed, whereas the sea surface height is usually 

elevated (Bakun 1996, Bakun 2006, McGillicuddy et al. 1998, Steinberg 2007). 

 

Cyclonic eddies, also known as cold-cored eddies rotate in a clockwise circulation. 

There is divergence in the core and upwelling is normally associated in a cyclonic eddy 

in the Southern Hemisphere. The thermocline is usually elevated as doming can be 

seen in a cold core eddy. The sea surface height is usually depressed in a cyclonic eddy 

(Bakun 1996, McGillicuddy et al. 1998, Steinberg 2007). Satellite imagery is a 

valuable tool that has been used to study flow patterns and to track both cyclonic and 

anticyclonic mesoscale eddies (Lamont et al. 2010, Van Leeuwen 1999).  

 

1.1.2) Formation of eddies and driving forces that influence eddies 

Western boundary currents are fast flowing currents found on the east coast of a 

specific region (Bakun 1996, Lutjeharms 2006), and they form one of the major 

driving forces that influence the spin of eddies, that induce upwelling and influence 

coastal shelf waters. Western boundary currents play a considerable role in influencing 
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shelf dynamics, especially when these currents come into contact with bottom 

boundary layers and interact with various topographical features (Bakun 1996, 

Lutjeharms 2006, Weeks et al. 2010). Meandering of these western boundary currents 

and their relationship with shelf bathymetry (or topography) are mechanisms that may 

influence current reversals (Lutjeharms 2006). Eddies originating from other areas that 

propagate into a new area may also be contributing factors or physical driving forces 

(mechanisms) that influence coastal areas and shelf ecosystems (McGillicuddy et al. 

1998, Ridderinkhof et al. 2001). 

 

Other potential physical forcing mechanisms include the presence of canyons, wind, 

tides and coastally trapped waves. Canyons may play a role in influencing current 

dynamics and as suggested by Flemming (1981) and Green et al. (2009). Wind forcing 

and the duration of wind are important in establishing flow patterns and may influence 

surface currents and reversals along the east coast (Roberts 1990, Schumann 1987, 

Schumann et al. 2005, Steinberg 2007). Internal waves caused by wind and tides, as 

well as coastally trapped waves can influence water movement (particularly surface 

waters) and current dynamics especially along the shelf (Schumann et al. 2005, 

Steinberg 2007, Talley et al. 2011).  

 

a) Formation mechanism of lee eddies 

The dynamics of a lee eddy are inherently turbulent and exhibit a good deal of 

variability (Magaldi et al. 2008, Weeks et al. 2010). Coastal lee eddies are influenced 

by a fast flowing western boundary current and shelf bathymetry and coastal 

topography (Bakun 1996, Lutjeharms 2006, Roberts et al. 2010, Weeks et al. 2010). 

These two factors frictionally force the formation or spin-up of a cyclonic lee eddy. 

According to Weeks et al. (2010) when a strong current such as a western boundary 

current flows along a continental shelf, the frictional effects exerted by the shallowing 

sea floor and nearby land boundary (usually a cape-like coastal feature) retard the flow 

at the inner (coastal) edge of the current. A frontal zone of strong shear velocity is 

produced at the inner edge of the current. 
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Turbulent momentum exchanges within the current produce lateral stress on the mass 

of water in the zone, effectively exerting a cyclonic torque on it (Weeks et al. 2010). 

Cyclonic torque drives or spins up a cyclonic eddy circulation within the lee zone. 

Centrifugal and Coriolis forces act to induce water flow outward from the eddy centre 

(i.e. divergence), producing upwelling within the centre of the eddy (Weeks et al. 

2010). 

 

1.1.3 Global Overview: Western Boundary Currents, eddies and (shelf edge) 

upwelling  

 

a) Shelf edge upwelling associated with strong currents and eddies 

Western boundary currents and eddies can play an important role in inducing shelf 

edge upwelling. There are two ways in which upwelling may be induced (Roberts et al. 

2006, Huggett 2014, Bakun 1996, Bakun 2006, Weeks et al. 2010), namely:  

 

(i) Current induced shelf edge upwelling via Ekman Veering, whereby a western 

boundary current interacting with the shelf or bottom boundary layer will induce water 

to move onto the shelf (Bakun 1996, Roberts et al. 2006).  

(ii) Eddy induced upwelling, whereby nutrient rich water is upwelled in the core of a 

cyclonic eddy (Huggett 2014, McGillicuddy et al. 1998).  

Shelf edge upwelling and cold core eddies are known to occur along the shelf edge of 

many western boundary currents (Fig. 1.1) such as the Brazil Current (Lima et al. 

1996, Campos et al. 1999), the Gulf Stream (Lee et al. 1981), the Kuroshio Current 

(Kimura et al. 1997, Ito et al. 1995), the East Australian Current (Roughan and 

Middelton 2002, Weeks et al. 2010) and the Agulhas Current (Lutjeharms 2006, 

Roberts et al. 2010). 

 

Western boundary currents are known to exert a strong influence on shelf dynamics 

due to frontal eddies and meanders (Loder et al. 1998, Partos and Piccolo 1988, Qui et 
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al. 1990). Mechanisms that have been related to eddy generation include topographic 

features that perturb boundary current flows, causing meanders and eddies to form 

(Singer et al. 1983; Lee et al. 1991). Eddies along western frontal boundaries result in 

the formation of physically and biologically distinct water masses at the continental 

shelf break and shelf slope (Wiebe et al. 1976, Lee et al. 1981). Cyclonic (cold core) 

eddies shed by the meandering western boundary currents have the potential to upwell 

nitrate-rich water into the euphotic zone (cooling intrusions) by means of shelf edge 

upwelling and therefore play an important role in primary production (Atkinson et al. 

1978, Gasalla 2007, Lutjeharms 2006).  

 

 
Figure 1.1: A global map of  ocean circulation showing the five major Western Boundary 

Currents namely the Agulhas Current, Brazil Current, the Gulf Stream, Kuroshio and the East 

Australian Current (taken from Euro Argo http://www.euroargo-

edu.org/explore/argoeu_4.php).  
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1.1.4) Local Western Boundary Currents: SWIO circulation, Mozambique 

Channel and Agulhas Current System 

a) South West Indian Ocean Circulation - Mozambique Channel  

The South West Indian Ocean circulation system is characterised by a complex 

network of currents that form a sub-tropical anticyclonic gyre in this region 

(Lutjeharms 2006). This gyre consists of the South Equatorial Current, the Madagascar 

Current, circulation in the Mozambique Channel, the Agulhas Current system and an 

eastward flow north of the sub-tropical convergence (Saetre and Jorge da Silva 1984). 

The South Equatorial Current flows westwards towards Madagascar and then splits 

into two branches (Quartly and Srokosz (2004). The northern branch of the South 

Equatorial Current (the northern Madagascar Current) flows into the Mozambique 

Channel and flows southwards as a train of large anticyclonic and cyclonic eddies that 

propagate through the Channel into the Agulhas Current system (Chapman et al. 2003, 

de Ruitjer et al. 2002, Lutjeharms 2006, Quartly and Srokosz 2004, Ridderinkhof et al. 

2001). The southern branch of the South Equatorial Current (the East Madagascar 

Current) follows three paths, with two of these paths feeding into the Agulhas Current 

system (Quartly and Srokosz 2004, Stramma and Lutjeharms 1997). 

 

b) Agulhas Current System 

The Agulhas Current forms the western limb of the anticyclonic circulation of the 

Southern Indian Ocean gyre (Lutjeharms 2006). The Agulhas Current is a fast flowing, 

western boundary current with the surface currents reaching speeds of approximately 2 

m s
-1

 (Boebel et al. 1998). The Agulhas Current has its origins within the Mozambique 

Channel (Lutjeharms 2001) and therefore any variability (as a result of eddies) within 

the Channel may both directly and indirectly affect the oceanography in the Agulhas 

Current. The Agulhas System is made up of a source region, the Northern Agulhas 

Current, Southern Agulhas Current, the Agulhas Bank, Agulhas Retroflection, the 

Agulhas Return Current and Agulhas Rings (Lutjeharms 2006).  
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c) Formation of eddies within the Agulhas Current System 

Anticyclonic and cyclonic eddies are present in the Agulhas Current System. Sea 

surface height or altimetry (SSHA) changes are useful in identifying tracking cyclonic 

and anticyclonic eddies (Lamont et al. 2010, Morris et al. 2013, Morrow et al. 2004). 

Eddy-related features associated with western boundary currents such as meanders 

(pulses), filaments, and anticyclonic rings are also present in the Agulhas Current 

system (Fig. 1.2). Coastal lee eddies have also been documented along the Agulhas 

Current region (Roberts et al. 2010). 

  

 

 

Figure 1.2: Map of Southern Africa showing the Agulhas Current System and important 

features associated with the Agulhas Current i.e. Natal pulse, eddies, shelf edge upwelling and 

retroflection (taken from Roberts 2004). 

 

i) Meanders and Natal Pulses 

The Agulhas Current experiences intermittent meanders from time to time. Grundlingh 

(1979) captured a meander in the Agulhas Current using hydrographic observations. 

Satellite observations were also used later to study the trajectory of the current in detail 
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(Lutjeharms and Roberts 1988). It was discovered that singular meanders on the 

current are an inherent part of the Agulhas Current dynamics. These meanders move 

downstream at a more or less constant speed and grow during this downstream 

movement (Lutjeharms 2007).  

 

Natal pulses form over the KwaZulu-Natal Bight and are aptly named Natal pulses. 

The dominant mode of variability of the Agulhas Current is in the form of Natal pulses 

(Bryden et al. 2005). Natal pulses are large solitary meanders containing a cold-core 

cyclone on the inshore side of the current (Lutjeharms and Roberts 1988). Sea surface 

height images have been used to track Natal Pulses and the Agulhas Current (Krug et 

al. 2014, Lutjeharms 2006).  

 

Natal Pulses occur approximately six times per year and propagate downstream 

(Lutjeharms et al. 2003), although recent research has shown the number of pulses is 

highly variable, with fewer Natal Pulses reaching the Agulhas Bank than was 

previously thought (Krug et al. 2014). Natal pulses extend throughout the depth of the 

Agulhas Current (Lutjeharms et al. 2001) and can cause current reversals on the 

adjoining shelf (Lutjeharms and Connell 1989). The passage of nearly all Natal Pulses 

is followed by the spawning of an Agulhas ring (Van Leeuwen et al. 2000).  

 

South of Port Elizabeth, the continental shelf widens to form the broad Agulhas Bank 

(Lutjeharms 2007). Along the eastern edge of the Agulhas Bank, the Agulhas Current 

starts to develop meanders (Harris et al. 1978). According to Lutjeharms et al. (1989) 

these meanders have been shown to grow downstream, have cyclonic eddies and warm 

water plumes. The distribution of shear edge eddies is concentrated in eastward facing 

bight of the Agulhas Bank (Lutjeharms 2007). Agulhas filaments follow the western 

shelf edge of the Agulhas Bank (Lutjeharms 2007).  

 

ii) Agulhas Retroflection 

Once the Agulhas Current passes the Agulhas Bank, a portion of the current retroflects 

and flows eastwards and into the South Atlantic Ocean as the Agulhas Return Current 
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(Lujteharms 2006, Lutjeharms and van Ballegooyen 1998, Quartly and Srokosz 1993). 

The main Agulhas Current continues to flow southwards, where part of it leaks in to 

the South Atlantic to mix with the colder waters of the Benguela Current (Lutjeharms 

2006, 2007). 

 

iii) Agulhas Rings 

Upstream of the Agulhas Current, near the KwaZulu Natal Bight, the dominant mode 

of variability is in the form of large, solitary meanders (Bryden et al. 2005). There is 

evidence that these meanders (Natal Pulses) may prompt ring shedding as they 

propagate downstream and interact with the retroflection loop (Van Leeuwen et al. 

2000). The Agulhas Current periodically sheds pinched-off anticyclonic rings (eddies). 

These rings enclose pods of relatively warm and saline Indian Ocean Water (Gordon 

1985).  

 

iv) Examples of semi-permanent coastal lee eddies found along Southern Africa 

Angoche lee eddy 

Persistent and intense cyclonic lee eddies have been found in offsets (cape-like coastal 

features) of the Mozambique coastline. Two areas where cyclonic lee eddies are 

prominent are along the Delogoa Bight and south of Angoche (Lutjeharms and Jorge 

da Silva 1988, Lutjeharms 2006). The Angoche lee eddy forms when an intensely 

strong current moves poleward and passes the headland at 15° S along the 

Mozambique coast. Downstream of 15° S the current overshoots the shelf edge, 

driving the formation of a cyclonic eddy (Lutjeharms 2006).  

 

Durban Cyclonic lee eddy 

Anderson et al. (1988) observed a lee eddy at the point where the current overshoots 

the shelf offset near Durban. This cyclonic lee eddy is believed to be driven by the 

passing Agulhas Current (Lutjeharms 2006, 2007). Meyer et al. (2002) showed the lee 

eddy near Durban is evident in hydrographic observations from this region. This 

cyclonic eddy is now commonly referred as the Durban Cyclonic Eddy (pers. comm. 

Roberts).  
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The Durban eddy is a cyclonic lee eddy that occurs off the south coast of Durban. It is 

a semi-permanent eddy found at the southern extent of the KwaZulu Natal Bight. The 

Durban lee eddy is characterized by a strong south-westward flowing Agulhas Current 

and relatively strong north-eastward currents inshore (Roberts et al. 2010, Guastella 

and Roberts 2016). The driving force of the eddy is most likely the strong Agulhas 

Current moving offshore of the narrowing shelf near Durban resulting cyclogenesis in 

the lee of the KwaZulu Natal Bight (Guastella and Roberts 2016).  

 

 

Port St Johns – Waterfall Bluff lee eddy 

A cyclonic lee eddy was discovered along the Port St Johns – Waterfall Bluff (PSJ – 

WB) region during the 2005 Sardine Run Survey (Roberts et al. 2010). Ship-borne 

Acoustic Doppler Current Profile (ADCP) data collected during this survey highlighted 

the existence of cyclonic flow in the PSJ – WB coastal inset (Fig. 1.3). A northward 

flowing, coastal counter-current near Port St Johns was observed in the ADCP 

(current) data with velocities ranging between approximately 20 and 60 cm s
-1

. These 

velocities however weakened towards Waterfall Bluff.  

 

It was noted by Roberts et al. (2010) that the Agulhas Current had moved slightly 

offshore of the shelf edge in the vicinity of the shallow PSJ – WB coastal inset, which 

created an elongated cell of c  ler water at 22 ˚C. The PSJ – WB cyclonic feature (lee 

eddy) had dimensions of approximately 100 km alongshore and 40 km offshore. The 

cyclonic circulation was also visible in satellite data (Roberts et al. 2010). 
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Figure 1.3: S-ADCP velocity vectors showing the cyclonic lee eddy along Port St Johns, 

observed during the 2005 Sardine Run Survey (taken from Roberts et al. 2010). 

 

 

1.1.5) Implications of currents and (cyclonic) eddies on upwelling, phytoplankton 

and zooplankton 

a)  Upwelling induced by currents and eddies 

Shelf edge upwelling occurs when currents flowing against the shelf edge create 

frictional drag, which affects the flow of bottom layers and allows water to move up 

the shelf via bottom Ekman transport, a process also known as Ekman Veering  (Bakun 

1996, Roberts et al. 2006). During Ekman Veering, cooler waters rich in nutrients are 

pushed up onto the shelf. This mechanism of up-slope Ekman Veering results in 

upwelling along the shelf and subsequently stimulates primary production (Roberts 

2004). According to Osgood et al. (1987), vertical motions are induced when the 

boundary current flows across isobaths. This may be a mechanism for bringing 

nutrients to the euphotic zone (Feng et al. 2007).  
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Eddies play an important role in the ecosystem and the biological importance of these 

eddies may be considerable (Lutjeharms 2006, Weeks et al. 2010). Sea surface 

temperature (SST) observations have been used to identify the presence of eddies 

(Lutjeharms 2006), and can be a useful tool at times in order to determine if upwelling 

or cooling has occurred (Schumann et al. 2005, Lutjeharms 2006). 

 

According to Feng et al. (2007) and Bakun (1996), isotherms in an eddy can be used to 

determine whether doming (i.e. elevation or depression) of the thermocline has 

occurred. The doming of isotherms can be indicative of upwelling or downwelling 

occurring within the core of an eddy (Bakun 1996, Feng et al. 2007, McGillicuddy et 

al. 1998, Vaillancourt et al. 2003). Doming of isotherms has been observed in both 

cyclonic and anticyclonic eddies in studies conducted by de Ruitjer et al. (2004), 

Quartly and Srokosz (2004), McGillicuddy et al. (1998) and many others.  

 

Eddies can be biologically distinctive compared to surrounding waters (Huggett 2014). 

According to Bigg (2003) warm core, anticyclonic eddies tend to be biologically poor, 

either with extensive downwelling (or deriving nutrient poor waters) resulting in 

limited nutrient supply. The doming (depression) of isotherms has also been observed 

in a study conducted on eddies in the Sargasso Sea (McGillicuddy et al. 1998). 

Chlorophyll concentrations were found to be much lower in the nutrient depleted 

waters within the warm core eddy in studies done by McGillicuddy et al. (1998).  

 

Cyclonic eddies, such as the Capricorn Eddy in the East Australian Current, have been 

shown to increase primary and secondary productivity through the uplifting and 

doming of isotherms and nutriclines (Lee et al. 1991, Kimura et al. 1997, Everett et al. 

2011, Weeks et al. 2010). Similarly, Crawford et al. (2007) and Whitney et al. (2005) 

have also shown that cyclonic eddies carry nutrients in their core, in studies conducted 

in the Alaska Gulf and the Pacific respectively. Since there is usually active upwelling 

at the centre of cyclonic eddies (Fig. 1.4), these cold core eddies tend to be very 

productive (Feng et al. 2007, Mordasova et al. 2002).  
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Doming (or elevation) of isotherms has been observed in cyclonic eddies in studies 

conducted by Quartly and Srokosz (2004) and Grundlingh (1977, 1985) in the 

Mozambique Channel. The study by Roberts et al. (2010) revealed that the cyclonic 

flow (from the Port St Johns – Waterfall Bluff lee eddy) was associated with shelf edge 

upwelling, with surface temperatures being cooler than the surrounding water 

temperatures of the Agulhas Current. It was also shown that upwelling occurred at the 

centre of the cyclonic lee eddy as isothermal doming was clearly evident (Roberts et al. 

2010).  

 

 

 

Figure 1.4: Cross section of a cyclonic eddy in the southern hemisphere, showing the doming 

(elevation) of the thermocline (taken from Steinberg 2007). 

 

 

b) Biological implications of eddies and upwelling on phytoplankton (chlorophyll) 

Brickley and Thomas (2004) have shown that eddies contribute to increased 

chlorophyll concentrations and subsequently influence entire ecosystems (Sangra et al. 

2007). Eddies have also been shown to influence chlorophyll distributions (Crawford et 

al. 2005). In a study conducted by McGillicuddy et al. (1998) in the Sargasso Sea, 

eddies were shown to contain high chlorophyll concentrations as a result of nutrients 

being upwelled into the euphotic zone and stimulating phytoplankton growth. 

Enhanced rates of primary productivity have also been observed in cyclonic eddies in 
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studies conducted by Waite et al. (2007) and Thompson et al. (2007) in the Leeuwin 

Current and in the South Western Indian Ocean respectively.  

 

In the East Australian Current, Lee et al. (1991) showed that upwelling raised the 

density structure of a frontal eddy, bringing nutrients for biological uptake. Enhanced 

levels of chlorophyll a were also observed in satellite images and these higher levels of 

chlorophyll a most likely sustained a planktonic food chain that supported higher 

trophic levels along this region during a study conducted by Mullaney and Suthers 

(2013).  

 

Nutrient availability and chlorophyll production in eddies are interdependent (Barnes 

and Hughes 1988, Lalli and Parsons 1997). According to Lalli and Parsons (1997) and 

Barlow et al. (2015), phytoplankton patchiness is related to physical processes and 

environmental conditions that control nutrient availability and concentrations and 

therefore influence phytoplankton production. Nutrient availability is dependent on 

upwelling and inter-related to photosynthesis, primary productivity and secondary 

productivity (Lalli and Parsons 1997). According to Lamont and Barlow (2015), 

physio-chemical environments play an important role in initiating phytoplankton 

growth. Nutrient concentrations may change from upwelling of nutrient rich waters and 

this may subsequently affect phytoplankton species (Lalli and Parsons 1997).  

 

In the Angoche lee eddy, deep water is upwelled and enhanced nutrient content of 

more than 12 µmol l
-1

 nitrate has been recorded (Schemainda and Hagen 1983). The 

highest concentrations of chlorophyll a measured to date in the Mozambique Channel 

have been found off Angoche (Nehring 1984). In the study conducted on the Durban 

Cyclonic lee eddy, isothermal doming was evident, associated with cooler water and 

nutrients being upwelled thus stimulating primary production (Guastella and Roberts 

2016).  This meant that the Durban lee eddy acted as a source of nutrients and primary 

productivity, feeding the marine ecosystems of both the KZN Bight and the Agulhas 

Current ecosystem (Guastella and Roberts 2016).  
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Fluctuating temperatures and salinities can affect the growth of phytoplankton as 

different phytoplankton species have varied optimal nutrient, light and temperature 

requirements (Lalli and Parsons (1997). Lamont and Barlow (2015) have shown that 

low chlorophyll biomass south of Richards Bay could be attributed to the presence of 

the warm Agulhas Current. According to Lalli and Parsons (1997), light, temperature, 

salinity and nutrient levels change daily and seasonally, especially in relation to 

upwelling activity as well as the presence of currents and eddies (Bakun 1996, Barnes 

and Hughes 1988, Longhurst 1998). These changing environmental conditions may 

influence different phytoplankton responses (Lalli and Parsons 1997). 

  

c) Biological implications of eddies and upwelling on zooplankton 

Many biological, physical and environmental factors or forcing mechanisms may 

influence the biomass, abundance, distribution (patchiness) of zooplankton along 

coastal areas and within eddies (Barnes and Hughes 1988, Huggett 2014, Lalli and 

Parsons 1997, Longhurst 1998, Liu et al. 2012, Mann 2000). Forcing mechanisms such 

as topographic features, meanders, wind and eddies all influence zooplankton 

communities (Huggett 2014). Vertical patchiness of zooplankton can be influenced by 

advection by currents or eddies (Bakun 1996, Lalli and Parsons, Longhurst 1998). 

Eddy transport can substantially affect zooplankton biomass and community 

composition (Llinus et al. 2009).  Zooplankton can enter currents or eddies that shift 

their horizontal distributions and advect them to favourable or unfavourable areas and 

conditions (Lalli and Parsons 1997, Mann 2000).    

 

Other factors that influence zooplankton distribution, growth and productivity, in 

relation to upwelling, include nutrient availability and chlorophyll productivity (Barnes 

and Hughes 1988, Huggett 2014, Lalli and Parsons 1997, Longhurst 1998). Different 

phytoplankton and zooplankton species also have different tolerances to fluctuating 

temperature and salinity (associated with eddies and upwelling) depending on their 

water mass of origin, species-specific resilience or hardiness (Barnes and Hughes 

1988, Lalli and Parsons 1997, Longhurst 1998, Mann 2000). 
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Shelf edge upwelling induced by Ekman Veering, as well as the presence of cyclonic 

eddies could influence chlorophyll concentrations and zooplankton densities at times 

(Bakun 1996, Mann 2000). High abundances of zooplankton and elevated nutrient 

concentrations have been associated with shelf-break currents (Llinus et al. 2009). 

High concentrations of chlorophyll are required to support high abundances of 

zooplankton (Liu et al. 2012), and, according to Lalli and Parsons (1997), decreasing 

zooplankton biomass has been associated with periods of depressed upwelling and 

lower chlorophyll concentrations.  

 

Eddies are often zones of entrainment, retention, enhanced productivity and transport 

for both phytoplankton and zooplankton (Bakun 2006, Govoni et al. 2010, Kimura et 

al. 1997). Zooplankton constitute the link between phytoplankton and higher trophic 

levels in marine ecosystems (Liu et al. 2012). Both phytoplankton and zooplankton 

productivity are important as they influence food web dynamics and larger 

zooplankton and economically important fish populations (Bakun 1996 , Longhurst 

1998, Mann 2000, van der Lingen 2010a).  

 

 

1.2) Introduction to Project   

 

1.2.1) Project description and importance of study 

In 2005 a detailed research survey was conducted off the east coast of South Africa, 

between Algoa Bay and Richards Bay, during the annual KwaZulu Natal sardine run 

(Roberts et al. 2010, van der Lingen et al. 2010a). The oceanography associated with 

the sardine run was investigated during this survey. A cyclonic feature, a lee eddy, was 

observed off the Port St Johns – Waterfall Bluff region during the 2005 survey 

(Roberts et al. 2010). Unfortunately, this cyclonic lee eddy observed by Roberts et al. 

(2010) and the potential influence that it may have on the ecosystem in this area has 

not been documented or investigated since the 2005 survey. 
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There is a need to understand the development and influence of the coastal lee eddy 

found off Port St Johns. Very little is known about the oceanography and biological 

community off the Rame Head, Port St Johns and Waterfall Bluff shelf areas. There are 

still gaps in the knowledge base with regard to how lee eddies may influence the 

ecosystem along the South African coast, specifically looking at areas that have not 

been investigated thoroughly such as those mentioned above. The manner in which 

physical driving forces, environmental conditions and biological processes could be 

influencing phytoplankton, zooplankton and potentially sardine populations off Rame 

Head, Port St Johns and Waterfall Bluff were of particular interest.  

 

Thus, this MSc study was undertaken in an attempt to fill the knowledge gap and 

provide some understanding with regard to some of the unanswered questions. It is 

hoped that this study will provide some much needed insight into the dynamics and 

mechanics of lee eddies and how their physical forcing may influence the biological 

communities off Rame Head, Port St Johns and Waterfall Bluff.  

 

This study formed part of an in-depth investigation into the dynamics and biological 

implications of the cyclonic lee- eddy found off Port St Johns. The aims of the study 

are to:  

 

(1) Describe the current dynamics off Port St Johns, describe the potential driving 

forces influencing the current dynamics and to explore the possible formation of 

the Port St Johns eddy. 

 

 (2) Describe the potential biological implications that the Port St Johns eddy may have 

on the surrounding coastal waters between Rame Head, Port St Johns and 

Waterfall Bluff by considering the fluorescence (chlorophyll) concentrations, 

changes in zooplankton abundances and to explore the relationships between the 

biology and the oceanography observed. 
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Chapter 2: Materials and Methods 

 

2.1) Study Area  

 

The boundary for this study area is located between 31° S to 32.5° S and 29° E to   

31° E (Figure 2.1). The study area falls within a marine protected area site named 

Pondoland. The Port St Johns area is characterized by a steep, narrow shelf area, 

with the shelf being approximately 6 km in width (Birch 1996, de Ruitjer et al. 

1999, Flemming 1981, Mann et al. 2006). The shelf area is slightly wider along 

Waterfall Bluff (Mann et al. 2006). The area is exposed to warm waters, from the 

fast flowing Agulhas Current (Lutjeharms 2006, Roberts et al. 2010). Three 

research cruises took place onboard the FRS Algoa during July 2013, December 

2013 and July 2014 respectively. Three main areas were surveyed during all the 

cruises namely Rame Head, Port St Johns and Waterfall Bluff (Fig 2.1).  

 

 

Figure 2.1: Map of study area showing the Rame Head, Port St Johns and Waterfall Bluff 

transects and the position of the ADCP mooring. 

http://etd.uwc.ac.za/



18 
 

2.2) Data Collection 

a) Port St Johns ADCP Mooring 

 

i) Mooring Design and Set-up 

The Port St Johns mooring comprised of an upward facing 300 kHz Acoustic 

Doppler Current Profiler (ADCP) from Teledyne RD Instruments; one 36-inch 

buoyancy float (Flotec Technologies); two 866-A acoustic releases (Teledyne 

Benthos) and a 500 kg anchor (Fig 2.2). The ADCP was configured to record data 

every 60 minutes with an ensemble size of 120 pings (one ping per second).  The 

bottom depth at the site of the ADCP mooring was 90 m, however the ADCP 

transducer head depth was situated at ~85 m.  

 

A temperature sensor at the transducer head recorded the bottom water temperature. 

There was a blanking distance of 1.76 m above the transducer head. The water 

column was sampled using 55 bins in total, with each bin having intervals of 2 m. 

The combined distance covered by the 55 bins was 110 m, exceeding the water 

depth. This was done to account for tidal height and any effects that the current may 

have had on the mooring system. The measurements taken in the air were discarded 

during the data analysis. 

 

ii) Mooring Deployment and Retrieval 

The Port St Johns mooring was placed at 31.735° S; 29.693° E (Fig. 2.1). The first 

deployment of the Port St Johns mooring took place on 2 July 2013 and was 

retrieved five months later on 3 December 2013. The data were downloaded using 

instrument specific software. After the raw data were successfully downloaded the 

mooring was serviced and re-deployed that same day. An attempt to retrieve the 

mooring took place on 12 July 2014, unfortunately the mooring did not surface. 

 

 

The mooring was recovered and removed from the water only on 25 September 

2013. Note that it was decided that only data up to July 2014 would be analysed for 

this project to coincide with the biological surveys. For the ease of processing and 
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displaying of data, the data from the two deployments were kept separate (i.e. July 

2013 - December 2013 and December 2013 - July 2014).  

 

 

 

 

 
Figure 2.2: The Port St Johns ADCP mooring design. 

 

 

b) Vessel mounted (Ship) Acoustic Doppler Current Profiler  (S-ADCP) 

Direct current measurements were made using a shipboard 75 kHz ADCP onboard 

the FRS Algoa. S-ADCP data were collected opportunistically during the December 

2013 and July 2014 cruises along the three transects (Fig. 2.1). Unfortunately no S-

ADCP data were available for the July 2013 cruise. The S-ADCP data were 

downloaded using software provided by RD Instruments, the ADCP manufacturers.  
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c) Field (in-situ) Sampling - Environmental and Biological Data Collection  

The data for this project were collected during three research cruises conducted in 

July 2013, December 2013 and July 2014. During each cruise, six stations were 

sampled along transects extending offshore from Rame Head, Port St Johns and 

Waterfall Bluff (Fig. 2.3).  

 

 
Figure 2.3: Map showing CTD and Bongo stations, and the three transect lines that were 

sampled during the July 2013, December 2013 and July 2014 cruises. 

 

i) Conductivity, Temperature, Depth and Fluorescence Profiles 

At each station, a CTD (Seabird 911 plus), was lowered to a depth of 200 m, and 

vertical profiles of temperature, salinity, oxygen and fluorescence were measured. 

Fluorescence was automatically converted to a chlorophyll concentration in mg per 

m
3 

by the Seabird 911 plus software.   

 

ii) Biological (zooplankton) sampling 

Zooplankton samples were collected at each station using paired (vertical) bongo 

nets having a mouth area of 0.25 m
2
, and fitted with a 200 µm mesh. A digital flow 

meter was attached to both frames of the bongo. At each station the nets were 
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deployed and brought back up to the surface from a depth approximately 10 m 

above the sounding depth, or from a maximum depth of 200 m, at a speed of 

approximately 1 m s
-1

.  

 

Once the nets were brought back on board the ship, they were rinsed thoroughly 

and the cod-ends were removed and taken to the wet laboratory. The contents of 

cod-end # 1 were filtered through a 200 µm mesh sieve and rinsed with filtered 

seawater and the sample was fixed with formalin to a final concentration of 5 % 

formalin.. The contents of cod-end # 2 were also filtered through a 200 µm mesh 

sieve and rinsed with filtered seawater. The sample was then filtered onto pre-ashed 

and pre-weighed glass fibre filter paper (GF/F, 27 mm) using a vacuum pump. 

Once each sample was filtered, the filter paper was placed into a piece of foil and 

stored in a -20˚ C  reezer. Therea ter the samples were taken t  the lab rat ry   r 

further processing and dry-weight determination.  

 

After each cruise, the  iltered samples were placed in an  ven at 60 ˚C   r 24 h urs, 

placed in a desiccator to cool down and then weighed on a Sartorius balance 

accurate to five decimal units. This entire process of removing excess water and 

oven drying filtered samples was followed as per the gravimetric method used by 

Lovegrove (1962, 1966) to determine zooplankton dry weight biomass.  

 

d) Satellite Imagery 

Daily chlorophyll MODIS images and daily sea surface temperature (SST) images 

were downloaded from the MRSU website (http://www.afro-sea.org.za). Cloud 

cover was a problem for both the chlorophyll and SST images for specific dates. In 

some cases no data were available. Dates for specific warming and cooling events 

were chosen based on the level of cloud cover.  

 

Mean sea level anomaly (SLA), delayed time global map image files were 

downloaded from AVISO (http://www.aviso.altimetry.fr/en/data/data-

access/ftp.html). Merged maps of SLA were compiled from TOPEX/POSEIDON, 

Jason
-1

, ERS and ENVISAT missions, and were processed by AVISO with support 

 r m Centre Nati nal d’Etudes Spatiales (CNES). Details    the pr cessing are 
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outlined in the SSALTO/DUACS user handbook for (M)SLA and (M)ADT for 

near-real time and delayed time products ((http://www.aviso.oceanobs.com/duacs/) 

as used by Lamont et al. (2010) and Morris et al. (2013). The SLA map files were 

further processed using a software programme called PANOPLY 

(http://www.giss.nasa.gov/tools/panoply/) to create sea surface height anomaly 

(SSHA) images.   

 

2.3) Data Processing 

a) Moored ADCP Data 

RDI BBList, ADAS (an in-house developed ADCP processing software), Microsoft 

Excel and Ocean Data View (ODV) were used to process and plot the moored 

ADCP data. The binary (raw) data files downloaded from the ADCP were 

converted to ASCII format using BBLIST (RDI Tools software). During data 

processing the data were corrected to true north by a applying a magnetic variation 

of -24.029 for the Port St Johns area. Separate ASCII files were created in BBLIST 

for currents and temperature.  

 

i) Data Quality  

Current ASCII files were imported into ADAS, where the files were converted into 

a Microsoft Excel format and a data quality worksheet was created. The data 

quality worksheet provided information on the current direction, current magnitude 

and which bins had good data (i.e. percentage good data). In order for a data bin to 

be considered a good bin, the data percent good category had to exceed a specific 

percentage limit (threshold) of 75 % or higher. A bad data bin was any bin that did 

not meet this requirement and thus contained a percentage lower than 75 %.  

 

Only the  irst 42 bins (Bin 1 t  Bin 42) were c nsidered “g  d” data bins and were 

used for further processing. The 13 remaining bins (Bin 43 to Bin 55) were 

considered bad data bins and were discarded, as they exceeded the actual water 

depth (Fig. 2.4 and Fig. 2.5). Any nonsensical or erroneous data in each of the 

“g  d” bins were als  discarded, as data bins with err rs were n t c mputable in 

ADAS. Choosing a bin to represent the surface or bottom measurements was 
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dependent on the percentage data lost. Bin 37 (10.24 m) was chosen to represent the 

surface bin and Bin 2 (82.24 m) was chosen to represent the bottom bin 

measurement (Fig. 2.6). 

 

ii) Further data processing in ADAS, Microsoft Excel and ODV  

ADAS was also used to create *.dat files. These *.dat files were processed in 

ADAS to create stick vector plots, current direction plots, current velocity plots and 

percentage frequency histograms (for direction and velocity).  

 

The current ASCII files were also converted to a Microsoft Excel format.  Only 

“g  d” data bins were used (i.e. Bin 1 – Bin 42). Text (*.txt) files were then created 

in Microsoft Excel and were imported into Ocean Data View (ODV) to create 

vertical section plots of the currents (Schlitzer 2007). Vertical sections for the first 

and second deployment periods were created (i.e. July 2013 to December 2013 and 

December 2013 to July 2014). Monthly vertical section plots for both current 

direction and current magnitude were also created. 

 

The temperature ASCII files were converted to a Microsoft Excel format and 

temperature graphs were created. Since the temperature data was recorded by the 

ADCP mooring at the transducer head 4 m from the sea floor, these graphs were 

plots of bottom temperature. 

 

b) Ship ADCP Data 

Data from the S-ADCP were downloaded and processed using RDI Teledyne 

software. Data files (*.STA) were processed up to a maximum depth of 504 m. 

Data with an error velocity of greater than +.03 and less than -0.3 were discarded. 

The data files were initially viewed in WinADCP and VMDAS (RDI Tools), but 

were processed using ViSea DAS (Aqua Vision Data Acquisition Software). 

Processed (*.p) files were imported into ViSea DPS and ship track plots were 

generated for the data collected during December 2013 and July 2014. All data 

were displayed in cm s
-1

. 
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Figure 2.4: Data quality graph for July 2013 – December 2013 showing the amount of percentage good data. Percentage good greater than 75 % was 

considered a good data bin. Percentage good less than 75 % was considered a bad data bin and was discarded. Black dashed line represents75 % threshold 

limit. Bins in red block were discarded.
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Figure 2.5: Data quality graph for December 2013 – July 2014 showing the amount of percentage good data. Percentage good greater than 75 % was 

considered a good data bin. Percentage good less than 75 % was considered a bad data bin and was discarded. Black dashed line represents 75 % threshold 

limit. Bins in red block were discarded.
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Figure 2.6: ADCP mooring set-up showing bin number and corresponding bin depths. 
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c) CTD, Fluorescence and Biological data 

CTD data were processed using Seasoft V2 SBE data processing software, edited in 

Microsoft Excel to create .txt files and final processing was completed using ODV 

to create profiles of the various environmental variables. Unfortunately, during the 

July 2013 cruise there was a problem with the fluorometer on the CTD and the 

sensor needed to be replaced during the cruise. As a result all the chlorophyll data 

for this specific cruise were discarded. Chlorophyll data area reported as surface 

measures, and integrated measures, with the latter following Gibbons (pers. 

comm.). Zooplankton data were converted to biomass densities (per m
3
), with a 

knowledge of the volume filtered by the nets and in turn to biomass (per m
2
) with a 

knowledge of the depth of the water column sampled.  

 

2.4) Data Analysis 

a) Port St Johns Moored ADCP 

Current direction and magnitude plots and bottom temperature graphs were 

compared for the July - December 2013 and December 2013 - July 2014 periods 

and described further in the results section. A current reversal was identified as 

being a change in direction from the most persistent direction of flow 

(predominantly a south-westerly direction, as per the Agulhas Current). Any change 

in direction to a more easterly or north-easterly flow direction (i.e. in the range of 

30° to 100°) was considered a current reversal. Stick vector plots from the 10.24 m 

bin (surface bin, Bin 37) and 80.24 m (bottom bin, Bin 2) plots were also examined 

to identify any trends in direction and current speed in the surface waters and at the 

bottom of the water column. The importance of a current reversal was dependent on 

its duration (in days) as well as the depth range of the reversal (i.e. whether it 

occurred along the entire water column). It was decided that if the reversal occurred 

along the entire water column (i.e. from the surface to the 80 m depth range), then it 

was considered a major current reversal. Any reversal that did not cover the entire 

water column was considered a minor current reversal.  

 

Percentage frequency histograms of current direction and current speed were also 

examined in order to determine how often the current was flowing in a specific 
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direction and which current speeds were most prevalent. Note that the histograms 

axis’ scales c uld n t be changed in ADAS (as the s  tware d es n t give  ne the 

option do this). Therefore, the axis scales did differ slightly and this was taken into 

consideration when comparing these percentage frequency histograms. 

 

b) Vessel mounted (ship) ADCP 

Surface vector plots for December 2013 and July 2014 were examined. Any current 

reversals or change in surface flow directions were identified and noted. This was 

done in order to establish whether there were any similar trends in the flow patterns 

between these two S-ADCP surveys. 

 

c) Warming and Cooling Events and Satellite Imagery  

Bottom temperature graphs from the moored ADCP were investigated to determine 

if any warming or cooling events had occurred within the bottom layer. A major 

warming or cooling event was identified as being a change in temperature of 3 ˚C 

or more. An average bottom temperature was established (15 ˚C) and any 

temperature that was 3 ˚C above this average temperature was considered a major 

warming event (WE). Any temperature that was 3 ˚C below this average 

temperature was considered a major cooling event (CE). Other smaller temperature 

changes of between 1.5 ˚C and 2.9 ˚C, above or below the average temperature of 

15 ˚C, where considered minor warming or cooling events. These minor events 

were not investigated further. If any current reversal coincided with a major 

warming or a cooling event this was also noted. Only current reversals that were 

evident at a depth of ~80 m were compared to the bottom temperature graphs.  

 

Specific warming and cooling events were selected based on the quality of images 

that were available and these images were analysed in order determine the possible 

mechanism causing these specific events. The following warming and cooling 

events were selected and investigated together with the satellite imagery: WE4, 

WE12, and CE2. SST, chlorophyll and SSHA images (for the selected warming or 

cooling event periods) were investigated in order to track the potential driving 

forces such as the Agulhas Current, Natal Pulses or Durban eddies.  
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Images were tracked for approximately 10 – 21 days preceding the actual date of 

the warming or cooling events. The SSHA images, together with the SST and 

chlorophyll images were used to study flow patterns, identify any eddy activity, 

changes in surface temperatures as well as other features of interest. SST images 

were tracked and any cyclonic eddy activity was noted. Increases and decreases in 

surface temperatures were noted both inshore and offshore of the study area. The 

position of the Agulhas Current was also identified by the sea surface temperatures 

observed in the images. Chlorophyll images were tracked and any cyclonic eddy 

activity, chlorophyll streamers or changes in chlorophyll concentrations in the 

inshore and offshore regions, especially north of the study area, and between 

Waterfall Bluff, Port St Johns and Rame Head were noted.  

 

SSHA images were tracked to identify any anticyclonic (positive SLA) and 

cyclonic (negative SLA) eddy activity. Eddy activity in the inshore and offshore 

regions off Waterfall Bluff, Port St Johns and Rame Head were of particular 

interest. SSHA images were also tracked to see if any Natal Pulses, Durban eddies 

or offshore eddies from further north (i.e. Mozambique Channel) where 

propagating southwards and encroaching into the Waterfall Bluff - Port St Johns - 

Rame Head study area, possibly influencing the dynamics there. 

 

d) Statistical Analysis 

Zooplankton biomass averages, as well as standard deviations, for each transect 

(Rame Head, Port St Johns and Waterfall Bluff) were calculated. Zooplankton 

averages for each station, across transects, (i.e. station 1 – 6) were also calculated in 

order to determine the zooplankton biomass and distribution for the inshore, 

midshelf and offshore stations. The proportional distribution of zooplankton 

abundances (mg m
-2

) were calculated for each transect (Rame Head, Port St Johns 

and Waterfall Bluff), this was done for each respective cruise, namely July 2013, 

December 2013 and July 2014.  

 

Correlations between integrated chlorophyll and zooplankton abundance for 

December 2013 and July 2014 were c mputed using Pears n’s r (Evans 1996, 

Shaw 2003). Spearman Rank Order Correlation for non-parametric relationships 

http://etd.uwc.ac.za/



           30 
 

(Shaw 2003) were computed for all the data (an overall correlation with three 

cruises’ data), c mparing envir nmental variables (temperature, salinity,  xygen, 

bottom depth) to chlorophyll and zooplankton biomass density and abundance in 

order to identify whether there were any significant relationships between certain 

environmental variables (temperature, oxygen, salinity, bottom depth) and 

biological variables (chlorophyll concentrations and zooplankton biomass).  

 

Spearman Rank Correlations for non-parametric relationships were also conducted 

using data from each specific cruise period (i.e. July 2013 only, December 2013 

only, July 2014 only). A correlation combining both December 2013 and July 2014 

data was also conducted to identify if there was any significance between the same 

environmental factors and zooplankton biomass during the summer and winter 

seasons.  
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Chapter 3: Results 

 

3.1) ADCP and Satellite sampling - current dynamics  
 

3.1.1) Moored ADCP 1
st
 Deployment:  July 2013 to December 2013 

 

i) Current direction and current reversals 

In total 21 current reversals (CRs) were observed during the five month period (Fig. 

3.1). Approximately four to five reversals were observed per month. Of these 21 

current reversals (indicated by purple or blue colour), 12 were considered major 

current reversals (i.e. observed / spanning throughout the water column) and nine 

were considered minor current reversals (i.e. did not span throughout the water 

column). The predominant direction of flow before and after a current reversal was 

a south to south westerly flow (160° - 230°). The predominant direction of flow 

during a current reversal was between north-easterly to easterly flow (45° - 100°). 

 

In the surface layers (between the depths of 0 and 15 m) all the major current 

reversals were observed. Only one minor reversal was observed in this surface layer 

(CR16) and did not cover the entire water column. A greater number of current 

reversals were evident in the 65 m – 80 m bottom layer depths, with 95 % (20 out 

of a total of 21) current reversals observed within the bottom boundary layer. The 

longest current reversal lasted over a period of 8 days and took place during August 

2013. 

 

ii) Current speed (velocity) and current reversals 

The maximum current velocity (speed) observed was 150 cm s
-1

 during September 

2013 in the surface layer (Fig. 3.1). Current speeds were generally higher at the 

surface with velocities ranging between 50 cm s
-1

 and 75 cm s
-1

, before and after 

current reversals. The current speed ranged between 75 cm s
-1

 and 100 cm s
-1

, 

before and after some of the current reversals. High current speeds were observed 

during October and November 2013 with speeds reaching over 100 cm s
-1

. 
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Figure 3.1: ODV plot showing current direction and current magnitude (current speed) for 

the mooring deployment period between July 2013 and December 2013. Current reversals 

can be seen in the direction plot indicated by the blue to purple colour and labelled CR. 
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Current speeds at the bottom layer were generally lower with velocities ranging 

between 25 cm s
-1

 and 50 cm s
-1

 before and after current reversals. Current speeds 

decreased as the current started to change direction. When the direction of flow was 

south westerly, higher current speeds were observed.  

 

Subsequently during reversals, when the direction of flow was north-easterly, 

current speeds were observed to decrease. Current speeds during current reversals 

were found to be predominantly 0 cm s
-1

 to 25 cm s
-1

 and at times 25 cm s
-1

 to 50 

cm s
-1

. This was especially evident in the bottom layer depths between 65 m and 82 

m. Regardless of a current reversal being a major or minor event, current speeds 

were found to follow this trend of lower current speeds during reversals and higher 

current speeds before and after reversals.  

 

A greater number of major current reversals were observed during July and August 

2013 (winter months) than during the summer months (December to February). A 

greater number of minor current reversals were evident during the summer months.  

 

iii) Percentage frequency histogram for current direction 

The percentage frequency histogram for current direction in the surface layer (at a 

depth of 10.24 m) revealed that the currents were flowing in a south-westerly 

direction (210° – 240°) 40.9 % of the time over the five month period (Fig. 3.2a). 

The histogram also showed that for 15 % of the time the currents were flowing in a 

southerly to south-westerly direction (180° – 210°), however the currents were also 

shown to flow in a northerly to north-easterly direction (30° – 60°) for 15 % of the 

time over the five month period. 

 

In the bottom layer (at a depth of 80.24 m), the percentage frequency histogram for 

current direction revealed that the currents were flowing in a north-easterly 

direction (30° – 60°) at least 32 % of the time over the five month period (Fig.  

3.2a). The second highest peak on the histogram revealed that 15 % of the time the 

currents were flowing in a northerly to north-easterly direction (0° – 30°). The 

histogram showed that 11 % of the time the currents were flowing in a northerly to 
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north-westerly direction (330 ° – 360°). The currents were also shown to flow in a 

south westerly direction (210° – 270°) for 14 % of the time over the five months. 

 

iv)   Percentage frequency histogram for current speed 

In the surface layer (at a depth of 10.24 m), the percentage frequency histogram for 

current speed revealed that the currents were flowing at speeds between 0 – 20 cm 

s
-1

 for 29.7 % of the time over the five month period (Fig. 3.2b). The histogram also 

revealed that 24 % of the time the currents were flowing at speeds between 20 – 40 

cm s
-1

, while 18 % of the time the currents were flowing at speeds between 40 – 60 

cm s
-1

. The maximum current speed observed at the surface was between 140 – 160 

cm s
-1

. 

 

The percentage frequency histogram for current speed in the bottom layer (at a 

depth of 80.24 m) revealed the currents were flowing at speeds between 0 – 20 cm 

s
-1

 for 58.6 % of the time over the five month period (Fig. 3.2b). The histogram also 

revealed that 26 % of the time the currents were flowing at speeds between 20 – 40 

cm s
-1

. The maximum current speed observed at the bottom was between 100 – 120 

cm s
-1

. 

 

 

3.1.2) Moored ADCP 2
nd

 Deployment:  December 2013 -  July 2014 

 

i) Current direction and current reversals 

In total 20 current reversals (CRs) were observed during the eight month period 

(Fig. 3.3). Approximately one to three reversals were observed per month. Of these 

20 current reversals (indicated by the blue colour), only six were considered major 

current reversals (i.e. spanning throughout the water column) and 14 were 

considered minor current reversals. Fewer major current reversals were observed 

during December 2013 to July 2014, in comparison to the amount observed during 

the first deployment of the ADCP mooring. Minor current reversals were mainly 

observed mid-way through the water column to the sea floor, at depths between 40 

m – 60 m and on some occasions between 60 m – 80 m. The predominant direction  
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(a)                          (b)   

Figure 3.2: (a) Percentage frequency histograms for current direction (July 2013 - December 2013), for the surface and bottom layers. Note that y-axis 

scales are different between surface and bottom layer histograms. (b) Percentage frequency histograms for current velocity (July 2013 - December 2013), 

for the surface and bottom layers. Note that axis scales are different between surface and bottom layer histograms.
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of flow during a current reversal was between 45° – 100° (north-easterly to easterly 

flow). The predominant direction of flow before a current reversal was a south  

easterly flow (120° – 150°) and after a current reversal was a southerly easterly to 

south-westerly flow (180° – 240°).   

 

In the surface layers all six major current reversals were observed, although fewer 

minor reversals were observed in the surface layers.  The predominant direction of 

flow at the surface was south-westerly (180° – 240°), except during reversals in 

which case the flow was north-easterly. A greater number of reversals were evident 

in the bottom boundary layer, with 95 % (19 out of a total of 20) of the current 

reversals observed within this bottom layer. The dominant direction of flow within 

the bottom layer was north-easterly during current reversals. 

 

ii) Current Speed (velocity) and current reversals 

The maximum current velocity (speed) observed was 150 cm s
-1

 during April 2014 

in the surface layers (Fig. 3.3). Current speeds were generally much higher at the 

surface with velocities ranging between 50 cm s
-1

 and 75 cm s
-1

, before and after 

current reversals. At times the current speed ranged between 75 cm s
-1

 and 100 cm 

s
-1

, particularly before and after current reversals. High current speeds were 

observed during April and June over with speeds reaching over 125 – 150 cm s
-1

. 

Current speeds at the bottom layer were generally very low with velocities ranging 

between 0 cm s
-1

 and 25 cm s
-1

 during current reversals. At times the current speed 

did increase slightly (from 25 cm s
-1

 to 50 cm s
-1

) as the current started to change 

direction before or after a current reversal. A greater number of major current 

reversals were observed during June and July 2014 (winter months) than during 

summer. A greater number of minor current reversals were evident during the 

summer months. 

 

iii) Percentage frequency histogram for current direction 

Percentage frequency histograms for current direction in the surface layer (at a 

depth of 10.24 m) revealed that the currents were flowing in a south-westerly 

direction (210° – 240°) 36.8 % of the time over the eight month period (Fig. 3.4a). 

The second highest peak on the histogram revealed that 28 % of the time the 
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currents were flowing in a southerly direction (180° – 210°). A small percentage of 

northerly (0° – 30°) and north-easterly flow (30° – 60°) were observed, with flow 

being in these directions 6 % and 8% of the time respectively. 

 

In the bottom layer (at a depth of 80.24 m), percentage frequency current direction 

histograms revealed that the currents were flowing in a north-easterly direction (30° 

– 60°) 28.5 % of the time over the eight month period (Fig. 3.4a). The histogram 

also revealed that 18 % of the time the currents were flowing in a northerly 

direction (0° – 30°), while only 8 % of the time the currents were flowing in a 

south-westerly direction (330° – 360°). 

 

iv) Percentage frequency histogram for current speed 

In the surface layer (at a depth of 10.24 m) the percentage frequency histogram for 

current speed revealed that the currents were flowing at speeds between 0 - 50 cm s
-

1
 for 57.6 % of the time over the eight month period (Fig. 3.4b). The histogram also 

revealed that 28 % of the time the currents were flowing at speeds between 50 – 

100 cm.s
-1

, while the maximum current speed observed at the surface was between 

150 – 200 cm s
-1

. In the bottom layer (at a depth of 80.24 m), the current speed 

percentage frequency histogram revealed that currents were flowing at speeds 

between 10 – 20 cm s
-1

 for 36.9% of the time over the eight month period (Fig. 

3.4b). The second highest peak on the histogram also revealed that the currents 

were flowing at speeds between 0 – 10 cm s
-1 

for 34 % of the time. The maximum 

current speed observed at the bottom was between 60 – 70 cm s
-1

 during the eight 

month period. 
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Figure 3.3: ODV plot showing current direction and current magnitude (current speed) for the 

mooring deployment period between December 2013 and July 2014. Current reversals can be 

seen in the direction plot indicated by the blue to purple colour (NE flow) and labelled CR. 
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(a)                      (b)   

Figure 3.4: (a) Percentage frequency histograms for direction (December 2013 - July 2014), for the surface and bottom layers. Note that axis scales are 

different between surface and bottom layer histograms. (b) Percentage frequency histograms for current velocity (December 2013 - July 2014), surface and 

bottom layers. Note that axis scales are different between surface and bottom layer histograms.
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3.1.3) Warming and Cooling Events 

 

a) Moored ADCP Bottom Temperature Profiles 

 

i) 1
st
 Deployment: July 2013 - December 2013 

In total seven warming events (WE1 – WE7) and four cooling events (CE1 – CE4) 

occurred during the five month period (Fig. 3.5). All of the warming and cooling 

events coincided with one or more of the current reversals (Fig. 3.6, refer to 

Appendix: Table 1.1 and Table 1.2). In the cases where the warming and cooling 

events coincided with two current reversals, an event would start during one current 

reversal and continue through into the next current reversal. Not all the current 

reversals coincided with a warming or cooling event.  

 

ii) 2
nd

 Deployment: December 2013 - July 2014 

In total five warming events and 12 cooling events occurred during the eight month 

period (Fig. 3.7). Four of the warming events and all 12 of the cooling events 

coincided with one or more of the current reversals (Fig. 3.8, refer to Appendix: 

Table 1.1 and Table 1.3). Only one warming event did not coincide with any 

current reversals and this was warming event WE8.  

 

b) Tracking Events using Satellite Imagery 

Specific events were chosen based on whether satellite images were available and 

whether images were clear (i.e. no cloud cover). Warming events WE4 and WE12 

and cooling event CE2 were selected.  
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Figure 3.5: ADCP mooring bottom temperature plot for July 2013 - December 2013 showing warming and cooling events. 
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Figure 3.6: ADCP mooring bottom temperature plot for July 2013 - December 2013 showing warming events, cooling events and current reversals.  
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Figure 3.7: ADCP mooring bottom temperature plot for December 2013 - July 2014 showing warming and cooling events. 
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Figure 3.8: ADCP mooring bottom temperature plot for December 2013 - July 2014 showing warming events, cooling events and current reversals. 
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i) Events occurring between July 2013 and July 2014: 

Cooling Event 2 - CE2  [23 July 2013 – 29 July 2013] 

For CE2 altimetry (SSHA) images were tracked from 2 July 2013 to 29 July 2013. 

A large cyclonic eddy (negative SLA) was evident between 28.5° S and 30.5° S; 

31.5° E and 33° E on the 2 July 2013. A small cyclonic eddy was also evident 

between 31° S and 33° S; 30° E and 31° E. The larger cyclonic eddy moved 

southwards and closer inshore by the 8 July 2013, and appeared to come into 

contact with the coast between 30° S and 31.5° S around 12 July 2013. It appeared 

to elongate around 18 July 2013 and by 22 July 2013 it had completely 

disappeared. Many small anticyclonic eddies were observed offshore of the study 

area. 

 

Another smaller cyclonic eddy was observed between 30.5° S and 32.5° S; 29.5° E 

and 31.5° E which propagated south and inshore by 5 July 2013. This eddy moved 

south to around 31.5° S and 33° S had grew slightly larger by the 8 July 2013. This 

cyclonic was evident along 31.5° S and 33° S on 12 July 2013 and had grown even 

larger. The eddy eventually propagated further southwards by 20 July 2013 and had 

started dissipating by 23 July 2013. By 26 July 2013 the cyclonic eddy had 

completely disappeared with only an offshore anticylonic eddy visible in the SSHA 

image (Fig. 3.9). 

 

Sea Surface Temperature (SST) images revealed that on 20 July 2013 cooling had 

occurred indicated by the green to light yellow colour on the satellite images 

between Port St Johns and Rame Head. Some activity was evident around 30° S on 

22 July 2013 as cooling was observed off Waterfall Bluff, Port St Johns and Rame 

Head (particularly along Port St Johns). This cooling could be seen by the green (17 

˚C) to pale yellow colour (20 ˚C) on the satellite image (not shown here). By 26 

July 2013 the surface temperature had increased to 23 ˚C (Fig. 3.9). SST images for 

before and after 26 July 2013 had cloud cover and therefore could not be used.  
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Figure 3.9: Sea surface height anomaly (SSHA), Sea surface temperature (SST) and 

Chlorophyll concentration images for Cooling Event 2. 

 

Chlorophyll images revealed that on 20 July 2013 there was some activity north of 

Waterfall Bluff along Durban, as chlorophyll concentrations were high. On 26 July 

2013, between Waterfall Bluff and Rame Head, high chlorophyll concentrations 
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were observed inshore (2 mg m
-3

) in comparison to the offshore (0.5 mg m
-3

) region 

(Fig. 3.9). Images were clouded between 27 July 2013 and 29 July 2013 and 

therefore were not useful. On 30 July 2013 chlorophyll concentrations were still 

high.   

 

Warming Event 4 - WE4   [29 August 2013 – 5 September 2013] 

For WE4 altimetry (SSHA) images were tracked from 10 August 2013 to 5 

September 2013. A cyclonic eddy was evident between 29° S and 31° S; 32° E and 

33° E, just north and offshore of the study area. This cyclonic eddy moved 

southwards, close to the shelf during the warming event period into the study area 

boundary. It could be seen adjacent to Port St Johns on 26 August 2013. This 

cyclonic eddy eventually propagated further south beyond Rame Head by 5 

September 2013 (Fig. 3.10). 

 

Sea Surface Temperatures (SST) images revealed that on 18 August 2013 the 

surface temperatures were approximately 20 ˚C. Around 5 September 2013 no 

cooling was evident off Rame Head, Port St Johns and Waterfall Bluff (Fig. 3.10). 

Surface temperatures of 22 ˚C – 23 ˚C were observed both inshore and offshore off 

Rame Head, Port St Johns and Waterfall Bluff. On 7 September 2013 some cooling 

was evident as water temperatures decreased to 20 ˚C between Rame Head and 

Waterfall Bluff.  

 

Chlorophyll images revealed that on the 23 August 2013 there was some cyclonic 

activity between 29° S and 30° S. On 1 September 2013 and 3 September 2013 it 

appears that a Durban eddy or Natal Pulse may have spun up as a cyclonic bulge 

(streamers) could be seen and high chlorophyll concentrations were also observed 

off Durban. On 5 September 2013 the chlorophyll concentrations along Rame Head 

to Waterfall Bluff were    0.5 mg m
-3

 and small filaments were evident in the images 

(Fig. 3.10). However, on 6 September 2013 increased in chlorophyll concentrations 

(2 mg m
-3

 - 5 mg m
-3

) were evident in the satellite images. 
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Figure 3.10: Sea Surface Height Anomaly (SSHA), Sea Surface Temperature (SST) and 

Chlorophyll concentration images for Warming Event 4. 
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ii) Event occurring between December 2013 and July 2014: 

Warming Event 12 – WE12   [3 July 2014 – 9 July 2014] 

 

For WE12 altimetry (SSHA) images were tracked from 20 June 2014 to 10 July 

2014. An anticyclonic eddy was observed offshore between Rame Head and 

Waterfall Bluff on 20 June 2014 (30° S – 32.5° S). The anticyclonic eddy moved 

closer inshore around 26 June 2014, propagated southwards and started dissipating 

around 2 July 2014. Two cyclonic eddies were also evident offshore around 32° E – 

34° E and these cyclonic eddies completely dissipated by 6 July 2014. A different 

cyclonic eddy appeared on 4 July 2014 between 31.5° S – 32° S against the shelf 

between Rame Head and Port St Johns (Fig. 3.11). This smaller cyclonic eddy 

stayed in that area until 10 July 2014. 

 

Sea Surface Temperatures (SST) images revealed that on 4 July 2014 the surface 

temperatures inshore were 21 ˚C - 22 ˚C off Rame Head, Port St Johns and 

Waterfall Bluff, where as offshore the temperatures were 23 ˚C (Fig. 3.11). On 9 

July 2014 the temperatures inshore appeared to have decreased by 1 ˚C to 2° C, as 

temperatures were observed to be 20° C. There was also some additional cooling 

just south of Rame Head, where temperatures of 18.5 ˚C were evident the satellite 

images. 

 

Chlorophyll images revealed high chlorophyll concentrations (5 - 10 mg m
-3

) just 

off Durban (30° S - 31° S) on 4 July 2014 (Fig. 3.11). These high chlorophyll 

concentrations were observed close inshore, but decreased to 2 - 4 mg m
-3 

as one 

gradually moved offshore. Chlorophyll concentrations offshore were in the range of 

0.2 – 0.8 mg m
-3

. On 9 July 2014 chlorophyll concentrations off Port St Johns and 

Waterfall Bluff were observed to be between 1.5 - 2 mg m
-3

. Off Rame Head 

chlorophyll concentration of 2 - 4 mg m
-3 
were  bserved. A cycl nic “bump” 

(yellow to red colour) was evident in the satellite image.   
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Figure 3.11: Sea Surface Height Anomaly (SSHA), Sea Surface Temperature (SST) and 

Chlorophyll concentration images for Warming Event 12. 
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3.1.4) Ship ADCP surface current tracks  

 

a) Ship ADCP track December 2013 

On 3 December 2013, strong south-westerly currents were observed throughout the 

study area, particularly along the offshore regions between the 1000 m and 2000 m 

bathymetry lines (Fig. 3.12). Maximum velocities of 150 cm s
-1

 were observed on 

the ship ADCP track. Cyclonic circulation was also evident between Port St Johns 

and Waterfall Bluff.  

 

Off Rame Head strong south westerly currents were evident. Current speeds of 40 

cm s
-1

 were observed inshore, while higher currents speeds (75 cm s
-1

 - 100 cm s
-1

) 

were observed offshore. Off Port St Johns north-easterly flow was evident close 

inshore with current speeds of 20 cm s
-1

 being observed. South-westerly flow was 

observed offshore along Port St Johns.  

 

Off Waterfall Bluff south-easterly flow was observed inshore. However strong 

south-westerly flow was more predominant along Waterfall Bluff (between the 500 

m and 1000 m bathymetry lines) with current speeds of 75 cm s
-1

 – 150 cm s
-1

 

being observed. The current directions inshore between Port St Johns and Waterfall 

Bluff were indicative of possible cyclonic flow between Port St Johns and Waterfall 

Bluff.  
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Figure 3.12: Ship ADCP track for 3 December 2013 showing north-easterly current flow 

observed along Port St Johns (red arrow) and south-easterly current flow observed inshore 

off Waterfall Bluff (red arrow). Strong south-westerly flow observed (blue arrows). 

Cyclonic flow between Port St Johns and Waterfall Bluff (shown by dotted red line).  

 

 

b) Ship ADCP track July 2014 

During 13 July 2014, very strong south-westerly currents were observed throughout 

the study area (Figure 3.13). Maximum velocities of 180 cm s
-1

 were observed on 

the ship ADCP track. Off Rame Head strong south-westerly currents were evident. 

Current speeds of 75 cm s
-1

 – 100 cm s
-1

 were observed inshore, while higher 

currents speeds (150 cm s
-1

 – 180 cm s
-1

) were observed offshore. Some north-

westerly flow was also evident inshore between Rame Head and Port St Johns.  

 

Off Port St Johns north-easterly flow was evident close inshore as current speeds of 

25 cm s
-1

 were observed. South-westerly flow was observed offshore off Port St 

Johns, with currents speeds of 150 cm s
-1

. Off Waterfall Bluff a small of amount of 

westerly flow was observed close inshore, but predominantly south-westerly flow 
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was evident inshore as current speeds of 75 cm s
-1

 – 100 cm s
-1

 were observed. 

Very strong south-westerly flow was evident offshore (between the 500 m and 1000 

m bathymetry lines) as current speeds of 150 cm s
-1

 – 180 cm s
-1

 were observed.  

 

 

 

 
 

 

Figure 3.13: Ship ADCP track for 13 July 2014 showing north-easterly current flow 

observed along Port St Johns (red arrow), westerly current flow observed inshore along 

Waterfall Bluff (red arrow), north-westerly flow between Rame Head and Port St Johns 

(red arrow) and strong south-westerly flow observed along Rame Head, Port St Johns and 

Waterfall Bluff (blue arrows). 

 

 

 

 

 

 

http://etd.uwc.ac.za/



           54 
 

3.2)  CTD and net sampling - patterns 

 

3.2.1) July 2013 

 
a) Environmental variables 

Surface temperatures off Rame Head ranged between 21 ˚C and 22.5 ˚C, with lower 

temperatures observed inshore and the highest temperatures recorded offshore (Fig. 

3.14). Isothermal doming (elevated isotherms) was evident over the shelf edge 

(between 50 m – 70 m) and cooler waters (15 ˚C) were recorded over the shelf edge 

at station 4. Dissolved oxygen concentrations were highest at the surface across all 

stations and decreased with increasing depth (Fig. 3.15). Indeed a subsurface 

oxygen minimum layer was observed over the shelf (stations 2 to 4) and offshore 

(stations 5 and 6), as oxygen values of 3.9 ml l
-1 

were recorded between 50 m – 125 

m. No fluctuations in salinities were noted at the surface, with a value of 35.4 

recorded across all stations (Fig, 3.16). However, a slight decrease did occur over 

the shelf edge between stations 4 to 6 (~175 m), as salinities of 35.3 were observed. 

 

Off the Port St Johns transect surface temperatures (along stations 1 to 6) also 

ranged between 21 ˚C and 22.5 ˚C, with temperatures increasing offshoreward (Fig. 

3.14). Isothermal doming was evident over the shelf edge (50 m – 200 m) and 

cooler waters (15 ˚C) were recorded. Dissolved oxygen concentrations at the 

surface were lower inshore (4.6 ml l
-1

) between stations 1 to 4 and increased 

slightly offshore (4.7 ml l
-1

) at stations 5 and 6 (4.7 ml l
-1

). A subsurface oxygen 

minimum layer was observed off stations 5 and 6 that extended between 75 m and 

200 m (Fig. 3.15). Salinities at the surface were 35.4 across all stations, although 

salinities did decrease to 35.2 along the shelf edge stations (3 and 4), between 125 

m and 200 m. Salinities also increased (35.5) at station 6, between 120 m and 150 

m (Fig. 3.16).  

 

Off Waterfall Bluff lower surface temperatures were recorded at the inshore 

stations, temperatures increased offshoreward and ranged between 21 ˚C and 22.5 

˚C (Fig. 3.14). Isothermal doming was evident between stations 4 and 6, with 

cooler waters (15 ˚C) recorded off the shelf edge. Dissolved oxygen concentrations 
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were indeed higher at the surface, as with the other two transects, however 

temperatures decreased rapidly along stations 1 and 2 as the depth increased, in 

comparison to the midshelf and offshore stations (Fig. 3.15). A subsurface oxygen 

minimum layer was once again noted at 50 m with the oxygen minimum layer 

extending to 100 m depth at the offshore stations. No salinity fluctuations were 

observed across any of the stations, with salinity values of 35.4 recorded (Fig. 

3.16).  

 

During July 2013, the SSHA image revealed that a cyclonic eddy (indicated by the 

blue colour patches in Fig. 3.17) was present offshore of the Rame Head, Port St 

Johns and Waterfall Bluff transects (Fig. 3.17). 
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Figure 3.14: CTD temperature profiles for the stations sampled off the Rame Head, Port St Johns and Waterfall Bluff transects during July 2013. 
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Figure 3.15: CTD dissolved oxygen profiles for the stations sampled off Rame Head, Port St Johns and Waterfall Bluff transects during July 2013. 
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Figure 3.16: CTD salinity profiles for the stations sampled off the Rame Head, Port St Johns and Waterfall Bluff transects during July 2013. 
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Figure 3.17: SSHA image for the CTD and zooplankton sampling day during July 2013.
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b)  Zooplankton (Dry Weight) Biomass Density (mg m
-3

) 

During the July 2013 cruise a maximum zooplankton biomass density (113 mg m
-3

) 

was recorded at station 4 (mid-shelf) off Rame Head. The Port St Johns and 

Waterfall Bluff transects had maximum zooplankton biomass densities of 20.7 mg 

m
-3 

(station 1)
 
and 18.5 mg m

-3 
(station 3)

 
respectively (Figure 3.18). 

 

Off Rame Head, zooplankton biomass densities decreased between stations 1 and 3, 

peaked at station 4, before decreasing again. Off Port St Johns, highest zooplankton 

densities were observed inshore, and they decreased offshoreward, with a slight 

peak at station 5. Off Waterfall Bluff high zooplankton densities were recorded at 

station 1, declined at station 2, peaked at station 3 and declined again offshoreward. 

Overall, highest densities were generally noted at the stations closest to the coast, 

but secondary peaks were also noted in the midshelf region further offshore (in the 

case of Rame Head, the primary peak was further offshore and the secondary peak 

at the coast). 

 

Zooplankton biomass density was higher, on average, at stations off Rame Head 

(30.54 mg m
-3

) than along the other two transects (PSJ=13.16, WB=12.05), though 

variability was also much greater (standard deviation = 41.08, 4.73 and 5.24, 

respectively). 

 

Overall during July 2013, Spearman Ranks correlations revealed that zooplankton 

biomass density was negatively correlated only with bottom depth, though 

integrated biomass was (obviously) positively correlated with sounding depth and 

temperature (refer to Appendix: Table 1.4) .  
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Figure 3.18: Zooplankton biomass density plot for July 2013. The highest zooplankton 

biomass density (mg m
-3

) was recorded off the Rame Head transect.  

 

3.2.2) December 2013 

a) Environmental variables  

During December 2013 surface temperatures off the Rame Head transect were 

lower inshore between stations 1 and 3, and they increased offshoreward with the 

highest temperatures noted at station 6 (Fig. 3.19). Some isothermal doming was 

evident off the shelf edge between stations 4 and 5, with cooler upwelled waters (12 

˚C) n ted  n the shel  sl pe and shel  edge between the 50 m and 70 m. The highest 

dissolved oxygen concentrations were recorded at station 1 (4.7 ml l
-1

): oxygen 

values decreased midshore and offshore between stations 2 to 5 (Fig. 3.20). A 

shallow oxygen minimum layer was evident across all stations between the depths 

of 30 m to 40 m. At the surface, salinities of 35.25 were recorded inshore (station 1 

and 2), while salinities increased slightly to 35.3 offshoreward (Fig. 3.21). Salinities 
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decreased with increasing depth across all five stations, with the lowest salinity 

values visible on the shelf (35.1) and off the shelf edge (34.95) respectively.  

 

Off Port St Johns, temperatures ranged between 18 ˚C – 19 ˚C at the sur ace, while 

higher temperatures were noted offshore. Slight isothermal doming was evident and 

waters cooler than 12. 5 ˚C were  bserved     the shel  edge between stations 3 and 

4 (Fig. 3.19). The highest dissolved oxygen concentrations (4.8 ml l
-1

) were once 

more noted inshore of station 1, oxygen values decreased through stations 2 and 3, 

then increased slightly at station 4. A shallow oxygen minimum layer was present 

between stations 2 to 4, as dissolved oxygen values of 3.9 ml l
-1 

were apparent (Fig. 

3.20). Salinities at the surface did not vary much: values of 35.25 were recorded at 

stations 1, 2 and 4, although station 3 had a value of 35.2. Across all stations 

salinities decreased with increasing depth, especially visible off the shelf edge 

where salinities of 35 and 34.95 were noted (Fig. 3.21). 

 

O   Water all Blu   temperatures ranged between 16 ˚C - 22 ˚C at the sur ace, with 

higher temperatures noted offshore and lower temperatures recorded inshore 

(Fig.3.19). Isothermal doming (depressed isotherms) was evident between stations 

2 and 5, with 13.5 ˚C – 15 ˚C waters,  bserved  n the shel  and     the shel  edge. 

At the inshore stations (1 and 2), a shallow oxygen minimum layer was evident at 

the surface, with oxygen concentrations increasing offshoreward at the surface 

(stations 3 to 5). A subsurface oxygen minimum layer was also observed between 

stations 3 to 5 at 30 m, as oxygen values of 3.8 ml l
-1 

were recorded, however the 

extent of the of the oxygen minimum layer was much deeper between stations 1 to 

2 and at station 5 respectively (Fig. 3.20).  

 

As in the other transects, the highest salinity values were noted at the surface and 

salinities decreased with increasing depth, with the lowest values observed of the 

shelf and shelf edge (stations 2 to 4). Higher salinities were observed offshore at 

station 6 (35.4), with slightly lower salinity values of 35.3 observed between 

stations 1 to 4 at the surface (Fig. 3.21). In the SSHA image an anticyclonic eddy 

was observed offshore of the study area (Fig. 3.22). 
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Figure 3.19: CTD temperature profiles for the stations sampled off Rame Head, Port St Johns and Waterfall Bluff transects during December 2013. 
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Figure 3.20: CTD dissolved oxygen profiles for the stations sampled off Rame Head, Port St Johns and Waterfall Bluff transects during December 2013. 
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Figure 3.21: CTD salinity profiles for the stations sampled off Rame Head, Port St Johns and Waterfall Bluff transects during December 2013. 
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Figure 3.22: SSHA image for the CTD and zooplankton sampling day during December 2013.
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b)  Chlorophyll Concentrations 

During the December 2013 cruise, horizontal distributions of chlorophyll (Fig. 

3.23) revealed that along the Rame Head transect the inshore stations (stations 1 to 

3) had the highest chlorophyll concentrations (0.8 mg m
-3

), with lower 

concentrations noted at the offshore stations. Along the Port St Johns transect 

stations 1 and 2 (inshore stations) had the highest chlorophyll concentration (0.8 

mg. m
-3

), while concentrations again decreased at station 3 and increased 

offshoreward between station 4 and 5. A zero chlorophyll signal was recorded 

inshore along the Waterfall Bluff transect at stations 1 and 2, while the midshelf to 

shelf edge stations (3 and 4) had the highest chlorophyll concentrations, which 

again decreased offshoreward (station 5). Vertical distributions of chlorophyll 

(between the surface and 200 m) across all three transects revealed that the highest 

chlorophyll concentrations were found close to the surface (0 m – 15 m). 

Chlorophyll concentrations decreased between the depths of 15 m to 40 m and this 

was visible along all three transects. A zero chlorophyll concentration was visible 

off all three transects (Rame Head: 15 m – 40 m; Port St Johns: 50 m; Waterfall 

Bluff: 30 m - 200 m). 

 

Integrated Chlorophyll 

During December 2013 the overall trend, across all three transects, showed that the 

integrated chlorophyll biomass was lowest inshore, increased slightly midshelf and 

was highest offshore (Fig. 3.24). Along the Rame Head transect, integrated 

chlorophyll biomass ranged between 10 mg m
-2

 – 20 mg m
-2

, off Port St Johns it 

varied between 4 mg m
-2

 – 20 mg m
-2

, whilst off Waterfall Bluff it varied between 

10 mg m
-2

 and > 20 mg m
-2

. 
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Figure 3.23: CTD chlorophyll profiles for the stations sampled off Rame Head, Port St Johns and Waterfall Bluff transects during December 2013.
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Figure 3.24: ODV plot showing integrated chlorophyll (mg m
-2

) for December 2013 along 

the Rame Head, Port St Johns and Waterfall Bluff transects. 

 

c) Zooplankton (Dry Weight) Biomass Densities (mg m
-3

) 

Zooplankton densities during December 2013 were much lower than during July of 

the same year. A maximum zooplankton biomass density of 27.2 mg m
-3

 was 

recorded off Port St Johns at station 1. The Rame Head and Waterfall Bluff transects 

had maximum zooplankton biomass densities of 17.7 mg m
-3 

(station 3)
 
and 17 mg 

m
-3 

(station 2) respectively (Figure 3.25). 

 

Off the Rame Head transect, zooplankton biomass densities were low at station 1, 

increased at station 2, peaked off the mid-shelf (station 3), then decreased 

offshoreward between stations 4 and 5. Off Port St Johns the zooplankton biomass 

densities were highest inshore between stations 1 and 2, declined towards the mid-

shelf at stations 3 and 4, then increased slightly at station 4. Off Waterfall Bluff the 

zooplankton biomass densities fluctuated considerably. Densities were low inshore at 

station 1, peaked at station 2, decreased at station 3, increased at station 4 and then 
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decreased at station 5. Overall, highest densities (primary peaks) were noted inshore 

(close to the coast) off Port St Johns and Waterfall Bluff, with secondary peaks 

observed off the shelf edge stations. However, in the case of Rame Head, a primary 

peak was recorded at the midshelf station, with a secondary peak recorded inshore.  

 

On average, zooplankton biomass density was higher, at stations off Port St Johns 

(15.1 mg m
-3

) than along the other two transects (RH=10.6, WB=10.1), though 

variability was also much greater there (standard deviation = 8.3, 4.73 and 5.24, 

respectively). 

 

Overall during December 2013, zooplankton biomass density was negatively 

correlated only with salinity at a depth of 50 m, though integrated biomass was (yet 

again) positively correlated with bottom depth (refer to Appendix: Table 1.5) . 

 

 

Figure 3.25: Zooplankton biomass plot for December 2013. The “X” represents that n  

bongo samples were collected due to bad weather. 
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3.2.3) July 2014 

a) Environmental variables  

Surface temperatures along the Rame Head transect ranged between 20.5 ˚C – 22.5 

˚C, with the highest temperatures recorded at stations 3 to 5 (Fig. 3.26). Some 

isothermal doming was once again observed between stations 2 to 4 and stations 4 

to 6. Colder upwelled waters (14 ˚C – 15 ˚C) were noted on the shelf and off the 

shelf edge. Dissolved oxygen concentrations at the surface were high (4.6 ml l
-1

)
 

across all six stations, although the highest oxygen levels were recorded at stations 

5 and 6 between the depths of 25 m and 50 m (Fig. 3.27). Oxygen levels decreased 

between stations 1 to 4 as the depth increased and at 50 m a subsurface oxygen 

minimum layer was observed over the entire shelf and off the shelf edge (stations 1 

to 5), with oxygen values of 3.8 ml l
-1

 recorded. Salinity values at the surface, 

between stations 1 to 5, were 35.35, while station 6 had a salinity value of 35.4 

(Fig. 3.28). Salinities were slightly lower over the shelf (35.3) and off the shelf 

edge (35.2), but at stations 4 to 6 salinities were the highest as values of 34.4 – 

34.45 were recorded. 

 

Off Port St Johns, inshore temperatures at the surface ranged between 18.5 ˚C – 20 

˚C, with temperatures increasing offshoreward (Fig. 3.26). Isothermal doming was 

evident and cooler waters (15 ˚C – 16 ˚C) were observed between stations 2 to 4 on 

the shelf, with 13 ˚C waters noted just off the shelf edge (150 m – 200 m). 

Dissolved oxygen concentrations were highest at the surface, particularly at station 

5, where oxygen values of 4.7 ml l
-1

 were recorded (Fig. 3.27). Oxygen levels 

generally decreased as the depth increased, with a subsurface oxygen minimum 

layer observed off the shelf edge and low oxygen values (3.9 ml l
-1

) were recorded 

between stations 1 to 4 (at 50 m – 115 m), and also at station 5 at 190 m. Salinity 

values of 35.35 were recorded between stations 1 to 4, with a salinity value of 35.4 

noted at station 5 (Fig. 3.28). The highest salinities were observed at the surface, 

generally decreasing with depth, except at station 5, where salinities of 35.45 were 

recorded at 25 m and extended all the way to 175 m. 
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Off Waterfall Bluff, temperatures across all stations were highest at the surface but 

decreased with increased depth, while surface temperatures ranged between 21 ˚C – 

22 ˚C along the inshore stations (1 to 4), with temperatures exceeding 22.5 ˚C at 

stations 5 and 6 (Fig. 3.26). Isothermal doming was evident and colder waters (16 

˚C – 17 ˚C) were recorded along the shelf slope: temperatures of between 15 ˚C – 

16 ˚C waters noted off the shelf edge. Dissolved oxygen concentrations were high 

at the surface, with stations 4 and 5 having the highest values (4.7 ml l
-1

). A 

subsurface oxygen minimum layer was evident across all transects, over the shelf 

and off the shelf edge, with oxygen values of 3.8 ml l
-1

 recorded at 50 m and deeper 

(Fig. 3.27). No salinity fluctuations were visible at the surface, as a value of 35.35 

was recorded across all the stations (Fig. 3.28). Salinities did not change as the 

depth increased, with the only exception being station 5 where a slight increase in 

salinity (35.4) was noted at 75 m.  

 

In the SSHA image (Fig. 3.29) a small cyclonic eddy was observed inshore south of 

Port St Johns, just off Rame Head (indicated by the light blue colour), although a 

larger cyclonic was also observed offshore of the study area. 
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Figure 3.26: CTD temperature profiles for the stations sampled off Rame Head, Port St Johns and Waterfall Bluff transects during July 2014. 
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Figure 3.27: CTD dissolved oxygen profiles for the stations sampled off Rame Head, Port St Johns and Waterfall Bluff transects during July 2014. 

http://etd.uwc.ac.za/



 

7
5 

 

Figure 3.28: CTD salinity profiles for the stations sampled off Rame Head, Port St Johns and Waterfall Bluff transects during July 2014. 
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Figure 3.29: SSHA image for the CTD and zooplankton sampling day during July 2014. 
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b) Chlorophyll Concentrations  

During the July 2014 cruise (Fig. 3.30) off the Rame Head transect high 

chlorophyll concentrations (0.4 mg m
-3

) were recorded at the inshore stations, then 

concentrations decreased slightly midshelf and increased offshoreward again to 0.4 

mg m
-3 

(station 6). Along the Port St Johns transect, stations 1 to 4 had a very low 

concentration of 0.1 mg m
-3

, while station five had a slightly higher chlorophyll 

concentration (0.3 mg m
-3

). Off the Waterfall Bluff transect the chlorophyll 

concentrations were found to be lower inshore (stations 1 and 2), with the 

chlorophyll concentrations increasing along the midshelf and offshore stations. The 

highest chlorophyll concentration was recorded at station 6 (0.7 mg m
-3

). Zero 

chlorophyll values (0 mg m
-3

)
 
were recorded off Rame Head, Port St Johns and 

Waterfall Bluff. Across all three transects the zero chlorophyll layer was found to 

be deeper along the offshore stations.  

 

Integrated Chlorophyll  

During July 2014 the overall trend across all transects showed that the integrated 

chlorophyll biomass were lowest at the inshore stations and increased offshoreward 

(Fig. 3.31). Off the Rame Head transect, integrated chlorophyll biomass ranged 

between ~ 10 mg m
-2

 – 25 mg m
-2

, off Port St Johns values ranged between ~ 5 mg 

m
-2

 – 28 mg m
-2

, whilst
 
off Waterfall Bluff the integrated chlorophyll biomass 

varied between ~ 9 mg m
-2

 – 23 mg m
-2

.  
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Figure 3.30: CTD chlorophyll profiles for the stations sampled off Rame Head, Port St Johns and Waterfall Bluff transects during July 2014.
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Figure. 3.31: ODV plot showing integrated chlorophyll (mg m
-2

) for July 2014 along the 

Rame Head, Port St Johns and Waterfall Bluff transects. 

 

c) Zooplankton (Dry Weight) Biomass Densities (mg m
-3

) 

A maximum zooplankton biomass density of 88 mg m
-3

 was once again recorded 

off Rame Head at station 4. Port St Johns and Waterfall Bluff had maximum 

zooplankton biomass concentrations of 16.2 mg m
-3 

(station 1) and 23.6 mg m
-3 

(station 4)
 
respectively (Figure 3.32). 

 

Off Rame Head, zooplankton biomass densities were high inshore (at station 1), 

decreased between stations 2 and 3, peaked mid-shelf at station 4 and then declined 

again offshoreward, with very low densities recorded at station 5 and 6. Off the Port 

St Johns transect zooplankton densities were highest inshore at station 1 and 2, 

densities decreased offshoreward with a very low density observed at station 4. Off 

Waterfall Bluff, very low biomass densities were noted inshore (between stations 1 

to 3), then peaked until the mid-shelf (station 4) and decreased offshoreward at 

stations 5 and 6. Overall, highest densities were generally noted on the shelf edge 
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(station 4) with primary peaks recorded at station 4 off both Rame Head and 

Waterfall Bluff, with a secondary peak recorded inshore off Rame Head. Off Port 

St Johns primary and secondary density peaks were recorded inshore, with densities 

declining offshoreward. 

 

Zooplankton biomass density was higher, on average, at stations off Rame Head 

(22.2 mg m
-3

) than along the other two transects (PSJ=10.4, WB=7.1), though 

variability was once more much greater (standard deviation = 32.9, 7.1 and 8.4, 

respectively). 

 

Overall during July 2014, there was no correlation between zooplankton biomass 

density and any of the other variables (e.g. salinity, temperature, chlorophyll), 

although integrated biomass was positively correlated with temperature at 50 m 

(refer to Appendix: Table 1.6).  

 

 

Figure 3.32: Z  plankt n bi mass pl t   r July 2014. The “X” represents that n  b ng  

samples were collected due to bad weather. 
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3.2.4) Relationships between chlorophyll biomass and zooplankton biomass  

Greater zooplankton biomass densities were recorded during July (2013 and 2014), 

on average, off Rame Head than the other two transects, and indeed values tended 

to decrease northward. During December 2013, however, greatest biomass densities 

were recorded off Port St Johns. During July (2013 and 2014), the highest estimates 

of zooplankton biomass (mg m
-2

) across the region were noted, on average, in the 

mid-shelf region – especially off Rame Head (station 4 – Figs. 3.33 - 3.35). 

Otherwise, in general, greatest biomass densities were noted at the innermost 

stations: taken overall there was a negative relationship between zooplankton 

biomass density and bottom depth, though there was no general relationship 

between biomass density and chlorophyll (refer to Appendix: Table 1.7 and Table 

1.8). In the case of integrated abundance, however, there was a positive relationship 

with bottom depth (and those variables that were auto-correlated, such as 

temperature, salinity), but again no relationship with chlorophyll; integrated or 

otherwise (Figs. 3.36, 3.37, Appendix: Table 1.7 and Table 1.8). 

 

 

 
Figure 3.33: Graph showing proportional distribution of zooplankton abundance (mg m

-2
) 

along the Rame Head transects. Black arrow indicates that station four had the highest 

zooplankton biomass abundance (mg m
-2

). Red crosses indicate that no bongo sampling 

took place at that particular station due to bad weather.  
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Figure 3.34: Graph showing proportional distribution of zooplankton abundance (mg m

-2
) 

along the Port St Johns transects. Black arrow indicates that station four had the highest 

zooplankton biomass abundance (mg m
-2

). Red crosses indicate that no bongo sampling 

took place at that particular station due to bad weather. 

 

 

 

Figure 3.35: Graph showing proportional distribution of zooplankton abundance (mg m
-2

) 

along the Waterfall Bluff transects. Black arrow indicates that station four had the highest 

zooplankton biomass abundance (mg m
-2

). Red crosses indicate that no bongo sampling 

took place at that particular station due to bad weather. 
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Figure 3.36: Scatter plot graph comparing zooplankton abundance (mg m
-2

) and integrated 

chlorophyll (mg m
-2

) for December 2013, with the Pearson r-value showing a mismatch 

between the two variables. 

 

 

 

 

Figure 3.37: Scatter plot graph comparing zooplankton abundance (mg m
-2

) and integrated 

chlorophyll (mg m
-2

) for July 2014, with the Pearson r-value showing a mismatch between 

the two variables.
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Chapter 4: Discussion  

 

4.1 ) Current Dynamics – current reversals and circulation patterns  

 

a) Current reversals and flow patterns in the bottom boundary layer 

It is evident from the data that the bottom boundary layer played a crucial role in 

the current dynamics off the Port St Johns study area. A total of 41 current reversals 

were recorded over the 12 month period. A high percentage of these current 

reversals (north-easterly flow) were observed in the bottom boundary layer and 

were associated with lower current speeds. Schumann (1981), Schumann and Brink 

(1990) and Roberts et al. (2010) also showed evidence of current reversals in their 

respective studies on the east coast and these current reversals were associated with 

lower current velocities, which is in agreement with what was noted in the findings 

of this thesis.  

 

South-easterly flow and higher current speeds (150 -180 m.s
-1

) recorded within the 

bottom layer during the study were typically associated with the presence of 

Agulhas Current, as shown by Lutjeharms (2006). The manner in which the 

Agulhas Current may have interacted with the bottom layer, the bathymetry and 

shelf edge was very important in driving certain mechanisms along the Port St 

Johns study area. According to Bakun (1996) western boundary currents such as the 

Agulhas Current system tend to impinge on the continental shelf (and slope) and 

subsequently create a Bottom Ekman Layer within in the bottom boundary layer. 

 

b) Current reversals and flow patterns in the surface layer 

Fewer current reversals (north-easterly flow) were evident in the surface layers and 

this validated the importance of the bottom boundary layer and the Agulhas Current 

interaction with sea floor. Predominantly south-westerly flow was evident in the 

surface layers and higher current speeds were noted (visible in vertical profiles and 

histograms) and were indicative of the presence of the Agulhas Current. In a study 

by CSIR (1970) north of Port Elizabeth, bottom current velocities were found to be 

much lower than surface current velocities and this trend was visible in the Port St 

Johns study too. The fact that the ship-ADCP surface current measurements also 

http://etd.uwc.ac.za/



85 
 

revealed higher current speeds and south-westerly flow offshore of Rame Head and 

Waterfall Bluff during December 2013 and off all three transects during July 2014, 

further confirmed the presence of the Agulhas Current. 

 

The ship-ADCP surface current measurements did however also reveal some north-

easterly flow, which suggested the presence of an inshore counter current. The fact 

that lower counter current speeds were recorded inshore of Port St Johns by the 

ship-ADCP (during December 2013 and July 2014) validated what the moored 

ADCP had measured during current reversals. Furthermore, cyclonic circulation 

patterns were also evident along the surface layers in the ship-ADCP 

measurements. Harris (1978) has stated that counter currents may occur near the 

coast as a result of induced eddies. Therefore it is likely that the counter-currents 

along the Port St Johns study area were induced as a result of the spin-up of the 

Port St Johns eddy, due to the cyclonic lee eddy mechanism mentioned by Bakun 

(1996, 2006) Flemming (1981) and Weeks et al. (2010).   

  

The fact that cyclonic flow was observed in the surface layers during December 

2013 and July 2014, validates the presence of a cyclonic eddy and hence the spin-

up of a cyclonic eddy during the summer m nths (i.e. a “P rt St J hns - Waterfall 

Blu  ” cycl nic eddy) and winter m nths (i.e. a “Rame Head - P rt St J hns” 

cyclonic lee eddy). With regards to the latter, the eddy spin-up off Rame Head and 

Port St Johns during winter was further south than what was initially expected, 

especially in comparison to the study done by Roberts et al. (2010). In fact, the 

eddy spin-ups during summer and winter both differed to what was seen in the 

Roberts et al. (2010) study, as the cyclonic eddy in that study extended between 

Rame Head all the way through to Waterfall Bluff, unlike what was seen in this 

thesis findings. 

 

The Agulhas Current, wind and the presence of both cyclonic and anticyclonic 

eddies, and the spin-up of the Port St John cyclonic eddy could all have been 

mechanisms that were influencing current reversals in the surface layers. Even 

though wind data was not available for the Rame Head, Port St Johns and Waterfall 

Bluff study area, it is very likely that wind and coastally trapped waves could also 
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have be played a contributing factor in the surface layers (and nearshore areas) and 

may indeed have induced some of the current reversals off this study area, as it has 

been suggested in studies done by Pearce et al. (1978), Rouault et al. (1995), 

Schumann (1987), Schumann et al. (2005), Schumann and Brink (1990) and 

Steinberg 2007).  

 

4.2) Warming and Cooling Events – potential driving forces 

 

a) Circulation and potential driving forces associated with events 

Cooling Event CE2 (July 2013) was associated with the Agulhas Current and it is 

likely that the Agulhas Current flowed over the shelf edge and induced shelf edge 

upwelling via the process of Ekman Veering. Consequently due to the process of 

Ekman Veering, there was a movement of cooler water in the bottom boundary 

layer upslope on to the shelf area (Bakun 1996), as a bottom Ekman layer was 

created by the south westerly flow of the Agulhas Current over the shelf and sea 

floor. 

 

Warming Event WE4 was associated with a meandering Agulhas Current with a 

cyclonic eddy embedded within in it, potentially a Natal Pulse, as the SSHA 

confirmed the presence of a northerly cyclonic eddy. This offshore cyclonic eddy 

may have been a Natal Pulse (cyclonic circulations) embedded in the meandering 

Agulhas Current (Lutjeharms 2003, 2006). It has been suggested by Lutjeharms 

(2006) and Roberts et al. (2010) that Natal Pulses, resulting from meandering of the 

Agulhas Currents, could be responsible for some of the current reversals and 

inshore counter currents observed along the east coast (Lutjeharms and Connell 

1989). Natal pulses extend throughout the depth of the Agulhas Current 

(Lutjeharms et al. 2001).  

 

Off Port St Johns some of the current reversals recorded by the ADCP mooring 

may actually have been the meandering Agulhas Current, with an embedded Natal 

Pulse, moving over the mooring and were therefore responsible for the upwelling 

and increased productivity that was observed there. Harris and Bang (1974) and 

Lutjeharms (2006) have shown that the presence of meanders and passing Natal 
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Pulses and suggested that these Natal Pulses enhance the possibility of upwelling. 

Lutjeharms et al. (2001) have also shown that Natal Pulses are associated with 

current reversals and temperature decreases. Churchill et al. (1986) stated that shear 

edge eddies bring subsurface exchange of shelf and slope waters. 

 

Warming Event WE12 (July 2014) c rresp nded t  the presence    the “Rame Head 

- P rt St J hns” cycl nic eddy (validated by the ship-ADCP) and was associated 

with the Agulhas Current flowing near the shelf edge and inducing the spin-up of 

the cyclonic lee eddy. It has been shown that on occasion the velocity shear 

between a western boundary current, the intervening sea floor and coastal waters 

generate a cyclonic eddy (Bakun 2006, Gill and Schumann 1979, Everett et al. 

2011, Oke and Griffin 2011, Tranter et al. 1986, Weeks et al. 2010). The 

mechanism for the formation or spin-up of cyclonic lee eddy as proposed by Bakun 

(1996), Flemming (1981) and Weeks et al. (2010) has been suggested to be the 

same mechanism driving the spin-up of the Port St Johns cyclonic lee eddy. The 

offshore eddies also observed in the SSHA were unlikely to have influenced the 

inshore areas, as they were located too far offshore.   

 

 

b) SST, bottom temperatures and chlorophyll production confirming the presence 

of  cooling and upwelling 

During CE2, the SST images established that the Agulhas Current was present over 

the shelf, as high temperatures (23 ˚C) typically associated with the Agulhas 

Current (Whittle et al. 2008) were noted at the surface. The fact that cooler waters 

(12 ˚C) were recorded over the shelf, confirmed that upwelling had indeed occurred 

and must have been associated with the Agulhas Current flowing over the shelf 

edge, thereby inducing shelf edge upwelling via the process of Ekman Veering.  

The cooling that did occur (due to Ekman Veering induced shelf edge upwelling) 

may not have necessary been seen in the SST images as the cooler waters may not 

have reached the sur ace, as sh wn by O’D n ghue (2009) in the same regi n. 

Increases in chlorophyll concentrations in the satellite images however, did confirm 

that that upwelling did occur during CE2 and that the increased productivity was 

likely in response to the upwelled water.  
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During WE4, warm bottom temperatures recorded by the moored ADCP and also 

observed in the SST images were once again associated with the presence of the 

Agulhas Current. Cooling after the actual warming event itself was also observed 

and this cooling may have been associated with the passing cyclonic eddy (a Natal 

Pulse or a northerly eddy propagating southwards within the Agulhas Current) and 

hence may have passed over the shelf edge and over the moored ADCP. 

Chlorophyll images confirmed the presence of a cyclonic eddy further north that 

propagated downstream. Chlorophyll concentrations also increased after the actual 

event and this may have been associated with the southwards propagating cyclonic 

eddy. A cyclonic eddy was shown to move downstream from Durban and move 

over Port St Johns during the 2005 survey by Roberts et al. (2010). Similarly 

Durban cyclonic eddies were seen during a study conducted by Louw (2014) that 

propagated southwards over Port Edward. These two studies correspond to what 

was seen over Port St Johns during WE4.  

 

During WE12 higher surface temperatures seen in the SST images were once again 

associated with the Agulhas Current. The bottom temperatures recorded during 

WE12 decreased after the actual warming event, which validated that some cooling 

or upwelling had occurred with the bottom boundary layer. This upwelling was 

eddy-induced due to the process of the Port St Johns eddy spin-up. Findings by 

Weeks et al. (2010) showed that cooler thermal signals in the SST images, along 

the shelf edge, confirmed the occurrence of eddy induced upwelling. Similarly 

Kleypas and Burrage (1994) and Middleton et al. (1994) have stated that cyclonic 

features trigger upwelling along the continental shelf. Likewise, Flemming (1980) 

and Gill and Schumann (1979) have shown that northward flowing inshore counter 

currents are associated with topographically induced upwelling cells. These 

findings all concur with what was observed off Rame Head.  

 

The fact that high chlorophyll concentrations were noted near Rame Head in the 

satellite images, also validated that eddy induced upwelling had in fact occurred 

due to the spin-up    the “Rame Head - P rt St J hns” cycl nic eddy. Whillier 

(1962) showed that small scale eddies allowed for the retention of primary 
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productivity, which appears to be agreement with what was observed during WE12 

due to the spin-up of the cyclonic eddy.  

 

 

4.3) Biological implications on chlorophyll and zooplankton - 

linkages with current dynamics & warming and cooling events 

 

The SSHA associated with the current dynamics revealed that cyclonic eddies were 

observed offshore during both July 2013 and July 2014, and that an anti-cyclonic 

eddy was observed north and offshore of the study area during December 2013. 

These mesoscale eddies during the study are likely to have influenced the 

environment over the shelf, and signals of this can perhaps be seen in some of the 

other, and the biological, data collected here. The presence of upwelling over the 

shelf can be seen in the strong thermoclines, the doming of isotherms shoreward, 

the movement of cooler bottom water over the shelf and the presence of water there 

with relatively low oxygen content. Similarly the presence of upwelling was also 

seen in the warming and cooling events, particularly CE2 (July 2013) and WE12 

(July 2014) with the latter being associated with the spin-up of the Rame Head - 

Port St Johns cyclonic eddy. 

 

According to Meyer et al. (2002), current flow and eddy activity can influence 

upwelling along the shelf area, and McGillicuddy and Robinson (1997) observed 

that upwelling can be associated with the formation of eddies (i.e. eddy induced 

shelf edge upwelling). Shelf edge upwelling has also been observed on the inshore 

side of the Agulhas Current (Lutjeharms 2006, Schumann 1986, 1988), as a result 

of up-slope movement of cooler waters via the process of Ekman Veering (current 

induced shelf edge upwelling) as shown by Roberts et al.( 2006). Lamont and 

Barlow (2015) noted that strong thermoclines can reflect the upliftment of cooler 

waters from below (as seen here particularly off Rame Head and Port St Johns 

during July 2013 and July 2014), whilst Criales-Hernandez et al. (2008) have stated 

shallow oxygen minimum layers are generally found during upwelling conditions. 

That said, oxygen minima are also a characteristic of the core of Agulhas Current 

water (Chapman 1988, Lutjeharms 2006), and Louw (2014) observed a shallow 

dissolved oxygen minimum layer between 100 m and 300 m in the Agulhas Current 
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off Port Edward: those seen off Rame Head and Port St Johns were much shallower 

(50 m - 150 m).  

 

The net effect of this upwelling can possibly be seen by in the elevated zooplankton 

biomass densities at the shallowest stations across the study area through time. That 

the impact was greater during winter than summer (December), and in the south 

and central areas than the north, can be attributed to cyclonic eddies and shelf edge 

upwelling. Unfortunately, the composition of the zooplankton communities was not 

assessed but it is known from previous work in the region that upwelling specialists 

may assume large populations off the east coast of South Africa in small and 

localised areas subject to upwelling (Thibault-Botha et al. 2004). 

 

Whilst no such signal was evident in the nearshore chlorophyll, and the lack of a 

clear relationship between zooplankton and chlorophyll may be surprising, the 

mismatch between zooplankton and phytoplankton population sizes is not unusual 

(Barnes and Hughes 1988, Mann 2000). Indeed, it can be attributed to a general 

mismatch in generation and response times of the two groups (Bakun 1996, Barnes 

and Hughes 1988, Mann 2000), as well as to the grazing of phytoplankton by 

zooplankton (Barnes and Hughes 1988, Froneman 2004, Gibbons 1999, Lalli and 

Parsons 1997, Longhurst 1998) and even fish (Barnes and Hughes 1988, Lalli and 

Parsons 1997, van der Lingen et al. 2010b); the latter’s abundance n t having been 

assessed here. It can also be attributed to differences in the size spectra of the two 

groups – if the phytoplankton communities are dominated by very small cells then 

these need not be consumed by the zooplankton present, if they are not specialists 

(Barnes and Hughes 1988, Longhurst 1998).  

 

During December 2013, the zooplankton density peaked inshore, particularly off 

Port St Johns, and this could be attributed to an influx off river run-off, which 

would influence temperature, salinity, nutrification as well as chlorophyll levels. 

Hutchings et al. (2010) and Barlow et al. (2015) have shown in studies conducted 

off the east coast of South Africa that elevated chlorophyll concentrations may have 

been as a result of increased nitrification due to an influx of river run-off. That said, 

according to Pretorius et al. (2016), in a study done near the Thukela River mouth, 
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zooplankton densities were actually found to be lower near the river mouth as a 

result of lower salinities, which is very different to what was observed off Port St 

Johns during the 2013 - 2014 study. However, other factors off Port St Johns could 

account for the higher inshore densities observed there, such as shelf edge 

upwelling induced by Ekman Veering and also the potential spin-up of the Port St 

Johns - Waterfall Bluff cyclonic eddy also inducing upwelling (within the bottom 

boundary layer). 

 

Some other interesting results can also be noted: the elevated densities of 

zooplankton at the mid-shelf stations (especially off Rame Head and Port St Johns 

during July); the elevated integrated chlorophyll values noted at the most offshore 

stations; and the generally greater amount of zooplankton at the southern than 

northern lines, except during December 2013.  

 

The elevated density of zooplankton noted midshore (along the shelf edge), 

particularly off Rame Head, may be due to the shelf edge upwelling, as observed in 

the temperature profiles. The shelf edge upwelling may have been induced by either 

Ekman Veering (Roberts 2006) or the spin-up of the Rame Head - Port St Johns  

cyclonic eddy, as can be associated with the warming and cooling events CE2 and 

WE12. The combination of cooler nutrient rich waters brought onto the shelf and 

also the presence of an offshore cyclonic eddy, particularly during July 2014, may 

have contributed to increased nutrient and food availability off the shelf edge area 

(Lalli and Parsons 1997, Bakun 1996, McGillicuddy et al. 1998). Shelf edge 

upwelling resulted in slightly elevated chlorophyll concentrations, which in turn 

could have led to enhanced zooplankton (Huggett 2014), though the grazing of the 

latter on the former (Barnes and Hughes 1988, Lalli and Parsons 1997, Longhurst 

1998) would then have resulted in lower chlorophyll concentrations. Both Mann 

(2000) and Llinus et al. (2009) have noted that phytoplankton and zooplankton 

biomass concentrations were most elevated at stations near the shelf edge, which 

seems to be in agreement with what was observed at station four off Rame Head, 

during July 2013 and July 2014.   
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Additionally phytoplankton and zooplankton may have been advected or 

augmented from further north, either by the southward propagating eddies, Natal 

Pulses or the Agulhas Current as has been suggested by Lutjeharms et al. (2000) 

and Huggett (2014). Such was concluded too by Lamont and Barlow (2015) off 

Richards Bay during a study in 2010.  

 

The high values of integrated chlorophyll observed along the offshore stations can 

be attributed to the presence of eddies; both anticyclonic and cyclonic. It may be 

that the high chlorophyll was either in-situ production or may have been imported 

from further north, as similarly seen during warming event WE4 where a 

southwards propagating Natal Pulse may have influenced the chlorophyll 

production itself or advected chlorophyll from further north. During July 2013 and 

2014, the presence of cyclonic eddies suggest that the higher productivity offshore 

was due to potential upwelling in these cold core eddies, as indicated by Steinberg 

(2007) and Bakun (1996, 2006). However, chlorophyll may even have been 

advected from the inshore stations or midshore (shelf edge) area if there was an 

anticyclonic eddy present, which may have transported more productive waters 

offshore with the anticyclonic flow present, as suggested by Huggett (2014) from 

studies conducted in the Mozambique Channel. This is certainly likely to have been 

the case during December 2013 and it could account for the high chlorophyll 

measured offshore during that period.  

 

A meandering of the Agulhas Current moving offshore could also have a played a 

role here in advecting chlorophyll from inshore or midshore areas to offshore areas. 

It could have even been as a result of both these mechanisms (eddies and the 

Agulhas Current) advecting chlorophyll to offshore stations (Huggett 2014, Lamont 

and Barlow 2015, Lutjeharms 2006).  

 

The greater quantities of zooplankton at the southern two stations can be explained 

in a number of ways. Firstly, the anticyclonic eddy noted during Dec 2013, was 

closer to the northern than southern stations. This anticyclonic eddy may have 

induced downwelling at the inshore stations (1 and 2) off Waterfall Bluff. Such, 

would account for the very low concentrations of chlorophyll observed there, 
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because downwelling has long been shown to have negative effect on plankton 

production (Lalli and Parsons 1997). Changes in wind patterns have also been 

shown to induce downwelling off the southern Brazilian shelf by Lopes et al. 

(2006), and (although unmeasured during this study) this could have had an impact 

here too.  

 

Secondly, the eddies propagating south may have advected or enhanced plankton 

along the Port St Johns and Rame Head transects. That all said, thirdly, it is more 

likely that the bulk of the productivity along the Rame Head and Port St Johns 

transects was produced in-situ and that once again shelf edge upwelling and the 

spin-up of the eddy (Rame Head - Port St Johns cyclonic eddy) had occurred 

further south during July 2013 and  July 2014 (as validated by the ship-ADCP and 

by cooling and warming events CE2 and WE12). Thus, upwelling contributed to 

more chlorophyll and zooplankton production over the two southern transects.  

 

Although plankton are unable to move horizontally against prevailing current flow, 

it should not be forgotten that individual species have different environmental 

optima (Bakun 1996, Barnes and Hughes 1988, Gross and Gross 1996, Lalli and 

Parsons 1997, Mann 2000). The specific composition of sampled plankton 

communities was not investigated here, but it is possible that different 

environmental conditions related to the presence and influence of eddies could have 

impacted different species based on their individual tolerances to temperature, light 

and salinity (Barnes and Hughes 1988, Gross and Gross 1996, Huggett 2014, Mann 

2000). Nutrient availability, predation, migration, grazing rates and time of 

sampling could have influenced both phytoplankton and zooplankton 

concentrations (Bakun 1996, Barnes and Hughes 1988, Gibbons 1999, Huggett 

2014, Lalli and Parsons, Llinus et al. 2009, Longhurst 1998, Mann 2000, van der 

Lingen et al. 2010b) .  
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Chapter 5: Conclusion and Recommendations 

 

The potential driving forces influencing the current dynamics and the formation of 

the Port St Johns eddy were explored in this study. Current reversals were abundant 

over the 12 month period and were associated with both warming and cooling 

events. A number of mechanisms may have been responsible for influencing these 

events, with the Agulhas Current being the major driving force. Although eddies 

associated with the Agulhas Current (i.e. cyclonic lee eddy spin-ups) and 

propagating eddies from further north or from offshore also likely played a role in 

influencing current flow and current dynamics. 

 

It appears that mesoscale eddies, both cyclonic and anticyclonic, may have induced 

warming and cooling events, upwelling and subsequently influenced the 

chlorophyll concentrations and zooplankton densities observed along the three 

transects. Eddies were also visible in the satellite images and there was evidence of 

a spin-up of a cyclonic lee eddy that was confirmed by the S-ADCP data. During 

the winter months of both years investigated, the eddy appeared to have spun-up 

between Rame Head and Port St Johns and during the summer months (December) 

the eddy spun-up further north between Port St Johns and Waterfall Bluff.  

 

There was evidence that upwelling had occurred, as noted in the satellite images of 

surface chlorophyll and temperature, and from the in-situ temperature, chlorophyll 

and oxygen CTD data. The upwelling may have been induced by the Agulhas 

Current interacting with the shelf (within the bottom boundary layer), but may also 

have been induced by eddies (both offshore eddies and the spin-up of the Port St 

Johns eddy). The upwelling may have contributed to a bottom-up trophic response 

by phytoplankton and zooplankton utilizing the upwelled, nutrient rich waters. High 

zooplankton densities were noted at the inshore stations, but also near the midshelf, 

(shelf edge) particularly at station four across all three transects. Although no 

correlations were observed between chlorophyll concentrations and zooplankton 

densities, generational mismatches (i.e. growth rate differences) between 

phytoplankton and zooplankton may have been a contributing factor. It should also 
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be noted that the CTD and zooplankt n data  nly pr vided “snap sh ts”    what 

was happening across the shelf. 

 

There are number of mechanisms or processes that may have influenced the 

inshore, midshore (shelf edge) and offshore regions of this study area during each 

of the respective cruises. These physical forcing mechanisms, environmental 

forcing mechanisms and biological processes may have influenced phytoplankton 

(chlorophyll) concentrations and zooplankton densities and a summary of these 

contributing forcing mechanisms and factors can be seen in Appendix Table 1.9. 

 

R berts et al’s (2010) study c n irmed that the Agulhas Current str ngly in luences 

shelf circulation patterns along the east coast of South Africa. The 2013 – 2014 

study is agreement with this, but it also suggests that other physical and biological 

process may be influencing the phytoplankton and zooplankton in the region. These 

processes and drivers may have far-reaching implications for fisheries, as 

zooplankton and important commercial fish species may be impacted by the 

oceanography in this area. 

 

It is quite apparent that the dynamics within this study area are rather complex and 

should be delved into more deeply with future research studies. The present 

research, while contributing some insight into the physical and biological processes 

at play in the study area, raises a number of additional questions. Questions that 

have been padded out here with, largely, speculation. It is therefore suggested that 

the following be considered for any future research to be conducted in the area: 

 

i. Additional research cruises (surveys) should be conducted to collect more 

current, CTD and biological data. Such studies would improve our knowledge of 

temporal patterns in the distribution of eddies and the environment they influence. 

 

ii. Additional CTD stations should be added to transect lines, especially off Port 

St Johns, and they should ideally extend offshore to the eddy features themselves, 

with nutrient, oxygen and (size-fractionated) chlorophyll samples to be collected at 

all the stations. This would allow an improved spatial resolution of features and 
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would permit us to see the fine-scale features within the eddies. No nutrient or 

chlorophyll samples were collected during the 2013 – 2014 study and had samples 

been collected, they could have provided a lot more insight into certain processes 

(i.e. upwelling) and been able to assist in linking physical and biological processes. 

 

iii. Additional zooplankton sampling should be undertaken, and the samples 

should be (at least) size-fractionated, if not identified to species. The former would 

increase our knowledge of trophic patterns across the shelf, whilst the latter would 

allow us to identify advective and run-off impacts. Increased sampling would be 

especially useful offshore.  

 

iv. Additional ADCPs could be placed on the shelf edge off Rame Head (near 

station four), inshore of Port St Johns near the river mouth and also possibly off 

Waterfall Bluff to provide a better overview of the current dynamics affecting these 

three areas. It may be especially useful in providing a better understanding as to 

what mechanisms may be influencing station four off Rame Head (and the high 

zooplankton densities observed there), and also to compare to the existing current 

data set. 

 

v. Turbidity sensors and underwater temperature recorders (UTRs) to be placed at 

sites between Rame Head, Port St Johns and Waterfall Bluff to link satellite 

observations with in-situ conditions. The turbidity measures would also allow us to 

note links with run-off, at the coast. 

 

vi. Wind data could be collected as no in-situ wind data were available for the 

2013 – 2014 study period from the South African Weather Service, and may prove 

to be useful especially in relation to the current reversals in the surface layers. 

 

vii. Lastly, nearshore coastal modelling (process-based physical and numerical 

models) of mesoscale eddies (sea surface height anomalies) and current reversals, 

could assist in understanding how often the Port St Johns eddy actually spins-up 

and also with tracking of Natal Pulses and the offshore eddies that propagate over 

Rame Head, Port St Johns, Waterfall Bluff and influence the dynamics and biology 

of these areas.  

http://etd.uwc.ac.za/



97 
 

References 

 

Anderson FP, Grundlingh ML, Stavropoulos CC. 1988. Kinematics of the southern 

Natal coastal circulation: some historic measurements 1962-63. South African 

Journal of Science 84: 857–860.   

 

Atkinson LP, Paffenhofer G-A, Dunstan WM. 1978. The chemical and biological 

effect of a Gulf Stream intrusion off St. Augustine, Florida. Bulletin of Marine 

Science 28: 667–679. 

 

Bakun A. 1996. Enrichment Processes. Patterns in the ocean. Ocean Processes and 

Marine Population Dynamics. San Diego: University of California Sea Grant. 

 

Bakun A. 2006. Fronts and eddies as key structures in the habitat of marine fish 

larvae: opportunity, adaptive response and competitive advantage. Scientia Marina 

70: 105–122. 

 

Barlow RG, Lamont T, Gibberd M-J, van der Berg M, Britz K. 2015. 

Chemotaxanomic investigation of phytoplankton in the shelf ecosystem of the 

KwaZulu-Natal Bight, South Africa. African Journal of Marine Science 37: 467–

484. 

 

Barnes RSK, Hughes RN. 1988. An Introduction to Marine Ecology. Oxford: 

Blackwell Scientific Publications.  

.  

Bigg GR. 2003. The Oceans and Climate. Cambridge: Cambridge University Press. 

 

Birch GF. 1996. Quarternary sedimentation off the east coast of southern Africa 

(Cape Padrone to Cape Vidal). Council for Geoscience. Geological Survey of South 

Africa Bulletin 188: 1-55. 

http://etd.uwc.ac.za/



98 
 

Boebel O, Schmid C, Jochum M. 1998. Physical Oceanography. In: Futterer K 

(ed.), Die Expedition ANTARKTIS-XIV/4 mitFS “Polarstern” 1997, Berigter zur 

Polarforschung 259: 6–20. 

 

Brickley PJ, Thomas AC. 2004. Satellite-measured seasonal and inter-annual 

chlorophyll variability in the Northeast Pacific Ocean derived from WOCE-SVP 

satellite tracked drifters. Deep-Sea Research II 51: 229–245. 

 

Bryden HL, Beal LM, Duncan LM. 2005. Structure and transport of the Agulhas 

Current and its temporal variability. Journal of Oceanography 61: 479–492. 

 

Campos EJD, Lentini CAD, Miller JL, Piola AR. 1999. Interannual variability of 

the sea surface temperature in the South Brazil Bight. Geophysical Research Letters 

26: 2061–2064. 

 

Chapman P. 1988. On the occurrence of oxygen depleted water-south of Africa and 

its implications for Agulhas-Atlantic mixing. South African Journal of Marine 

Science 7: 267–294. 

 

Chapman P, DiMarco SF, Davis RE, Coward AC. 2003. Flow at intermediate 

depths round Madagascar based on ALACE float trajectories. Deep Sea Research II 

50: 1957–1986. 

 

Churchill JH, Cornillion PC, Milkowski GW. 1986. A cyclonic eddy and shelf-

slope water exchange associated with the Gulf Stream warm-core rings. Journal of 

Geophysical Research 91: 9615–9623. 

 

Crawford WR, Brickley PJ, Peterson TD, Thomas AC. 2005. Impact of Haida 

eddies on chlorophyll distribution in the eastern Gulf of Alaska. Deep-Sea Research 

II 52: 975–989. 

 

Crawford WR, Brickley PJ, Thomas AC. 2007. Mesoscale eddies dominate surface 

phytoplankton in northern Gulf of Alaska. Progress in Oceanography 75: 287–303. 

http://etd.uwc.ac.za/



99 
 

Criales-Hernandez MI, Schwamborn R, Graco M, Ayon P, Hirch H-J. 2008. 

Helgoland Marine Research 62: 85–100. 

 

CSIR. 1970. Algoa Bay coastal erosion investigation. Parts I and II (MEG 913 and 

914). Hydraulic Research Unit, NMERI. Stellenbosch: CSIR. 

 

de Ruijter WPM, Riddernkhof H, Lutjeharms JRE, Schouten MW, Veth C.2002. 

Generation and evolution of Natal Pulses: solitary meanders in the Agulhas 

Current. Geophysical Research Letters 29: 1401–1403. 

 

de Ruijter WPM, van Leeuwen PJ, Lutjeharms JRE. 1999. Generation and 

evolution of Natal Pulses: solitary meanders in the Agulhas Current. Journal of 

Physical Oceanography 29: 3043–3055. 

 

de Ruitjer WPM, van Aken HM, Beier EJ, Lutjeharms KRE, Matano R, Schouten 

MW. 2004. Eddies and dipoles around South Madagascar: formation, pathways and 

large-scale impact. Deep-Sea Research I 52: 383–400.    

  

Evans JD. 1996. Straightforward statistics for the behavioral sciences. California: 

Brooks/Cole Publishing 

 

Everett JD, Baird ME, Suthers IM. 2011. Three-dimensional structure of a swarm 

of the salp Thalia democratica within a cold-core eddy off southeast Australia. 

Journal of Geophysical Research 116: C12046. 

 

Feng M, Majewski L, Fandry CB, Waite AM. 2007. Characteristics of two counter-

rotating eddies in the Leeuwin Current system off the Western Australian coast. 

Deep-Sea Research II 54: 961–980. 

 

Flemming BW. 1980.  Sand transport and bedform patterns on the continental shelf 

between Durban and Port Elizabeth (Southeast African Continental Margin). 

Sediment Geology 26: 179–205.  

 

http://etd.uwc.ac.za/



100 
 

Flemming BW. 1981. Factors controlling shelf sediment dispersal along the 

southeast African continental margin. Marine Geology 42: 259–277.  

 

Froneman PW. 2004. Food web dynamics in a temperate temporarily open/closed 

estuary (South Africa). Estuarine, Coastal and Shelf Science 59: 87–95. 

 

Gasalla MA. 2007. Ecosystem-based fisheries modelling in the South Brazil Shelf: 

a review based on the LME perspective. 2
nd

 Global Conference on Large Marine 

Ecosystems, Quingdao, China, September 2007. 

 

Gibbons MJ. 1999. An introduction to zooplankton of the Benguela Current region. 

Namibia: Ministry of Fisheries and Marine Resources.  

 

Gill AE, Schumann EH. 1979. Topographically induced changes in the structure of 

an inertial coastal jet: application to the Agulhas Current. Journal of Physical 

Oceanography 9: 975–991. 

 

Gordon AL. 1985. Indian-Atlantic transfer of thermocline water at the Agulhas 

retroflection. Science 227: 1030–1033. 

 

Govoni JJ, Hare JA, Davenport ED, Chen MH, Marancik KE. 2010. Mesoscale, 

cyclonic eddies as larval fish habitat along the southeast United States shelf: A 

Lagrangian description of the zooplankton community. ICES Journal of Marine 

Science 67: 403–411. 

 

Green A, Uken R, Ramsay P, Leuci R, Perritt. 2009. Potential sites for suitable 

coelacanth habitat using bathymetric data from the western Indian Ocean. South 

African Journal of Science 105: 151–154. 

 

Gross MG, Gross E. 1996. Oceanography: A view of the Earth. New Jersey: 

Prentice Hall. 

 

http://etd.uwc.ac.za/



101 
 

Grundlingh ML. 1977. Drift observations from Nimbus VI satellite-tracked buoys 

in the southwestern Indian Ocean. Deep-Sea Research 24: 903–913. 

 

Grundlingh ML. 1979. Observation of a large meander in the Agulhas Current. 

Journal of Geophysical Research 84: 3776–3778. 

 

Grundlingh ML. 1985. An intense cyclonic eddy east of the Mozambique Ridge. 

Journal of Geophysical Research 90: 7163–7167. 

 

Guastella LA, Roberts MJ. 2016. Dynamics and role of the Durban cyclonic eddy 

in the KwaZulu-Natal Bight ecosystem. In: Roberts MJ, Fennessy ST, Barlow RG 

(eds), Ecosystem processes in the KwaZulu-Natal Bight. African Journal of Marine 

Science 38: 7–21. 

 

Harris, TFW. 1978. Review of coastal currents in Southern African waters. South 

African National Science Programmes Report. CSIR Report 30. Stellenbosch: 

Council for Scientific and Industrial Research. 

 

Harris TFW, Bang ND. 1974. Topographic Rossby waves in the Agulhas Current. 

South African Journal of Science 70: 212–214. 

 

Harris TFW, Legeckis R, van Forest D [sic]. 1978. Satellite infra-red images in the 

Agulhas Current system. Deep-Sea Research 25: 543–548.  

 

Huggett J. 2014. Mesoscale distribution and community composition of 

zooplankton in the Mozambique Channel. Deep-Sea Research II 100: 119–135. 

 

Hutchings L, Morris T, van der Lingen CD, Lamberth SJ, Connell AD, Taljaard S, 

van Niekerk, L. 2010. Ecosystem considerations of the KwaZulu–Natal sardine run. 

African Journal of Marine Science 32: 413–421. 

. 

http://etd.uwc.ac.za/



102 
 

Ito T, Kaneko A, Furukawa H, Gohda N, Koterayama W. 1995. A structure of the 

Kuroshio and its related upwelling on the East China Sea shelf slope. Journal of 

Oceanography 51: 267–278. 

 

Kimura S, Kasai A, Nakata H, Sugimoto T, Simpson JH, Cheok JVS. 1997. 

Biological productivity of meso-scale eddies caused by frontal disturbances in the 

Kuroshio. ICES Journal of Marine Science 54: 179–192. 

 

Kleypas JA, Burrage DM. 1994. Satellite observations of surface circulation 

patterns in the southern Great Barrier Reef, Australia. International Journal of 

Remote Sensing 15: 2051–2063. 

 

Krug M, Tournadre J, Dufois F. 2014. Interactions between the Agulhas Current 

and the eastern margin of the Agulhas Bank. Continental Shelf Research 81: 76–79. 

 

Lamont T, Barlow RG. 2015. Environmental influence on phytoplankton 

production during summer on the KwaZulu-Natal shelf of the Agulhas ecosystem. 

African Journal of Marine Science 37: 485–501. 

 

Lamont T, Roberts MJ, Barlow RG, Morris T, van den Berg MA. 2010. Circulation 

patterns in the Delogoa Bight, and the influence of deep ocean eddies. African 

Journal of Marine Science 32: 553–562. 

 

Lalli CM, Parsons TR. 1997. Biological Oceanography: An Introduction. Oxford: 

Butterworth-Heinemann. 

 

Lee TN, Atkinson LP, Legeckis R. 1981. Observation of Gulf Stream frontal eddy 

on the Georgia continental shelf, April 1977. Deep-Sea Research 28: 347–378. 

 

Lee TN, Yoder JA, Atkinson LP. 1991. Gulf Stream frontal eddy influence on 

productivity of the Southeast U.S. continental shelf. Journal of Geophysical 

Research 96: 22191–22205. 

 

http://etd.uwc.ac.za/



103 
 

Lima ID, Garcia CAE, Möller OO. 1996. Ocean surface processes on the southern 

Brazilian shelf: characterization and seasonal variability. Continental Shelf 

Research 16: 1307–1317. 

 

Liu Z, Zhang Z, Wang C, Jin H, Du M, Zhang D. 2012. Changes in zooplankton 

community structure in Sanmen Bay, China. Acta Oceanologica Sinica 31: 104–

116.  

 

Llinas L, Pickart RS, Mathis JT, Smith S. 2009. Zooplankton inside an Arctic 

Ocean cold-core eddy: probable origin and fate. Deep-Sea Res II 56: 1290−1304. 

 

Loder JW, Boicourt WC, Simpson JH. 1998. Overview of western ocean boundary 

shelves. In: Robinson AR, Brink KH (eds), The Sea (Vol. 11). New York: John 

Wiley and Sons. pp 3–27. 

 

Longhurst AR. 1998. Ecological Geography of the Sea. New York: Academic 

Press. 

 

Lopes RM, Katsuragawa M, Dias JF, Montú MA, Muelbert JH, Gorri C, Brandini 

FP. 2006. Zooplankton and ichthyoplankton distribution on the southern Brazilian 

shelf: an overview. Scientia Marina 70: 189–202. 

 

Louw GS. 2014. Monitoring the dynamics of the Agulhas Current System off Port 

Edward, Kwazulu-Natal. MTech thesis. Cape Peninsula University of Technology, 

Cape Town, South Africa. 

 

Lovegrove T. 1962. The effect of various factors on dry weight values. Rapports et 

Procés-Verbeaux des Réunions du Conseil Permanent International pour 

l’Exploration de la Mer 153: 89–91. 

 

Lovegrove T. 1966. The determination of the dry weight of plankton and the effect 

of various factors on the values obtained. In: Barnes H (ed.), Some contemporary 

studies in marine science. London: George Allen & Unwin. pp 429–467. 

http://etd.uwc.ac.za/



104 
 

Lutjeharms JRE. 2001. The Agulhas Current. In: Steele J, Thorpe S, Turekian K 

(eds), Encyclopaedia of Ocean Science. London: Academic Press. pp 104–113.  

 

Lutjeharms JRE. 2006. The Agulhas Current. Berlin: Springer-Verlag.  

 

Lutjeharms JRE. 2007. Three decades of research on the greater Agulhas Current. 

Ocean Science 3: 129–147. 

 

Lutjeharms JRE, Boebel O, Rossby T. 2003. Agulhas cyclones. Deep-Sea Research 

II 50: 13–34. 

 

Lutjeharms JRE, Boebel O, van der Vaart PCF, de Ruijter WPM, Rossby TH, 

Bryden HL. 2001. Evidence that the Natal Pulse controls the Agulhas Current over 

its full depth, Geophysical Research Letters 28: 3449–3452. 

 

Lutjeharms JRE, Connell AD. 1989. The Natal Pulse and inshore counter currents 

off the South African east coast. South African Journal of Science 85: 533–535. 

 

Lutjeharms JRE, Grundlingh ML, Carter. 1989. Topographically induced upwelling 

in the Natal Bight. South African Journal of Science 85: 310–316. 

 

Lutjeharms JRE, Jorge da Silva A. 1988. The Delogoa Bight eddy. Deep-Sea 

Research 35: 619–634. 

 

Lutjeharms JRE, Roberts H. 1988. The Natal Pulse: an extreme transient on the 

Agulhas Current. Journal of Geophysical Research 93: 631–645. 

 

Lutjeharms JRE, Valentine HR, van Ballegooyen RC. 2000. The hydrography and 

water masses of the Natal Bight, South Africa. Continental Shelf Research 20: 

1907–1939. 

 

Lutjeharms JRE, van Ballegooyen RC. 1988. The retroflection of the Agulhas 

Current. Journal of Physical Oceanography 18: 1570–1583.  

http://etd.uwc.ac.za/



105 
 

Magaldi MG, Ozgokmen TM, Griffa A, Chassignet EP, Iskandarani M, Peters H. 

2008. Turbulent flow regimes behind a coastal cape in a stratified and rotating 

environment. Ocean Model 25: 65–82. 

 

Mann KH. 2000. Ecology of coastal waters with implications for management. 

Oxford: Blackwell Science.  

 

Mann BQ, Celliers L, Fennessy ST, Bailey S, Wood AD. 2006. Towards the 

declaration of a large marine protected area: a subtidal ichthyofaunal survey of the 

Pondoland coast in the Eastern Cape, South Africa. African Journal of Marine 

Science 28: 535–551. 

 

McGillicuddy DJ, Robinson AR. 1997. Eddy induced nutrient supply and new 

production in the Sargasso Sea. Deep-Sea Research I 44: 1427–1449. 

 

McGillicuddy Jr. DJ, Robinson AR, Siegel DA, Jannasch HW, Johnson R, Dickey 

TD, McNeil J, Michaels AF, Knap AH. 1998. Influence of mesoscale eddies on 

new production in the Sargasso Sea. Nature 394: 263–265. 

 

Meyer AA, Lutjeharms JRE, de Villiers S. 2002. The nutrient characteristics of the 

Natal Bight, South Africa. Journal of Marine Research 35: 1–37. 

 

Middleton JH, Coutis P, Griffin DA, Macks A, McTaggart A, Merrifield MA, 

Nippard GJ. 1994. Circulation and water mass characteristics of the southern Great 

Barrier Reef. Australian  Journal  Marine and Freshwater Research 45:1–18. 

 

Mordasova NV, Arzhanova NV, Sapozhnikov VV. 2002. Influence of eddies on the 

distribution of nutrients and chlorophyll in the north eastern part of the Back Sea. 

Oceanology 42: 487–493. 

 

Morris T, Lamont T, Roberts MJ. 2013. Effects of deep-sea eddies on the northern 

KwaZulu-Natal shelf, South Africa. African Journal of Marine Science 35: 343–

350. 

http://etd.uwc.ac.za/



106 
 

Morrow R, Birol F, Griffin, D, Sudre J. 2004. Divergent pathways of cyclonic and 

anti-cyclonic ocean eddies. Geophysical Research Letters 31: 1-5. 

 

Mullaney TJ, Suthers IM. 2013. Entrainment and retention of the coastal larval fish 

assemblage by a short lived, submesoscale, frontal eddy of the East Australian 

Current. Limnology and Oceanography 58: 1546–1556. 

 

Nehring D. 1984. The oceanological conditions in the western part of the 

Mozambique Channel in February-March 1980. Geodatische und geophysikalische 

Veroffentlichungen 4: 1–163. 

 

O’Donoghue SH. 2009. The sardine run: investigating sardine, Sardinops sagax, 

and predator distributions in relation to environmental conditions using GIS and 

remotely sensed products. PhD thesis. University of KwaZulu-Natal, Durban, South 

Africa. 

 

Oke PR, Griffin DA. 2011. The cold-core eddy and strong upwelling off the coast 

of New South Wales in early 2007. Deep Sea Research II 58: 574–591. 

                                                             

Osgood KE, Bane JM, Dewar W.  1987. Vertical velocities and dynamical balances 

in Gulf stream meanders. Journal of Geophysical Research 92: 13029-13040. 

  

Partos P, Piccolo MC. 1988. Hydrography of the Argentine continental shelf 

between 38°S and 42° S. Continental Shelf Research 8: 1043-1056. 

 

Pearce AF, Schumann EH, Lundie GSH. 1978. Features of the shelf circulation off 

the greater Agulhas Current Natal coast. South African Journal of Science.74: 328–

331. 

 

Pretorius M, Huggett JA, Gibbons MJ. 2016. Summer and winter differences in 

zooplankton biomass, distribution and size composition in the KwaZulu-Natal 

Bight, South Africa. African Journal of Marine Science 38: 155–168. 

 

http://etd.uwc.ac.za/



107 
 

Quartly GD, Srokosz MA. 1993. Seasonal variations in the region of the Agulhas 

retroflection: studies with Geosat and FRAM. Journal of Physical Oceanography 

23: 2107–2124. 

 

Quartly GD, Srokosz MA. 2004. Eddies in the southern Mozambique Channel. 

Deep-Sea Research II 50: 1933–1955. 

 

Qui B, Toda T, Imasato N. 1990. On Kuroshio front fluctuations in the East China 

Sea using satellite and in situ observational data. Journal of Geophysical Research 

95: 18191–18204. 

 

Ridderinkhof H, Lutjeharms JRE, de Ruitjer WPM. 2001. A research cruise to 

investigate the Mozambique Current. South African Journal of Marine Science 97: 

461–464. 

 

Roberts MJ. 1990. Dispersion of a buoyant effluent discharged into nearshore 

waters of Algoa Bay. MSc thesis, University of Port Elizabeth, South Africa. 

 

Roberts MJ. 2004. Chokka squid (Loligo vulgaris reynaudii) abundance linked to 

changes in South Africa’s Agulhas Bank ec system during spawning0 and the early 

life cycle. ICES Journal of Marine Science 62: 33–55.  

 

Roberts MJ, Ribbink AJ, Morris T, van den Berg, MA, Engelbrecht, DC, RT 

Harding. 2006. Oceanographic environment of the Sodwana Bay coelacanths 

(Latimeria chalumnae), South Africa. South African Journal of Marine Science 

102: 435–443. 

 

Roberts MJ, van der Lingen CD, Whittle C, van den Berg M. 2010. Shelf currents, 

lee-trapped and transient eddies on the inshore boundary of the Agulhas Current, 

South Africa: their relevance to the KwaZulu-Natal sardine run. African Journal of 

Marine Science 32: 423–447. 

 

http://etd.uwc.ac.za/



108 
 

Rouault M, Lee-Thorp A, Ansorge I, Lutjeharms JRE. 1995. Agulhas Current Air-

Sea Interaction Experiment. South African Journal of Science 91: 493–496.  

 

Roughan M, Middleton JH. 2002. A comparison of observed upwelling 

mechanisms off the east coast of Australia. Continental Shelf Research 22: 2551–

2572. 

 

Saetre R, Jorge da Silva A. 1984. The circulation of the Mozambique Channel. 

Deep-Sea Research 31: 485–508. 

 

Schemainda, R. and E. Hagen, 1985. On steady state vertical intermediate currents 

induced by the Mozambique Channel. Oceanographie Tropicale 18: 81–88. 

 

Schlitzer R. 2007. Ocean Data View. Available at http://odv.awi.de [accessed 

2013]. 

 

Schumann EH. 1981. Low frequency fluctuations off the Natal coast. Journal of 

Geophysical Research 86: 6499–6508. 

 

Schumann EH. 1986. The bottom boundary layer inshore of the Agulhas Current 

off Natal in August 1975. South African Journal of Marine Science 4: 93–102. 

 

Schumann EH. 1987. The coastal ocean off the east coast of South Africa. 

Transactions of the Royal Society of South Africa 46: 215–229. 

 

Schumann EH, Brink KH. 1990. Coastal trapped waves off the coast of South 

Africa: generation, propagation and current structures. Journal of Physical 

Oceanography 20:1206–1218. 

 

Schumann EH, Churchill JRS, Zaayman HJ. 2005. Oceanic variability in the 

western sector of Algoa Bay, South Africa. African Journal of Marine Science 27: 

65–80.  

 

http://etd.uwc.ac.za/



109 
 

Schumann EH, Ross GJB, Goshen WS. 1988. Cold water vents in Algoa Bay and 

along the Cape South Coast, South Africa, in March/April 1987. South African 

Journal of Science 84: 579–584. 

 

Shaw PJA. 2003. Multivariate Statistics for Environmental Sciences. New York: 

Oxford University Press.  

 

Singer JJ, Atkinson LP, Blanton JO, Yoder JA. 1983. Cape Romain and the 

Charleston bump: historical and recent hydrographic observations. Journal of 

Geophysical Research 88: 4685–4698. 

 

Steinberg C. 2007. Impacts of climate change on the physical oceanography of the 

Great Barrier Reef. In: JE Johnson and PA Marshall (eds), Climate Change and the 

Great Barrier Reef. Townsville: Great Barrier Reef Marine Park Authority and 

Australian Greenhouse Office. pp 51–74.  

 

Stramma L, Lutjeharms JRE. 1997. The flow of the subtropical gyre in the South 

Indian Ocean. Journal of Geophysical Research 102: 5513–5530. 

 

Talley LD, Pickard GL, Emery WJ, Swift JH, 2011. Descriptive Physical 

Oceanography: An Introduction. Boston: Elsevier. 

 

Thibault-Botha D, Lutjeharms JRE, Gibbons MJ. 2004. Siphonophore assemblages 

along the east coast of South Africa; mesoscale distribution and temporal 

variations. Journal of Plankton Research 26: 1115–1128. 

 

Thompson PA, Pesant S, Waite AM. 2007. Contrasting the vertical differences in 

the phytoplankton biology of a warm core versus cold core eddy in the south-

eastern Indian Ocean. Deep-Sea Research II 54: 1003–1028. 

 

Tranter DJ, Carpenter DJ, Leech GS. 1986. The coastal enrichment effect of the 

East Australian Current eddy field. Deep-Sea Research 33: 1705–1721. 

 

http://etd.uwc.ac.za/



110 
 

Vaillancourt RD, Marra J, Seki MP, Parsons ML, Bidigare RR. 2003. Impact of a 

cyclonic eddy on phytoplankton community structure and photosynthetic 

competency in the subtropical North Pacific Ocean. Deep-Sea Research II 50: 829–

847. 

           

van der Lingen CD, Coetzee JC, Hutchings L. 2010a. Overview of the KwaZulu-

Natal sardine run. African Journal of Marine Science 32: 271–277. 

 

van der Lingen CD, Hendricks M, Durholtz MD, Wessels G, Mtengwane C. 2010b.  

Biological characteristics of sardine caught by the beach-seine fishery during the 

KwaZulu-Natal sardine run. African Journal of Marine Science 32: 309–330.       

 

Van Leeuwen PJ. 1999. The time mean-circulation in the Agulhas region 

determined with the ensemble smoother. Journal of Geophysical Research 104: 

1393–1404. 

 

Van Leeuwen PJ, de Ruitjer WPM, Lutjeharms JRE. 2000. Natal Pulses and the 

formation of Agulhas rings. Journal of Geophysical Research 105: 6425–6436.  

 

Waite AM, Pesant S, Griffin DA, Thompson PA, Holl CM. 2007. Oceanography, 

primary production and dissolved organic nitrogen uptake in two Leeuwin Current 

eddies. Deep-Sea Research II 54: 981–1002.     

 

Weeks SJ, Bakun A, Steinberg CR, Brinkman R, Hoegh-Guldberg O. 2010. 

Capricorn Eddy: a prominent driver of the ecology and future of the southern Great 

Barrier Reef. Coral Reefs. 29: 975–985. 

 

Whillier A. 1962. Ocean Currents at East London. Transactions of the South 

African Institute for Civil Engineering, January 1962: 1–7. 

 

Whitney FA, Crawford WR, Harrison PJ. 2005. Physical processes that enhance 

nutrient transport and primary productivity in the coastal and open ocean of the 

subarctic NE Pacific. Deep-Sea Research II 52: 1037–1053. 

http://etd.uwc.ac.za/



111 
 

Whittle C, Lutjeharms JRE, Duncombe Rae CM, Shillington FA. 2008. Interaction 

of Agulhas filaments with mesoscale turbulence: a case study. South Africa Journal 

of Science 104: 135–139.  

 

Wiebe PH, Burt KH, Boyd SH, Morton AW. 1976. A multiple opening/closing net 

and environmental sensing system for sampling zooplankton. Journal of Marine 

Research 34: 313–326.  

 

 

 

 

           

 

 

 

 

                                       

 

 

 

 

 

 

 

 

 

 

 

http://etd.uwc.ac.za/



112 
 

Appendix 

 

 

      Appendix - Table 1.1: Dates of all Current Reversals - July 2013 to July 2014. 

 

 

 

 

Current 

Reversal (CR) 

Dates  of Current Reversals 

(December -  July 2013): 

Dates  of Current Reversals 

(December 2013- July 2014): 

CR 1 02/07/2013 – 04/07/2013 03/12/2013 – 05/12/2013 

CR 2 07/07/2013 – 08/07/2013 14/12/2013 – 16/12/2013 

CR 3 13/07/2013 – 15/07/2013 22/12/2013 – 29/12/2013 

CR 4 20/07/2013 – 21/07/2013 15/01/2014 – 20/01/2014 

CR 5 25/07/2013 – 30/07/2013 24/01/2014 – 28/01/2014 

CR 6 02/08/2013 – 10/08/2013 29/01/2014 – 04/02/2014 

CR 7 11/08/2013 – 15/08/2013 18/02/2014 – 24/02/2014 

CR 8 17/08/2013 – 19/08/2013 02/03/2014 – 13/03/2014 

CR 9 28/08/2013 – 01/09/2013 17/03/2014 – 22/03/2014 

CR 10 08/09/2013 – 10/09/2013 26/03/2014 – 29/03/2014 

CR 11 15/09/2013 – 17/09/2013 09/04/2014 – 13/04/2014 

CR 12 19/09/2013 – 21/09/2013 27/04/2014 – 02/05/2014 

CR 13 25/09/2013 – 30/09/2013 09/05/2014 – 13/05/2014 

CR 14 02/10/2013 – 05/10/2013 16/05/2014 – 18/05/2014 

CR 15 09/10/2013 – 14/10/2013 22/05/2014 – 30/05/2014 

CR 16 20/10/2013 – 22/10/2013 11/06/2014 – 15/06/2014 

CR 17 31/10/2013 – 02/11/2013 26/06/2014 – 01/07/2014 

CR 18 05/11/2013 – 10/11/2013 04/07/2014 – 08/07/2014 

CR 19 13/11/2013 – 19/11/2013 13/07/2014 – 21/07/2014 

CR 20 20/11/2013 – 23/11/2013 25/07/2014 – 28/07/2014 

CR 21 29/11/2013 – 01/12/2013  
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Appendix - Table 1.2: Warming and Cooling Events - July 2013 to December 2013. 

Warming Events (WE) Date(s) 
Any coinciding current 

reversal 

WE 1 02/07/2013 – 07/07/2013 yes 

WE 2 28/07/2013 – 03/08/2013 yes 

WE 3 18/08/2013 – 26/08/2013 yes 

WE 4 29/08/2013 – 05/09/2013 yes 

WE 5 17/09/2013 – 23/09/2013 yes 

WE 6 28/09/2013 – 02/10/2013 yes 

WE 7 13/10/2013 – 17/10/2013 yes 

Cooling Events (CE) Date(s) 
Any coinciding current 

reversal 

CE 1 10/07/2013 – 22/07/2013 yes 

CE 2 23/07/2013 – 29/07/2013 yes 

CE 3 10/08/2013 – 15/08/2013 yes 

CE 4 21/10/2013 – 01/11/2013 yes 
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Appendix - Table 1.3: Warming and Cooling Events - December 2013 to July 2014. 

  Warming Events (WE) Date 
Any coinciding 

current reversal 

WE 8 03/06/2014 – 09/06/2014 no 

WE 9 10/06/2014 – 13/06/2014 yes 

WE 10 15/06/2014 – 22/06/2014 yes 

WE 11 28/06/2014 – 02/07/2014 yes 

WE 12 03/07/2014 – 09/07/2014 yes 

Cooling Events (CE) Date 
Any coinciding current 

reversal 

CE 5 07/12/2013 – 14/12/2013 yes 

CE 6 16/01/2014 – 18/01/2014 yes 

CE 7 21/01/2014 – 28/01/2014 yes 

CE 8 13/02/2014 – 22/02/2014 yes 

CE 9 25/02/2014 – 05/03/2014 yes 

CE 10 22/03/2014 – 29/03/2014 yes 

CE 11 15/04/2014 – 04/05/2014 yes 

CE 12 06/05/2014 – 11/05/2014 yes 

CE 13 18/05/2014 – 28/05/2014 yes 

CE 14 22/06/2014 – 28/06/2014 yes 

CE 15 10/07/2014 – 14/07/2014 yes 

CE 16 27/07/2014 – 31/07/2014 yes 
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Appendix - Table 1.4: Results of Spearman Rank Order Correlations for July 2013, showing the relationship between different environmental variables  

and zooplankton biomass. 

 

 

 

 

 

 

 

 

 

Variable  (July 2013)

Bottom Depth 

(m)

Zooplankton  

(mg m-2)

Zooplankton  

(mg m-3)

Temp @ 

surface (°C)

Temp @   

50 m (°C)

Oxygen @ 

surface (ml l-1)

Oxygen  @ 50m 

(ml l-1)

Integrated Chlorophyll 

(mg m-2)

Bottom Depth (m) 0.843 -0.713 0.432 0.666 0.323 0.444 0.886

Zooplankton  (mg m-2) 0.843 -0.319 0.480 0.525 0.151 0.196 0.707

Zooplankton  (mg m-3) -0.713 -0.319 -0.185 -0.485 -0.215 -0.356 -0.711

Temp @ surface (°C) 0.432 0.480 -0.185 0.778 0.208 0.469 0.196

Temp @ 50m (°C) 0.666 0.525 -0.485 0.778 0.371 0.718 0.623

Oxygen @ surface (ml l-1) 0.323 0.151 -0.215 0.208 0.371 0.333 0.259

Oxygen  @ 50m (ml l-1) 0.444 0.196 -0.356 0.469 0.718 0.333 0.450

Integrated Chlorophyll (mg m-2) 0.886 0.707 -0.711 0.196 0.623 0.259 0.450
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Appendix - Table 1.5: Results of Spearman Rank Order Correlations for December 2013, showing the relationship between different environmental variables and 

zooplankton biomass. 

 

 

 

 

 

 

 

 

Variable  (December 2013)

Bottom Depth 

(m)

Zooplankton  

(mg m-2)

Zooplankton  

(mg m-3)

Temp @ 

surface (°C)

Temp @   

50 m (°C)

Chlorophyll @ 

surface  (mg m-3)

Chlorophyll @ 50 

m  (mg m-3)

Oxygen @ surface 

(ml l-1)

Oxygen  @ 50m 

(ml l-1)

Salinity @ surface 

(TEOS-10)

Salinity @             

50 m (TEOS-10)

Integrated 

Chlorophyll (mg 

m-2)

Bottom Depth (m) 0.714 -0.446 0.576 0.323 -0.298 -0.266 -0.245 0.269 0.518 -0.077

Zooplankton  (mg m-2) 0.714 0.130 0.224 0.144 -0.217 -0.304 -0.277 0.173 -0.045 0.011

Zooplankton  (mg m-3) -0.446 0.130 -0.300 -0.283 0.501 0.295 0.181 -0.498 -0.693 0.319

Temp @ surface (°C) 0.576 0.224 -0.300 0.687 0.044 0.266 -0.484 0.319 0.910 0.160

Temp @ 50m (°C) 0.323 0.144 -0.283 0.687 -0.532 -0.263 -0.699 0.696 0.736 0.527

Chlorophyl @ surface -0.298 -0.217 0.501 0.044 -0.532 0.870 0.465 -0.509 -0.404 -0.165

Chlorophyl @ 50m

Oxygen @ surface (ml l-1) -0.266 -0.304 0.295 0.266 -0.263 0.870 0.375 -0.314 -0.039 -0.161

Oxygen  @ 50m (ml l-1) -0.245 -0.277 0.181 -0.484 -0.699 0.465 0.375 -0.893 -0.643 -0.053

Salinity @ surface 0.269 0.173 -0.498 0.319 0.696 -0.509 -0.314 -0.893 0.742 -0.289

Salinity @ 50m 0.518 -0.045 -0.693 0.910 0.736 -0.404 -0.039 -0.643 0.742 -0.020

Integrated Chlorophyll (mg m-2) -0.077 0.011 0.319 0.160 0.527 -0.165 -0.161 -0.053 -0.289 -0.020
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Appendix - Table 1.6: Results of Spearman Rank Order Correlations for July 2014, showing the relationship between different environmental variables and 

zooplankton biomass. 

 

 

 

 

 

 

 

Variable (July 2014)

Bottom Depth 

(m)

Zooplankton  

(mg m-2)

Zooplankton  

(mg m-3)

Temp @ 

surface (°C)

Temp @   

50 m (°C)

Chlorophyll @ 

surface  (mg m-3)

Chlorophyll @ 50 

m  (mg m-3)

Oxygen @ surface 

(ml l-1)

Oxygen  @ 50m 

(ml l-1)

Salinity @ surface 

(TEOS-10)

Salinity @             

50 m (TEOS-10)

Integrated Chlorophyll 

(mg m-2)

Bottom Depth (m) 0.452 -0.210 0.586 0.746 0.511 0.814 0.588 0.871 0.308 0.313 0.796

Zooplankton  (mg m-2) 0.452 0.662 0.367 0.658 0.486 0.301 0.134 0.410 0.140 0.454 0.412

Zooplankton  (mg m-3) -0.210 0.662 -0.272 0.087 0.085 -0.099 -0.260 0.089 0.028 0.194 -0.124

Temp @ surface (°C) 0.586 0.367 -0.272 0.580 0.502 0.128 0.501 0.200 0.029 0.340 0.470

Temp @ 50m (°C) 0.746 0.658 0.087 0.580 0.724 0.715 0.600 0.668 0.286 0.539 0.748

Chlorophyl @ surface 0.511 0.486 0.085 0.502 0.724 0.552 0.649 0.491 0.230 0.066 0.637

Chlorophyl @ 50m 0.814 0.301 -0.099 0.128 0.715 0.552 0.575 0.853 0.507 0.437 0.882

Oxygen @ surface (ml l-1) 0.588 0.134 -0.260 0.501 0.600 0.649 0.575 0.480 0.000 -0.083 0.650

Oxygen  @ 50m (ml l-1) 0.871 0.410 0.089 0.200 0.668 0.491 0.853 0.480 0.428 0.368 0.839

Salinity @ surface 0.308 0.140 0.028 0.029 0.286 0.230 0.507 0.000 0.428 0.575 0.420

Salinity @ 50m 0.313 0.454 0.194 0.340 0.539 0.066 0.437 -0.083 0.368 0.575 0.376

Integrated Chlorophyll (mg m-2) 0.796 0.412 -0.124 0.470 0.748 0.637 0.882 0.650 0.839 0.420 0.376
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Appendix - Table 1.7: Results of Spearman Rank Order Correlations for December 2013 and July 2014, showing the relationship between different environmental 

variables and zooplankton biomass. 

 

 

 

Variable (December 2013 and July 2014)

Bottom Depth 

(m)

Zooplankton  

(mg m-2)

Zooplankton  

(mg m-3)

Temp @ 

surface (°C)

Temp @   

50 m (°C)

Chlorophyll @ 

surface  (mg m-3)

Chlorophyll @ 50 

m  (mg m-3)

Oxygen @ surface 

(ml l-1)

Oxygen  @ 50m 

(ml l-1)

Salinity @ surface 

(TEOS-10)

Salinity @             

50 m (TEOS-10)

Integrated Chlorophyll 

(mg m-2)

Bottom Depth (m) 0.540 -0.336 0.569 0.393 0.107 0.615 0.011 0.398 0.259 0.317 0.521

Zooplankton  (mg m-2) 0.540 0.463 0.151 0.042 0.202 0.130 -0.234 0.074 -0.055 -0.076 0.327

Zooplankton  (mg m-3) -0.336 0.463 -0.499 -0.338 0.231 -0.266 -0.095 -0.046 -0.376 -0.402 -0.066

Temp @ surface (°C) 0.569 0.151 -0.499 0.800 0.090 0.462 0.467 0.351 0.612 0.767 0.370

Temp @ 50m (°C) 0.393 0.042 -0.338 0.800 -0.148 0.704 0.701 0.612 0.827 0.905 0.525

Chlorophyl @ surface 0.107 0.202 0.231 0.090 -0.148 0.177 0.435 0.177 -0.413 -0.306 0.098

Chlorophyl @ 50m 0.615 0.130 -0.266 0.462 0.704 0.177 0.617 0.772 0.481 0.552 0.754

Oxygen @ surface (ml l-1) 0.011 -0.234 -0.095 0.467 0.701 0.435 0.617 0.691 0.325 0.596 0.186

Oxygen  @ 50m (ml l-1) 0.398 0.074 -0.046 0.351 0.612 0.177 0.772 0.691 0.391 0.530 0.481

Salinity @ surface 0.259 -0.055 -0.376 0.612 0.827 -0.413 0.481 0.325 0.391 0.908 0.125

Salinity @ 50m 0.317 -0.076 -0.402 0.767 0.905 -0.306 0.552 0.596 0.530 0.908 0.276

Integrated Chlorophyll (mg m-2) 0.521 0.327 -0.066 0.370 0.525 0.098 0.754 0.186 0.481 0.125 0.276
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Appendix - Table 1.8: Results of Spearman Order Rank Correlations showing the relationship between different environmental variables and zooplankton biomass 

for July 2013, December 2013 and July 2014.  

 

 

  

 

 

 

Variable  (July 2013, December 2013, July 2014)

Bottom Depth 

(m)

Zooplankton  

(mg m-2)

Zooplankton  

(mg m-3)

Temp @ 

surface (°C)

Temp @   

50 m (°C)

Oxygen @ 

surface (ml l-1)

Oxygen  @ 50m 

(ml l-1)

Salinity @ surface 

(TEOS-10)

Salinity @             

50 m (TEOS-10)

Integrated Chlorophyll 

(mg m-2)

Bottom Depth (m) 0.630 -0.416 0.501 0.445 0.170 0.495 0.255 0.257 0.606

Zooplankton  (mg m-2) 0.630 0.301 0.395 0.427 0.053 0.264 0.294 0.263 0.516

Zooplankton  (mg m-3) -0.416 0.301 -0.183 -0.012 0.054 -0.045 0.061 0.035 -0.048

Temp @ surface (°C) 0.501 0.395 -0.183 0.858 0.513 0.604 0.699 0.741 0.547

Temp @ 50m (°C) 0.445 0.427 -0.012 0.858 0.725 0.797 0.805 0.841 0.759

Oxygen @ surface (ml l-1) 0.170 0.053 0.054 0.513 0.725 0.743 0.448 0.586 0.474

Oxygen  @ 50m (ml l-1) 0.495 0.264 -0.045 0.604 0.797 0.743 0.567 0.676 0.724

Salinity @ surface (TEOS-10) 0.255 0.294 0.061 0.699 0.805 0.448 0.567 0.884 0.575

Salinity @ 50 m (TEOS-10) 0.257 0.263 0.035 0.741 0.841 0.586 0.676 0.884 0.623

Integrated Chlorophyll (mg m-2) 0.606 0.516 -0.048 0.547 0.759 0.474 0.724 0.575 0.623

http://etd.uwc.ac.za/
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Appendix - Table 1.9: The physical, environmental and biological forcing mechanisms and processes 

that may have influenced phytoplankton (chlorophyll) concentrations and zooplankton densities and 

distributions during the Ports St Johns 2013 – 2014 study. 

 

  

 

Physical  

Driving  

Forces  

 The Agulhas Current interacting with shelf bathymetry and bottom 

topography inducing Ekman Veering and shelf edge upwelling. 

 The Agulhas Current inducing the spin-up of Port St Johns cyclonic lee eddy 

and this eddy inducing shelf edge upwelling. 

 Meandering of the Agulhas Current and possible Natal Pulses influencing the 

study area.   

 Mesoscale eddies formed in the north and also offshore mesoscale eddies 

(both anticyclonic and cyclonic) propagating over or near the study area and 

influencing the study area. 

 Wind (coastally trapped waves and tides) within the surface layer could also 

have influenced current reversals and possibly upwelling or downwelling, 

although unfortunately no wind data was available for the 2013 – 2014 study. 

 Advection by the Agulhas Current and mesoscale eddies influencing the 

distribution and densities of phytoplankton and zooplankton. 

 

Environmental 

Mechanisms 

and Biological 

Processes 

 

 Optimal environmental conditions for phytoplankton and zooplankton – i.e. 

light, temperature, salinity, oxygen, nutrients. 

 Nutrient availability (dependent on upwelling) and food availability 

(zooplankton). 

 Photosynthesis and ideal conditions for phytoplankton productivity. 

 Growth rates of phytoplankton and zooplankton. 

 Lag phases between phytoplankton and zooplankton (primary and secondary) 

productivity (i.e. generational mismatches). 

 Consumption rates, grazing rates and ingestion rates, respiration, 

decomposition and accumulation of sedimenting cells (organic matter). 

 Migration of zooplankton to more favourable or unfavourable conditions. 

 Predation by zooplankton, sardine and other predatory species. 

 The time of sampling in relation to some of these factors mentioned above.  
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