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Abstract

Enhanced coastal altimetry, adaptive Leading-Edge Subwaveform (ALES), was used to study

two well known eddies along the southeastern African coast, namely the Delagoa Bight Lee

Eddy and the Durban Lee Eddy. I address a two part problem. Firstly, how well does the ap-

plication of coastal altimetry techniques behave in the coastal region? Secondly, is there a

relationship between the eddies’ presence and chlorophyll-a (chl-a). Sea level anomalies

(SLA) were computed from the re-tracked ALES data of two satellite missions — Envisat

(used for Delagoa Bight eddy) and Jason -2 (for the Durban eddy) with geophysical correc-

tions removed. These datasets were compared with the original satellite, 1 Hz RADS, AND

AVISO gridded data. Two regions were selected to see if there was a biophysical link. A centre

region of the eddy and an outside region of the eddy were taken. Results indicate that coastal

altimetry was successful in delimiting both features. ALES was less noisey and able to recover

more data that were missed by the 1 Hz RADS dataset. Hovmöller plots showed the Delagoa

Bight eddy to be more of a transient feature than semi-permanent, as had previously been

suggested. Results from the linear model indicate a negative correlation between SLA and

chl-a. This influence could be through facilitation of chl-a in the bight or just retaining chl-

a. This is hard to elucidate without in situ data. These results show a promising indication

that coastal altimetry will be a useful and reliable product to further biophysical coupling

research along the coast.

Keywords: Coastal Altimetry, Remote-sensing, Sea Level Anomaly, Chlorophyll-a, Mesoscale

eddies, Delagoa Bight Lee Eddy, Durban Lee Eddy, Coastal zone

ii



ACKNOWLEDGMENTS

To my home crew, kitty, and Sylvester :)

Hugs and Kisses

iii



List of abbreviations

AC Agulhas Current

ADCP Acoustic Doppler Current Profiler

ALES Adaptive Leading-Edge Subwaveform

ALtika A satellite altimeter working in Ka-band, 35 GHz

Aqua A multi-national NASA scientific research satellite

AVISO Archiving, Validation, and Interpretation of Satellite Oceanographic

Data

BC Brazil current

CCS California Current System

COASTALT Coastal Altimetry community

CGDR Coastal Geophysical Data Records

chl-a chlorophyll-a

CLA Chlorophyll Anomaly

CNES National Centre for Space Studies

CTD Conductivity, Temperature and Depth Rosette

DAAC Distributed Active Archive Centre

DBLE Delagoa Bight Lee Eddy

DLE Durban Lee Eddy

Duacs Data Unification and Altimeter Combination System

DTU Mean Sea Surface computed by Technical University of Denmark

EAC Eastern Australian Current

Envisat Environmental Satellite

ERS European Remote-Sensing

ESA European Space Agency

GFO Geosat Follow-on

GMT Generic Mapping Toolbox

GPS Global Positioning System

KZN Kwa-Zulu Natal

iv



MC Mozambique Current

MSSH Mean Sea Surface Height

MODIS Moderate Resolution Imaging Spectroradiometer

NaN Not a Number

NOC National Oceanography Centre

OC-CCI Ocean Colour Climate Change Initiative

OPenDAP Open-source Project for a Network Data Access Protocol

PISTACH Processing for Coastal and Hydrology products

RADS Radar Altimeter Database System

RMS root-mean-square

RMSD root mean square difference

ROMS Regional Ocean Modelling System

SeaWiFS Sea-viewing Wide Field-of-view Sensor

SGDR Sensor Geophysical Data Records

SLA Sea Level Anomaly

SL-CCI Sea Level Climate Change Initiative

Ssalto Ssalto multi-mission ground segment

SSH Sea Surface Height

SST Sea Surface Temperature

SSW Sea Surface winds

SWH Significant Waveform Height

v



TABLE OF CONTENTS

Table of Contents vi

Page

List of Tables ix

List of Figures xi

1 Introduction 1

1.1 The role of cyclonic eddies in ocean productivity . . . . . . . . . . . . . . . . . . 2

1.2 Satellite oceanography: an observational tool for science . . . . . . . . . . . . . 5

1.3 Motivation for this study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Research aims and objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5 Research questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

1.6 Outline of dissertation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Literature Review 11

2.1 Mesoscale eddies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.2 Case study 1: Delagoa Bight lee eddy . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 Case study 2: Durban lee eddy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Coastal altimetry: improving accuracy in coastal data . . . . . . . . . . . . . . . 19

3 Methods 25

3.1 Areas of focus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 Data acquisition and processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.1 Coastal altimetry data: altimetry data re-tracked by ALES . . . . . . . . 27

3.2.2 Computing SLA from ALES datasets . . . . . . . . . . . . . . . . . . . . . 28

3.3 Linking negative SLA and chl-a events . . . . . . . . . . . . . . . . . . . . . . . . 30

4 Results 33

4.1 Application of coastal altimetry: validation . . . . . . . . . . . . . . . . . . . . . 33

4.1.1 Case Study 1: Delagoa Bight Lee Eddy . . . . . . . . . . . . . . . . . . . . 34

4.1.2 Case Study 2: Durban Lee Eddy . . . . . . . . . . . . . . . . . . . . . . . . 39

vi



TABLE OF CONTENTS

4.2 Relationship between SLA of eddy and chl-a . . . . . . . . . . . . . . . . . . . . 42

5 Discussion 53

5.1 Application of coastal altimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.2 Relationship between SLA and chl-a . . . . . . . . . . . . . . . . . . . . . . . . . 55

6 Conclusion 61

A Appendix 63

Bibliography 79

vii





LIST OF TABLES

TABLE Page

4.1 Linear model results summary for the Delagoa Bight and Durban region . . . . . . 43

ix





LIST OF FIGURES

FIGURE Page

1.1 Sloping isobars in oceanic eddy circulation forced by atmospheric circulations. . 3

1.2 MODIS satellite SST and Aqua MODIS monthly chl-a composites for July 2006,

highlighting the Agulhas Current . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Schematic of the main oceanographic features identified along the east coast of

South African. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Depiction of the corruption of waveforms when the altimetric footprints

approach the coast. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.5 KZN Bight-Delagoa Bight coupled system. . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1 Horizontal profiles of (a) temperature and (b) salinity of water upwelled from in

the core of Delagoa Bight cyclonic eddy. . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Schematic of the satellite radar altimetry system. . . . . . . . . . . . . . . . . . . . . 21

3.1 An AVISO SLA image on 4 July, 2008 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 An AVISO SLA image on 27 July, 2008 . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.3 Latitudinal positioning of point profiles for the DBLE and DLE. . . . . . . . . . . . 30

3.4 Schematic of specified domains in each study region. . . . . . . . . . . . . . . . . . 31

4.1 [Hovmöller plots of along-track datasets passing the Delagoa Bight. . . . . . . . . . 36

4.2 Time-Latitude digram of SLA within the Delagoa Bight. . . . . . . . . . . . . . . . . 37

4.3 Along-track point profiles at specific latitudes for the DBLE. . . . . . . . . . . . . . 38

4.4 Hovmöller Plots of along-track datasets passing the Natal Bight and inshore of

Durban. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.5 Along-track slice profiles at specific latitudes for the DLE. . . . . . . . . . . . . . . . 41

4.6 Regression between chl-a and SLA in the Delagoa Bight. . . . . . . . . . . . . . . . 43

4.7 Regression between chl-a and SLA in the Durban region. . . . . . . . . . . . . . . . 43

4.8 Delagoa Bight: Examples of matching SLA and chl-a events on 26 June, 2002. . . . 44

4.9 Delagoa Bight: Examples of matching SLA and chl-a events on 29 August, 2002. . 45

4.10 Delagoa Bight: Examples of mismatching SLA and chl-a events on 21 September,

2008. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

xi



LIST OF FIGURES

4.11 Delagoa Bight: Examples of mismatching SLA and chl-a events on 29 September,

2008. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.12 Natal Bight: Examples of matching SLA and chl-a events on 3 December, 2010. . . 48

4.13 Natal Bight: Examples of matching SLA and chl-a events on 25 November, 2015. . 49

4.14 Natal Bight: Examples of mismatching SLA and chl-a events on 8 May, 2012. . . . 50

4.15 Natal Bight: Examples of mismatching SLA and chl-a events on 12 September, 2015. 51

A.1 Comparison between ALES reprocessed and Envisat SL cci datasets in a coastal

transition zone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

A.2 Comparison of uncorrected SSH datasets and ALES in a coastal transition zone. . 64

A.3 Delagoa Bight: Mean difference in chl-a and SLA center of eddy versus outside

boxes from 2002–2010. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

A.4 Natal Bight: Mean difference in chl-a and SLA outside and inside of eddy. from

2008–2016. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

A.5 Delagoa Bight: AVISO SLA images for 8 June and 30 July, 2008. . . . . . . . . . . . . 67

A.6 SLA images of the Delagoa Bight: 1 January–29 March, 2008. . . . . . . . . . . . . . 68

A.7 SLA images of the Delagoa Bight: 6 April–3 July, 2008. . . . . . . . . . . . . . . . . . 69

A.8 SLA images of the Delagoa Bight: 11 July–7 October, 2008. . . . . . . . . . . . . . . . 70

A.9 SLA images of the Delagoa Bight: 15 October–26 December, 2008. . . . . . . . . . . 71

A.10 SLA images of the Natal Bight and inshore of Durban: 1 January–26 February, 2008. 72

A.11 SLA images of the Natal Bight and inshore of Durban: 5 March–30 April, 2008. . . 73

A.12 SLA images of the Natal Bight and inshore of Durban: 8 May–3 July, 2008. . . . . . 74

A.13 SLA images of the Natal Bight and inshore of Durban: 11 July–5 September, 2008. 75

A.14 SLA images of the Natal Bight and inshore of Durban: 13 September–8 November,

2008. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

A.15 SLA images of the Natal Bight and inshore of Durban: 16 November–26 December,

2008. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

xii



C
H

A
P

T
E

R

1
INTRODUCTION

T
his thesis addresses a two-part problem on the east coast of southern Africa. Part one

is scientific and stems from an oceanography and ecosystem functioning perspective.

It tackles the lack of understanding on the importance of cyclonic eddies along the

shoreward boundary of the Agulhas Current — in particular lee-trapped cyclones and their

contribution to primary production (phytoplankton). In principle, cold core eddies should

promote phytoplankton growth as a result of higher nutrient levels in the eddy core Doney

et al. (2003). The dominant eddies of interest in this system are the Delagoa Bight and the

Durban lee-trapped eddies. However, despite several in situ, ship-based field campaigns, the

role of these two features in production has not been determined (Roberts unpubl.) This is

because of the hit-and-miss ‘momentary snap-shot’ nature of this measurement technique

to observe a very unremitting and dynamic process, i.e. the cyclonic spin of water and uplift-

ment of nutrients into the euphotic zone, and the respondent stimulation of phytoplankton

growth and biomass.

Quantifying the role of eddies in production is therefore a major challenge. One approach

might be the deployment of a string of moorings, but this is very costly in terms of equip-

ment and ship time required for deployment, maintenance and recovery. In the open ocean

satellite altimetry has cleverly and successfully been used to link eddy presence and intensity

with local surface chlorophyll-a (chl-a), and therefore the role of eddies in ocean production

has been determined (Godø et al., 2012). However, the accuracy of sea surface height (SSH)

measurements used to identify eddies becomes questionable near coastlines as the returned

satellite radar signal is distorted by the effects of land (Passaro et al., 2014). This limitation in

recent years has been overcome by the satellite altimetry community who have developed

a new product known as coastal altimetry or sometimes enhanced altimetry (Passaro et al.,

1



CHAPTER 1. INTRODUCTION

2014). The second part of the problem is of a technical nature, and concerns the question

of whether the coastal altimetry product can be reliably used to detect lee-trapped eddies

along the east coast of Africa, and therefore, be used in the same way as it has for offshore

eddies.

Expansion on this two-part problem follows in the remainder of the chapter together with

the scientific motivation, objectives and key questions of this thesis.

In the open ocean, mesoscale cyclonic eddies are important drivers for enhancing biological

production (Godø et al., 2012). Indeed, it is estimated that they are responsible for

25 % of the total production in the global ocean (Godø et al., 2012). Ocean colour, as ob-

served from space, is often correlated with mesoscale eddies, which have shown strong phys-

ical influence controlling phytoplankton dynamics (e.g. Doney et al., 2003). According to

Doney et al. (2003), this physical control is thought to be linked to mechanisms supplying

nutrients to the euphotic zone where they can stimulate growth of phytoplankton. The gen-

eral idea is that the formation and intensification of cyclonic eddies (cold core) create a

decrease in SSH and an upwelling of isopycnal surfaces at depth, drawing the thermocline

in their centres towards the sea surface in the northern hemisphere (Fig. 1.1(b)) (Stramma

et al., 2013); in anticyclonic eddies (warm core) the opposite is observed (Fig. 1.1(a)) (Stew-

art, 2008). In the southern hemisphere the same eddy circulation patterns are observed for

cold core and warm core eddies, however the rotation changes (cyclonic eddies rotate clock-

wise and anticyclonic eddies anticlockwise). This mechanism has been identified as ‘eddy

pumping’(Sarmiento, 2013), which causes the lifting of cold nutrient-rich water into the sub-

surface layers (Eden and Dietze, 2009; McGillicuddy and Robinson, 1997; Siegel et al., 1999).

Chl-a, therefore, should be most abundant and dominant in the core of cyclonic eddies.

Primary production at ocean rims is more complicated. On the east coast of South Africa for

example, the high volume, fast flowing Agulhas Current brings warm subtropical and olig-

otrophic water southwards (Lutjeharms, 2006b), (Fig. 1.2(a)) with correspondingly extremely

low phytoplankton biomass (Fig. 1.2(b)). A MODIS satellite sea surface temperature (SST) im-

age on 31 July 2006 illustrates this classical western boundary advection (Fig. 1.2(a)). What is

not shown in this images, are a number of oceanographic processes that promote the move-

ment of colder, nutrient-rich water from depth into the surface layer. These include cyclonic

eddies (Roberts et al., 2016; Guastella and Roberts, 2016; Lutjeharms and Da Silva, 1988; Lut-

jeharms, 2006a; Jose et al., 2014), river inflow (Dove, 2015; Kyewalyanga et al., 2007), and

upwelling events, both at the coast (Roberts et al., 2016) and at the shelf break (Guastella and

Roberts, 2016; Roberts et al., 2010; Lutjeharms, 2006a).

2



1.1. THE ROLE OF CYCLONIC EDDIES IN OCEAN PRODUCTIVITY

(a) (b)

Figure 1.1: (a) Warm core eddy: clockwise circulation with isobars sloping downwards and
isopycnals upwards from the center. (b) Cold core eddy: anti-clockwise circulation; isobars
slope upward but isopycnals slope downwards from the center (Stewart, 2008).

Of these, the two cyclonic eddies are of particular interest. The first, being the Delagoa Bight

lee eddy (DBLE), located offshore of Maputo (Fig. 1.3). Lutjeharms and Da Silva (1988) as well

as Cossa et al. (2016) suggested this eddy to be semi-permanent, but results from Lamont

et al. (2010) do not support this, suggesting that this feature is transient. The occurrence

of upwelling associated with a cyclonic eddy is expected to introduce cooler, nutrient-rich

water into the surface layers, which will result in an increase in phytoplankton abundance

(Lamont et al., 2010). Interestingly, Barlow et al. (2008) and Lamont et al. (2010) indicated that

increased phytoplankton biomass was coincident with cooler water along the north-eastern

limit of the Delagoa Bight.

The second eddy of interest is the Durban lee eddy (DLE), which forms off Durban at the

southern limit of the KwaZulu-Natal (KZN) Bight (Fig. 1.3). This eddy too has been recog-

nised as a semi-permanent feature, being highly variable in occurrence and strength. Its

formation period is ca. 10 days, after which it then ‘breaks away’ from its shelf edge bight

and heads southwards along the shoreward boundary of the Agulhas Current. Already, in

the 1970’s, Pearce (1977) noticed the inshore region off Durban as a productive area that

has been exploited by mariners for many centuries (Fréon et al., 2010; Roberts et al., 2010).

Guastella and Roberts (2016) showed, using satellite-tracked surface drifters released in the

eddy, the potential for nutrient-rich eddy water to be advected northwards into the KZN

Bight, thus contributing to the functioning of the bight ecosystem. Hewitt (1981) hypothe-

sised that a trapped-lee cyclonic eddy would act to retain a small part of an ecosystem on

the shelf, whether this is true for the Delagoa Bight and KZN Bight eddies remains to be con-

firmed.

3



CHAPTER 1. INTRODUCTION

(a)

(b)

Figure 1.2: (a) MODIS satellite sea surface temperature image on 31 July 2006 illustrates the
warm (red), fast Agulhas Current flowing down the east coast of South Africa, past the KZN
Bight. At the southern tip of the continent (Agulhas Bank) the current undergoes retroflec-
tion to become the Agulhas Return Current, which flows along the Subtropical Conver-
gence. About 4–6 times a year, a solitary meander (insert), known as a Natal Pulse, moves
downstream between the KZN Bight and the Agulhas Bank, at times causing the current to
retroflect farther east (Roberts et al., 2010). (b) Aqua MODIS monthly composite for July 2006
(source: oceancolor.gsfc.nasa.gov/cgi/l3).

4
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1.2. SATELLITE OCEANOGRAPHY: AN OBSERVATIONAL TOOL FOR SCIENCE

Figure 1.3: Schematic of the main oceanographic features identified along the east coast of
South African. The map also includes the bathymetry. White indicates the shelf regions with
depths of < 1000 m (adapted from Roberts, pers. comm., 2008).

From a few chl-a studies by (O’Reilly, 2012; Kyewalyanga et al., 2007; Dove, 2015), it has been

hypothesised that these lee eddies might be facilitating primary production in the region.

None of these studies, however, made any attempt to gauge the importance of these features

as production centres. Several fundamental questions still remain, and for particular rele-

vance to this thesis are: i) what is their frequency of occurrence, and ii) what is their link to

primary production?

As already mentioned, a conventional way of measuring the frequency of occurrence of these

quasi-stationary eddies is the use of current meter arrays deployed ideally for at least 12

months to capture seasonality. This however, is extremely costly, both in terms of equipment

and ship time necessary for deployment and retrieval. More so, it is not practical to continue

such a field campaign over many years to measure inter annual variability.

An alternative method that is smart, readily available and easily accessible, is to use satellite-

derived altimetry, which is able to detect the negative SSH in the centre of mesoscale cyclonic

eddies. This is because of geostrophic circular flow in the cyclone and the relationships with

pressure gradients. The height of the sea surface, ζ, is the height of the sea surface relative

5



CHAPTER 1. INTRODUCTION

to a particular level surface coincident with the ocean at rest — this surface is the geoid

(Vignudelli et al., 2011). Since we can measure the surface topography from satellite altime-

ters we can calculate the slope of the surface and in turn the surface geostrophic currents.

Geostrophy is the balance between rotation (Coriolis force) and the horizontal pressure gra-

dient (Salmon, 1998). The equations (eq. 1.1, 1.2 and 1.3) provided, expand on this point.

The gradient of SSH is related to the geostrophic flow as follows: in Cartesian coordinates

(i.e., x and y), the geostrophic balance is:

(1.1) u =− 1
f g

∂ζ

∂y

(1.2) v = 1
f g

∂ζ

∂x

where: u = zonal component, v = meridional component, g = gravity, f = Coriolis force, ∂x =

longitude, ∂y = latitude, ∂ζ = dynamic height.

In other words, this says that the acceleration due to the Coriolis force (u in eq. 1.1 and v in

eq. 1.2) balances the change in SSH in zonal and meridional directions. Water ‘wants’ to flow

‘downhill’ from high to low pressure, but is deflected to the right (left) in the Northern (South-

ern) Hemisphere by the Coriolis force. When the pressure gradient force and the Coriolis

force come into balance, water then moves along isobars with high pressure to the right (left)

in the Northern (Southern) Hemisphere. Now imagine we are in the Southern Hemisphere.

Here, f < 0. Imagine a Gaussian mountain in the middle of the ocean, which is anticyclonic.

If the SSH increases as x increases (that is, if ∂ζ
∂x is > 0), then v must be < 0. If SSH increases

as y increases (that is, if ∂ζ
∂y is > 0), then u must be positive. Thus, at the western (southern)

side of an anticyclonic eddy, the flow is directed south or v < 0 (east or u > 0). The opposite

is true for a cyclonic eddy.

Pressure gradients can be caused by differences in SSH, where ρ is a density (kg /(m)3) and

dynamic height (∂ζ) is in units of metres (m). The dynamic height is usually measured as the

difference, or the anomaly from a reference value (Vignudelli et al., 2011). Typically it has a

range of a couple of metres:

(1.3) p = ρg∂ζ

Whilst satellite altimetry is indispensable as a reliable measurement of SSH in the open

ocean, its accuracy becomes questionable near coastlines as the returned radar signal be-

comes distorted due to the effects induced by land, both in the satellite measurement and in

6



1.3. MOTIVATION FOR THIS STUDY

the modeling of some of the geophysical corrections applied to the measurements (Fenoglio-

Marc et al., 2010; Vignudelli et al., 2011; Cipollini et al., 2008). Commonly used signal process-

ing algorithms are incapable of rectifying this and signals are thus flagged as ‘contaminated’.

Note that as a general rule, data collected < 50 km from a landmass should be of concern (Fig.

1.4) (refer to Section 2.4 for more detail).

Figure 1.4: Depiction of the corruption of waveforms when the altimetric footprints ap-
proach the coast (P. Cipollini, NOC, 2015).

This problem has over the last 10 years attracted much attention, as shelf and open ocean

interactions are one of the most important aspects of oceanography that have great social

benefits. A few algorithms (e.g. Passaro et al., 2014; Roblou et al., 2007) have recently been

developed in an attempt to recover SSH from the distorted returned radar signals, and have

led to a new form of altimetry referred to as coastal altimetry. This has allowed the reprocess-

ing of existing datasets, and has at times extended the reliability of SSH data to within a few

kilometers from the coast (Bouffard et al., 2011). While coastal altimetry has become a very

useful tool for coastal oceanography, it is limited by the position of satellite mission ground

tracks.

The east coast of South Africa is far less productive compared with the west coast, where

large-scale upwelling occurs due to the persistent southerly winds. The extent of the up-

welling on the west coast ranges from Cape Agulhas on the western Agulhas Bank, around

the Cape Peninsula, up to the Namibia-Angolan border — a distance of some 3,300 km. The

7



CHAPTER 1. INTRODUCTION

intensity of the upwelling is such that it produces one of the largest production (phytoplank-

ton and zooplankton) zones in the global ocean, with the only other western boundary cur-

rents such as East Australian, Brazilian, Kuroshio, and California Current upwelling systems

being comparable. This production supports large commercial fisheries including sardines,

pilchards, hake, and mackerel Roberts et al. (2010).

The Agulhas Bank at the southern tip of the African continent, provides an intermediate re-

gion of production, with much of it produced at the intense thermocline that characterises

this shelf, and wind-driven coastal upwelling off interspersed prominent capes along the

southern coastline. Many commercially utilised species use the Agulhas Bank as a spawn-

ing ground, taking advantage of the mix between warm Agulhas Current water on the outer

shelf (good for egg incubation) and the cooler more productive (good for larval survival and

growth) inshore waters (Roberts et al., 2016).

By comparison, the east coast of South Africa has a very narrow shelf that is swept by the

warm, fast flowing Agulhas Current . While upwelling winds do blow along this region of

South Africa’s coast, they are far less effective in drawing cool, nutrient-rich water to the

surface owing to the presence of the dominant Agulhas Current that descends to a depth of

some 1,500 m. Satellite images of surface chl-a commonly portray primary production along

the inshore boundary of the current, often associated with mesoscale turbulence such as ed-

dies and filaments. This primary production is far less extensive in terms of spatial extent.

Satellite-determined levels show it to be not too dissimilar from that on the Agulhas Bank.

Presumably, this supports the rich biodiversity and important line fisheries found on the

east of South Africa. Hutchings et al. (2002) have suggested that the KZN Bight, positioned

mid-way on the east coast, plays a major role in spawning and recruitment for many species

along this coast in that it offers a refuge from the Agulhas Current. Combined with the in-

shore boundary production of the Agulhas Current, this implies the fulfillment of all three

of the ‘Bakun’ requirements for good recruitment: retention, concentration and enrichment

(Bakun, 2006)

Another similar situation is found north of the KZN Bight in the Delagoa Bight (Fig. 1.5).

This is the largest coastal offset on the east African coast and is situated at the beginning

of the Agulhas Current. As already indicated, the DBLE is commonly observed here, and is

thought to be a major source of ocean primary production, similarly providing a conducive

recruitment environment for many species including the commercially important ones. The

Delagoa Bight is the second most important fisheries region for Mozambique after the Sofala

Bank found farther north off the Zambezi River delta (Dove, 2015)..

Roberts (pers. comm., 2008) has suggested that the Delagoa Bight and the KZN Bight could

provide a coupled-recruitment system conducive for fish egg retention and larval growth
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covering a substantial area. Primary production to sustain this would likely come from tur-

bulence generated by the Agulhas Current and the eddies.

Figure 1.5: Schematic diagram showing the prominent known features of the Natal Bight-
Delagoa Bight system (Roberts, pers. comm.).

This study aims to begin an investigation into the coupled KZN Bight-Delagoa Bight sys-

tem. Specifically, I will determine whether coastal altimetry can be used to reliably detect

the DBLE (which typically has a dimension of approximately 100 km) (Cossa et al., 2016)

and the DLE (which typically has a shelf dimension of approximately 40 km) Guastella and

Roberts (2016). Secondly — if the first aim is successful — it will investigate whether satellite-

derived surface chl-a is associated with these eddies. Given this association and the large

amount of literature on eddy pumping and chl-a production, I will make the very reason-

able assumption that cyclonic eddies are important centres for the generation of production

in the boundary ocean, and in this case are important elements of the coupled KZN Bight-

Delagoa Bight recruitment system. This association will be shown through observational

data processing and correlation analyses using coastal altimetry, sea level anomalies (SLA)

(standard product) and chl-a. Both assessments are tested using the following case studies:

the Delagoa Bight as Case Study 1 and Durban lee eddy as Case Study 2.
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The key questions below help guide technical and scientific parts of this study.

Part 1: A technical assessment of coastal altimetry

1. Can coastal altimetry be used to detect the larger (~100 km) Delagoa Bight lee eddy?

2. If so, how close to the coast are the SSH data reliable?

3. How does the coastal altimetry product compare with the standard along-track and

modeled AVISO product?

4. Can coastal altimetry be used to detect the semi-permanent smaller (~40 km) Durban

lee eddy, and likewise, answer Question 3?

Part 2: Identifying the association between SLA of eddy and chl-a

1. Is the occurrence of the eddy correlated with enhanced surface chl-a?

Chapter 2 provides a literature review on mesoscale eddies in the global ocean, and greater

detail on the Delagoa Bight and the Durban eddy (Cases studies 1 and 2 respectively). This

chapter also serves to provide an overview of the conceptual aspect of the use of satellite

remote-sensing, coastal altimetry and ocean colour products. Chapter 3 discusses the proto-

cols used to process the data and address each of the aims identified in Chapter 1. Chapter 4

presents the research outcomes pertaining to Part 1 and 2 of this study. In Chapter 5, the re-

sults are discussed in context with literature. Lastly, in Chapter 6, a summarised conclusion

of the main outcomes are provided.
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LITERATURE REVIEW

T
he purpose of this chapter is to introduce eddies, addressing their formation, struc-

ture and their contributive role in the global ocean. In addition, a detailed review of

current literature available on the two case studies (as mentioned in Section 1.4) is

discussed, followed by an overview of how measurements are derived from satellites, and the

recent advances made in the altimetry community (i.e. coastal altimetry).

The use of satellite altimetry in biophysical studies of the ocean has been demonstrated to be

a powerful tool to study mesoscale eddies (Fu et al., 2010). Eddies can be defined simply as

circular motions of water particles, circulating either in a clockwise or anti-clockwise direc-

tion. Eddies are common in the ocean, and range in diametre from centimetres to hundreds

of kilometres (Adcroft et al., 2016; WHOI, 2015). At the ocean’s surface and beneath, currents,

gyres and eddies play a crucial role in the transport of water, salt and heat for long distances,

thus helping promote large-scale mixing of the ocean (Liang and Thurnherr, 2012). Simul-

taneously, nutrients and inorganic carbon resulting from natural and human activities are

transported, facilitating the regulation and perturbation of the planet’s weather, climate and

marine ecosystems (Liang and Thurnherr, 2012; Dove, 2015). These features are important

components of Earth’s global ocean circulation that move water mainly horizontally. Eddies

being a primary foci of this study, are associated with another important component of wa-

ter transport (Owen, 1981), i.e. vertical fluxes, which bring nutrients up from deeper levels in

the water column.

Eddies that form off the coast carry local nutrient-rich waters far offshore into regions with
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low ambient nutrient levels (Kyewalyanga et al., 2007; Lamont et al., 2010) (this is very im-

portant along the east coast of South Africa, which is generally very oligotrophic). As eddies

transport recently advected seawater and nutrients into the regions, they provide nourish-

ment for the phytoplankton and higher trophic positions (viz. zooplankton/larvae, which

then provide food for larger marine species, for example fish) (Hewitt, 1981; Srokosz, 2000).

Their effects can also extend down for kilometres, in some places reaching the ocean bottom.

Eddies can form in almost any part of a current, but are more energetic in western bound-

ary current regions. Eddies are usually comprised of water masses that are different from

those outside of the eddy. That is, the water within an eddy usually has different tempera-

ture (Fig. 2.1(a)) and salinity (Fig. 2.1(b)) characteristics compared to the water outside of

the eddy (Lutjeharms and Da Silva, 1988; Lutjeharms, 2006a), resulting in the variability of

nutrients across the length of the feature. These swirling features are surrounded by currents,

which flow in a roughly circular motion around the centre of the eddy (Pond and Pickard,

2013). The rotation of these currents may either be cyclonic or anticyclonic. There is a direct

link between the water mass properties of an eddy and its rotation. Warm eddies rotate anti-

cyclonically, while cold eddies rotate cyclonically (Pond and Pickard, 2013). Cyclonic eddies

also known as cold-core eddies, cause cool, nutrient-rich waters to be upwelled (move ver-

tically) from the deeper waters. Whereas anticyclonic eddies are also known as warm-core

eddies, and cause warmer, nutrient-poor waters to be downwelled (Simpson et al., 1984).

(a) (b)

Figure 2.1: Horizontal profiles of (a) temperature and (b) salinity of water upwelled from 900–
1000 m in the core of Delagoa Bight cyclonic eddy at 200 m (Lutjeharms and Da Silva, 1988;
Lutjeharms, 2006a).

On a much broader scale, shelf-edge upwelling and cyclonic eddies are also known to oc-

cur along the shelf edge of other warm western boundary currents such as the Brazil Cur-

rent (Campos et al., 2000; Lima et al., 1996), East Australian Current (Oke and Griffin, 2011;
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Roughan and Middleton, 2002), Gulf Stream (Lee et al., 1981, 1991) and Kuroshio Current in

the East China Sea (Ito et al., 1995). A few examples will be discussed in some detail.

The SÃčo TomÃl’ semi-permanent eddy is one of the main mesoscale features observed in

the Southeast Brazilian region. The Southeast Brazilian coast has direct influence of the olig-

otrophic waters from the Brazil Current (BC) (Peterson and Stramma, 1991; Stramma and

England, 1999). Waters from BC are saline, warm and oligotrophic (Brandini et al., 1997).

Primary production and phytoplankton biomass tend therefore to be low, but they can be

altered by oceanographic processes that promote injections of nutrients from subsurface

waters to the euphotic zone. A study by Ciotti and Kampel (2001) was carried out to illustrate

the impact of the eddy (21–22°S) on the estimations of surface chl-a. Preliminary results from

the six day continuous observation found that at the centre of the eddy chl-a remained rel-

atively low. Areas of high chl-a (~0.4–0.5 mg.m-3) associated with this eddy were located at

the edges in the offshore side of the eddy. Part of this high chlorophyll segment is visible in

the centre of the eddy over time, which is suggested to be associated with the entrapment of

cold shelf waters by the eddy than to upwelling in the central core of the eddy.

Another example includes the California Current System (CCS), an eastern boundary current

of the North Pacific Ocean off the USA and Mexico west coasts (Castelao et al., 2006). This ex-

tends between the North Pacific Current in the north and Baja California in the south. This

system is located in a rich eddy field (Castelao et al., 2006). A study carried out by Hewitt

(1981) aimed to determine the importance of cyclonic eddies and its connection to the bio-

logical production in Punta Eugenia, Baja California. At Point Conception and Punta Euge-

nia, at the south of these two headlands, semi-permanent eddies are apparent, which cause

the offshore divergence of surface flow of the California Current (Reid et al., 1958). Specif-

ically, in Punta Eugenia these eddies are evident at both the north and south ends. Their

findings suggest that these eddies play a role in the recruitment of pelagic larvae in these

areas. Limited connectivity between the eddies suggest a speciation mechanism that would

be most effective on populations that time their spawning to coincide with strong eddy for-

mation (Hewitt, 1981). Also on the west coast of the USA a semi-permanent cyclonic eddy

found in the Southern California Bight, between Point conception and San Diego reaches its

maximum strength in summer, with its weaker intensity in winter. The location and stability

of this eddy appears to be determined by the coastline geography. These semi-permanent

eddies are found to be of importance in the Bight, in terms of its influence on the biological

ecosystems.

The Eastern Australian Current (forms between 10 and 15°S), supplies the western boundary

of the South Pacific Gyre with warm nutrient poor water (Speich et al., 2002). It flows, along

the Australian coastal boundary to the south, following its separation into a northeastward
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(Subtropical Counter Current), eastward (Tasman Front) and residual southward (EAC Ex-

tension) components at around 31°S resulting in the formation of semi-permanent eddies.

These eddies are 200–300 km in diameter with 2–3 eddies generated annually and have life-

times often exceeding a year (Nilsson and Cresswell, 1980). They follow complex southward

trajectories, but are generally constrained within the Pacific deep basin. The main biological

influence of the eddies are to increase the vertical mixing within the upper ocean in the west-

ern Tasman Sea, extending the effective mixed layer depth and thus suppressing the winter

phytoplankton and zooplankton populations due to light-limited conditions for phytoplank-

ton growth (Condie and Dunn, 2006). These conditions result in spring and autumn blooms

of chl-a, with lower summer concentrations because of stratification and nutrient depletion.

Moreover, upwelling associated with eddies supplies more nutrients to the surface layer once

the bloom has begun, delaying the depletion of nutrients and prolonging the duration of the

blooms (Tilburg et al., 2001). The EAC and its eddies frequently move onto the continental

shelf and close inshore and influence in local circulation patterns. At prominent coastal fea-

tures such as Cape Byron, Sugarloaf Point and Port Stephens, the EAC moves away from the

coast, driving divergent upwelling, which draws nutrient-rich water from a depth of 200 m

or more (Oke and Middleton, 2000, 2001). However, while the EAC may drive nutrient-rich

water onto the shelf, upwelling-favourable winds (northerly) are required to bring the water

to the surface (Church and Craig, 1998).

In the vicinity of the Agulhas Current, large indentations in the coastline of east Africa have

resulted in abrupt downstream broadening of the continental shelf and terrace at two lo-

cations (i) in the Delagoa Bight south of 20°S and (ii) adjacent to Richards Bay (29°S) to

the south (Lutjeharms and Da Silva, 1988). Richards Bay is characterised by its strong in-

shore reversal currents. Malan and Schumann (1979), assumed that these inshore current

reversals were linked to lee eddies driven by the adjacent Agulhas Current. These eddies

were further suggested (Lutjeharms, 1981; Lutjeharms and Connell, 1989) as the source of

large downstream meanders in the Agulhas Current (AC). Eddies of this nature either ap-

pear to be topographically induced (Smith et al., 1984) or trapped by a southward flowing

coastal current (Bowman, 1985) further north. Several studies have documented the exis-

tence of cyclonic circulation in the Delagoa Bight (Harris, 1972; Lutjeharms, 1976, 1981; Mar-

tin, 1981a,b; Michaelis, 1923; Sætre and Da Silva, 1984). Results have implied the possibility

of a similar lee eddy (such as the Durban lee eddy) present in this bight.

The Delagoa Bight is influenced by oceanic features travelling through the Mozambique

Channel (MC), as well as those coming from the southern tip of Madagascar (Lutjeharms,
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2006b). It is one of the largest coastal indentations in the south-west Indian Ocean (Lamont

et al., 2010; Lutjeharms and Da Silva, 1988) and is located right offshore of the Mozambican

capital, Maputo. The Delagoa Bight is one of the main fishing grounds on the Mozambican

Shelf, hosting high biodiversity, including commercial fisheries species such as scad, mack-

erel and shallow water prawn (Penaeus indicus and Metapenaeus monoceros) which yield

important food and foreign revenue for the Mozambican economy (Hoguane, 2007).

In addition, the bight hosts the largest supposedly semi-fixed eddy on the southeast coast of

Africa, commonly referred to as the Delagoa Bight lee eddy (DBLE) (Cossa et al., 2016). Wa-

ter masses in this eddy have temperature-salinity characteristics suggestive of substantial

upwelling in the core of the eddy from depths of at least 900 m (Lutjeharms, 2007). Hence

there should be nutrient enrichment of the surface layers and thus increases in the chl-a

content. To date this has not been observed, except intermittently at the north-eastern point

of the Delagoa Bight (Quartly and Srokosz, 2004) in the form of offshore southward orien-

tated plumes. This sporadic increase in primary productivity may be the result of current-

induced upwelling as predicted by Gill and Schumann (1979). If driven by passing eddies,

such intermittent upwelling would be expected. No evidence for such major increases in ei-

ther phytoplankton or zooplankton have to date been found in the center of the Delagoa

Bight eddy (Lutjeharms, 2007).

Four studies by Lutjeharms and Da Silva (1988), Lamont et al. (2010), Dove (2015), and Cossa

et al. (2016), have aimed to understand and define the dynamics of the eddy in terms of its

nature and frequency, impacts of passing eddies on the eddy, and chlorophyll variability in

the region (further on in this study will be referred to as DBLE).

In 1988, Lutjeharms and da Silva attempted to determine the nature and frequency of oc-

currence of the DBLE using twenty-five years’ of detailed hydrographic data coupled with

ten years’ of thermal infra-red imagery. Their analysis pointed to the presence of a quasi-

permanent eddy in the Delagoa Bight, and particularly dominant below 100 m depth. Inter-

estingly, sediment patterns also supported the concept of a quasi-permanent topographi-

cally trapped eddy (Lutjeharms and Da Silva, 1988; Martin, 1981a,b). Conclusions made by

Lujeharms and da Silva, suggested this feature was present in the bight most, if not, all the

time. The geographical stability of its core lead to the belief that this topographically induced

eddy was driven by a well-mixed Equatorial surface Mozambique Current. It was also noted

that at depth the temperature and salinity of the eddy had characteristics of Antarctic Inter-

mediate water (Lutjeharms and Da Silva, 1988), suggesting upwelling from 900 m to 400 m

on the shelf (Lamont et al., 2010).

Lamont et al. (2010) questioned whether this was in fact a semi-permanent feature. They

used four sets of hydrographic data, surface drifters and satellite imagery to investigate the
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persistence of the cyclonic lee eddy in the Delagoa Bight. They also noted the influence of

passing eddies from the Mozambique Channel on the circulation in the bight. The hydro-

graphic and satellite data illustrated the eddy was present twice, (i) the first observation in-

dicated the eddy, centered at 26°S, 34.25°E, during May 2004 lasted for six weeks, and (ii)

the second observation during August 2004 when the core of the eddy was located south of

the Bight (27.5°S, 34.5°E). No cyclonic eddy was observed during April 2005 and 2006 lead-

ing Lamont et al. (2010) to concluded that the eddy was not a semi-permanent feature as

proposed by Lutjeharms and Da Silva (1988), and dependent on the movement of eddies

in the adjacent waters of the Mozambique Channel. The only permanent feature observed

was the inshore, northward coastal current (25–30 cm.s-1), occurring subsurface on the shelf.

Upwelling was frequently observed at various locations in the Bight, depending on the dis-

tance and interaction of eddies with the topography of the shelf and slope. Increase in phy-

toplankton biomass was found to be coincident with cooler water along the north-eastern

limit of the Delagoa Bight (Barlow et al., 2008; Lamont et al., 2010). Kyewalyanga et al. (2007)

concluded that hydrographic conditions were the primary control of the variations in phy-

toplankton biomass and primary production in the bight during August 2004. Lamont et al.

(2010) acknowledges that using sea surface temperature (SST) and chl-a in identifying and

investigating the eddies was limited.

In 2015, Dove (2015) analysed ten years’ (2003–2012) of multi-satellite (MODIS/Aqua)

monthly data, which aimed to describe the seasonal and interannual variability of chl-a and

its relationship with SST, sea surface winds and sea level anomalies (SLA) in the Delagoa

Bight. Distinct patterns of variability were found. At a seasonal level chl-a concentration

increased from June through September (late autumn–late winter) and decreased from

December to May (late spring–mid autumn). In addition, a strong seasonal horizontal

structure was identified in the averaged chl-a concentrations and SST. The lowest maximum

in monthly chl-a concentration occurred in December (0.13 mg.m-3) and August (0.54

mg.m-3). Increased chl-a concentrations were observed, which were consistent with cooler

SSTs. Cooler SSTs (upwelling) associated with cyclonic eddies were expected introducing

cooler, nutrient-rich water into the surface layers, which would result in an increase in

phytoplankton abundance and primary production (Lamont et al., 2010). In particular

increased phytoplankton biomass was found to be coincident with cooler water along the

north-eastern limit of the Delagoa Bight (Barlow et al., 2008; Lamont et al., 2010). In addition,

five years (2006–2011) of in situ SST confirmed a seasonal signal with amplitude of about

6.5°C. Cool coastal water events were found mostly in summer and spring, with a maximum

amplitude of 6°C. The timing of these cool events at the northern Delagoa Bight at Ponta

Zavora (24.48°S, 35.24°E) was irregular. Results also suggest episodic influences of both

cyclonic and anticyclonic features at the eastern perimeter of the Delagoa Bight, although
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the SLA amplitude was extremely low. A ROMS model by Jose et al. (2014) has revealed

results quite contradictory to previous work by Lutjeharms and Da Silva (1988), showing

that several cyclonic eddies were found with low concentrations of chlorophyll at their cores.

This also contrasts previous studies in the open ocean (McGillicuddy and Robinson, 1997;

Longhurst, 2001).

In fact, several anticyclonic eddies in the biogeochemical model were found with high con-

centrations of chlorophyll at their cores. It would seem that phytoplankton growth within

these mesoscale features (both cyclonic and anticyclonic eddies) occurred in response to nu-

trient injection by horizontal advection, and subsequent retention of surrounding nutrient-

rich waters within eddies. Offshore nutrient distributions depended strongly on lateral ad-

vection of nutrient-rich water from the coastal regions, induced by eddy interactions with

the shelf. The environmental conditions at the locations where eddies were generated had

an important effect on nutrient concentrations within these structures. On the other hand

O’Reilly (2012) indicates that chl-a concentration in surface water of the cyclonic eddies was

significantly higher than in surface waters within the anticyclonic eddy.

Following Lamont et al. (2010) and Cossa et al. (2016) configured a ROMS model in the De-

lagoa Bight region which indicated the existence of a semi-permanent eddy. This was also

apparent in gridded maps of merged altimetry (Ssalto/Daucs) obtained from AVISO. This

finding supports the conclusion of Lutjeharms and Da Silva (1988) who suggested that the

eddy is a semi-permanent eddy. From the model, the Delagoa Bight lee eddy was shown to

occur about 25 % of the time with no clear seasonal occurrence. The diameter of the eddy

core varied between 61 and 147 km (lower than the previous estimate of 180 km from Lutje-

harms and Da Silva, 1988). The average life time exceeded 20 days which points to a feature

that forms, moves away, then forms again. The model analysis revealed the systematic pres-

ence of negative vorticity in the Bight that can organise and form a DBLE depending on the

intensity of an intermittent southward flow along the southern part of the bight and the spa-

tial distribution of surrounding mesoscale features (Cossa et al., 2016). Cossa et al. (2016) also

found (i) the model solution showing other cyclonic eddies generated near Inhambane and

eventually traveling through the Bight; and (ii) the only permanent feature observed with or

without DBLE is the presence of a northward, surface intensified, coastal counter-current

along the Maputaland shelf (between Sodwana and Inhambane).

The second largest coastal indentation after the Delagoa Bight, is the KwaZulu-Natal Bight

(hereafter referred to as the Natal bight). It is a broad shelf; an offset in the coastline on the

east coast of South Africa (Fennessy et al., 2016) bounded by the Agulhas Current that flows
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southwestward alongside the shelf edge as it narrows (Gründlingh, 1983; Gründlingh and

Pearce, 1990). The Natal Bight at its widest point is 45 km (Martin and Flemming, 1988). Ear-

lier description (Martin, 1984) of this indentation suggests that this offset, and associated

expansion in shelf width, was caused by a change in the tectonic origin of the continental

shelf margin, from a sheared to a short-rifted section , and is approximately 160 km long be-

tween Durban and Richards Bay. This shelf widening is in sharp contrast to the remainder of

KZN where the average position of the continental slope break is 11 km from the coast (Schu-

mann, 1988). The bightâĂŹs seaward boundary can be considered to be broadly delimited

by the shelf break at about 100 m depth (Martin and Flemming, 1988).

The Durban lee eddy (DLE), is a semi-permanent mesoscale cyclonic feature that exists at the

southern end of the Natal Bight. The eddy spins up south of Durban, inshore of the south-

ward flowing Agulhas Current and in the lee of the Bight. After some 10 days, it detaches from

this position, and migrates southward to flatten inshore of the Current on the Transkei shelf

and dissipates. Average values of nitrates in the Durban eddy have been measured around

3.33 µmol.l, but maximum values have reached 16.79 µmol.l, demonstrating the effect of the

eddyâĂŹs presence at times (Lutjeharms, 2006a). However, they noted that these higher nu-

trient concentrations did not always translate into higher chl-a levels. Guastella and Roberts

(2016), observed that as the DLE migrated further south along the coast, an elevation in chl-

a was noted. This suggests that there is a strong biological response to the Durban Eddy on

occasion. There is however, evidence of higher zooplankton biomass here, but only intermit-

tently. Phytoplankton production rates are below 1 g C.m2.day (Burchall, 1968). There has

been a greater density of fish larvae off Durban on occasion (Beckley and Van Ballegooyen,

1992), but not consistently (Beckley and Hewitson, 1994). A hydrographic cruise covering the

whole Natal Bight has clearly demonstrated (Lutjeharms et al., 2000; Meyer et al., 2002) the

vertical structure of this eddy compared to the waters over the rest of the shelf. Interestingly,

the upwelling of nutrient-rich water did not enhance chl-a values on that occasion either.

Lutjeharms (2006b), noted that while the cyclonic lee eddy is a recurrent part of the shelf

circulation directly off Durban, it is not always present and seems to have limited any local

biological impact. Clearly productivity will vary according to the eddy’s occurrence, intensity,

longevity, degree of uplift of nutrients, recirculation characteristics and residence time of

the water within the eddy. CTD survey data by Guastella and Roberts (2016) have shown

that even once the eddy has migrated out of the Durban area, chlorophyll concentrations

(indicated by fluorescence) can remain relatively high off Durban, but are more coastal as a

result of the upward sloping water column structure induced by the dynamics of the Agulhas

Current. Guastella and Roberts (2016) also shows that, while the Durban Eddy is present off

Durban some 55 % of the time, its variability in occurrence, intensity, strength and size mean

that contributions to primary productivity are in turn variable and inconsistent.
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Lutjeharms (2006b), suggested that the DLE is topographically induced and that it may be

one of the supplies of nutrients to the Natal bight through northward advection of upwelled

eddy water inshore (Meyer et al., 2002), although there was little material evidence for this.

Guastella and Roberts (2016) tried to discern the latter using surface drifter buoys and ADCP

current measurements, however their results were inconclusive, due to limited sampling in

space and time.

While the Natal Pulse (a larger feature associated with meanders in the Agulhas Current)

has been the subject of previous oceanographic modeling studies (e.g. Tsugawa and Hasumi,

2010), no known dedicated oceanographic modeling has been done on the DLE. A Regional

Ocean Modelling System (ROMS) configured by Guastella (unpubl.) uses a parent configura-

tion with a spatial resolution of 1/8° simulates the circulation off eastern South Africa, while

a first online zoom at 1/24° details the dynamics of the Natal Bight and a second embedded

zoom at 1/72° focuses on the DLE. Results indicate that the ROMS model replicates the cir-

culation of the Natal Bight well in the child domain and reproduces the Durban Eddy spatio-

temporal dynamics in the grandchild domain. The destination of eddy water was investi-

gated with a Lagrangian floats trajectory analysis, disseminated at various positions/levels

in the model. Preliminary results indicate that it is possible for Durban Eddy water to advect

northward at depth, lending support to the theory by Meyer et al. (2002).

In summary, Lutjeharms (2006b) notes that a cyclonic lee eddy is a recurrent, but not ever-

present part of the circulation on the shelf directly off Durban, but seems to have hardly any

local biological impact. Observations of ocean colour imagery however, seems to indicate

otherwise. Other studies suggested that this cyclonic eddy was linked to the incipient Natal

Pulses (Lutjeharms and Connell, 1989). When a Natal Pulse forms, due to the interaction of

an offshore eddy or otherwise — it seems to carry the Durban lee eddy with it (Lutjeharms

et al., 2003) all the way to the southern tip of the continent, intensifying the cyclonic motion

in the eddy in its downstream journey. This would imply that inshore currents from Dur-

ban downstream would experience a sudden, but short-lived, reversal. As mentioned before,

such a reversal has actually been observed (Lutjeharms and Connell, 1989) and directly re-

lated to a passing Natal Pulse. This incorporation of the Durban eddy in Natal Pulses also

means that a part of the shelf fauna of the Natal Bight will intermittently be carried away.

The effect of such a mechanism on the shelf biota is unknown.

In the last 25 years, satellite-borne radar sensors such as TOPEX/Poseidon (which was

launched in 1992), ERS-1 and -2, Envisat, Geosat Follow-On (GFO) and Jason-1 and -2

have been providing reliable datasets that have contributed to the advancement in marine
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and climate research, and which have supported operational oceanography (Cipollini and

Snaith, 2015). Efforts are naturally being made to use it also in the coastal zone. Altimetry has

been used to observe global ocean surface topography and its changes with unprecedented

accuracy of about 2 cm root-mean-square (RMS) in SSH and resolutions (up to 50 km

spatial scale and weekly temporal sampling) (Chelton et al., 2001; Shum et al., 2003). The

basic equation by which the fundamental measurement taken by a radar altimeter, (i.e. a

measurement of range from the instrument to the sea surface) is converted into an accurate

measurement of the surface height:

(2.1) SSH = or bi t al _al t i tude − (r ang e + cor r ect i ons)

Where orbital_altitude is the height of the satellite center of mass with respect to a reference

surface (typically a reference ellipsoid) which is normally modeled to an accuracy of 2–3 cm

by using a combination of GPS positioning, laser ranging and radio positioning using ground

stations (Cipollini et al., 2017). The SSH obtained contains the geoid variations as well as the

oceanographic signal; subtraction of a mean sea surface 1 removes the time-invariant geoid

and the mean of the dynamic topography and yields the SLA (provided also the tidal signal

and the atmospheric signals are corrected for) (Cipollini et al., 2017).

The observation principle of pulse-limited satellite radar altimetry is conceptually straight-

forward. It transmits an electromagnetic pulse to the sea surface and measures its two-way

travel time when the return reflected from the instantaneous sea surface is received (Fig.

2.2). The altimeter measures the range using an on-board tracker, which provides a time se-

ries of the received power distribution of the reflected pulse called the altimeter waveform.

The two-way travel time represents the time for the midpoint of the pulse to return from the

sea surface at nadir (Lee et al., 2010). Therefore, the altimeter determines the two-way travel

time by identifying the half-power point on the leading edge of the waveform. The on-board

tracker design is based on a Brown (1977) model of the return waveform, to align the return

spectral waveform so that the half-power point of the leading edge is at a specified frequency.

A key strength of satellite observations is the global and frequent coverage, allowing the sam-

pling of large scale variability (biological and physical) over a wide range of time scales (Fua

and Le Traon, 2006; Roblou et al., 2007; Jordi and Basterretxea, 2012).

1A mean sea surface height (MSSH) is the level of the sea due to all those contributions that can be assumed

constant in time and can be computed as the temporal mean of sufficiently long time series. More accurate

MSSH models (for instance DTU15) are built from combinations of multiple altimetric and gravimetric missions.

The choice of a specific MSSH over another is critical in the coastal zone, and there may be biases between

datasets if they are referred to different mean SSH.
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Figure 2.2: Schematic of the satellite radar altimetry system, and the corrections that needs
to be applied to the altimeter range measurement R and the relations between R, the orbit
height H and the sea surface height h relative to an ellipsoidal approximation of the equipo-
tential of the sea surface from the combined effects of the earth’s gravity and the geoid (Chel-
ton et al., 2001).

With continuous technological advancement, remote-sensing data from Earth-orbiting

satellites has allowed science to successfully study the ocean making it one of the most

successful observational platforms (Roblou et al., 2007; Jordi and Basterretxea, 2012). Most

marine applications of satellite altimetry begin with sea surface heights (SSH) (Hwang

et al., 2006). Over the deep oceans without land interference, the waveforms 2 created by

the returning altimeter pulse generally follow the ocean model of Brown (1977), and the

corresponding range can be properly determined using the result from an onboard tracker.

Near coasts however, as mentioned in 1.2, the consequent rejection of possible valid data

(SSH measurements) become corrupted due to effects induced by land, both in the satellite

measurement and in the modeling of some of the geophysical corrections applied to the

measurements. The noisier radar returns (Hwang et al., 2006) from the generally rougher

coastal sea states and simultaneous returns from reflective land and shallow water (Lee

et al., 2010; Brooks et al., 1997; Deng and Featherstone, 2006) limit the application of satellite

altimetry in coastal regions. For example, such corruptions of waveforms in ERS and Envisat

altimetry over global coastal zones have been presented by Mathers et al. (2004).

2Waveforms are a series of powers at altimeter gates generated by a returning pulse from the sea.
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Two classes of problems have been encountered when trying to recover meaningful esti-

mates of geophysical parameters (sea level, significant wave height and wind speed) from

altimeter data in the coastal zone (Cipollini et al., 2012; Cipollini and Co-Authors, 2010). First,

there are problems due to the modification of the altimetric echoes (waveforms) when land

enters the footprint of the instrument (Fig. 1.4). Then there are problems due to the unavail-

ability or inaccuracy of some of the corrections that need to be applied to the raw altimetric

measurements to account for instrumental, atmospheric or other geophysical effects (for in-

stance tides). Both these classes of problems are described below. The first class of problems

impact on the shape of the waveforms and affect the retrieval of parameters which is nor-

mally carried out by fitting a waveform model to the waveforms, a process known as retrack-

ing. The impact of land on waveforms will not only depend on crude ‘distance from coast’

but also on the coastal topography; in the coastal zone waveforms will normally suffer an at-

tenuation due to missing ocean surface elements in the altimetric footprint (as land returns

are normally weaker then those from the ocean), but their shape is also modified by returns

from land elements close to the coastline at an elevation different from zero. Brooks et al.

(1997) found that the land return influences TOPEX waveforms within distances of 4.1–34.8

km from coasts with the maximum near the East China Sea. Deng et al. (2002) observed that

the waveforms from ERS-2 and Poseidon can be affected up to a maximum distance of 22

km off the Australian coast. Waveforms reflected from these affected coastal oceans do not

conform to those over open oceans so that the on-board satellite tracking algorithm cannot

accurately compute the range between the satellite and nadir surface, thus producing poorly

estimated SSH measurements. Therefore, if to be used the altimeter range measurements

over the coastal ocean must be corrected for the deviation of the midpoint of the leading

edge from the tracking gate of the on-board tracker.

The second problem pertains to unavailability of some corrections. The most critical correc-

tions in the coastal zone are ocean tides, water vapour, and the sea state bias (SSB) (Cipollini

and Co-Authors, 2010). The SSB, i.e. the bias on the range estimate dependent on the sea

state and due to the shape of the sea surface not being perfectly sinusoidal, is in need of fur-

ther investigation to migrate from the actual empirical correction models towards physically-

based ones — a difficult task even over the open ocean, let alone in the coastal zone. How-

ever the largest uncertainty in the coastal altimetry data comes from inaccurate removal of

the tides. The global tidal models improve at every new release but still do not perform well

in many coastal and shelf locations and from the inaccurate correction of the path delay due

to water vapour, known as ‘wet tropospheric correction’. The wet tropospheric correction is

normally estimated from a multi-channel passive microwave radiometer on the same plat-

form as the altimeter, but this estimate gets quickly corrupted as soon as land enters the

radiometer footprint, i.e. 20–50 km from the coast. According to Cipollini et al. (2012), as far
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as tides are concerned, the obvious solution is to develop accurate local tidal models, which

then need to be merged with the global models.

Altimetry is a powerful tool. However, the largest uncertainty in the coastal altimetry data

near the coast have limited coastal oceanographic research. Over the last few years’ progress

in overcoming these problems have been made. Such advances have given rise to a new dis-

cipline referred to as coastal altimetry (Jordi and Basterretxea, 2012; Vignudelli et al., 2011).

The coastal altimetry community has coalesced in the last few years, and have already de-

veloped techniques to recover useful measurements of sea level and significant wave height

in the coastal strip. The recent development of coastal altimetry implements re-tracking al-

gorithms and various correction steps during the reprocessing of data (Cipollini et al., 2008).

The major space agencies are strongly supporting this new field with initiatives like ESA’s

COASTALT (for Envisat) and CNES’ PISTACH (for Jason-2). In the coastal zone, in addition

to the refinement of the statistical techniques for screening and filtering various data and

corrections (such as in X-TRACK; case study by Roblou et al., 2007), there are two comple-

mentary courses of actions for improving the quality of the retrieved data: (i) applying spe-

cialised retracking (i.e. improving the estimation of the range term in 2.1) and (ii) applying

improved corrections for the atmospheric, surface or geophysical effects (i.e. improving the

corrections term) (Cipollini et al., 2017).

A solution recently proposed to improve the retrieval of sea level, SWH and wind in the

coastal zone is the Adaptive Leading-Edge Subwaveform (ALES) algorithm (Passaro et al.,

2014). ALES is a two-pass retracking algorithm, based on the Brown model, where the

second-pass subwaveform window is selected based on the first-pass estimates of SWH, in

a way that minimizes the performance degradation with regards to an ideal, uncorrupted

full-waveform case. This algorithm has been validated for sea level and SWH and used

for different altimeters in number of case studies (Passaro et al., 2014, 2015a,b, 2016;

Gómez-Enri et al., 2016).
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3
METHODS

I
n this chapter a brief description of the study regions are given. In addition, remote

sensing datasets and protocols used to achieve the aims set out in this research are

discussed in detail.

The Delagoa Bight study domain comprised of 24–29°S, 32–36°E (~4°×4°) (Fig. 3.1). Data col-

lected over 9 years from February 2002 to September 2010 of high resolution CGDR 1 and

SGDR 2 from Envisat (18 Hz), gridded OC-CCI chl-a (1/4 degree) and AVISO SLA (1/4 degree)

products were analysed. For the Natal Bight, this study domain consisted of 29–36°S, 30.5–

31.5°E (~3°×3°) (Fig. 3.2). Data collected over 8 years from April 2008 to September 2015 of

CDGR and SGDR from Jason-2 (20 Hz), and gridded OC-CCI chl-a (1/4 degree) and AVISO

SLA (1/4 degree) products.

The DBLE was used to validate the application of coastal altimetry, as it is easier to detect

due to its large size. However, it should be noted that this eddy is normally located 100 km

offshore and therefore spans the coastal and offshore domains. Since the algorithm applied

to coastal data is only applied within up to 50 km from the coastline, it was decided to test

the application on a smaller feature (Durban eddy) inshore, on the basis that the application

of coastal altimetry was successfully validated in the Delagoa Bight region.

1Coastal Geophysical Data Records, which are essentially copies of the original SGDR with the addition of

outputs from the ALES retracker
2Sensor Geophysical Data Records, which are the original outputs from the satellite
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Figure 3.1: An AVISO SLA image on 4 July, 2008. The main oceanographic features in the
Delagoa Bight (Adapted from Roberts, pers. comm., 2008) are shown — the local min. ssh
indicates the core of the Delagoa Bight Lee Eddy. Included is the location of the DB transect
dashed line; used by Lamont et al. (2010). Bold yellow line indicates the Envisat track (0371)
analysed in this study.

Figure 3.2: An AVISO SLA image on 27 July, 2008. The main feature focused on in this study is
the Durban lee eddy highlighted by the negative SSH. Bold dashed line (dark green) indicates
the Jason-2 track (0005) analysed in this study.
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Remote sensing is seen as an important tool for mapping oceanic properties on both small

and large scales. However, it has also brought about a limitation to the reliability and accu-

racy of data moving closer to the coast. Over the years, advances in satellite altimetry have

been made which has resulted in a new form of remote sensing, known as coastal altime-

try, which makes use of an algorithm designed to retrack waveforms that other processors

such as X-TRACK do not do. This improves quality and quantity of coastal altimetry measure-

ments through improved geophysical corrections and land effects, aiding in the recovery of

more data near the coast that was previously disregarded as contaminated.

Along-track datasets are in the form of CGDR, which have been reprocessed by the UK Na-

tional Oceanography Centre, using the ALES algorithm (Passaro et al., 2014). These mea-

surements are distributed by the JPL Physical Oceanography DAAC and accessible from the

COASTALT website (http://www.coastalt.eu). CGDR are copies of the original SGDR (20 Hz)

— containing the entire global dataset. The L2 estimates of the geophysical parameters from

a Brown re-tracker are retained, along with the addition of ALES variables related to the es-

timation of range, significant wave height (SWH) and backscatter (sigma-0) (refer to ALES

Handbook. Accessible from http://www.coastalt.eu). The limitation of the dataset is that the

approach taken by the NOC only regards data points within the coastal strip to be recovered.

However, for this study the algorithm was applied up to 1000 km from the coastline. Note,

that data were also included up to 5 km inland to account for coastline inaccuracies and

variations.

Concerning the reprocessing algorithms it should be remembered that “ALES selects part

of each returned echo and models it with a classic open ocean Brown functional form, by

means of least square estimation whose convergence is found through the Nelder-Mead non-

linear optimization technique. By avoiding echoes from bright targets along the trailing edge,

it is capable of retrieving the majority of coastal waveform up to 2 to 3 km from the coasts. By

adapting the estimation window to the significant wave height, it preserves the precision of

the standard open ocean data. ALES is currently adapted for Envisat, Jason-1, -2 and AltiKa

missions.” Full details are in Passaro et al. (2014).

SSH along-track datasets from Envisat and Jason-2 satellites were obtained from UK National

Oceanography Centre. These datasets had already been reprocessed by the ALES algorithm.

SSH data from Envisat was used for the Delagoa Bight and Jason-2 for the Durban region. It

is important to note that Envisat operates on a 35-day repeat cycle and consists of 94 passes

(refer to Envisat Handbook). This mission ran from 26 May 2002 to 26 September 2010. In
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terms of Jason-2, data are available from 2008 till 2015 and operates on a 10-day repeat cycle

consisting of 254 passes (refer to Jason-2 Handbook). The preferred dataset would liked to

have been Jason-2 for use in the Delagoa Bight region because measurements are collected

much more frequently than Envisat, which would have allowed us to catch the formation

of the DBLE, unfortunately the tracks for Jason-2 were not located the right location for the

eddy to be caught. Thus the reason for using Envisat.

Two approaches were used to achieve the outcomes of this study. The first was along-track

SLA data, which provided a very good one-dimensional spatial sampling. In association with

the first approach images derived from gridded products provided a synoptic view of the

mesoscale features allowing for a better visualisation and understanding of eddy dynamics.

ALES datasets were used to compute the SLA product, which was used to compare to the orig-

inal dataset and a low resolution dataset. This enabled the evaluation of whether the same

features (i.e. the DBLE and DLE) were observed and if the same pattern was reflected across

all three Hovmöller plots produced. This provided an indication of whether coastal altimetry

is accurate and if it could be used to detect these features, and how well it can do this. The

same method is used to compute SLA in both study regions, however variable names are de-

fined differently for Jason-2 datasets (Refer to Appendix A.1). The following computational

steps were taken to derive SLA:

Along-track data were analysed in MATLAB (v.2013a). Measurements were extracted using a

code called read_Ales.m (by Lisa Ziegler), which allows the user to extract variables from the

NOC server, compute SLA product, and inserting selected variables into one matrix.

The SLA measurement was calculated using e.q. 3.1. The inputs required to perform this

calculation are the range, orbit, sea surface height anomaly (SSHA) correction, mean sea

surface height (MSSH), and the reference ellipsoid height (see Appendix A.1 for variables

required).

(3.1) SL A = or bi t − (r ang e + ssha_cor r ect i on)mssh +∆_h;

The following pieces of code were used to calculate the SSHA correction input variable in eq.

3.1— these corrections are applied to correct for the altimeter signal near the coast.

% This equation is used to calculate the sea surface height anomaly correction

ssha_correction = ionosphere + dry_troposphere + wet_troposphere +...

+ sea_state_bias + solid_earth_tide + ocean_tide +...
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+ pole_tide + dynamic_atmosphere +...

+ inverted_barometer;

DTU10 Ocean wide mean ssh (MSSH) (relative to the Ellipsoid) (Andersen, 2010); was ex-

tracted from the DTU Space server accessibleviawww.space.dtu.dk. Data were extracted us-

ing the read_mssh function (created by P. Cipollini, NOC).

% Calculate the mean sea surface (mssh)

MSSH = read_mssh(lon,lat,'dtu10');

This ten year global MSSH along the track was then subtracted from the SSH for each cycle to

obtain the SLA. It is important to note that Envisat and DTU10 MSSH model makes reference

to different ellipsoids 3 (Envisat — WGS84 ellipsoid and DTU10 MSSH — Topex ellipsoid). To

solve this problem and eliminate any bias, the reference ellipsoid was corrected to that of the

satellite’s reference ellipsoid. This was done by calculating the difference in height of both

reference ellipsoids (Δ_h) using the dh_ellips function, allowing the switch from one ellipsoid

to another.

% Calculating dh_ellips

∆_h = dh_ellips(lat); % latitude being the area of focus

Delta_h was added to eq. 3.1 — only added to the equation when working with Envisat data.

Jason-2 reference ellipsoid and DTU10 MSSH makes reference to the same ellipsoid.

The data were filtered before plotting. This was done using a 3 standard deviation filter. Not

only does the eliminate outliers, but also their adjoining neighbors that often contain erro-

neous values. Hovmöller plots of SLA were then produced for each Case Study region. This

enabled a comprehensive visualization of the Coastal Altimetry data along side hovmöller

plots 1 Hz RADS (Radar Altimetry) (obtained from http://rads.tudelft.nl/rads/rads.shtml)

and the original Envisat SGDR. These plots were used to validate, identify eddy propagation

and the estimate the number of occurrences.

A time series of SLA at various latitudinal points were taken along the track (Fig. 3.3(a) and

3.3(b)). This was done by extracting SLA data points from ALES, SGDR, RADS and AVISO

gridded product at the same latitude point over time, and plotting them on the same plot.

3Reference ellipsoid — a mathematically defined surface that approximates the geoid, the truer figure of the

Earth. Used as a preferred surface on which geodetic network computations are performed and point coordi-

nates such as longitude, latitude and elevation are defined
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(a) (b)

Figure 3.3: Diagram showing the latitudinal positioning of the point profiles created for (a)
DBLE and (b) DLE of SLA.

This comparison between the gridded product and along-track datasets, aimed at (1) iden-

tifying how well each dataset(s) performed in accurately reflecting SLA patterns and eddy

features and (2) providing confidence in the AVISO gridded product. Identified features were

validated using the following case studies: of (Lamont et al., 2010; Cossa et al., 2016) for the

Delagoa Bight and (Guastella and Roberts, 2016) for the Durban/ Natal Bight. To get an idea

of eddy formation and flow within each region, a random year was selected and composites

of SLA images were computed. This was also done to verify the coastal altimetry product for

the Durban eddy as RADS data were not available. At the same time the gridded product was

also verified in terms of accuracy.

Gridded SLA and chl-a datasets were used to investigate the link between the SLA in the Bight

and chl-a levels. The results will also allow for the accuracy and confidence of the gridded

product to be assessed. The following datasets were used:

1. 4 km resolution ESA OCI-CCI MERGED-8-DAY DAILY gridded product using the latest

version v3.1 was used (obtained from http://www.esa-oceancolour-cci.org.

2. 1/4 degree optimally interpolated DT all-sat-merged daily Global Ocean Gridded

SSALTO/DUACS Sea Surface Height L4 product, (obtained from http://marine.

copernicus.eu/).
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3.3. LINKING NEGATIVE SLA AND CHL-A EVENTS

To compare between SLA and chl-a two regions of interest — the centre of the eddy (A), and

a reference region outside of the eddy(boxes 1–3). Chl-a and SLA data points were extracted

within the specified latitude and longitude box. For the DBLE, measurements were extracted

from a 1/2°×1/2°boxes for both domains (Fig. 3.4(a)) and for the DLE data were limited by

a 1/4°×1/4°block for both domains (Fig. 3.4(b)). Box A takes into consideration the size of

the eddy and tries to isolate as much of each center of the eddies as possible. Boxes 1–3 are

taken further from the coast, seeing as data become more unreliable closer to the coast line.

The reason for having three sampling reference boxes in different places are for validating

whether the link between the eddies and chl-a are true.

(a) (b)

Figure 3.4: Diagram showing domain 1 and 2 from which SLA and chl-a data are extract from
for (a) the Delagoa Bight and (b) Durban region.

The following steps were taken to discern the association between SLA and chl-a for the

DBLE and DLE:

The first step was to extract chl-a and SLA data from boxes A and reference SLA data outside

of the eddy from boxes 1–3. Data extraction was taken during 2002–2010 for the DBLE and

from 2008–2016 for the DLE. An 8-day daily mean of SLA was then computed to match the

availability of chl-a data that had been averaged over 8 days. This was done by creating an

index of time for chl-a, which was then used as an index for SLA. Thus, extracting those data

only at times that matched chl-a.

SLA was linearly interpolated onto the same time frame as chl-a as time steps appeared to

be different. The seasonal signal was removed. The detrended data were used to compile a
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mean for each box at each time step. The mean difference value was obtained by subtracting

chl-a anD SLA in box A (centre of eddy) by each reference box (outside of eddy) for SLA. It

was noted that the data were not centered around zero when plotted. This was solved by stan-

dardising the data before calculating the mean difference between box A and the reference

box — taking the mean of the detrended data and subtracting it from each value.

To see if there was a potential relationship between SLA and chl-a scatter plots were first

made. Data was noted to be fairly normally distributed. A linear regression model was fitted

to the data. A linear model was used to predict the value of an outcome variable which in this

case was chl-a based on one or more input predictor variables which were the three reference

SLA boxes. To see how SLA from different regions influence chl-a within the eddy. Before

fitting a linear model, a Pearson’s product-moment correlation test was done to determine

the level of linear dependence between two the variables and to investigate the relationships

that may exist between variables. The linear model tests the hypothesis which states that

when the cyclonic eddy is present there will be an increases in chl-a. Scatter plots were used

to provide a general illustration of the relationship between the two variables and then fitting

a linear regression line. The descriptive statistical outputs of the linear model were recorded

and tabulated.
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4
RESULTS

T
his chapter is structured into two main sections: Section 4.1 — assesses the applica-

tion of coastal altimetry in the Delagoa Bight and inshore region off Durban, at the

same time using along-track data to provide confidence in the AVISO gridded data.

The SLA results presented are mainly based on the analysis of Hovmöller plots and time

series plots of SLA taken at specific latitudes. These slice profiles were also used to assess

the reliability and accuracy of the AVISO gridded to produce the same trends as observed in

the along-track dataset.

Section 4.2 — two tests were conducted to gain a much stronger understanding of the

relationship between SLA and chl-a. These results are based on the linear model outputs of

mean difference chl-a and scatter plots. From superimposed line plots (in Appendix A) it

was noticed that not all events matched. To show this, examples of two pairs of matching

events and mismatch of events selected at random are provided. What the cause of this

mismatch is remains unanswered. This gives a visual idea of when the occurrence of an

event and the flow within the region actually coincides with one another. For brevity, SLA

maps highlighting the behaviour of the Delagoa Bight and Durban lee eddy have been put

into Appendices A.6–A.15.

Using satellite altimetry to study mesoscale features in coastal regions is often noted to be un-

reliable. A high resolution coastal altimetry product used in this study is retracked by ALES
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(designed to increase data retrieval performance in nearshore environments). The perfor-

mance of this product in recovering more data in the coastal region and its ability to properly

resolve the DBLE and DLE are tested. Low resolution along-track RADS and AVISO gridded

products are used for comparison and validation. The following results were obtained from

analysing SLA in both the Delagoa Bight and Durban region.

Hovmöller plots were produced to provide a visual representation of SLA along the track in

space and time, in order to test the products ability to sufficiently resolve the DBLE. Plots

shown in Figure 4.1 indicate a consistency in the SLA pattern obtained from ALES and RADS

along-track data over time. This indicates a very clear improvement in spatial resolution and

coverage between ALES and RADS. There is seem to be very little discrepences between ALES

and SGDR data (Figure 4.3). ALES seem to recover more detail than RADS closer to the coast

at 25°S (Fig. 4.1). Better altimetry data are recovered nearshore compared to the standard 1

Hz RADS product. The lower SLAs indicate frequent formation of cyclonic eddies in the bight.

The DBLE, which is said to form at 26.4°S, 34°E, is rarely found at the point of origin (reason

for this result could be due to infrequent sampling by satellite), but found moving along

the track at times spanning the entire bight (Fig. 4.1). Observations show another cyclonic

eddy besides the DBLE present in the bight. From the Hovmöller plot the ‘semi-fixed’ DBLE

appeared a total of 12 times over the 9-year period.

The SLA images from 2008 show a substantial cyclone moving into the bight on 1 January–17

January directly from east, which then slips southwards about midway on the 25 January–10

February and does not move past the 26°S, 34°E (DBLE point of origin, which is indicated

by the blue dot) (Appendix A.6). This is seen in Figure 4.2, the only date available that best

coincides with this observation by the altimeter for this period is on the 20 January (cycle

65), which catches the eddy when it is midway (26.5°S) and moving southwards. Another

deep cyclonic eddy similarly moves into the bight during 18 February–29 March (Appendix

A.6). Throughout April (Appendix A.7), a cyclone is observed to evolve in the northeast part

of the bight. This cyclone moves diagonally across the bight in a southwesterly direction

and reaches a little closer into the bight. A significant cyclone is observed during June–July,

coming from the Mozambique Channel, which moves diagonally across the channel (Appen-

dices A.7 and A.8). This is not resolved in the altimeter field shown in Figure 3.1. However, on

8 June (cycle 69) a cyclonic eddy appears to pass over the 26°S position and on 13 July (cy-

cle 70) it passes to the southwest of the bight. These signals are not in the gridded product

(Fig. A.5(a) and A.5(b)). A smaller-amplitude, less intense cyclone very similar to the one

observed in April 2008, moves over the DBLE’s known point of origin in the bight, at 26°S (Ap-

pendix A.8(a)–A.8(d)). The period from October–November sees an anticyclonic eddy move
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diagonally through the bight. This turns out to be a positive part of an eddy dipole. This is

observed on the 26 October (cycle 73) in Figure 3.1 at the south end of the bight, identified

by the light blue colour indicating the depth to be shallow. Summarising these observations

made from the 2008 SLA images, indicate that the cyclonic eddy, which has been reported

on from in situ observations (Lutjeharms and Da Silva, 1988; Lamont et al., 2010), has two

origins: (1) cyclones that come from offshore, either from the Mozambique Channel or Mada-

gascar, and (2) cyclones that are spun up in the bight. A common trait is that they all move in

a southwesterly direction.

Times, series of SLA at specific latitudes for the along-track and gridded dataset are plot-

ted to better identify the DBLE cyclonic eddy and evaluate trends in SLA over time between

datasets. The fact that the data are so similar provides some confidence in the gridded prod-

uct. Results from Figure 4.3 shows RADS matching more with the ALES dataset than the grid-

ded product, which seems to be inconsistent with the patterns of the along-track data. The

ALES dataset appears to be less noisy than the gridded product. The SLA patterns observed

are more strongly represented by the along-track data than the gridded product. The inten-

sity and frequency of cyclonic eddies in Figure 4.3 at the 26.1°S from 2008–2010 are shown to

decrease as well as become smaller in size. Lamont et al. (2010) and Cossa et al. (2016) iden-

tify the DBLE’s point of origin to be at 26.4°S, 34°E. Results from the latitude point profile at

26.4°S (Fig. 4.3 in the DBLE center, shows the spin up of the cyclonic eddy at depths between

0 and 2 m. Lamont et al. (2010) validate the identification of the DBLE on 30 May 2004 in

Figure 3.1, which was observed to be present between 8 May and 20 June 2004 by Lamont

et al. (2010). There seems to be other low SSH occurring constantly throughout. Dipole ed-

dies appear frequently passing into the bight; these eddies are represented by large spikes

that are equal to or less than -2 m and more than 2 m.
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(a) (b)

Figure 4.1: Hovmöller plots depict time versus latitude of SLA extracted from high resolution
along-track data processed by Envisat every 35 days for (a) retracked ALES (18 Hz) and (b)
RADS (1 Hz) data. Showing clear pattern uniformity across both plots for the Delagoa Bight
over a period of 9 years from 2002–2010.
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Figure 4.2: Time-Latitude digram of SLA (ALES) within the Delagoa Bight. The black boxes
highlight those cycles indentifies in 2008 amd described in the text (refer to Section 4.1.1).
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Hovmöller plots were produced to provide a visual representation of SLA along the track in

space and time, in an effort to test the products ability to catch the Durban lee Eddy. Ob-

servations made from these plots shown in Figure 4.1 also indicate a consistency in the SLA

pattern obtained from ALES and RADS along-track data over time, as shown in the DBLE Hov-

möller plots. ALES data seem to recover more data points and are less noisy than the SGDR

data especially at 29.9°S (Fig. 4.1 and 4.5). Near the coast, between 29.6°S–31°S, one observes

two cyclonic eddies forming. The SLA values indicate the existence of small-amplitude at

depths between 0 m and -0.15 m, and slightly stronger cyclonic eddies at depths between

-0.15 m and greater than -2 m, forming in the Natal Bight off Durban. Due to it being difficult

to distinguish between the DLE, break-away eddy, and Natal pulse, the SLA images from 2008

were used. The SLA images reveal a semi-permanent presence within the Natal Bight and fur-

ther offshore of Durban. There appears to be frequent occurrences of stronger negative SLAs,

suggesting that it could be the Natal Pulses passing by, with the smaller-amplitude negative

SLA values indicating the formation and breakaway of the Durban lee eddy at 29.81°S, which

has also been identified as the point of origin by Guastella and Roberts (2016).

The SLA images from 2008 (see Appendices A.10, A.11, A.12, A.13, A.14, A.15) show the DLE to

be present 14 times in that year within the Natal Bight (lasting up to 8 days) before breaking

away; these breakaway eddies were observed four out of those 14 occurrences (9 January, 6

April, 16 November, and 26 December). The Natal Pulses can be seen and were identified

12 times during the year at around 31.5°S, 30°E, before moving south. The most prominent

features are the Natal Pulse and Durban eddy, as well as large anticyclonic eddies passing by.

Focusing on the latitude slice profile at 30.1°S (Fig. 4.5, see Fig. 3.3(b) for latitude position),

two types of cyclonic eddies: small-amplitude eddies and slight more intense eddies. One

reaching an amplitude of approximately - 0.25 m, (Natal Pulse) and the rest between 0– -0.2

m (DLE). Guastella and Roberts (2016) validates the identification of the anomaly patterns

of Figure 4.4 between Durban and Sezela (30°S–32°S).
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(a) (b)

Figure 4.4: Hovmöller plots depict time versus latitude of SLA extracted from high resolution
along-track data processed by Jason-2 every ten days for (a) retracked ALES data and (b)
the original SGDR. The plots show clear uniform patterns accross the the Natal Bight and
offshore of Durban over a period of 8 years from 2008–2015. The reason for the vertical stripes
is suggested to be as a result of the white noise/backscatter caused by the topography at the
coastline of Durban as the satellite moves along that point.
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CHAPTER 4. RESULTS

Remotely sensed ocean colour data were used because they provide more comprehensive

coverage to identify the possible relationship between the eddy and chl-a for both Case stud-

ies. A linear model was fitted to the data to discern the relationship that may exist between

the eddy and chl-a. Scatters plots were constructed to display this correlation between vari-

ables. The mean difference was calculated between the chl-a in the center and outside of

the eddy and SLA in the center and outside of the eddy. Three reference boxes were taken

outside of the eddy to see the influence it had on the chl-a within the eddy. Results from the

correlation indicated that an inverse relationship, whereby a decrease in SLA results in an in-

crease in chl-a; in these cases, stronger correlations between chl-a and SLA tend towards -1.

However, this correlation was a weak correlation. The results from the linear regression indi-

cate that relationship between chl-a in the center of the eddy and SLA outside of the eddy in

box 2 show the strongest association and is more linear than box 1 and 3 for both the DBLE

(R2 = 0.1637) shown in Figure 4.6(b), with an estimate of -0.304 mg Chl-a/m3 (Table 4.1) and

DLE (R2 = 0.1375) shown in Figure 4.7(b), with an estimate of -1.661 mg Chl-a/m3 (Table 4.1).

The scatter plots (Fig. 4.6 and 4.7) show the eddies’ effects being clear across all three boxes,

as there is a relationship between the two SLA data sets and chl-a within the eddy (i.e. in the

presence of a cyclonic eddy there is an increase in chl-a). However, it was also clear from

those figures that not all the events match, as identified by the grey dots which indicate no

overlap between SLA and chl-a. From the chl-a images chosen at random (to avoid any bias)

for the Delagoa Bight, the mismatch of events is observed in Figures 4.10 and 4.11, and in oth-

ers the opposite was observed (Fig. 4.8 and 4.9). For the DLE the same was observed where

there was this mismatch in SLA and chl-a events (Fig. 4.14 and 4.15), while at other times

an good match (Fig. 4.12 and 4.13). These images have been identified in Appendices A.3(a)

and A.4(a). Estimates of chl-a in Table 4.1 seem to be relatively similar and higher, associated

with the DBLE compared to the DLE where chl-a estimates are lower and extremely variable.

It appears that these eddies might not be the only contributors to primary production near

the coast due to the correlations being so small.
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Figure 4.6: Regression plots showing the relationship between chl-a and SLA in the eddy
center (A) and SLA outside of the eddy which makes reference to (a) box 1, (b) box 2 and (c)
box 3 (Fig. 3.4(a)) in the Delagoa Bight. A linear regression line is fitted to the data (blue line)
± the standard error (blue shading). Black dots indicate overlapping of chl-a and SLA points.
OC-CCIchl-a and AVISO SLA products were used in this analysis.
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Figure 4.7: Regression plots showing the relationship between chl-a and SLA in the eddy
center (A) and SLA outside of the eddy which makes reference to (a) box 1, (b) box 2 and (c)
box 3 (Fig. 3.4(b)) in the Durban region. A linear regression line is fitted to the data (blue line)
± the standard error (blue shading). Black dots indicate overlapping of chl-a and SLA points.
OC-CCIchl-a and AVISO SLA products were used in this analysis.

Table 4.1: Linear model results summary for the DBLE and DLE: outputs for the mean differences of
chl-a and SLA between the eddy centre (A) and SLA outside of the eddy (boxes 1–3) (Fig. 3.4(a) and
3.4(b)). DF values are not all equal as obs. were deleted due to missingness.

Chl-a vs SLA adj. R2 estimate (mg.m3/m) SE DF p-value

DBLE
1 0.1242 -0.310 0.04 408 <0.001***

2 0.1637 -0.291 0.032 408 <0.001***

3 0.1532 -0.304 0.035 408 <0.001***

DLE
1 0.0249 -0.321 0.101 355 0.0016**

2 0.1375 -1.661 0.217 359 <0.001***

3 0.0636 -0.0424 0.084 357 <0.001***

Signif. codes: 0*** 0.001**
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(a)

(b)

Figure 4.8: Delagoa Bight: Examples of matching SLA and chl-a events on 26 June, 2002. Solid
black line indicates the Envisat track (0371) analysed in this study.
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(a)

(b)

Figure 4.9: Delagoa Bight: Examples of matching SLA and chl-a events on 29 August, 2002.
Solid black line indicates the Envisat track (0371) analysed in this study. Grey patches indi-
cate where no data are available.
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(a)

(b)

Figure 4.10: Delagoa Bight: Examples of mismatching SLA and chl-a events on 21 September,
2008. Solid black line indicates the Envisat track (0371) analysed in this study
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(a)

(b)

Figure 4.11: Delagoa Bight: Examples of mismatching SLA and chl-a events on 29 September,
2008. Solid black line indicates the Envisat track (0371) analysed in this study. Grey patches
indicate where no data are available.
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(a)

(b)

Figure 4.12: Natal Bight: Examples of matching SLA and chl-a events on 3 December, 2010.
Solid black line indicates the Jason-2 track (0005) analysed in this study.
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(a)

(b)

Figure 4.13: Natal Bight: Examples of matching SLA and chl-a events on 25 November, 2015.
Solid black line indicates the Jason-2 track (0005) analysed in this study. Grey patches indi-
cate where no data are available.
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(a)

(b)

Figure 4.14: Natal Bight: Examples of mismatching SLA and chl-a events on 8 May, 2012. Solid
black line indicates the Jason-2 track (0005) analysed in this study. Grey patches indicate
where no data are available.
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(a)

(b)

Figure 4.15: Natal Bight: Examples of mismatching SLA and chl-a events on 12 September,
2015. Solid black line indicates the Jason-2 track (0005) analysed in this study. Grey patches
indicate where no data are available.
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DISCUSSION

Satellite altimetry has been regarded as one of the most successful applications of remote

sensing for Earth science and climate studies. In particular, the use of satellite altimetry

in biophysical studies, has been demonstrated to be a powerful tool to study the role of

mesoscale eddies in enhancing primary production (Fu et al., 2010). Whilst satellite altime-

try is indispensable as a reliable measurement of SSH in the open ocean, its accuracy has

been questioned near the coastline. This study has made use of coastal altimetry, which has

promised the improved retrieval of data near the coast by applying a specialised retracking

algorithm (ALES) and improved corrections. So far, the practicality of using coastal altimetry

has been highlighted, but the successful use of this application in detecting the DBLE and

DLE in my study has not been discussed.

The results from this study indicate increased confidence in the coastal altimetry product.

The Hovmöller plots for both Envisat track 0371 in the Delagoa Bight, and Jason-2 track 0005

for the Natal Bight and further south of Durban provides an overall visualisation of the SLA

product computed using the ALES dataset alongside the comparative 1 Hz RADS dataset.

The overall trend of the data is consistent with that of both the SGDR and RADS along-track

datasets, confirming and providing confidence in the ALES products. ALES data appear less

noisy in comparison to the SGDR, RADS, and AVISO gridded product. Passaro et al. (2015a)

support these findings, illustrating the suitability of the application of coastal altimetry

in the North Sea/Baltic Sea transition area. Their findings indicate that the ALES dataset,

using geophysical corrections, is able to accurately estimate the annual cycle of SSH up to
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the coast. Only ALES-based amplitude estimates of the annual cycle are in agreement with

tide gauges within 1 cm in every sub-basin. Secondly, the ALES product is able to detect a

slope in the amplitude that follows the bathymetry of the Skagerrak Sea and corresponds

to the narrow Norwegian coastal current, which is not well represented in the Sea Level

Climate Change Initiative (SL cci) estimates. In Appendix A.1, a comparison between ALES

and Envisat SL cci datasets is shown by Passaro et al. (2015a), indicating that ALES is able

to increase the quantity of 1 Hz along-track data while improving the quality. In order to

be consistent, the standard deviation of the sea surface height anomaly is expected to vary

smoothly with no abrupt changes between consecutive 1 Hz points. This supports the

observations made showing that ALES is able to successfully retrieve more signal than its

comparative along-track dataset (RADS). Passaro et al. (2014), also found that ALES is able

to provide more reliable 20 Hz data for all three missions in areas where even 1 Hz averages

are flagged as unreliable in standard products. Application of the ALES retracker led to

roughly half of the analysed tracks showing a marked improvement in correlation with the

tide gauge records, with the root mean square difference (RMSD) being reduced by a factor

of 1.5 for Jason-1 and -2 and over 4 for Envisat in the Adriatic Sea (at the closest point to the

tide gauge).

The dark blue line running through time at latitude 29.8 °S, is white noise bounced

back from the satellite as it passes the tip of Durban. However, ALES is still able to retrieve

small scales features where as the ability of SGDR data to retrieve data becomes contami-

nated. It furthermore suggests that ALES estimates are much less affected by the proximity of

the topography of Durban, because of the applied ALES algorithm. My findings also provide

much confidence in the low resolution along-track dataset, and less in the gridded product

which appears to be inconsistently acceptable. The low resolution data is acceptable to use

as an alternative to study the DBLE/or other large mesoscale features, meaning that there

is no increased benefit from using the ALES data over the SGDR or RADS when working

further offshore. The DBLE is located 100 km offshore and is much larger in magnitude, so

using coastal altimetry is not more useful further offshore, except when trying to identify

submesoscale structures within the eddy (as coastal altimetry is able to resolve small scale

features). That being said, coastal altimetry was a successful tool to identifying the eddy.

The ALES algorithm has been validated for sea level and SWH and has been used for differ-

ent altimeters in number of case studies (Passaro et al., 2015b, 2016; Gómez-Enri et al., 2016).

Appendix A.2, shows an overpass of Jason-2 tangent to the coast of Elba Island in the Mediter-

ranean Sea, where standard retracking algorithms yield unrealistic meter-level variations of

the sea level while the adoption of ALES visually improves the height profile. This kind of

qualitative assessment of course needs to be followed up by a quantitative validation of the
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data, whose scope and methods depend to some extent on the intended application. The lat-

est comparison between ALES data and tide gauges around the coast of the UK carried out by

Cipollini et al. (2017), found a very good agreement between coastal altimetry and tide gauge

observations, with RMSDs as low as 4 cm at many stations. This has provided confidence to

use the combination of altimetry and tide gauges to characterize the annual cycle of sea level

along the UK coasts. They also examined the evolution of sea level trend from the open to

the coastal ocean along the western coast of Africa, comparing standard and coastally im-

proved products, and observed that different products gave different answers regarding the

coastward evolution of the sea level trend; therefore, coastal altimetry cannot yet be used to

robustly deduce the quantitative evolution of sea level trend from the open to the coastal

ocean.

The limitation when working in the coastal region of Durban is that the eddy is further in-

shore than the Delagoa Bight eddy. Data seem to be more noisey inshore than offshore. So,

distinguishing between noise and the eddy’s made it slightly difficult due to its small size.

However, having access to SLA images helped to validate the eddy. The problems with using

RADS data are that there are no data close to the coast. The available data for the requested

period and area were rejected by the quality flag settings, and could not be accessed. Since

the area Durban region selected is very close to the coast, the measurements were all flagged

to be affected by land in the footprint of the altimeter and/or radiometer. So gaining certainty

in the coastal altimetry nearshore was not possible, but the fact that rads data confirmed pat-

terns about 50 km offshore was reassuring enough that I could go ahead and use the dataset

inshore. Thus, unless not using hydrographic data and in situ data, it is tricky to accurately

pin point the eddy. Overall, the use of coastal altimetry as an application in the coastal region

was successful, not only were smaller features such as the DLE were detected, but larger up-

welling cells such as the Natal Pulse and Durban break-away eddies too. Another limitation

with using along-track data, especially in the Delagoa Bight, was the track coverage. In con-

clusion, data retrieved from the Jason mission would be the most ideal to use when studying

mesoscale features as it retrieves data every 10 days; however, there were no ideal tracks that

would detect the DBLE, hence the reason for using Envisat. The limitation of using Envisat is

that it retrieves data every 35 days, which was is not ideal as it may have lead to the eddy not

being caught, or resulted in detecting the eddy as it was forming or dissipating.

A study by Laiolo et al. (2016) examined the seasonal plankton dynamics associated with

averaged cyclonic and anticyclonic eddies (CE and ACE, respectively) off eastern Australia.

Using the CE and ACE seasonal climatologies, they assimilated the surface chl-a data into a
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multi-phytoplankton class (EMS) biogeochemical model to investigate the level of complex-

ity required to simulate the phytoplankton chl-a. Their results from the model simulations

indicate that the CE is not solely characterised by having a higher chl-a concentration com-

pared to ACE, but also by an increased concentration of large phytoplankton (i.e., diatoms) as

a result of its shallow mixed layer. According to their modeled simulations identify the two

eddy types to be characterised by different zooplankton communities. Condie and Condie

(2016), aimed at estimating eddy retention time-scales across a range of oceanic environ-

ments and larval behaviours, with implications for both distributions and future changes

in plankton communities. Their results indicate that ocean eddies have the potential to re-

tain and support planktonic communities for many generations and could potentially aid

in the survival rate of larvae for many invertebrate and pelagic fish species. Differences in

retention with depth suggest that anti-cyclonic and cyclonic eddies will support differing

plankton communities.

My findings indicate a significant negative relationship between the Delagoa Bight eddy and

chl-a. The negative means that the variables move in opposite directions, i.e. when SLA de-

creases chl-a increases (vice versa), suggesting that when the eddy is present there is a re-

lationship between SLA and chl-a in both bights. Although there is a weak correlation it

does provide some indication of the promotion of nutrients in the coastal region, or it indi-

cates the entrainment of the chl-a in the eddy. These results support the previously hypoth-

esised relationship between chl-a and SLA in the Delagoa Bight and Durban region/Natal

Bight. Findings by Dove (2015) support this. Doves findings suggest that although SLA am-

plitude appeared to be low, cyclonic eddies were still able to influence primary production.

This small contribution could also indicate that there are other major contributors to the

enhanced primary production in the respective bights. A study carried out in the Kuroshio

front by Kasai et al. (2002) revealed that the entrainment process to be important for fish

recruitment in the sense that they can remain in the coastal nursery area. The chl-a blooms

in the Delagoa Bight are mainly due to river inflow and floods; however, the presence of the

eddy still represents an important mechanism for phytoplankton production. Dove (2015)

and Kahru et al. (2010) both indicate that the upliftment of the cold and nutrient rich wa-

ters from the subsurface to the euphotic zone, where light is mostly available, represents

an important mechanism for the phytoplankton growth. The phytoplankton abundance in

Delagoa Bight is associated with an upwelling cell along the northern shore (Lutjeharms and

Da Silva, 1988; Quartly and Srokosz, 2004; Lamont et al., 2010). SLA variation seem to be high

for the Delagoa Bight (-30 cm and 30 cm), which was not coherent with the findings of Dove

(2015), where SLA variation was observed to be low (-0.5 to 0.5 cm). Their findings suggest

both cyclonic and anticyclonic-like structures are sporadically apparent from the eastern

limit of the study domain.
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Cossa et al. (2016) documented the circulation around the Delagoa Bight region. A ROMS

model produced a general circulation of the region as well as indicating the existence of

a semi-permanent eddy, which was also apparent in gridded maps of merged altimetry

(Ssalto/Daucs) obtained from AVISO. This finding supports the conclusion of Lutjeharms

and Da Silva (1988) who suggested that the eddy is semi-permanent. The Delagoa Bight lee

eddy was shown to occur about 25 % of the time, with no clear seasonal occurrence. The

diameter of the eddy core varied between 61 and 147 km (lower than the previous estimate

of 180 km from Lutjeharms and Da Silva, 1988). The average life time exceeded 20 days

(which points to a feature that forms, moves away, then forms again). Additional model

analyses revealed the systematic presence of negative vorticity in the Bight that can organise

and form a DBLE depending on the intensity of an intermittent southward flow along the

shore and the spatial distribution of surrounding mesoscale features (Cossa et al., 2016).

The following observations derived from Cossa et al. (2016) confirm the same observations

made by Lamont et al. (2010): (i) the model solution shows other cyclonic eddies generated

near Inhambane and eventually travelling through the Delagoa Bight; and (ii) the only

permanent feature observed with or without DBLE is the presence of a northward, surface

intensified, coastal counter-current in the former. In addition, my results indicate two cores

forming inside the bight and outside, suggesting that the eddy doesn’t always originate from

the bight, but is formed elsewhere and is advected in.

My results indicate that the Durban Eddy was also found to have a significant correlation

with chl-a, although much weaker than the Delagoa Bight. A permanent upwelling cell

within the bight was also observed from the SLA images. Nutrient analysis done by Meyer

et al. (2002) in the Natal Bight indicates that at the surface, the insertion of nutrients is

accompanied by an increase in chl-a. Intermittent inflows of surface water from the Agulhas

Current, particularly over the southern part of the bight, diminish the nutrient content of

the waters there. A recurrent lee eddy off the southern termination of the Natal Bight upwells

nutrients in its core. A simple model conducted demonstrates that primary productivity may

be sustained along the shelf edge by upwelling and that the southward flow of nutrients is af-

fected by considerable mixing (Meyer et al., 2002). Guastella and Roberts (2016) suggest this

result indicates that the Agulhas Current controls the nutrient distribution over the largest

part of the bight. It does this predominantly by forcing upwelling at its northern end in a

site-specific upwelling cell between Richards Bay and Cape St. Lucia. It has previously been

shown by Lutjeharms et al. (2000) and Lutjeharms and Connell (1989) that this upwelling is

largely wind-independent and a function of the local shelf/current configuration. This St.

Lucia upwelling cell is the main source of nutrients for the whole bight. From here, nutrients

are moved south-westward with an attendant increase in primary productivity. Injections of

higher nutrient concentrations may occasionally be advected downstream at the shoreward
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edge of the current. The Agulhas Current has also been suggested to control the nutrient

distribution at the southern extremity of the Natal Bight according to Lutjeharms et al. (2000)

and Lutjeharms and Connell (1989). It does this by the creation of a lee eddy at Durban that

forces nutrient-poor surface water from the Agulhas Current onto the shelf. Guastella and

Roberts (2016) suggest that the eddy off Durban is also subject to high levels of variability.

Its presence is known to be extremely intermittent and its intensity very variable. This was

also evident in the Hovmöller plot (Fig. 4.4). This may have implications for the movement

of nutrient-poor surface water from the Agulhas Current onto the Natal Bight according to

Guastella and Roberts (2016).

Break-away eddies were also observed from the SLA images, which is consistent with

findings by Guastella and Roberts (2016); this indicates that these break-eddies are the DLE,

that go through three phases a (1) spin-up phase, (2) a maturation phase and then (3) a

dissipative phase when it breaks away from the Durban area and propagates downstream

in the inshore edge of the Agulhas Current, losing energy and eventually dissipating as a

lateral wave. The Natal Pulse was also present and found further offshore, as observed by

Guastella and Roberts (2016). Guastella and Roberts (2016) also indicate that the variability

in eddy occurrence, intensity and duration result in variability in the available nutrients

and chl-ain the water column with each eddy event and between eddy events, and would

suggest that primary productivity should similarly be quite variable. This supports the

observations of Meyer et al. (2002) and Guastella and Roberts (2016) who found the eddy off

Durban to be subject to high levels of variability in terms of presence and intensity. Lamont

and Barlow (2015) found that at the Durban site higher biomass and primary production

were the result of the development of the cyclonic Durban lee eddy, and the initiation of

the DLE was evident by the marked uplift of the subsurface thermohaline structure and

increased nutrient supply into the euphotic zone over the study period of 2–6 February

2010, with satellite SST and chl-a illustrating a fully formed eddy on 6 February 2010. Similar

observations of this cyclonic eddy have been made by Pearce (1977) and Lutjeharms and

Machu (2000), and the upliftment of nutrients into the euphotic zone by the Durban Eddy.

The use of satellite remote sensing has been pertaining to my study regions seemed to be

limited. In terms of chl-a, it is noted that generally remotely sensed chl-a concentration for

the Case 2 waters, such as in the Delagoa Bight, is overestimated due to the influence of

the suspended sediments and dissolved organic matter (Morel and Prieur, 1977; Yoder and

Kennelly, 2006) and satellite data provide information only for the topmost layer of the wa-

ter column. In addition to the inaccuracy of the altimetry data in the shallow coastal areas,

the SST data can be affected by clouds and this has been reported to occur in the Mozam-

bican Channel and adjacent waters (Malauene et al., 2014). Another study also confirms the
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gross inaccuracy of standard satellite altimetry data (Roberts unpubl.). However results from

another study suggests that altimetry sea surface observations can be provide useful infor-

mation on subsurface currents and their variability through the study of the propagation of

deep mesoscale eddies in semi-enclosed seas (Escudier et al., 2016).
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I
n this study I analysed two datasets for two regions: (1) nine years (2002–2010) of high

resolution coastal altimetry data (CDGR and SGDR) from Envisat (18 Hz), gridded chl-a

(1/4 degree) and SLA (1/4 degree)satellite derived products were analysed for the De-

lagoa Bight, 24–29°S, 32–36°E (~4°x 4°); and (2) eight years of (2008-2015) CDGR and SGDR

from Jason-2, satellite-derived chl-a and SLA data for the Natal Bight and south of Durban,

29–36°S, 30.5–31.5°E (~3°x 3°) (Fig. 3.2). The results presented provide more validation and

insight into the use of coastal altimetry techniques to understand and quantify mesoscale

features. This study also provides more confirmation to the relationship between the DBLE

and DLE, and their influence on chl-a concentrations. This correlation has not been shown

in other studies. I am confident with the quality of my research, but will acknowledge that

the data on which it is based should be analysised with caution as there are limitations, es-

pecially in the coastal shallow waters as discussed earlier in this study.

1. ALES improved the quantity and the quality of coastal altimetry data without adding

significant further noise to the estimation. There was very little discrepencies between

ALES and SGDR, however ALES was able to recover data nearshore better than SGDR.

The gridded product appears to be consistent with the patterns detected by ALES and

RADS data at times and then highly inconsistent. The application of coastal altimetry

was successfully validated by along-track RADS data, with data being realible up to 10

m near the coast. These results provide one of many contributions to the increased

confidence and validation and in the product. ALES data was successful at detecting

the DBLE, but identifying the Durban eddy at times was difficult. Although satellite

altimetry is considered appropriate for detecting bigger features in the Delagoa Bight
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and Natal Bight; when it comes to detecting smaller features such as the, DLE satellite

altimetry data are not ideal without in situ measurements for validation.

2. Although I did not manage to quantify the frequency of occurrence of these features,

the DBLE was more transient than semi-permanent than previously thought. Two

points of origin were identified for the DBLE. These two cores were observed forming

(i) within the bight and (ii) outside of the bight, which was being advected into the

bight. A common trait observed is that these eddies move in a southwesterly direction.

Further studies would need to be carried out to identify which eddy is the DBLE. From

the Hovmöller plot, the DLE was found to occur more frequently, the residence time

is not clear. Future work is needed using an eddy detecting algorithm that makes use

of coastal altimetry to determine the pathways of these eddies to accurately quantify

the frequency of occurence.

3. Identifying the role and importance of the eddies in both bights still remains unan-

swered. Results from the regression analysis indicates a small relationship between

the eddy and chl-a. This result provides confirmation in the hypothesis put forward in

several literature sources (Dove, 2015; Cossa et al., 2016; Guastella and Roberts, 2016;

Meyer et al., 2002) that cold-core cyclonic features upwell nutrients to subsurface thus

promoting the increase in chl-a. This weak relationship might suggest that other pro-

cesses play a larger role in contributing to the increase chl-a. For example, winds, see-

ing as the east coast is strongly wind driven. However, analysis needs to be conducted

to confirm this.

Apart from the described limitations, satellite altimetry has also been shown to be reliable

offshore, providing information of the variation in chl-a and SLA in the Delagoa Bight and

Natal Bight, which would be difficult to get by using in situ data. This study provides informa-

tion that can improve the understanding on the chl-a variability and its relationship with the

physical drivers in the Delagoa Bight ecosystem. In order to ground truth the data to study

these features and any coastal features, more in situ data are needed, but with the advances

in altimetry we hope to achieve the same result. There is no doubt that the new coastal al-

timetry products will constitute a crucial input for coastal observing systems, so that the

multi-decadal record is not only continued, but also improved in quality and the quantity of

data expanded, and thereby bringing measurements closer to the coast. Certainty in the data

can only be made once validated with in situ data and not only by satellite data.
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Figure A.1: North Sea/Baltic Sea transition area between Denmark and Finland: comparison
between ALES reprocessed (left) and Envisat SL cci (right) datasets in terms of number of
cycles available (upper plots) and standard deviation of the SSHA time series (lower plots)
for each 1 Hz location (Passaro et al., 2015a).
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Figure A.2: Example shows the improved retrieval of SSH close to the coast by applying the
ALES algorithm. The inset depicts Jason -2 satellite mission descending track 44 (red) near
the Elba Islands (Passaro et al., 2014).
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(a)

(b)

(c)

Figure A.3: Mean differences of chl-a and SLA between the eddy centre (A) and respective
outside boxes: (a) 1, (b) 2 and (c) 3 (Fig. 3.4(b)) in the Delagoa Bight from 2002–2010.
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(a)

(b)

(c)

Figure A.4: Mean differences of chl-a and SLA between the eddy centre (A) and respective
outside boxes: (a) 1, (b) 2 and (c) 3 (Fig. 3.4(a)) in the Natal Bight from 2008–2016.
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(a) (b)

Figure A.5: Delagoa Bight: AVISO SLA images for 8 June and 30 July, 2008. Showing the ab-
sence of SLA signal that corresponds to that shown in the along-track data. Bold black line
indicates Envisat track (0371) analysed in this study.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure A.6: Composite images of AVISO product of SLA taken at an 8 day interval shows the
eddy movement in the Delagoa Bight during 1 January–29 March, 2008; superimposed by
contours of SLA (m). Blue dot indicates where the 26°S point position is. Bold black line indi-
cates Envisat track (0371) analysed in this study.68
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(g) (h) (i)

(j) (k) (l)

Figure A.7: Composite images of AVISO product of SLA taken at an 8 day interval shows the
eddy movement in the Delagoa Bight during 6 April–3 July, 2008; superimposed by contours
of SLA (m). Bold black line indicates Envisat track (0371) analysed in this study.
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure A.8: Composite images of AVISO product of SLA taken at an 8 day interval shows the
eddy movement in the Delagoa Bight during 11 July–7 October, 2008; superimposed by con-
tours of SLA (m). Blue dot indicates where the 26°S point position is. Bold black line indicates
Envisat track (0371) analysed in this study. 70
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(g) (h) (i)

(j)

Figure A.9: Composite images AVISO product of SLA taken at an 8 day interval shows the
eddy movement in the Delagoa Bight during 15 October–26 December, 2008; superimposed
by contours of SLA (m). Bold black line indicates Envisat track (0371) analysed in this study.
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure A.10: Composite images AVISO product of SLA taken at an 8 day interval shows the
eddy movement in the Natal Bight and further south of Durban during 1 January–26 Febru-
ary, 2008; superimposed by contours of SLA (m). Bold black line indicates Jason-2 track
(0005) analysed in this study.
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(c) (d)

(e) (f)

(g) (h)

Figure A.11: Composite images AVISO product of SLA taken at an 8 day interval shows the
eddy movement in the Natal Bight and further south of Durban during 5 March–30 April,
2008; superimposed by contours of SLA (m). Bold black line indicates Jason-2 track (0005)
analysed in this study.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure A.12: Composite images AVISO product of SLA taken at an 8 day interval shows the
eddy movement in the Natal Bight and further south of Durban during 8 May–3 July, 2008;
superimposed by contours of SLA (m). Bold black line indicates Jason-2 track (0005) analysed
in this study.
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(e) (f)

(g) (h)

Figure A.13: Composite images AVISO product of SLA taken at an 8 day interval shows the
eddy movement in the Natal Bight and further south of Durban during 11 July–5 September,
2008; superimposed by contours of SLA (m). Bold black line indicates Jason-2 track (0005)
analysed in this study.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure A.14: Composite images AVISO product of SLA taken at an 8 day interval shows the
eddy movement in the Natal Bight and further south of Durban during 13 September–8
November, 2008; superimposed by contours of SLA (m). Bold black line indicates Jason-2
track (0005) analysed in this study.
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(c) (d)

(e) (f)

Figure A.15: Composite images AVISO product of SLA taken at an 8 day interval shows the
eddy movement in the Natal Bight and further south of Durban during 16 November–26 De-
cember, 2008; superimposed by contours of SLA (m). Bold black line indicates Jason-2 track
(0005) analysed in this study.
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Listing A.1: Variables extracted from Envisat and Jason-2 files using in Matlab

% extract variables needed to cal. ssha

% From Envisat (18 Hz) dataset

orbit = outvar.hz18_alt_cog_ellip;

range = outvar.hz18_ku_band_ocean;

iono = outvar.ion_corr_mod_ku;

dry_tropo = outvar.mod_dry_tropo_corr;

wet_tropo = outvar.mod_wet_tropo_corr;

ssb = outvar.sea_bias_ku;

solid_earth_tide = outvar.solid_earth_tide_ht;

ocean_tide = outvar.tot_geocen_ocn_tide_ht_sol2;

pole_tide = outvar.geocen_pole_tide_ht;

dynamic_atmosphere = outvar.dib_hf;

inverted_barometer = outvar.inv_barom_corr;

% From Jason_2 (20 Hz) dataset

orbit = outvar.alt_20hz;

range = outvar.range_20hz_ku;

range_ales = outvar.Range_ALES;

iono = outvar.iono_corr_gim_20hz_ku;

dry_tropo = outvar.model_dry_tropo_corr_20hz;

wet_tropo = outvar.model_wet_tropo_corr_20hz;

ssb = outvar.sea_state_bias_20hz_ku;

solid_earth_tide = outvar.solid_earth_tide_20hz;

ocean_tide = outvar.ocean_tide_sol1_20hz;

pole_tide = outvar.pole_tide_20hz;

dynamic_atmosphere = outvar.hf_fluctuations_corr_20hz;

inverted_barometer = outvar.inv_bar_corr_20hz;
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