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Abstract

The distribution and characteristics of mesoscale eddies in the tropical southwest 

Pacific Ocean are investigated using observations from combined satellite altimetry 

(Aviso Duacs) and in situ data (Argo floats and a mooring). The satellite data was used 

with an eddy detection and tracking algorithm to determine the characteristics of 

eddies at the surface. Next, this data was co-localized with data from Argo floats to 

provide information in the vertical structure of mesoscale eddies in the study region.  

Eddies in the study region were found to have on average a radius of approximately 

100 km, which is larger in the northern part of the study region (140°E-170°W, 10°S-

20°S), a mean amplitude of 8 cm, which is larger towards the south (140°E-170°W, 

20°S-30°S) especially in the East Australian current (EAC) and an EKE of ~200 

cm2/s2, which is extremely intense in the EAC. Eddies are often generated in the lee 

(west) of the Pacific Islands, then propagate westwards with an average speed of ~10 

cm/s in the north and with a velocity of ~4 cm/s in the south. They live on average for 

4.5 months, but eddies were found to have a much shorter lifetime in the north, due to 

the presence of many small islands and shallow bathymetry there. The islands and 

shallow areas caused many eddies to decay, if they did not bifurcate around them.  

The mean vertical structure of the eddies displays an anti-symmetric structure between 

AE and CE with typical temperature (salinity) anomalies of ±0.5°C (0.05). As 

considerable differences in eddy properties were found in the north and south of the 

study region, the vertical structures were investigated for the whole region, and for the

north (10°S-20°S) and south (20°S-30°S) separately. It was found that eddies extend 

deeper in the southern part. The geostrophic swirl velocity of eddies was the strongest 

at the surface with a maximum of ~12 cm/s, which decreases with depth, indicating 

that the eddies in the study region are mainly surface-intensified ones. Water was 

trapped a lot deeper in the south, due to the faster propagation velocity towards the 

north.

Keywords: mesoscale eddies, southwest Pacific, eddy detection algorithm, in situ and 

remote observations, Argo floats, AVISO satellite altimetry 
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List of Abbreviations

AE - Anticyclonic eddies 

AVISO- Archiving, Validation, and Interpretation of Satellite Oceanographic data 

CARS - CSIRO Atlas of Regional Sea 

CE - Cyclonic eddies 

CI - Chesterfield Islands 

CSSC - Coral Sea Counter Current 

CSIRO - Commonwealth Scientific and Industrial Research Organization 

DH - Dynamic height 

Duacs - Data Unification and Altimeter Combination System 

EAC - East Australia Current 

EAUC - East Auckland Current 

ECC - East Caledonian Current 

EBUS - Eastern Boundary Upwelling System 

EKE - Eddy kinetic energy 

ENSO - El Niño Southern Oscillation 

FBCC - Fiji Basin Counter Current 

FJ - Fiji

GPC - Gulf of Papua Current 

MP - Marion Plateau 

NC - New Caledonia 

NCJ - North Caledonia Jet (a current) 

NFJ - North Fiji Jet (a current) 

NGCU - New Guinea Coastal Undercurrent 

NICU - New Ireland Coastal Undercurrent 

NSW - New South Wales (in Australia) 

NVJ - North Vanuatu Jet (a current) 

NQC - North Queensland Current 

OE - Outside of eddies 

ONI - Oceanic Niño Index 

QP - Queensland Plateau 
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RMS - Root mean square 

SA - Samoa 

SCJ - South Caledonian Jet (a current) 

SEC - South Equatorial Current 

SECC - South Equatorial Counter Current 

SLA - Sea level anomaly 

SOI - Southern Oscillation Index 

SPICE - Southwest Pacific Ocean Circulation and Climate Experiment 

SSH - Sea surface height 

SSS - Sea surface salinity (no units) 

SST - Sea surface temperature (°C) 

STCC - South Pacific Subtropical Counter Current 

Sv - Sverdrups (volumetric rate of transport: 1 Sv = 106 m3/s)

TF - Tasman Front (a current) 

TO - Tasman Outflow (a current) 

TON - Tonga 

T/S - Temperature (°C) and salinity (no unit) 

TT - Tonga Trench 

OE - Outside of eddies  

QLD - Queensland (in Australia) 

U - Zonal velocity component (from West to East) 

V - Meridional velocity component (from South to North) 

VA - Vanuatu 
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Chapter 1: Introduction

1.1 Mesoscale eddies

Mesoscale eddies are ubiquitous features of the global oceans that usually form due to 

turbulences and instabilities of large-scale currents (Chelton et al., 2007). These 

coherent structures are associated with swirling flows and have diameters varying from 

tens of kilometers to several hundred kilometers (Stewart, 2006; Chelton et al., 2011). 

Eddies have lifetimes ranging from a few days to several months and usually cannot 

be observed when mapping the mean ocean circulation over longer time spans 

(Chelton et al., 2011) and because of this, the existence of mesoscale eddies has only 

been known since the 1960s (USC, 2015).

Cyclonic eddies (CE) are areas of sea surface height (SSH) lower than the surrounding 

waters, which in surface-intensified eddies1 result in upwelling of colder water and 

counter-clockwise (northern hemisphere) or clockwise (southern hemisphere) flow 

due to the Earth’s rotation and the related Coriolis effect (Fig. 1.1). Conversely, 

anticyclonic eddies (AE) show higher SSH, which in surface-intensified eddies cause 

downwelling of warmer surface water and clockwise (northern hemisphere) or 

counter-clockwise (southern hemisphere) flows (Fig. 1.1). Hence, for the eddies 

discussed in this study, temperature anomalies are usually negative during CE and 

positive during AE (Chelton et al., 2011). The velocity of the clockwise or counter-

clockwise flow is the so-called swirl velocity on an eddy and, in surface-intensified 

eddies, is usually the fastest near the sea surface. 

�
���������������������������������������������� �!������������������������"��������#����������������������
�#$�� ��� ���#� ���� ����� ��!�!�����%� ��� ���� �������� ��#��� ���� �$!�����%� ����!� ���� ����������� �����
�����%�&'������$!�����%������������������#����������!�!�����%�����!��������#�����������%�('��
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Figure 1.1: Schematic of CE (left) and AE (right) in the northern hemisphere. [Source: 

http://tornado.sfsu.edu/ geosciences/classes/m407_707/Monteverdi/Satellite/Oceanography/eddy.htm]

A global map of SSH from satellite altimetry (Fig. 1.2) shows observations of high 

and low SSH areas. Many of these patches of high and low SSH are the signature of 

the mesoscale eddies (AE and CE respectively) on the density and pressure fields. 

Figure 1.2: Global map of SSH on 28th August 1996 constructed from the merged Topex/Poseidon and 

ERS-1 satellite altimetry data. Note that spatial high-pass filters with half-power filter cut-offs of 20° 

longitude by 10° latitude have been applied. [Source: Chelton et al., 2011]
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As most mesoscale eddies are non-linear and coherent structures, extending from the 

sea-surface to several hundred meters in depth, eddies can trap water where they are 

formed and transport it along their trajectories, while progressively mixing with other 

water masses until they finally dissipate their energy. Hence, mesoscale eddies play a 

considerable role in the horizontal and vertical transfers of physical (e.g., temperature 

and salinity) and biogeochemical (e.g., nutrients, dissolved oxygen, carbon, etc.) 

seawater properties from the region of their formation to their dissipation (Chaigneau 

et al., 2008). Furthermore, eddies can affect entire ecosystems, from plankton 

concentrations to top-predator distributions (e.g., Seki et al., 2002). It is therefore 

important to study eddy characteristics both at the surface and extending down into the 

water column. 

The oceanic transport of heat and material is an important factor in the earth’s climate 

(Zhang et al., 2014) and mesoscale variability can play a large role in the earth’s 

climate system through strong air-sea interactions which affect the ocean-atmosphere 

turbulent heat fluxes, near-surface winds, cloud properties and rainfall (Frenger et al., 

2013; Villas-Boas et al., 2015). Thus, the study of mesoscale eddies forms an integral 

part of climate science.  

Studying the vertical extent of eddies provides information on the vertical transfer of 

seawater properties and how deep the eddies have an effect on the isopycnals 

deepening or shallowing, and on the surrounding water (see Fig. 1.7). By looking at 

the swirl velocity of the eddies in the water column, the depth to where water is being 

trapped and transported by the eddy (the so-called trapping depth) can be determined. 

It can also be analyzed if the water is just being pumped up (CE) or down (AE) by the 

eddies, or if there is also advection of the seawater properties along isopycnal layers 

(horizontal transport) (Pegliasco, 2015b). 

Knowledge about the size, distribution and other characteristics and properties of 

eddies helps us to understand how the ocean behaves locally on various time scales 

and understand and predict the horizontal transfer of seawater properties. Hence, the 

description of eddies forms an important part of our collective understanding of the 

ocean and climate science. 
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1.2 Useful definitions

Chelton et al. (2011) define the eddy amplitude (A) for AE as the difference between 

the maximum SSH within the eddy (hmax, not shown) and the average height value (hO)

of the eddy edge (Fig. 1.3). Similarly, the eddy amplitude for CE is defined as the 

difference between hO and the minimum SSH within the eddy (hmin). The amplitude is, 

therefore, a positive value, for both AE and CE. Likewise, the effective radius (Leff),

hereafter called eddy radius, is equal to the radius of a circle with the same area as the 

region within that eddy’s contour.

Note that Fig. 1.3 also refers to the e-folding scale Le of the Gaussian approximation 

and L, the radius associated which the largest axial speed of an axisymmetric Gaussian 

eddy and therefore where the relative vorticity is zero. On average, Le ≈ 0.62*Leff, and

L ≈ 0.44*Leff2. 

Figure 1.3: Schematic of the automated eddy identification procedure using the method from Chelton 

et al. (2011) for an AE. The dashed line (hO) represents the height of the eddy edge, the amplitude A 

and the radius scale variables Leff, Le and L as defined in text are shown. [Source: Chelton et al., 2011]

As seen in Fig. 1.4, a local maximum (minimum) of SSH is defined as the eddy center

of an AE (CE), while the outermost closed contour of SSH around that center is called 

the eddy edge. An eddy centroid is the geometrical middle within the eddy’s edge 

(Chaigneau et al., 2008). 

�
	�)���&��������������*	���+�����,���������,���������-��� �-������-��
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Geostrophic flow results from a balance between the horizontal pressure gradient, 

which occurs in an eddy, and the Coriolis force (Stewart, 2008). The zonal (west-east) 

and meridional (south-north) geostrophic velocity components (U’ and V’ 

respectively) of this swirling flow can be computed from sea level anomaly (SLA) 

gradients (see Chapter 5: Section 5.3.2). Geostrophic velocity is sometimes also called 

swirl or rotational velocity. It is worth noting that the computation of geostrophic 

velocity from SLA is an approximation and is not always valid, especially in regions 

of energetic western boundary currents.

Figure 1.4: a) An example of AE (orange contours) and CE (blue contours) offshore of Peru. b) Details 

of the different parameters of the CE vortex: its center (o), its centroid (x), its contour C, the contour 

CA of the circle corresponding to the area A of the vortex and the radius R of the eddy. [Source: 

Pegliasco, 2015b]

Eddy kinetic energy (EKE) indicates the amount of kinetic energy that is present due 

to an eddy. EKE is computed from the geostrophic velocity components using 

Equation 1. 

��� �
�

�
��� 	 
��      Eq. 1 
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As the eddies are not only detected on each day but are also tracked (see Chapter 3: 

Section 3.2), an eddy’s trajectory is given, which marks the journey of an eddy. 

Chaigneau et al. (2008) use the term eddy genesis when the eddy is detected for the 

first time along its trajectory. This term is often interchanged with origination,

appearance and formation in this study. Conversely, the term eddy decay is used when 

an eddy is detected for the last time along its trajectory and this term is sometimes 

interchanged with termination and dissipation. An eddy’s lifetime can be defined as 

the length of time between eddy genesis and eddy decay, hence the length of time of 

the trajectory. The term propagation is also used by various studies on eddies (e.g., 

Chelton et al., 2011). Propagation is the movement of an eddy center throughout its 

lifetime.

1.3 Literature on eddies

Eddies have been investigated worldwide but these studies have not necessarily been 

at regional scales or everywhere. Consequently, knowledge on eddies is incomplete. 

On a global scale, Chelton et al. (2011) have developed a global database describing 

mesoscale eddies using automatic eddy detection and tracking from satellite altimetry. 

In their study,  the global distribution of eddies was mapped and documented the areas 

of eddy formation (Fig. 1.5) and decay, eddy trajectory paths (see Fig. 1.6), and eddy 

sizes. The study used the weekly gridded Aviso3 Sea Level Anomaly (SLA) dataset 

from 1993 to 2008. However, this dataset has recently been updated to include data 

until 2015 based on the new Aviso daily gridded product. Since the Chelton et al. 

(2011) database is on a global scale, this study only include longer-lived (minimum 

lifetime of 4 weeks) and larger eddies (minimum radius of 50 km) and do not provide 

data on the vertical structure of eddies. 
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Figure 1.5: The numbers of eddy originating in each 1° longitude x 1° latitude bin for eddies with 

minimum lifetime of 16 weeks over a 16-year period (October 1992 to December 2008). [Source: 

Chelton et al., 2011]

The above study found that eddies are formed nearly everywhere in the global oceans 

(Fig. 1.5), often due to baroclinic instabilities of the mean large-scale flows. 

Furthermore, the authors found that longer-lived eddies (minimum lifetime 16 weeks), 

have an average lifetime of 32 weeks and propagate on average a distance of 550 km 

during their lifetime. This propagation is usually westward (Fig. 1.6) and the speed is 

nearly equal to the long baroclinic Rossby wave phase speed. The same eddies were 

found to have a mean amplitude of 8 cm and a mean radius of 90 km. In addition, 

Chelton et al. (2011) found that most of the eddies spin faster than they propagate and 

hence trap fluid along their trajectories. 
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Figure 1.6: The trajectories of CE (blue) and AE (red) over a 16-year period (October 1992 to December 

2008) for eddies with minimum lifetimes of 16 weeks. The number of eddies for each polarity are 

indicated at the top. [Source: Chelton et al., 2011]

Furthermore, Zhang et al. (2014) investigated the oceanic mass transport of heat, salt, 

freshwater, dissolved CO2, and other tracers by mesoscale eddies. These authors found 

that theis transport of seawater properties not only affects the distribution of natural 

marine resources, but also regulate the climate globally. Specifically, the authors found 

that although the mean ocean circulation transports fluids over time, mesoscale eddies 

can also trap and transport fluid parcels as they propagate. This study combined 

satellite altimetry and Argo float data and demonstrated that the zonal mass transport 

by eddies can reach a total meridionally integrated value of up to 30 to 40 Sverdrups 

(Sv)4, which occurs mainly in subtropical regions as the mean transport is relatively 

weak there (Fig. 1.7). The above study found that this mass transport by mesoscale 

eddies is similar in magnitude to the transports of large-scale circulation.  
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Figure 1.7: Distribution of the eddy-induced transport: Zonal transport through meridional cross section 

per degree of latitude. The figure is based on the mean eddy propagation speed and mean trapped fluid 

volume. Positive transport is eastward, while negative flow is westward. [Source: Zhang et al., 2014]

Studies on mesoscale eddies have also been conducted on regional scales (e.g., Yang 

et al. (2013) in the northwestern Pacific Ocean; Chaigneau et al. (2011) in the 

southeastern Pacific; Pegliasco et al. (2015a) in the eastern boundary upwelling 

systems; Yang et al. (2015) in the southeastern Indian Ocean). Chaigneau et al. (2009) 

analyzed eddies in the four major Eastern Boundary Upwelling Systems (EBUS). The 

authors found that mesoscale eddies in the EBUS form mainly along the continental 

coasts in the east as well as south of the main archipelagos (Fig. 1.8), and then 

propagate westward with faster velocities towards the equator. These eddies were 

found to have radii between 70 and 160 km. The seasonal, inter-annual and long-term 

trends of newly formed eddies were also investigated in this study. Long-term trends 

were observed in each of the EBUS, which indicates that eddy activity could be 

sensitive to a changing climate.  

Furthermore, combining data from Argo floats and satellite altimetry, Chaigneau et al. 

(2011) analyzed both the eddies’ horizontal and vertical properties in the Peru-Chile 

Current System. The authors found the depth of the CE cores to be centered on average 

at 150 m, while the average core depth was at 400 m for AE (Fig. 1.9). At the eddy 

cores, maximum temperature and salinity (T/S) anomalies were, respectively, 1°C and 

0.15 for AE and -1°C and -0.1 for CE. 
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Figure 1.8: Number of newly generated eddies in the four Eastern Boundary Upwelling Systems 

(EBUS) from satellite altimetry over the period 1992 to 2007. [Source: Chaigneau et al., 2009]

Figure 1.9: Vertical cross section across the composite CE (a) and AE (b) of potential temperature 

anomaly (°C) in the Eastern South Pacific Ocean. Eddy edges are indicated by black lines, and the 

horizontal dashed lines show the trapping depths. [Source: Chaigneau et al., 2011]

Pegliasco et al. (2015a) extended the Chaigneau et al. (2009) study on the four major 

EBUS by documenting the mean thermohaline vertical structure of eddies in these 

regions. Major differences in whether the eddies are surface-intensified or subsurface-

intensified were found in each of the four EBUS and depending on if the eddies were 

AE or CE (Fig. 1.10).
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Figure 1.10: Clustering analysis of the Argo profiles surfacing into long-lived AE formed in the Peru-

Chile Upwelling System (PCUS). e) For each cluster, the associated trajectories (black lines) and Argo 

float positions (white dots) are superimposed on the mean climatological temperature field within the 

top 200 m. f) Mean temperature anomaly profiles, averaged for each trajectory of the associated cluster, 

correspond to the thick lines, whereas errors with a significance level of 95% around the mean are 

indicated by thin lines. Grey shading represents random errors estimated from Argo float profiles 

surfacing outside of eddies. The horizontal dashed thick line corresponds to the depth of the base of the 

pycnocline estimated from Argo floats surfacing into eddies. [Source: Pegliasco et al., 2015a]

In addition, the physical properties of mesoscale eddies have been studied and 

documented from multi-mission altimetry SLA maps within the four EBUS using a 

combined method of altimetry data and model outputs (e.g., Rubio et al., 2009; Kurian 

et al., 2011). Similarly, Sangrà et al. (2009) studied the EBUS in the Canary Current 

using in situ and remote sensing data, while numerical simulations of eddy properties 

have also been conducted in the EBUS (e.g., Colas et al., 2011). However, eddies in 

the southwest Pacific have not yet been mapped and described using the combined 

techniques to study the horizontal and vertical eddy properties6. Hence, the major 

objective of this study to characterize mesoscale eddies in the southwest Pacific region. 
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1.4 Why focus on the southwest Pacific?

The southwest Pacific Ocean is a very important region to study exchanges between 

the southern hemisphere and the equatorial band and how waters are redistributed 

between the subtropical gyre and (i) the equator northward, and/or (ii) the Tasman Sea 

southward. Furthermore, the southwest Pacific is a very interesting region due to its 

many islands, straights, and complex bathymetry; all of which affect the local 

circulation7.

The Southwest Pacific Ocean Circulation and Climate Experiment (SPICE, 

Ganachaud et al., 2014) is an international research program which aims to understand 

the southwest Pacific Ocean circulation, the South Pacific Convergence Zone (SPCZ) 

dynamics, and their influence on regional basin-scale climate patterns (Fig. 1.11). This 

program is a comprehensive approach in describing and analyzing the transport in the 

southwest Pacific and has documented seven years of both in situ observations and 

modeling outputs in this region. The SPICE program includes research scientists from 

France, Australia, USA, New Zealand, Japan, and the Pacific Islands, and other 

countries.

In their review of the SPICE findings, Ganachaud et al. (2014) found that the 

southward transport in the southwest Pacific has an influence on the climate and 

biodiversity in the Tasman Sea. Another important hypothesis is that changes in the 

amount and temperature of the transport reaching the equator in the Pacific from the 

south are able to modulate the thermocline vertical stratification in the equatorial band, 

and thus may influence the El Niño Southern Oscillation (ENSO) phenomenon. The 

southwest Pacific can hence be considered a very interesting region in regards to 

climate studies and ocean dynamics.
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Figure 1.11: Main elements and regional overview of the SPICE field program. The background map 

and color bar indicate the ocean depth. [Source: Ganachaud et al., 2014]

1.5 Objectives

The main objectives of this research project are twofold. Firstly, it aims to describe the 

main eddy characteristics in the southwest Pacific in terms of number, size, amplitude, 

and sites of formation and decay. Secondly, it aims to describe the eddies’ vertical 

structure and to understand how far down they extend and affect the physical 

properties in the water column. More specifically, the objectives are as follows:  

•� To describe the detected eddies’ horizontal properties including radius, amplitude, 

lifetime, EKE, eddy location of occurrence, genesis, decay, and propagation 

velocity.

•� To determine the seasonal/inter-annual variability of these properties. 

•� To understand the interaction between the eddies and the topography, especially 

what happens when eddies encounter islands. 

•� To describe the eddies’ impact on T/S and currents. 

•� To understand the depth to which eddies effect the water currents and properties. 

•� To determine if seawater properties are indeed being transported by the eddies, and 

the depth to which they are (the so-called trapping depth), for the northern and 

southern part of the study region. 
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1.6 Methods and tools

To achieve the objectives mentioned above, the following methods and tools were used 

(described in more detail in Chapter 3):  

•� Access SLA data from satellite altimetry and extract them for the study region. 

•� Access T/S vertical profiles acquired by Argo floats in the study region. 

•� Determine whether Argo float profiles were acquired within AE, CE, or outside 

eddies (OE). 

•� Determine the vertical structure of AE and CE in terms of T/S anomalies (relative 

to the surrounding water masses) and geostrophic velocities. 

•� Complete a co-localization of the detected eddies with data on the velocity at 1000 

m based on Argo floats to study the effect of eddies at that depth. 

•� Complete a co-localization of the detected eddies with data from a subsurface 

mooring to analyze the vertical structure of eddies in terms of swirl velocity. 
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1.7 Organization of thesis

This thesis is organized as follows:

•� Chapter 1 gives a brief background on eddies in general and describes the purpose 

and structure of this study. 

•� Chapter 2 gives an overview of the southwest Pacific region in terms of 

bathymetry, currents, and T/S, followed by what is known and unknown about 

eddies in the study region. It continues with a description of similar studies that 

have been done in other regions and concludes with a description of the purpose 

of this study. 

•� Chapter 3 outlines the data and methodology that was used in this study. 

Specifically, it describes the different data sets that were used, what filters were 

applied to the data, and what methods were followed to obtain the results. 

•� Chapter 4 presents and discusses the results of this study in regards to the 

horizontal eddy properties. Specifically, it analyzes the characteristics of the eddies 

such as their size, amplitude, and EKE. It describes where eddies form, propagate 

to and dissipate. It shows how long the eddies live and how many eddies are found 

around the study region. 

•� Chapter 5 presents and discusses the results of the vertical structure of eddies for 

the study region and smaller sub-regions. Mean T/S vertical profiles inside eddies 

are presented as well as the composite vertical structure of the eddies in terms of 

T/S and geostrophic velocity. Lastly, it estimates the trapping depth of the eddies 

and analyzes the eddy-induced vertical displacement in the water column and the 

advection along isopycnals.

•� Chapter 6 summarizes the outcomes of this projects and discusses open questions, 

which can be used for future research projects.  
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Chapter 2: Main Characteristics of the Southwest Pacific 

2.0 Introduction

The study region is located in the southwest Pacific Ocean and extends from 140°E to 

170°W and from 10°S to 30°S (Fig. 2.1) and includes the Australian North East Coast, 

Fiji (FJ), Vanuatu (VA), New Caledonia (NC), Tonga (TON), and Samoa (SA).

2.1 Southwest Pacific bathymetry 

The bathymetry in this region includes very shallow coastal waters around the various 

islands, the large shallow lagoon around New Caledonia and the shallow area around 

the Chesterfield Islands (CI) (Fig. 2.2). In addition, plateaus such as the Queensland 

and Marion Plateaus (QP and MP, respectively) and coral reefs such as the Great 

Barrier Reef off the Australian North East Coast are present. Conversely, the study 

region also contains depths of over 10,000 m, such as the Tonga Trench (TT), which 

abruptly turns into the very shallow Lau Basin between Tonga and Fiji. Other 

extremely deep regions include the New Hebrides Trench north and south of Vanuatu. 

Compared to the rest of the Pacific Ocean, the study region is bathymetrically complex 

and diverse. 
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Figure 2.1: The bathymetry of the Pacific Ocean shown in blue shades with the study region delimited 

by the red rectangle.

Figure 2.2: Bathymetry of the study region in blue shades. The labels denote regions of importance and 

are explained in-text.
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2.2 Southwest Pacific circulation

The study region is located in the western part of the South Pacific gyre, which flows 

counter-clockwise in the South Pacific basin. The westward South Equatorial Current 

(SEC; Fig 2.3), the equatorward limb of the South Pacific gyre, enters the region 

mainly north of 20°S. It then divides into several narrow jets when encountering the 

various islands. As it arrives at the Australian East Coast, it bifurcates into an 

equatorward branch known as the Gulf of Papua Current (GPC) and a poleward branch 

known as the East Australian Current (EAC). Kessler and Cravatte (2013) and 

Ganachaud et al. (2014) describe several westward-flowing currents around 15°S, 

north of Fiji (North Fiji Jet, NFJ), Vanuatu (North Vanuatu Jet, NVJ) and New 

Caledonia (North Caledonia Jet, NCJ), which moves north before encountering 

Australia (Fig. 2.3). The same authors describe the strong southward EAC, which is 

especially pronounced from approximately 20°S.  

Figure 2.3: Southwest Pacific topography and mean circulation: depths shallower than 2000 m are 

shaded in color (in meters). The Queensland (QLD) and New South Wales (NSW) coasts are shown. 

Blue arrows show the main currents, integrated from 0 to 1000 m, and the red arrows denote the main 

surface-trapped counter-currents. (ECC: East Caledonian Current; SCJ: South Caledonian Jet; NQC: 

North Queensland Current; NGCU: New Guinea Coastal Undercurrent; NICU: New Ireland Coastal 

Undercurrent; TF: Tasman Front; EAUC: East Auckland Current; TO: Tasman Outflow). [Source: 

Ganachaud et al., 2014]
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The surface circulation is also characterized by the presence of relatively strong 

surface countercurrents flowing mainly eastward; The South Equatorial Counter 

Current (SECC), the Coral Sea Counter Current (CSCC) (Qiu et al., 2009), the Fiji

Basin Counter Current (FBCC), and the South Pacific Subtropical Counter Current 

(STCC) (Fig. 2.3). 

2.3 Mean large-scale T/S distribution and water-masses

An understanding of the mean sea surface temperature (SST) and salinity (SSS) in the 

study region allows an understanding of how eddies affect the T/S in the water column 

(see Chapter 5: Section 5.2). Data from Argo floats show that the average temperature 

between 0 and 20 m depth varies from ~20°C in the southern part of the study region 

to ~30°C in the northern part (Fig 2.4a). At the same time, the average salinity between 

0 and 20 m depth lies between approximately 34.5 towards the northwest and 

approximately 36 towards the southwest (Fig. 2.4b). 

Figure 2.4: Mean temperature (a) and salinity (b) between 0 and 20 m in the study region from 28,683 

Argo profiles between January 2003 and May 2014, objectively interpolated.
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The mean vertical structure of the temperature decreases relatively fast in the upper 

500 m and then slower in deeper waters (Fig. 2.5a). Naturally, the SST is warmer at 

lower latitudes, and decreases poleward. However, the mean vertical structure for 

salinity is a lot more complex. Although saltier water is denser than less salty water, 

the vertical profile is not linear due to different water masses that move through the 

study region (Ganachaud et al., 2014). Specifically, at lower latitudes, salinity tends to 

be low near the surface, higher at intermediate8 waters, and very low in the deeper 

waters. Towards the south, the salinity profile is more linear, however, generally below 

surface waters at ~200 m depth, less salty water lies under the salinity maximum (Fig. 

2.5b).

Figure 2.5: Mean climatological temperature (a) and salinity (b) in the study region as a function of 

latitude and depth from Argo floats (climatological data from Roemmich and Gilson, 2015). The 

contour lines are drawn every 2°C and every 0.2.
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2.4 Eddies in the southwest Pacific

Several studies have highlighted the importance of eddies in modifying the mean 

currents and transport, and in explaining their variability. Kessler and Cravatte (2013), 

summarizing transport estimations from several previous studies from synoptic cruises 

or glider sections, noted that transient eddies can severely bias the currents. However, 

as the vertical structure and extent of the eddies are unknown, this study could not 

quantify the transport bias. Similarly, Cravatte et al. (2015) demonstrated the 

importance of eddies in modulating the coastal circulation around New Caledonia. In 

particular, this study showed that variability of the coastal current flowing along the 

eastern coast of New Caledonia is mainly driven by incoming mesoscale eddies east 

and south of New Caledonia. It was also found that the dominant scales of variability 

in the region are at intra-seasonal timescales, and are mainly related to the presence of 

mesoscale eddies (Cravatte et al., 2015; see their Fig. 7). As these authors did not know 

the vertical structure of the eddies, they couldn’t estimate the depth of the currents 

affected by these incoming eddies. 

In the southwest Pacific, the total EKE9 at the surface is generally large (Hristova et 

al., 2014). Within this region, there are three areas of special interest in the study 

region, which are marked by oval shapes (labeled 1 to 3) in Fig. 2.6b. The first region 

is in the Coral Sea around 16°S, where an eastward flowing countercurrent (CSCC in 

Fig. 2.3) meets the westward flowing NVJ and the NCJ. This horizontal shear can 

develop barotropic instabilities, which has been found to result in high EKE variability 

(Qiu and Chen, 2004; Qiu et al., 2009). The second region is south of New Caledonia, 

where the eastward-flowing surface STCC encounters the underlying westward-

flowing SCJ. This vertical shear can develop baroclinic instabilities, which also tends 

to cause high variability in the total EKE (Qiu and Chen, 2004; Qiu et al., 2009). The 

seasonal variation of these instabilities and resulting EKE is further described in Qiu 

et al. (2004), which states that the general EKE is maximum (minimum) from 

November to December (from June to July). The third region is the EAC, which flows 

poleward out of the study region into the Tasman Sea. This region shows very high 
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EKE variability due to being a strong Western Boundary Current. The mechanisms of 

eddy formation in the EAC are mostly linked to the separation of the EAC coastal 

current from the coast and associated meanders and eddies in this region have been 

extensively studied (e.g., Mata et al., 2006; Brassington et al., 2011; Everett et al., 

2012; Pilo et al., 2015).

In addition to these three regions, Hristova et al. (2014) described the mesoscale 

variability in the Solomon and Coral Seas based on numerical simulations. Here, the 

highest general EKE levels were observed in subsurface layers (up to 300 m depth) off 

the Gulf of Papua, at the same depth of the velocity core of the GPC (Fig. 2.7). The 

same study found that larger mesoscale eddies contribute mostly to the surface EKE, 

and particularly strong EKE is found downstream of topographic obstacles. 

Seasonally, it was found that the surface EKE is at a maximum in June in the Solomon 

Sea, while the maximum EKE in the Coral Sea is in December. The study also found 

that smaller mesoscale eddies, which are predominantly CE, are especially abundant 

in late Austral winter (August to September). This study also suggested that small 

mesoscale eddies in the Coral Sea generally form due to open ocean baroclinic 

instabilities.

Rousselet et al. (2016) recently conducted a study on the impact of mesoscale eddies 

on the water masses and the circulation in the Coral Sea based on in situ, satellite and 

numerical data. The named study found that AE transport NVJ water masses to the 

NCJ and an eddy-induced sensitivity is present between 0 and 500 m, which can reach 

up to 15 Sv. 
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Figure 2.6: a) Map of the root mean square (RMS) amplitude of the high-pass-filtered SSH field in the 

Pacific Ocean based on weekly Aviso data. High-pass filter with a half-power at 180 days. Thin white 

lines have a contour interval of 5 cm starting from 10 cm. b) Same as (a), but zoomed in. Vectors show 

the geostrophic velocity at the surface based on the CSIRO Atlas of Regional Seas (CARS)

climatology with the reference level at 2000 dbar. VA indicates Vanuatu (VN in previous figures). The 

black circles (labeled 1-3) are areas of especially high variability and are explained in-text. [Source. Qiu 

et al., 2009]
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Figure 2.7: Mean modeled EKE plotted in logarithmic scale: (a and b) near the surface at 50 m and (c 

and d) subsurface at 300 m. At each depth, the EKE is divided into ‘‘large scale’’ and ‘‘small scale’’ by 

applying spatial filters on the velocity anomalies. The color bar limits are different in the surface and 

subsurface plots but both span exactly 2 orders of magnitude. [Source: Hristova et al., 2014]

2.5 Conclusions

The southwest Pacific is a very dynamic and complex region in regards to bathymetry 

and both the large-scale and the mesoscale circulation. As mesoscale eddies can play 

an important role in heat, salt, and nutrient redistribution in the ocean, they can also 

impact the climate and the oceanic transport in this region of subtropical water 

redistribution. Although some aspects of the eddy dynamics were investigated in the 

southwest Pacific, there is still a lack of knowledge of the main eddy characteristics in 

the study region and in particular, of their vertical extent and vertical structures. 

Previous regional oceanographic programs (e.g., SPICE) did not specifically focus on 

eddies, and investigating both the horizontal characteristics and the vertical extent of 

the eddies in the southwest Pacific Ocean is now needed. Thus, this study intends to 

fill this existing gap to contribute to our collective understanding of the ocean and 

climate.
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Chapter 3: Data and Methodology

3.0 Introduction

The combination of satellite altimetry SLA data and T/S vertical profiles from Argo 

floats, enables us to describe both the horizontal and vertical structures of eddies (see 

Chapter 1: Section 1.3). Applying an automatic eddy detection and tracking algorithm 

on SLA maps allows us to describe the main eddy characteristics at the sea surface, 

including their location, size, and trajectory. At the same time, Argo floats can profile 

the water column and provide information about the T/S structure in the upper 2000 m 

of the ocean. Thus, by conducting a co-localization of these two datasets, both the 

horizontal and vertical structures of eddies can then be investigated. Other datasets 

were also used for various analyses, which are described later in this chapter. Unless 

otherwise stated, the computer programming language Matlab was used to calculate, 

analyze, and map the eddy properties. For all analyses, the AE and CE properties were 

initially examined separately. However, when the findings for AE and CE were not 

significantly different, the results are shown for all the eddies, independent of their 

rotational direction. Furthermore, the same definitions as described in Chapter 1: 

Section 1.2 are used for this study.

3.1 Aviso satellite altimetry data

Satellite altimetry measurements, which provide details on the sea surface height 

(SSH) and sea level anomalies (SLA) at high resolution, are commonly used to detect 

and study mesoscale eddies (e.g., Willis and Fu, 2008; Chaigneau et al., 2008; 2009; 

Chelton et al., 2011). For this study, the latest Aviso Ssalto-Duacs multi-mission 

altimeter product10, which consists of daily SLA data distributed on a 0.25° x 0.25° 

global Cartesian grid, was used. This product is based on SSH measurements provided 

by radar altimeters embarked on-board multiple satellites (Fig. 3.1). The anomaly 

(SLA) of the SSH is computed with reference to the 20-year (1993 to 2012) mean SSH 

at each grid point. 
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Altimetry measurements are processed by the Data Unification and Altimeter 

Combination System (Duacs), which uses data from all Ssalto altimeter missions: HY-

2A, Saral/AltiKa, Cryosat-2, OSTM/Jason-2, Jason-1, Topex/Poseidon, Envisat, GFO 

and ERS-1&2 (SSALTO/DUACS, 2015). Combining data from multiple satellite 

missions has been found to improve the estimation of mesoscale signals (Le Traon and 

Dibarboure, 1999). The processing and distribution of this data are now conducted by 

the European Copernicus Marine Environment Monitoring Service (CMEMS; 

previously known as MyOcean). Further details on the data processing can be found 

at www.aviso.altimetry.fr/en/data.html. 

Figure 3.1: Artist’s view of the Jason-2 spacecraft (image credit: CNES), a NASA satellite that 

measures SSH as part of the Ocean Surface Topography Mission. [Source: https://directory.eoportal.org

/web/eoportal/satellite-missions/j/jason-2]
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Figure 3.2 shows an example of the SLA distribution in the study region on 1st January 

1993 where mesoscale structures of a few tens of kilometers wide are visible. These 

structures are mainly associated with AE (positive SLA) and CE (negative SLA). 

Figure 3.2: SLA on 1st January 1993 from Aviso (without detected eddies) are shown on a ¼° x ¼°

grid. Negative SLA indicates an SSH that is lower than the 20-year mean, while positive SLA shows 

SSH that is higher than the mean. 

3.2 Eddy detection algorithm

Using the daily SLA product from 1st January 1993 to 1st May 2014, an eddy detection 

algorithm, which was initially developed by Chaigneau et al. (2009) and later modified 

by Chaigneau et al. (2011), was applied to determine the eddies’ spatiotemporal 

distribution. This algorithm detects an eddy center at some local SLA extrema 

(maxima for AE and minima for CE) and then determines the eddy edge according to 

the outermost closed SLA contour around that eddy center11 (Fig. 3.3). Based on this 

information, their related properties including the centroids12, radius, amplitude, and 

EKE are also defined.
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Figure 3.3: SLA on 1st January 1993 from Aviso in color shading with detected eddies on ¼° x ¼° grid. 

Black contour lines show eddy edges. * show AE centers (positive SLA), ◊ show CE centers (negative 

SLA).

This algorithm, based on closed SLA contours, has been proven to be more efficient 

than other classically used detection methods (e.g., Chaigneau et al., 2008; Chaigneau 

et al., 2009). Although it is similar to the method used by Chelton et al. (2011), it is

expected to be more accurate especially near the coasts, because shorter-lived and 

smaller eddies are kept in the dataset. Furthermore, the Chelton et al. (2011) database 

was not chosen because “exact” eddy edges were required for this study in order to 

analyze the 3D structure of eddies, whereas the Chelton et al. (2011) database only 

provides a circle of an equivalent radius. 
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After an eddy is detected, its pathway is tracked from its genesis to its decay by means 

of finding the same eddy on consecutive days. The modified tracking algorithm by 

Pegliasco et al. (2015a) was used for this study. Specifically, to track the eddies, this 

algorithm firstly classifies them into AE and CE. Next, it looks for each eddy at time 

t for an eddy whose contour line intersects with the contour line of the original eddy 

at time t+dt (Fig. 3.4). If no such eddy is found, the eddy is considered decayed and 

the trajectory stops. However, if an eddy is found, this associated structure is 

considered to be the same eddy and is part of the original eddy’s trajectory. If more 

than one contour line intersects, a cost function is computed to find the eddy that is 

most similar to the original eddy based on radius, amplitude, and EKE. The algorithm 

also accounts for any decrease or increase in the size of the eddy (Fig. 3.4). 

Figure 3.4: Illustration of the eddy tracking algorithm by Pegliasco et al. (2015a). (a) Black solid 

contour lines show a given eddy edge (Ct) at time t. Black dashed contour lines indicate eddy edges 

(Ct+dt) at time t+dt. Several cases are presented: (b) no intersection and the eddy tracking is stopped; (c) 

more than one eddy; (d) only one eddy intersect; (e) the eddy decreases in size and gets included in Ct;

(f) the eddy increases in size and surrounds Ct. [Source: Pegliasco et al., 2015a]
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During error-checking, it was noticed that some structures which were detected as 

eddies had extremely short lifetimes, small radii, low amplitudes, and/or little EKE. 

Before continuing with the data analysis, filters were applied to remove some of these 

very small and short-lived structures. Chelton et al. (2011) used filters for a minimum 

threshold of 4, 16, and 32 weeks’ lifetime, 40 km minimum radius and 2 cm minimum 

amplitude, while Chaigneau et al. (2008; 2009; 2011) and Pegliasco et al. (2015a) used 

only a filter of a minimum 2 cm amplitude. 

For this study, structures with amplitudes smaller than 2 cm were filtered out based on 

the resolution of the Aviso product. Some studies have suggested that eddies smaller 

than 40 or 50 km cannot effectively be detected from satellite altimetry (e.g., Pilo et 

al., 2015). However, when removing all eddies that are smaller than 40 or 50 km, parts 

of an eddy’s trajectory were removed, resulting in the appearance of eddies decaying 

and forming, when it was actually the same eddy. Therefore, an initial filter was 

applied to only consider eddies that cover at least four connected grid points; this is 

equivalent to a minimum radius of 20-25 km. On top of this filter, eddies with a median 

radius smaller than 50 km along their trajectory were also removed. This method 

proved to be more suitable to keep the whole trajectory of eddies which had radii 

smaller than 40 km at some part of their life cycle. 

In regards to lifetime, only eddies that lived longer than 14 days were kept for the 

analysis. This filter on lifetime was chosen because when no filter was applied to the 

lifetime (as in Pegliasco et al., 2015a) many small structures that were only present for 

one or several days were included. On the contrary, when applying filters of several 

weeks or months, such as in Chelton et al. (2011), many short-lived eddies around 

islands were removed. As the eddies’ effect on islands is one objective of this study, 

these short-lived eddies were included in the dataset. 

For the trajectories, eddies that were detected up to 5° north, south, and east13 of the 

study region were included to ensure that eddy generation was not falsely assigned to 

the edges of the study region. 
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The filtered dataset (1993-2014) contains 13,799 eddy trajectories (6,756 AE and 

7,043 CE), which include 1,003,616 (480,138 AE and 523,478 CE) daily eddies. An 

animation of these detected eddies, with the small and short-lived eddies removed, can 

be observed on YouTube at www.youtube.com/watch?v=PYSA8QMG5Gg.

As a means to cross-check the detection algorithms and methods, a comparison was 

conducted with the updated Chelton et al. (2011) global dataset on eddies (see Chapter 

1: Section 1.3). For this study, a threshold filter of a minimum lifetime of 2 weeks was 

applied; The new Chelton et al. (2011) used a filter of 4 weeks. Hence, for this 

validation, the same filter was applied to the lifetime of this eddy database. As can be 

seen in Fig. 3.5, the data from this study matches the findings from the updated Chelton 

et al. (2011) in regards to eddy genesis and decay. Small differences may be due to the 

difference in other filters (e.g., radius and amplitude), a slight difference in the 

timeframe of the databases, and differences in the detection algorithm. 

Figure 3.5: Number of eddies that were generated on a 1° x 1° grid using the Chelton et al. (2011) 

dataset (a) and using the dataset for this study but only using eddies with a minimum lifetime of 4 weeks 

(b). Number of eddies that decayed on a 1° x 1° grid, using the Chelton et al., (2011) dataset (c) and 

using the dataset for this study, but only using eddies with a minimum lifetime of 4 weeks (d). White 

pixels show areas shallower than 200 m. 
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3.3 Argo floats and co-localization

The Argo project14 has been deploying autonomous profiling floats (Fig. 3.6) in the 

global oceans since year 2000, with over 3,000 active floats around the world at any 

given time since 2007 (www.argo.ucsd.edu, see Fig. 3.8). These floats descend to a 

pre-programmed depth (mostly 1000 m) and then “park” and drift with the currents at 

this depth for several days (usually 9 days). Often, the floats then descend deeper 

(usually to 2000 m) before ascending to the surface while profiling T/S data in the 

water column. Once at the surface, Argo floats transmit the collected data via satellite 

to Argo data centers before commencing their next cycle (see Fig. 3.7).  

Figure 3.6: Schematic of a model Argo float. [Source: Ollitrault and Rannou, 2013]
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Figure 3.7: Argo float park and profile mission operation. [Source: www.argo.ucsd.edu/How_

Argo_floats.htm.]

Figure 3.8: Positions of the floats that have delivered data within the last 30 days (with reference to 

16th August, 2016). [Source: www.argo.ucsd.edu] 

Delayed-mode Argo data profiles from 1st January 2003 to 1st May 2014 were acquired 

from the Coriolis Project, which makes the data freely available via the internet 

(www.coriolis.eu.org). Only floats which were flagged as “good” and “probably good” 

by the Coriolis’ quality control were considered for this study.  
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To determine if an Argo float surfaced into an AE, CE, or outside of eddies (OE) the 

location of an Argo float was determine to see if it was within the contour line 

delimiting the eddy edge at the same point in time (so-called co-localization).  

Figure 3.9 shows that numerous Argo float profiles surfaced into eddies in the study 

region during the study period. The same figure also shows certain areas in which there 

are not many Argo floats. This usually occurs in shallow areas, where Argo floats 

cannot successfully complete their profiling cycles to 1000 m depth or deeper. Areas 

like these include the shelf off the Australian North East Coast, the area west of New 

Caledonia and coastal waters around the Pacific Islands.  

Approximately one-third of the Argo floats surfaced into eddies with 4,733 (4,857) 

profiles surfacing into AE (CE) while 19,093 floats surfaced OE. This large amount of 

data enabled a robust analysis of the vertical structure of eddies in this region. 

Figure 3.9: Location of Argo floats that surfaced into AE (red) and CE (blue) in the study region 

between 1st January 2003 and 1st May 2014.

The total number of Argo floats in the world’s oceans and in the study region has 

increased over the years but from 2006 onwards, there seems to be a steady number of 

approximately 500 Argo floats that surface into each AE and CE per year (Fig. 3.10). 

However, it is not clear why the number of floats that surfaced into eddies does not 

increase proportionally with the increase in the total number of floats.

The temperature and salinity values were interpolated onto 69 depth levels because the 

original profiles have irregularly distributed data. However, the variables showed 

many missing values in the first 10 m, which had to be interpolated based on the 

existing values at 15 and 20 m. 
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Figure 3.10: Number of Argo profiles within AE (in red), CE (in blue) and OE (in black) over the years 

of the study period (without the 4 months that are part of the data set in the beginning of 2014).15

3.4 Current velocity at 1000 m

To determine the effect of eddies on currents at 1000 m depth, the latest Yomaha 

dataset (Lebedev et al., 2007) was used. As the location of Argo floats is only known 

when they are at the surface, this dataset, which is regularly updated to include new 

data, estimates the velocity of currents at 1000 m depth and at the surface. Using the 

last location before a float’s descent and the first one when it re-surfaces, the Argo 

floats’ displacement during the time they spent submerged within their cycle is 

determined. As the floats spend the majority of the submerged time at their parking 

depth, the velocity of the currents in which the floats drift is calculated. For this data 

set, only floats with a parking depth of 1000 m were considered in order to display the 

currents at that depth. 
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After accounting for errors, the dataset includes over 30,000 velocity values from Argo 

profiles that were taken between 9th November 2001 and 2nd June 2016 in the study 

region. The zonal (U) and meridional (V) components of the velocity are provided and 

the speed (C) is computed using Equation 2: 

� � �� 	 
�      Eq. 2 

where C is the current speed, and U and V are the zonal and meridional components 

of the current velocity, respectively. Figure 3.11 shows the mean flow at 1000 m depth 

in the study region using the Yomaha’07 dataset after an objective analysis was 

conducted (Barnes, 1973).

Figure 3.11: The zonal component of the currents at 1000 m in color shading with total velocity at the 

same depth as vectors. White regions are shallower than 1000 m.

3.5 Mooring data

A subsurface mooring was anchored at 20.25°S, 167.25°E (near Lifou Island, New 

Caledonia) from 5th November 2010 to 16th October 2011 and then redeployed at 

approximately the same location from 2nd October 2012 to 20th November 2013. 

During the first submersion, the temperature was measured at 13 depths between 80 

and 1000 m and the current velocity at 21 depths between 12 and 1000 m (Fig.3.12). 

In the second submersion, the velocity was measured at 20 depths between 58 and 438 

m, while no temperature values were available. 
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Figure 3.12: Schematic of the mooring at 20.25°S, 167.25°E with the top part of the mooring on the 

left and the bottom part on the right. 

This mooring data was co-localized with the detected eddies to find eddies that passed 

by the mooring (i.e., the mooring was within the contour of an eddy that passed by 

during the time of the mooring submersion). 
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3.6 Conclusions 

In summary, the following methodology was used to analyze the data from various 

sources:

1)� An eddy detection algorithm was applied to daily SLA data from satellite altimetry 

in order to analyze the horizontal properties of the eddies at the surface and their 

seasonal variability; 

2)� A co-localization was carried out to indicate when Argo floats were within AE, CE 

or OE, to analyze the vertical structure of eddies in regards to T/S and geostrophic 

velocity;

3)� Current velocity anomalies of the circulation at 1000 m depth inside AE, CE or OE 

were calculated to see if eddies have a considerable effect on the currents at that 

depth and;

4)� Mooring data was used to map the current velocity inside AE and CE as a function 

of depth by means of co-localization of the Argo data with data from the mooring. 

The results produced using this methodology are presented and discussed in the 

following two chapters. 
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Chapter 4: Surface characteristics of mesoscale eddies

4.0 Introduction

In this chapter, the surface characteristics of eddies and their distribution in the study 

region are described, analyzed, and discussed. The findings below only include eddies 

that were retained in the dataset after specific filters were applied (see Chapter 3: 

Section 3.2). 

The eddies detected over the entire time period (1993-2014), with the small and short-

lived eddies removed, can be observed here on YouTube: www.youtube.com/ 

watch?v=PYSA8QMG5Gg. It can be seen that eddies are omnipresent in the study 

region throughout the study period, as was concluded by other studies in different 

regions and time period (e.g., Chelton et al., 2011; Frenger et al., 2013). Specifically, 

when counting the eddies on each day, the total number of eddies that were detected 

during the study period were 459,343 AE (approximately 48%) and 500,526 CE 

(approximately 52%), adding up to nearly 1 million eddies in total. During the study 

period, between 48 and 99 AE and 51 and 107 CE were identified in the study region 

each day.

4.1 Main eddy characteristics and statistics

4.1.1 SLA 

The composite structures of mean SLA during AE and CE shows that AE are 

associated with positive SLA, while CE have negative SLA (Fig. 4.1), which is as 

expected by definition (see Chapter 1: Section 1.1). Figure 4.1 demonstrates maximum 

(minimum) SLA of ~16 cm (~-11 cm) at the eddy centers during AE (CE) and 

decreasing (increasing) values outward with ~8 cm (~-2 cm) at the edge of the eddy.  

Note, that although the SLA should be close to zero far outside the eddies, they exhibit 

a positive anomaly of approximately 3 cm at a distance of 1.5 time the mean radius. 

The SLA bias convention adopted by AVISO (SSALTO/DUACS, 2015) set the mean 

SLA to zero in 1993 over the global oceans. This means, that the mean SLA in 

reference to 1993 SLA is positive due to global seal-level rise. Specifically, 

superimposed on the seasonal variations, a positive linear trend of ~5 mm/year 
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resulting in a mean SLA of ~3 cm was observed during the 22-year period (1993-2014) 

(see also Chapter 5: Section 5.1). 

As defined in Chapter 1: Section 1.2, the eddy amplitude is measured as the difference 

in SLA between the eddy center and the eddy edge. Hence, the temporal increase of 

the SLA in the study region does not affect the amplitude measured by altimetry.  

Figure 4.1: Composite structures of mean SLA during AE (a) and CE (b) over the study period. The 

middle of the crosshairs denotes the eddy center, while the distance from the center is normalized16. The 

black circle specifies the mean eddy edge (normalized radius = 1) and the crosshairs extend to 1.5 times 

the mean eddy radius.

4.1.2 Radius 

The eddies detected in the region have radii ranging between ~20 km and ~300 km 

with a mean of 102.5 km (100.2 km) for AE (CE) and a median of 95.7 km (93.7 km). 

However, as described in Chapter 3: Section 3.2, before the filters were applied to omit 

eddies with radii smaller than four connected grid points, eddies and structures with 

radii smaller than 20 km were also detected. The majority of eddies detected have a 

radius of 50 to 100 km and very few eddies are larger than 200 km (Fig. 4.2). 

Furthermore, there are more small CE (with radius < 100 km) than small AE, and more 

large AE (radius > 150 km) than large CE, which agrees with the findings from Chelton 

et al. (2011) for the global oceans. 
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Figure 4.2: Probability density function of AE (in red) and CE (in blue) radii.

The average eddy radius varies depending on latitude (Fig. 4.3). Specifically, the 

average radius tends to decrease with increasing latitude between 10°S and 20°S and 

remains approximately constant going further south to 30°S (see also Fig. 4.4). While 

the eddy radius is larger towards the north, it is approximately twice the theoretical 

Rossby radius of deformation17, which is in line with what other studies have found 

(e.g., Chaigneau et al., 2011). This phenomenon corresponds to the up-scale transfer 

of kinetic energy on scales similar to the theoretical Rossby radius of deformation 

(Chelton et al., 2011). 
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The northwestern part of the study region, however, does not seem to allow for larger 

eddies to be dominant (Fig. 4.3a), probably due to the many islands which often cause 

eddies to decay (see Sections 4.2.7 & 4.2.8) and hence inhibits their potential to grow 

larger. It could also be due to a change in the stratification, which modifies the Rossby 

radius of deformation.

Figure 4.3: a) Mean eddy radius at the location of their centers on a 1° x 1° grid; using the eddy radii 

at the eddy centroids (not all points within a contour). White areas are shallower than 200 m. b) Mean

radius for AE (in red) and CE (in blue) and the mean theoretical Rossby radius of deformation for the 

study region (in black) as a function of latitude. Eddies are considered on each day of their trajectory.

Figure 4.4 illustrates the radius distribution as a function of latitude. It particularly 

confirms that south of ~20°S, eddies have a relatively uniform radius distribution with 

average radii just under 100 km. Furthermore, Fig. 4.4 also shows that eddies north of 

~20°S not only increase in size towards the equator, but their sizes also become more 

variable.
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Figure 4.4: Boxplot of eddy radius as a function of latitude showing the average of AE (in red) at every 

even degree latitude and CE (in blue) at every odd degree latitude. The median is marked with a circle, 

the thick bar shows the interquartile range (IQR) and the thin lines show the minimum and maximum 

values.

4.1.3 Amplitude 

The eddies retained in this study have amplitudes ranging between ~2 cm and ~26 cm 

with a mean of 7.7 cm for AE and 7.3 cm for CE and medians of 5.9 cm and 6.3 cm, 

respectively18. As can be seen in Fig. 4.5, most of the detected eddies have an 

amplitude between 2 cm and 5 cm with very few eddies are larger than 20 cm. In 

addition, there are more small AE (with amplitude < 5 cm) than small CE, and more 

large CE (amplitude > 8 cm) than large AE, which is in line with the findings from 

Chelton et al. (2011) at a global scale. 
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Figure 4.5: Probability density function of AE (in red) and CE (in blue) amplitude.

Furthermore, Fig. 4.6 shows that eddies north of ~20°S tend to have mean amplitudes 

of 5-6 cm, everal centimeters weaker than eddies south of ~20°S, which have mean 

amplitudes of 7-10 cm. In addition, the eddies in the EAC were found to have, on 

average, much larger amplitudes (> 20 cm) than in the rest of the study region. 

Similarly, Fig. 4.7 shows that eddy amplitudes towards the north do not vary 

extensively, while eddy amplitudes south of ~20°S are more variable. When 

comparing these findings with Fig. 4.6, it can be seen that this large variability is 

mainly due to eddies with especially large amplitudes in the EAC. 
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Figure 4.6: a) Mean eddy amplitude at the location of their centers on a 1° x 1° grid; using the eddy 

amplitude at the eddy centroids (not all points within a contour). White areas are shallower than 200 m. 

b) Mean amplitude for AE (in red) and CE (in blue) as a function of latitude. Eddies are considered on 

each day of their trajectory.

Figure 4.7: Boxplot of eddy amplitude as a function of latitude showing the average for AE (in red) at 

every even degree latitude and CE (in blue) at every odd degree latitude. The median is marked with a 

circle, the thick bar shows the interquartile range (IQR) and the thin lines show the minimum and 

maximum values.
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4.1.4 Eddy kinetic energy (EKE) 

The eddies in the region show an extremely variable EKE ranging between ~10 cm2/s2

and ~1000 cm2/s2 (Figs. 4.8 & 4.9). While the mean EKE was found to be ~174 cm2/s2

for AE and ~204 cm2/s2 for CE, the medians were 130 cm2/s2 and 147 cm2/s2

respectively (see also Fig. 4.10)19. It should be noted that EKE is higher for AE than 

for CE for less energetic eddies (EKE < ~150 cm2/s2), and lower for AE than for CE 

in more energetic eddies (EKE > ~200 cm2/s2), which is similar to the findings on the 

amplitude (see Fig. 4.5). 

Figure 4.8: Probability density function of AE (in red) and CE (in blue) EKE.

The distribution of the mean EKE is consistent with the distribution of amplitude and 

radius: eddies with a larger amplitude and smaller radius are more energetic towards 

the south than eddies with smaller amplitude and larger radii. This can be explained 

by the relationship between EKE and amplitude/radius as the EKE is proportional to 

the square of the meridional velocity (V2; refer to Eq. 1 in Chapter 1: Section 1.2) and 
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V2 is proportional to (amplitude/radius)2. Therefore, high EKE is related to larger 

amplitudes and small radii, and vice versa. 

Furthermore, as mentioned in Chapter 2: Section 2.4, there are three regions of 

identified higher total EKE20 (Qiu et al., 2009), namely the area between 150°E and 

160°E around 16°S in the Coral Sea, the area south of New Caledonia, as well as the 

EAC. As can be seen in Fig. 4.9, the area in the Coral Sea shows only slightly higher 

EKE inside eddies, while it is even more just north of that region (north of 15°S and 

west of 165°W). Similarly, while the region south of New Caledonia has increased 

levels of EKE, it is even more pronounced southeast of New Caledonia between 170°E 

to 170°W, and 20°S and 25°S. Lastly, the EAC does indeed show the highest levels of 

eddy associated EKE in the study region, as found by Qiu et al. (2009) on the total 

EKE.

Figure 4.9: a) Mean eddy EKE at the location of their centers on a 1° x 1° grid; using the eddy EKE at 

the eddy centroids (not all points within a contour). White areas are shallower than 200 m. b) Mean 

EKE for AE (in red) and CE (in blue) as a function of latitude. Eddies are considered on each day of 

their trajectory.

Figure 4.10 shows the distribution of mean EKE inside eddies as a function of latitude. 

It can be seen that the eddies are more energetic and more variable south of ~23°S, 

which is where the EAC is, as well as the region southeast of New Caledonia.  
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Figure 4.10: Boxplot of the eddy EKE as a function of latitude showing the average of AE (in red) at 

every even degree latitude and CE (in blue) at every odd degree latitude. The median is marked with a 

circle, the thick bar shows the interquartile range (IQR) and the thin lines show the minimum and 

maximum values.

Note that the evolution of the radius, amplitude, and EKE throughout the eddy life 

cycles is discussed below in Section 4.2.6 and the variability of these variables is 

examined in Section 4.3. 

4.1.5 Summary 

The radius, amplitude, and EKE vary considerably throughout the study region due to 

different mechanisms involved. While the radius tends to be larger towards the north, 

due to the Rossby radius of deformation, the amplitude and EKE are larger in the south, 

especially in the EAC. Although the EAC is a region of proposed high total EKE, not 

all regions of proposed high total EKE showed the highest eddy-associated EKE. 

Furthermore, the relationship between radius, amplitude and EKE was observed: 

smaller radii and larger amplitudes result in more EKE. 
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4.2 The life of eddies

4.2.1 Number and location 

During the 22-year period of altimetry data (1993-2014), a total number of nearly 

14,000 eddy trajectories (6,756 AE and 7,043 CE) were detected in the study region. 

Apart from the larger amount of CE than AE, no regions of considerable prevalence 

of AE or CE were noticed in the study region (not shown). This is in agreement with 

the findings from Chelton et al. (2011), who also found a slight prevalence in the 

number of CE over AE in their global study. 

Very few eddies were found in the shallow areas near the coasts and the north and the 

northeastern corner of the study region (north of 16°S and east of 170°E), while more 

eddies were detected towards the south (Fig. 4.11a). Whether the absence of eddies

near the coasts is due to the detection method or to a real absence of eddies in these 

areas remains to be elucidated and will be discussed in Section 4.2.8. The number of 

eddies increases almost linearly between 10°S and 20°S (Fig. 4.11b) and remains more 

or less constant southward thereafter.

Figure 4.11: a) Distribution of the total number of eddies (AE and CE) observed in the study region 

during 1993-2014 (counting the number of eddy centers in each 1° x 1° bin). White areas are shallower 

than 200 m. b) The total number of AE (in red) and CE (in blue) centers at each latitude band of 1°. 

Eddies are considered on each day of their trajectory and so the same eddy is counted several times if it 

stays in the same grid point.
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4.2.2 Genesis

Of the total number of eddy trajectories lasting more than 2 weeks, approximately 88% 

(5,950 AE and 6,188 CE) were generated inside the study region. Conversely, 

approximately 12% (806 AE and 855 CE) were generated outside of the study region 

and then propagated into the region. Although eddies are being generated in most areas 

within the study region, most are generated in the lee (west) of the islands and in areas 

of shallow bathymetry (Fig. 4.12a). Hence, fewer eddies are generated in the southern 

part of the study region, which has hardly any islands and shallow areas (Fig. 4.12). 

This is somewhat surprising given that the distribution of eddies shown in Fig. 4.11 

showed the presence of many eddies in the southern part of the study region. 

Figure 4.12: a) Distribution of the number of eddies (AE and CE) generated in each 1° x 1° bin, 

counting only eddy centroids (not all points within a contour) and smoothed with a 2D moving average 

by factor 1. White areas are shallower than 200 m. b) The number of eddies generated inside (in green) 

and towards the east (in red) of the study region as a function of latitude.

4.2.3 Propagation 

Eddies generally propagate westwards due to the rotation of the earth and the advection 

of planetary vorticity (Cushman-Roisin et al., 1990; Chaigneau et al., 2009; 2011; 

Chelton et al., 2011). However, eddies may move faster in certain areas than in others 

because of interactions with the mean flow. Eddies may also move around islands and 

shallow water or be affected by other factors, for example, sea mounts. Furthermore, 

eddies often drift slightly northward or southward; there is a tendency for a small 

poleward deflection for CE, and an equatorward deflection for AE (e.g., Cushman-

Roisin et al., 1990; Morrow et al., 2004; Chaigneau et al., 2008; Chelton et al., 2011).  
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The westward propagation of eddies can be clearly observed in Fig. 4.13. While the 

mean propagation velocity in the study region is approximately 7 cm/s, the figure 

shows that eddies north of ~20°S propagate a lot faster (~12 cm/s) compared to eddies 

south of ~20°S (~4 cm/s). Furthermore, it is observed that the zonal propagation 

velocity is very similar to the Rossby wave phase speed21 between 14°S and 30°S, but 

that it is considerably slower than the Rossby wave phase speed north of 14°S (Fig. 

4.14b). Chelton et al. (2011) had similarly found the propagation velocities to be 

similar to the Rossby wave phase speed on global scales. 

Figure 4.13: a) Mean eddy propagation velocity for each 1° x 1° bin with the magnitude in color shading 

and direction as vectors (length of vectors is normalized); white regions are shallower than 200 m. b) 

Mean zonal propagation velocity as a function of latitude for AE (in red) and CE (in blue). The 

theoretical long baroclinic Rossby wave phase speed of the study region is shown in black.

When encountering islands and coastal and shallow regions, eddies usually move 

around these topographic features or decay (Fig. 4.14; see also Sections 4.2.7 & 4.2.8). 

At the Australian North East Coast, eddies tend to propagate north or south out of the 

study region if they do not dissipate through friction (Fig. 4.14; see also Sections 4.2.7 

& 4.2.8).
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Figure 4.14: Trajectories of AE (a) and CE (b) that were generated between 1st January 2012 and 31st

December 2013 (the entire time period is not shown as there would be too many trajectories to show). 

4.2.4 Lifetime 

As mentioned in Chapter 3: Section 3.2, eddies with lifetimes shorter than 2 weeks 

were not considered for this study, hence short-lived and non-coherent structures are 

not included. Note that the presented lifetimes are probably underestimated since 

eddies can be generated in remote areas before propagating into the study region. 

Figure 4.15 shows that the number of eddies with shorter lifetimes is most abundant. 

The longest eddy lifetime was 1,771 days (approximately 4 years and 10 months), 

while the average lifetime of all the eddies being 139 days (~4.5 months). 
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Figure 4.15: Histogram of the number of AE (a&b) and CE (c&d) with certain lifetimes: (a&c) show 

all lifetimes while (b&d) are zoomed in to show maximum lifetimes of 200 days. Note that the width of 

the bar changes from (a&c) to (b&d), therefore the frequency count also changes.

In addition, Fig. 4.16 demonstrates that eddies that formed south of 20°S tend to live 

considerably longer than eddies formed north of 20°S. There is also a trend with AE 

living shorter than CE towards the north of the study region, and AE living longer than 

CE towards the south. Specifically, the mean lifetime north of 20°S is approximately 

15 weeks for AE and 30 weeks for CE, while it is approximately 60 weeks for AE and 

40 weeks for CE in the south.

The phenomenon of eddies living considerably longer towards the south is possibly 

because the propagation velocity is a lot slower in the south (see Fig.4.13). At the same 

time, the eddies do not encounter many islands or coasts and can hence continue to 

propagate unhindered. 
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Figure 4.16: a) Mean eddy lifetime at the location of their centers on a 1° x 1° grid; using the location 

of the eddy centroids (not all points within a contour). White areas are shallower than 200 m. b) Mean 

(solid lines) and median (dashed lines) lifetimes for AE (in red) and CE (in blue) as a function of latitude. 

Eddies are considered on each day of their trajectory.

4.2.5 Traveled distance 

On average, AE (CE) travel a distance of approximately 282 km (306 km) from the 

area of genesis until they decay. Note that this number is different than when 

computing the distance by multiplying the mean lifetime by the mean propagation 

speed (139 days * 7 cm/s ≈ 841 km). This difference is because the distance discussed 

in this section is computed as the distance from the eddy center at genesis to that at the 

eddy’s decay. As these values only include the start and end point of an eddy’s 

trajectory, the actual length of an eddy’s trajectory can be a lot longer, as it meanders 

around rather than propagating in a straight line. In contrast, the propagation velocity 

is computed on each day of the trajectory, and hence the distance based on this velocity 

does take the meandering into consideration. 

Figure 4.17a shows that eddies that cover the longest distance were often generated in 

the east of the study region. This is expected, as this will allow them to continue to 

propagate westward. Conversely, east of the coasts of the larger islands as well as east 

of the Australian coast, eddies do not cover large distances at all. The longest distance 

covered by an eddy is approximately 5000 km, however, these extremely long-distance 

eddies are quite rare, resulting in the comparatively short mean distances seen in Fig. 

4.17.
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Interestingly, as eddies south of 20°S live on average much longer than north of 20°S 

(~3 months in the north compared to nearly 7 months in the south), it was expected 

that they travel further distances in that time as well. However, the mean distance an 

eddy travels throughout its lifetime south of 20°S is on average less than in the north 

(Fig. 4.17b). Specifically, in the north, AE travel ~300 km while CE travel ~330 km. 

In comparison, in the south AE tend to move ~250 km between their genesis and decay, 

while CE move ~280 km. A reason for this surprising result is that the propagation 

velocity towards the south is considerably slower than in the North (see Section 4.2.3). 

Hence, although the eddies in the south are relatively uninterrupted by the islands 

there, they do not cover large distances and nearly hover in the same position. For 

example, the eddy south of 20°S which covered the shortest distance (~22 km), lived 

for 81 days (~2.5 months). 

Figure 4.17: a) Mean traveled distance at the location of the eddy centers at genesis on a 1° x 1° grid; 

using the location of the eddy centroids (not all points within a contour). White areas are shallower than 

200 m. b) Mean traveled distance for AE (in red) and CE (in blue) as a function of latitude. Eddies are 

considered on each day of their trajectory.
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4.2.6 Evolution of eddies 

Although eddy properties were discussed in detail in Section 4.1, the mean evolution 

of each eddy property along its trajectory is presented in Fig. 4.18, showing how these 

properties change on average throughout an eddy’s life. Eddies tend to get larger and 

gain amplitude and energy after the genesis during the growth phase, then tend to level 

off as they stay at their maximum for the majority of their life before they decrease in 

radius, amplitude, and EKE during the decay phase. The presence of these three 

lifetime stages (growth phase, mature phase, and decay phase) is consistent with 

previous studies on eddies found in other regions (e.g., Samelson et al., 2014; 

Pegliasco et al., 2015a). At the same time, in comparison with AE, CE tend to have 

slightly smaller radii, but with larger amplitudes, leading to higher levels of EKE 

during AE22.

Figure 4.18: The evolution of eddy radius (a), amplitude (b) and EKE (c) for AE (in red) and CE (in 

blue) along their trajectories as a function of their normalized lifetime. 
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4.2.7 Decay 

It was found that of the total number of eddy trajectories, approximately 75% (5,074 

AE and 5,317 CE) decayed inside the study region, while approximately 8% (546 AE 

and 566 CE) propagated northwards and approximately 16% (1,136 AE and 1,160 CE) 

southwards and out of the study region before decaying. 

Although eddies were found to decay throughout the study region, most eddies did so 

in the east of the islands, coastal, and shallow regions, while fewer eddies decayed in 

the southern part of the study region, which has fewer islands and is characterized by 

deeper bathymetry (Fig. 4.19).

Figure 4.19: a) Distribution of the number of eddies (AE and CE) that decayed in each 1° x 1° bin, 

counting only eddy centroids (not all points within a contour) and smoothed with a moving average. 

White areas are shallower than 200 m. Regions to the east of the islands and coast where many eddies 

decay are delimited by colored rectangles. b) Solid lines show the number of eddies that decayed inside 

(in green) and in the north (in red) or south (in blue) of the study region as a function of longitude.
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4.2.8 Eddy behavior around islands and coasts 

Eddies seem to interact strongly with islands: they tend to predominantly form in the 

west of the islands, while they tend to mostly decay to the east if they do not bifurcate 

around the islands. When zooming into the region around New Caledonia (Fig. 4.20), 

it can be clearly seen that the larger islands, such as the main island of New Caledonia 

(Grande Terre), form a barrier for the eddies to enter the coastal regions. A large 

number of eddies that encounter this island from the east, decays east of the island, 

while only few bifurcate around it. Figure 4.20 also shows numerous new eddies 

forming as well as decaying west of the island. This decay is mainly associated with 

short-lived eddies that formed west of the island (see Fig. 4.21).

As large islands, such as the main islands of Fiji and New Caledonia, are masked by 

the Aviso product, it is clear that eddies would not be able to pass through the island, 

hence the results of eddies decaying or bifurcating around it are as expected. However, 

many smaller islands, such as the Loyalty Islands, which are just east of New 

Caledonia’s main island (~21°S, 167°E), are not masked by the Aviso product, and 

therefore, some eddies seem to be passing through the islands and shallow regions.  

Figure 4.20: a) Eddy genesis (in green) and decay (in black) around New Caledonia during the whole 

study period for both AE and CE. b) Eddy trajectories around New Caledonia between 1st January 2010 

and 1st May 2014 for AE (in red) and CE (in blue). 
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It seems that when an eddy decays near an island, a new eddy is often detected shortly 

afterward, in a patch of SLA that was once part of the old eddy (see the video on 

YouTube www.youtube.com/watch?v=PYSA8QMG5Gg). It, therefore, seems that 

the new eddy uses the same energy that was lost from the old eddy. This phenomenon 

could also be a problem of the eddy detection and tracking algorithm, which might 

“lose” an eddy near the coasts, which would appear as a decay, and might “find” the 

same eddy again, which would, however, appear as a newly generated eddy.  

Similarly, eddies that seem to pass through the smaller islands, might also technically 

be separate eddies but were detected as belonging to the same trajectory due to their 

similar properties and location. Numerous other analyses were made on the eddy 

behavior around islands, which are not shown here. These findings also confirmed that 

eddies decay or bifurcate when encountering larger islands, while they sometimes

seem to pass through smaller islands. 

Figure 4.21a shows where eddies originated from before they encounter some of the 

islands. It confirms firstly that eddies propagate towards the islands from the east, and 

that many eddies decay at the islands, while some eddies do bifurcate around them. It 

can also be seen, that few eddies manage to pass multiple island groups, crossing the 

majority of the study region. 

As was seen in Fig. 4.20, some eddies were found to decay west of New Caledonia, 

which is not expected. Figure 4.21 demonstrates that around New Caledonia, these 

eddies were generated west of the island and did not propagate far before decaying a 

short distance from the island. In the case of Fiji, only a couple of eddies decayed west 

of the main island (Viti Levu). On the contrary, in Vanuatu, the eddies that decayed 

west of the island group, had sometimes propagated past Vanuatu from the east and 

then decayed. At other times, eddies had formed west of Vanuatu and (like in New 

Caledonia) had only propagated short distances before decaying very close to where 

they had formed. 
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Figure 4.21: a) Trajectories of eddies which passed the east of large islands and coasts (lines). b) 

Trajectories of eddies that decayed west of large islands (lines). The colored rectangles delimit the area 

which the eddies pass (a) or in which they decay (b) and the trajectories are shown in the corresponding 

color. Green: Australian East Coast; Blue: Chesterfield Islands; Turquoise: New Caledonia; Purple: 

Vanuatu; Red: Fiji.
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4.2.9 Summary 

The life cycle of eddies tends to be as follows: eddies form in the study region, or 

marginally enter usually from the east and continue to propagate westwards. These 

eddies live on average for several weeks/months, while they gain in size, height, and 

energy at the beginning of their lives, and lose in the same properties towards the end 

of their lives. When encountering islands or shallow bathymetry, few eddies bifurcate 

around these areas, while many eddies decay east of these features. New eddies are 

often formed in the lee (west) of the islands, but some eddies also form in other regions. 

These eddies then continue to propagate westwards until they decay, encounter further 

islands, or leave the study region towards the north or south. Eventually, the eddies 

reach the Australian East Coast, where they often decay or move poleward or 

equatorward out of the study region. Interestingly, it was found that some eddies in the 

south of the study region propagate extremely slowly. This results in extremely short 

distances covered by these eddies, even though they often live for relatively long times.  

A discrepancy was noticed between the frequency of eddies and the regions of eddy 

generation. While more eddies are present in the south of the study region, hardly any 

eddies are being generated there. This can be explained by the fact that in the south, 

where the eddies are relatively uninterrupted by islands, little decay and genesis of 

new eddies occur. On the contrary, in the north, eddies are constantly interrupted by 

islands and live a lot shorter, which explains the high number of eddy formations there. 

In addition, as eddies are counted on each day of their trajectory, and the propagation 

occurs a lot slower in the southern part of the study, many eddies are counted there 

several times, despite very few eddies being generated there.  

The three regions of especially high total EKE (see Section 4.1.4) were expected to 

generate many eddies due to the barotropic and baroclinic instabilities there. However, 

these areas do not show many eddies being formed there. The reason for this 

discrepancy is not entirely understood. It could be that many eddies are already present 

in these regions so that instead of forming new ones, the existing eddies gain in EKE. 

Further research can be conducted to find the reasons for this.  
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4.3 Eddy variability

4.3.1 Seasonal variability in the whole study region 

A small seasonal cycle on the number (Fig. 4.22) and on the radius, amplitude, and 

EKE (Fig. 4.23) of AE and CE was noticed throughout the study period. However, 

each of the seasonal signatures are slightly different: the number of eddies highest in 

Austral autumn, the largest radii in Austral spring, and the largest amplitudes and EKE 

in Austral summer. This implies that different mechanisms cause eddies to have larger 

radii than the mechanisms that cause eddies to have more energy and amplitudes. 

Specifically, the average number of eddies is ~60 per day during the Austral autumn 

and ~70 during Austral spring, with slightly more CE than AE as discussed in Section 

4.2.1. While the mean radius was found to be slightly larger during Austral autumn 

than during Austral spring, this not a significant difference. Similarly, the mean 

amplitude is slightly, but not significantly, larger in Austral summer than in Austral 

winter. However, the average EKE is approximately 180 cm2/s2 for AE and 220 cm2/s2

for CE during Austral winter, while it is significantly more energetic during Austral 

summer with approximately 210 cm2/s2 for AE and 260 cm2/s2 for CE.

Figure 4.22: Temporal variations of the number of eddies in the study region showing the number of 

AE (in red) and CE (in blue). The curves are smoothed using a 3-month running mean.
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Figure 4.23: Mean seasonal cycle for: a) number of eddies; b) radius (in km); c) amplitude (in cm); and 

d) EKE (in cm2/s2) for the period from January (1) to December (12), using a 3-month running mean on 

the entire time series for AE (in red) and CE (in blue). 

4.3.2 Seasonal variability in sub-regions 

An analysis of the seasonal variability of the number of eddies, their radius, amplitude, 

and EKE was also conducted for sub-regions in the study area. While the number of 

eddies and their radii showed approximately the same behavior in the sub-regions as 

they did in the whole study region (not shown), the amplitude and EKE showed 

considerably different trends in their seasonal behavior. The amplitudes look 

extremely similar to the EKE in the various sub-regions and are hence not shown here. 

The sub-regions chosen for this analysis are the three regions of high total EKE 

variability, described in Section 4.1.4: The Coral Sea, the area south of New Caledonia, 

and the area of the EAC. 
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Figure 4.24 shows that the EKE in the Coral Sea is on average slightly less than 200 

cm2/s2 for AE and ~250 cm2/s2 for CE. Here, the highest (lowest) EKE occurs on 

average in Austral summer (winter). Similarly, the area south of New Caledonia has 

an average EKE of ~220 cm2/s2 for both AE and CE. As in the Coral Sea, the highest 

(lowest) EKE occurs on average in Austral summer (winter). The EAC has the highest 

eddy associated EKE throughout the year, with averages of approximately 400 cm2/s2

for AE and approximately 500 cm2/s2 for CE. The highest EKE in the EAC tends to 

occur in Austral summer and autumn, while the lowest EKE occurs in Austral winter 

and spring. 

Figure 4.24: Mean seasonal cycle of EKE: a) in the Coral Sea (14°S-18°S, 150°E-163°E); b) south of 

New Caledonia (24°S-27°S, 162°E-170°E); and c) in the EAC (22°S-30°S, 152°E-160°E) for the period 

from January (1) to December (12) using a 3-month running mean on the entire time series for AE (in 

red) and CE (in blue).
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Similarly, Qiu and Chen (2004) specifically analyzed the seasonal variability of the 

total EKE in different regions of high EKE. The findings from Qiu and Chen (2004) 

are similar, but slightly different to the findings of this study and these authors found 

clearly distinct seasonal maxima in the sub-regions. Specifically, they found that the 

South Equatorial Counter Current (SECC23) and EAC have their highest (lowest) EKE 

in Austral autumn (spring), while the South Pacific Subtropical Counter Current 

(STCC) has its highest (lowest) EKE in the Austral summer (winter) months. In 

addition, Qiu et al. (2009) investigated and discussed the seasonal variability of the 

EKE in the Coral Sea (CS) and in the North Fiji Basin (NFB). The names study 

showed, that although the EKE was on average a lot higher in the CS than in the NFB, 

both areas displayed maximum total EKE in Austral summer and minimum total EKE 

in Austral winter, which is similar to the findings of this study for the whole region. 

The slight but considerable differences in the findings between these two studies and 

this research might be because the named studies consider the total EKE, while this 

study only analyzes the EKE associated with eddies.  

4.3.3 Inter-annual variability 

An analysis of the inter-annual variability of the number of eddies showed that there 

is no significant correlation with the El Niño Southern Oscillation (ENSO) signal (Fig. 

4.25). However, it can be seen that after the 1997-98 El Niño event, which was one of 

the most intense El Niño events in recent history, the number of eddies drops to the 

lowest during the study period. Similarly, after the strong 2009-10 El Niño event, the 

number of eddies drop significantly again. Furthermore, the relatively strong 2007-08 

La Niña event produced the opposite result: an increase in the number of eddies. 

However, these findings are not consistent: during weaker El Niño events (e.g., in 

2002-03 and 2006-07), we do not observe a corresponding decrease, and also during 

the strong 2010-11 La Niña event, where an increase in the number of eddies would 

be expected, we observe a decrease instead. Similar analyses were conducted on the 

other variables (radius, amplitude, and EKE), but no meaningful inter-annual 

correlations could be observed (not shown). 
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Figure 4.25: Interannual variability: the total number of eddies (AE&CE) minus the seasonal cycle with 

a 3-months running mean applied (in pink). The Southern Oscillation Index (SOI) is an index for ENSO 

(in black).

4.3.4 Summary 

Clear seasonal cycles were observed in some of the variables when considering all 

eddies in the study region: the highest (lowest) number of eddies is during Austral 

autumn (spring), and the largest (least) EKE in Austral summer (winter), while the 

seasonal differences for radii and amplitudes were not significant.  

When considering smaller sub-regions, different seasonal cycles of the EKE were 

detected in different regions: in the Coral Sea and the area south of New Caledonia, 

the highest (lowest) EKE occurs on average in Austral summer (winter). In the EAC, 

the highest EKE tends to occur in Austral summer and autumn, while the lowest EKE 

occurs in Austral winter and spring. More research could be conducted to investigate 

the inter-annual variability in the small sub-regions. 
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4.4 Conclusions

In conclusion, the following eddy properties were observed at the surface: 

1.� The eddies in the study region were found to have an average radius of 

approximately 100 km, an amplitude of approximately 8 cm and EKE of 

approximately 200 cm2/s2. However, these properties are not evenly distributed in 

the study region and patches with larger eddy radii, more eddy amplitude, and more 

EKE were observed. 

2.� While the eddy radius is larger in the north of the study region, it is approximately 

twice the theoretical Rossby radius. The northwestern area, however, does not 

seem to allow for eddies to grow large due to the many islands, which often cause 

eddies to decay and hence inhibits their potential to grow larger. 

3.� The distribution of the mean amplitude and EKE are similar to each other with 

larger amplitudes and more energetic eddies in the south and their maxima found 

in the EAC.

4.� The three regions of high total EKE in the Coral Sea, south of New Caledonia and 

the EAC (Qiu and Chen, 2004 and Qiu et al., 2009) were found to have more 

energetic eddies than elsewhere in the study region, while the EAC showed 

maximum EKE. However, there were other regions of similar or even higher eddy-

related EKE than in the Coral Sea and south of New Caledonia. Furthermore, the 

three regions of high EKE did not overlap with regions of larger numbers of eddy 

genesis, which is in contrast to what was expected. It is thought that instead of 

many eddies being generated in these regions, the existing eddies are reinforced as 

they pass through. 

5.� It was found that eddies tend to form in the lee (west) of islands or move into the 

study region, mainly from the east. Eddies then propagate westwards with speeds 

similar to that of the theoretical Rossby phase speed in the study region. Although 

the average propagation speed is approximately 7 cm/s, eddies move faster in the 

north (~10 cm/s) than in the south (~4 cm/s). 

6.� Although most eddies have relatively short lifetimes, several eddies lived for 

multiple years (maximum of approximately 4 years and 10 months). The average 

eddy-lifetime is approximately 4.5 months. 
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7.� On average eddies travel a distance of approximately 300 km from the area of 

genesis to their decay, while this distance is further when taking the meandering 

between these points into consideration. 

8.� Eddies live a lot longer in the south but propagate much slower. As these two 

variables cancel each other out, the eddies tend to travel slightly shorter distances 

in the south, although the opposite was expected due to their long lifetimes. 

9.� Eddies were found to go through three stages: they gain size, amplitude, and EKE 

in the growing stage, then they stay at their maximum for the majority of their life 

during the mature phase, and then decrease during the decay phase. 

10.�When encountering islands, coastal and shallow regions, eddies tend to move 

around these topographic features or decay. At the Australian North East Coast, 

eddies tend to bifurcate north or south out of the study region, if they do not 

dissipate through friction.

11.�When considering the number of eddies at a given location, considerably more 

eddies were encountered in the south of the study region, even though fewer eddies 

are generated in that region. It can be assumed that this phenomenon is because 

eddies propagate a lot slower in the south while also having a longer lifetime.  

12.�While the radius and amplitude did not show significant seasonal differences in the 

study region, the number of eddies and EKE did have seasonal variations: the 

largest (smaller) amplitudes and highest (lowest) EKE were found to be during 

Austral summer (winter).

13.�When considering sub-regions, the EKE was found to have the highest (lowest) 

averages in Austral summer (winter) in the Coral Sea and the area south of New 

Caledonia. At the same time, the EKE in the EAC tends to be highest in Austral 

summer and autumn, and lowest in Austral winter and spring. 

14.�When investigating the inter-annual variability of the radius, amplitude, and EKE, 

especially in regards to the ENSO signal, no direct link could be found. 

While this chapter characterized the surface characteristics of eddies, the following 

chapter investigates the vertical structure of eddies. Specifically, it seeks to determine 

how deep the eddies impact is on the temperature, salinity, and current velocity of the 

surrounding water and how deep water is being trapped and transported by the eddies.  
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Chapter 5: Vertical structure characteristics of mesoscale 

eddies

5.0 Introduction

The vertical structure of eddies is investigated for anticyclonic eddies (AE) and 

cyclonic eddies (CE) in regards to their temperature, salinity, and velocity to show 

how deep the eddies have an impact on the surrounding water, and up to where water 

is being trapped and transported by the eddies. As mentioned in Chapter 1: Section 

1.1, two different types of eddies exist: surface-intensified eddies, which have their 

core and maximum rotation (counter-clockwise in AE and clockwise in CE in the 

southern hemisphere) in the surface layer, and the subsurface-intensified eddies, which 

have a weak signature in SLA, because they have their cores and maximum rotation 

deeper. As this study relied on SLA data to detect eddies at the surface, the results 

shown in this chapter focus on surface-intensified eddies. Note that because the results 

varied greatly towards the north and south of the study region (see Chapter 4), the 

results in this chapter are often split to show the findings in the northern (10°S to 20°S) 

and southern (20°S to 30°S) regions separately. 

5.1 Observational biases

To compute the vertical structure of temperature, salinity, and geostrophic velocity24,

data from Argo floats was co-localized with eddies detected from SLA (see Chapter 

3: Section 3.3). Before presenting these results, however, some properties of the eddies 

into which Argo floats surfaced will be discussed as it was found that these eddies 

have different properties than the mean eddies. 
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Although the mean radius of all eddies detected from altimetry is approximately 100 

km (see Chapter 4: Section 4.1.2), the mean radius of eddies into which Argo floats 

surfaced was found to be much larger (~140 km; Fig. 5.1a&d). The mean amplitude 

of all eddies was found to be approximately 8 cm, while the mean amplitude of eddies 

into which Argo floats surfaced is noticeably higher (~10 cm, Fig. 5.1b&e). The mean 

EKE of all eddies was shown to be approximately 200 cm2/s2, while the mean EKE of 

eddies into which Argo floats surfaced is much larger (300 cm2/s2; Fig. 5.1c&f). From 

this, we can conclude that Argo floats are preferentially trapped within larger and more 

energetic eddies and that the results will be slightly biased and representative of these 

big, energetic eddies. These biases are consistent with the findings of Pegliasco et al. 

(2015a) in the four major eastern boundary upwelling system of the global oceans. 

Furthermore, Pegliasco et al. (2015a), who used similar methods as this study, found 

that the results are not only biased towards the bigger and more energetic eddies but 

also by the fact that the position of Argo floats within an eddy are not evenly 

distributed, but are on average located at 2/3 of the eddy radii. This means that the 

anomalies and the vertical displacement that are described in this chapter are largely 

representative of this distance.

Figure 5.1: Histograms of eddy radii (a&d), amplitude (b&e), and EKE (c&f) for all eddies detected 

from altimetry (left panel) and for eddies into which an Argo float surfaced (right panel).
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The mean altimetry SLA for the period 2003-2014 (Argo period) was found to be ~5 

cm (Fig. 5.2). This value includes the SLA null in 1993 that results in a mean SLA of 

~3 cm over the whole time period (1993 to 2014; see Chapter 4: Section 4.1.1 and 

Figs. 5.2-5.4 below). In addition, as discussed in the previous paragraph, Argo floats 

tend to surface into larger eddies resulting in a mean SLA of ~6 cm for the eddies into 

which Argo floats surfaced. Near the eddy center, the SLA is, on average, higher for 

eddies with Argo floats than for all eddies during the same time period, while it is 

lower towards the eddy edge (Fig. 5.2). The slope of the SLA is, therefore, steeper and 

the amplitude larger in eddies into which Argo floats surfaced than it is when 

considering all eddies.

Figure 5.2: Mean SLA as a function of normalized distance25 from the eddy center of AE (in red) and 

CE (in blue) during the Argo period (2003-201) for eddies with (dashed lines) or without (solid lines) 

Argo floats inside them. 
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Figure 5.3: Composite26 SLA for AE (a&b) and CE (c&d) using the normalized distance from the eddy 

center for the period 1993-2014 (a&c) and during the period 2003-2014 (b&d). The black circle marks 

the eddy edge (normalized distance from eddy center=1) and the plot reaches to 1.5 the eddy radius.
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Figure 5.4: Time series of SLA in the study region (in black) and its trend line (in green). The mean 

SLA for the whole study period is also shown (in pink) with the mean SLA during the period of Argo 

floats (in red).

Correspondingly, the same is true for the geostrophic velocity at the surface, as it is 

derived from the dynamic height27 gradients (see Section 5.3.2). Figure 5.5 shows that 

the maximum swirl velocity of eddies is observed around halfway between the eddy 

center and its edge (at a normalized distance of approximately ±0.5). However, inside 

eddies sampled by Argo floats, this maximum is ~20% more and closer to the eddy 

center. As the vertical structure depicted in the following sections are based on Argo 

data, it can be assumed that the findings are biased toward more energetic eddies. 
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Figure 5.5: SLA derived mean geostrophic velocity at the sea surface as a function of normalized 

distance from the eddy center for AE (in red) and CE (in blue) during 2003-2014 for eddies with (dashed 

lines) or without (solid lines) Argo floats inside them.

5.2 Vertical structure of eddies and induced T/S anomalies

As discussed in Chapter 1: Section 1.1, eddies affect the T/S properties in the water 

column by means of upwelling and downwelling of water masses. Aside from this 

vertical movement, horizontal transport along isopycnal layers (known as isopycnal 

advection) and mixing with the surrounding water can occurs. Using the co-localized 

data (see Chapter 3: Section 3.3), the eddy-induced changes in T/S are produced. The 

T/S anomalies are for this are computed by removing the observed value from the 

climatological value28 at the same location. These anomalies are discussed in this 

section for AE and CE, and outside eddies (OE) separately. Note that the mean T/S 

fields in the region were discussed in Chapter 2: Section 2.3. 
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5.2.1 T/S structure in the whole study region 

As surface-intensified AE (CE) are associated with downwelling (upwelling), the 

thermohaline (T/S) properties in the water column can be modified by the passage of 

mesoscale eddies. The effect can be observed, for example, in Fig. 5.6b, where the 

temperature is anomalously warmer (colder) inside AE (CE). On average, the 

temperature anomalies within AE and CE are maximum in the thermocline29 between 

100 m and 400 m depth (±0.6°C) and decrease to zero with depth. This is expected as 

a vertical isotherm displacement of similar amplitude will result in much higher 

temperature anomalies in regions of strong stratification (e.g., in the thermocline) than 

in regions of weak stratification.

Due to the presence of a salinity maximum in the thermocline, and thus a less linear 

vertical dependence of the mean salinity compared to the temperature (Fig. 5.6a&c), 

the salinity anomaly created by eddies is more complex than that of the temperature 

anomalies (Fig. 5.6c&d). In the first 200 m, where the mean salinity increases (Fig. 

5.6c), salinity anomalies are negative (positive) within AE (CE) due to the 

downwelling (upwelling) of fresher (saltier) water with maximum anomalies of 

approximately -0.04 (0.06) at around 80 m depth (Fig. 5.6d). At around 200 m, no 

anomalies are observed. Between 200 m and 800 m, where the mean salinity decreases, 

the opposite is observed compared to the surface layers as more (less) saline waters 

are downwelled (upwelled) in AE (CE) with maximum anomalies of approximately 

±0.05 at around 350 m. Between 900 m and 2000 m, a minimal negative (positive) 

salinity anomaly is again observed for AE (CE) as the mean salinity increases slightly 

with increasing depth. 

The same figures show that in the study region, AE and CE have an anti-symmetric 

signature on T/S in the water-column (Fig. 5.6b&d), which is not the case in other 

regions such as in the southeast Pacific (e.g., Chaigneau et al., 2011, Pegliasco et al., 

2015a). Note that the T/S anomaly outside eddies is close to zero because, as by 

calculation it should be similar to the mean T/S. 
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Figure 5.6: Mean temperature (a) and salinity (c) from Argo data as a function of depth in the study 

region (solid lines) delimited by unit standard deviation (dashed lines). Anomalies of temperature (b) 

and salinity (d) as a function of depth within AE (in red), CE (in blue), and OE (in black).
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5.2.2 T/S structure in sub-regions

To investigate the spatial variation of the vertical eddy structures, the region was 

divided into 4° latitude by 10° longitude sub-regions and the mean T/S anomalies were 

computed for each sub-region (Figs. 5.7 & 5.8). In each sub-region, T/S anomalies 

within AE and CE exhibit a similar shape as in the whole region with similar anti-

symmetric behavior. However, the magnitude and vertical extent of the anomalies 

varies greatly in the different sub-regions. 

Two regions which are each associated with similar T/S anomalies inside eddies can 

be observed in Fig. 5.7: north of 22°S, eddies tend to be shallower with reduced 

anomalies exhibiting maximum values of approximately ±0.3°C at around 200 m, 

while south of 22°S, eddies show deeper and higher anomalies with maximum values 

of approximately ±0.5°C at around 350 m depth. These two regions are also 

characterized by different water mass properties and dynamics, as described in Kessler 

and Cravatte (2013).

Figure 5.7: Temperature anomalies as a function of depth for AE (in red), CE (in blue) and OE (in 

black) in 4° x 10° sub-regions. The numbers in the corresponding colors indicate the number of floats 

that were used in each sub-region to compute the plot. 
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The salinity anomalies also show comparable differences in magnitude in these two 

regions (Fig. 5.8). North of 22°S, eddies exhibit reduced anomalies with maximum 

values of approximately ±0.05 at around 100 m and 300 m, while south of 22°S, the 

maximum anomaly values are approximately 0.1 at the same depths. Contrary to the 

vertical structure of temperature, the effect of eddies on salinity does not change 

extensively in the north compared to the south. 

Figure 5.8: Salinity anomalies as a function of depth for AE (in red), CE (in blue) and OE (in black) in 

4° x 10° sub-regions. The numbers in the corresponding colors indicate the number of floats that were 

used in each sub-region to compute the plot. 

The T/S anomalies were also computed as a function of density, instead of depth. If 

the eddies showed a clear signal using this diagnostic tool, it would have meant that 

water is not only transported vertically due to the eddy induced upwelling and 

downwelling, but also horizontally along the isopycnals30 (so-called isopycnal 

advection). However, Fig. 5.9 shows that the mean anomalies of the temperature and 

salinity anomalies as a function of density are almost zero and that the variability 
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thereof is extremely large. This means that there is no tendency of AE or CE to 

transport different water masses along their isopycnals. The same analysis was 

conducted for the different sub-regions as in Figs. 5.7 & 5.8, however, no clear signal 

was observed in these sub-regions either (not shown). 

Figure 5.9: Temperature (a) and salinity (b) anomaly as a function of density for AE (in red), CE (in 

blue), and OE (in black); showing the mean anomaly (solid lines) and the mean ± 3 standard deviations 

(dashed lines).

5.2.3 Vertical composite structures 

A composite structure uses the data from multiple eddies and shows the average 

structure based on this data. As the objective is to reconstruct the mean 2D vertical 

structure of AE and CE, a composite average was computed for AE and CE separately 

in regards to T/S. As the study region is very different in the northern part compared 

to the southern part (see Chapter 4: Sections 4.1 & 4.2), the composite is presented for 

the whole region based on ~26,000 Argo profiles, as well as for the northern (10°S to 

20°S, ~14,000 profiles) and southern (20°S to 30°S, ~12,000 profiles) regions 

separately.

In order to compute the composite eddies, a 4-step method was used: 

1.� The angle and normalized distance of the Argo float in relation to the eddy center 

were determined at the surface. As briefly mentioned in Section 5.1, the 

normalized distance was computed by dividing the observed distance by the mean 

radius of the eddies which contain an Argo float (140 km) resulting in values 

between 0 and 1, where zero is the position of the eddy center and 1 corresponds 

to the mean eddy radius.
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2.� Instead of using only observations that are on one cross-section of the eddy, 

isotropy was assumed (see Appendix A4) and observations in all directions were 

considered. This means that observations were organized as a function of 

normalized distance (between 0 and 1) from the center only, regardless of the 

angle.

3.� As very few observations were made close to the eddy centers (i.e., close to 0), the 

distances were mirrored at 0 to provide distances between -1 and 1. This helped to 

provide more accurate interpolated results near the eddy centers and avoided 

discontinuity.

4.� An objective analysis (following Barnes, 1973; with xr = yr = 0.25 and npass = 3 

on a 0.025 x 0.025 grid) was carried out to interpolate the data onto a regular grid. 

Using this interpolated grid at each depth level, the vertical composites of the T/S 

anomalies are produced as a function of depth. 

Eddies tend to have an effect on the temperature down to ~1000 m depth (with 

anomalies > 0.1°C) when considering the whole study region. Here, the maximum 

anomalies were observed to be more than 0.8°C at ~200 m depth (Fig. 5.10a). 

However, north of 20°S, eddies only affect the temperature on average to ~700 m (with 

anomalies > 0.1°C), while the maximum anomalies are more than 0.7°C at ~100 m 

depth (Fig. 5.10c). Moreover, the eddies south of 20°S still have an effect on the 

temperature at 1,200 m (with anomalies > 0.1°C), and the maximum anomalies are 

more than 1°C at ~300 m depth (Fig. 5.10e). Note that the stronger anomalies below 

the thermocline (below 200 m) is due to stronger stratification at these depths, not due 

to the intensity of the eddies. 

As seen in the previous section, eddies have a deeper and stronger effect on 

temperature than on salinity in the water column. However, although the salinity 

anomalies are larger in the south than in the north, the depth of the extrema does not 

change considerably in the different regions. This can also be observed in the 

composite vertical structure of the salinity: on average, eddies have an effect on 

salinity in the water column up to approximately 700 m depth (with anomalies > 0.01) 

in the three regions. Here, the highest anomalies are found around 75 m and 400 m 

depth with maximum anomalies > 0.07 for the whole region, > 0.04 in the north, and 

> 0.1 in the south (Fig 5.10b, d, f).
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Figure 5.10: Vertical composite structures of the temperature (a, c, e) and salinity (b, d, f) anomalies in 

the whole region (a&b), north (c&d) and south (e&f) as a function of normalized distance from the eddy 

center for CE (left) and AE (right) on each plot. Contour lines are drawn every 0.1°C for temperature 

and every 0.02 for salinity.
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5.2.4 Isotherm and isopycnal displacement 

As the temperature in the water column is affected by downwelling (upwelling) in AE 

(CE), the vertical displacements of the isotherms31 were computed to analyze what 

distance the water is being pumped down or up by the eddies. Similarly, considering 

the density (calculated from temperature and salinity), the displacement of the 

isopycnal is analyzed to see the effect of eddies on the water mass as a whole. Hence, 

the displacement of the isotherms and isopycnals describes if and how much water is 

pumped vertically inside an eddy. This is an interesting diagnostic, as the results are 

not dependent on the local stratification, as was the case for the temperature and 

salinity anomalies shown previously. 

The mean depth of the 20°C isotherm for the study region is a lot deeper at lower 

latitudes, where the surface water is warmer (Fig. 5.11a&b) than at the colder, higher 

latitudes. Meanwhile, the 10°C isotherm, in addition to being a lot deeper than the 

20°C isotherm, shows an opposite trend: the 10°C isotherm is deeper at higher latitudes 

and is the deepest in the southwest, especially in the EAC (Fig. 5.11c&d). This reflects 

the well-known tilted structure of the subtropical gyre (Kessler and Cravatte, 2013; 

see also Chapter 2: Figure 2.5). Furthermore, although the spatial distribution of the 

mean depth of the 25 kg/m3 isopycnal is similar to the mean depth of the 20°C 

isotherm, it is ~50 m shallower throughout the region (Fig. 5.11e&f).  
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Figure 5.11: Mean depth of the 20°C isotherm (a), 10°C isotherm (c) and the 25 kg/m3 isopycnal (e), 

objectively interpolated from Argo floats on a ½° x ½° grid. The right panel shows the mean depths of 

the isotherm (b&d) and the isopycnal (f) as a function of latitude for AE (in red), CE (in blue), and OE 

(in black).

To estimate how much the isotherms and the isopycnals are displaced vertically for 

AE and CE, the anomaly of the isotherms and the isopycnal were computed within AE 

and CE. It can be clearly seen in Fig. 5.12, that the depth of the isotherms and the 

isopycnal changes considerably during the passage of eddies, which is especially 

pronounced in the southern part of the study region with maxima occurring in the EAC 

and the region south of New Caledonia. The displacements in the north of the study 

region are considerably less than in the south, where the water is less stratified. On 

average, the 20°C isotherm moves upward (downward) within AE (CE) by ±17 m, 

while the 10°C isotherm is displaced up (down) by ±15 m. The displacement of the 25 

kg/m3 isopycnal is very similar to the displacement of the 20°C isotherm, also with an 

average displacement of ±17 m in the study region. 
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Figure 5.12: Mean change in depth of the 20°C isotherm (a&b), 10°C isotherm (c&d), and 25 kg/m3

isopycnal (e&f) for AE (left panel) and CE (right panel). 

The isotherm displacement in the water column was computed to show how much the 

water is moved up and down at various depths using Equation 3; 

 � �� �
��

��
     Eq. 3 

where r is the isotherm displacement in the water column, T’ is the temperature 

anomaly, dT is the change in the climatological temperature from one depth level to 

the next, dz is the change in the corresponding depth level (��
��

is hence the vertical 

temperature gradient). This is done for profiles inside AE and CE separately and the 

same process is done using the density instead of the temperature for the isopycnal 

displacement. Note that this displacement in the water column is not for one particular 

isotherm or isopycnal, but rather the displacement of all isotherms and isopycnals in 

the water column. The displacement is also calculated using normalized values to show 

how the displacement in the water column is different than at a particular reference 

level (in this case, 200m). To do this, each displacement value was divided by the 

displacement at 200 m. 
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Figure 5.13 shows that the isotherm and isopycnal displacement in the water column 

are not symmetrical for AE and CE while the downwelling (upwelling) effects of AE 

(CE) in the southern region is larger than in the northern region. Moreover, eddies in 

the northern region, especially CE, have almost a barotropic effect on the displacement 

of isotherms and isopycnals. This is not the case for the southern region, which has 

stronger impacts on the surface layer. Specifically, the displacement of the isotherms 

by AE in the northern part of the study region decreases from ~15 m to ~5 m between 

100 m and 500 m, after which it stays relatively constant (Fig. 5.13a). The 

displacement by CE in the northern part is very stable with ~10 m displacement 

between 100 m and 1850 m. The displacement in the southern part is nearly double 

compared to the northern part: within AE, the isotherms are displaced by ~25 m at 100 

m, which increases to ~30 m at 200 m, before decreasing to ~15 m at 700 m. After 

that, the displacement is approximately 10 m until 1850 m. Within CE, the isotherm 

displacement in the southern part is on average ~25 m at 100 m depth, which initially 

increases to ~30 m at 200 m depth, before it decreases to ~15 m at 1200 m depth. It 

then increases again between 1400 m and 1850 m where the isotherm displacement is 

~20 m. When considering the displacement of the isopycnal in the water column, the 

results are nearly exactly the same as for the displacement of the isotherm (Fig. 

5.13a&c).

When we look at the isotherm and isopycnal displacements which were normalized at 

200 m, it can be seen a bit more clearly, that the displacements during AE and CE are 

asymmetrical (Fig. 5.13c&d). Interestingly, eddies in the northern region affect the 

whole water column to 2000 m with the same amplitude in terms of isotherm/isopycnal 

displacements. This is an important result: the fact that their signature in T/S is weak 

at depth is a matter of weaker background stratification, not of the absence of isopycnal 

displacements.
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Figure 5.13: The displacement of the isotherms (a&b) and the isopycnals (c&d) for AE (in red) and CE 

(in blue) as a function of depth for the northern part (10°S-20°S; solid lines) and southern part (20°S-

30°S; dashed lines). The actual displacements are in the left panel while the normalized displacement 

is in the right panel. The first 100 m are not shown due to extremely high variability at the surface.

5.2.5 Summary

As discussed in Chapter 4, eddies tend to have higher amplitudes and have more EKE 

in the south of the study region, albeit propagating slower. This results in eddies 

tending to have a deeper effect on the surrounding water in the south than in the north. 

It was found that the vertical T/S structures within AE and CE are symmetric around 

zero, which is not always the case in other regions as in the southeast Pacific 

(Chaigneau et al., 2011; Pegliasco et al., 2015a). Typical temperature (salinity) 

anomalies were on the scales of ±0.5°C (0.05). Although water is moved vertically as 

seen by the T/S anomalies as a function of depth, when analyzing the TS/ anomalies 

as a function of density, it was found that no considerable horizontal transport occurs 

along the isopycnal (so-called isopycnal advection).
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It was also shown that on average the vertical displacements of the isotherm and 

isopycnal are not symmetric between AE (associated with downwelling) and CE 

(associated with upwelling). Furthermore, eddies have an almost barotropic signature 

on the water column. They extend very deep and affect the temperature and density 

until at least 1850 m with isotherm and isopycnal displacements at that depth being of 

almost the same magnitude as it is at ~500 m.  

5.3 The effect of eddies on velocity

As eddies are swirling flows, they do not only affect the T/S profiles in the water 

column by means of upwelling and downwelling but also affect the horizontal currents. 

The geostrophic (swirl) velocity inside eddies is discussed in the following section, 

while the mean circulation was discussed in Chapter 2: Section 2.2.

5.3.1 Dynamic height offset and computation of geostrophic velocity 

Although the geostrophic velocity can be computed from altimetry SLA, the SLA does 

not provide ample information about what happens at depth. However, the dynamic 

height specifies the difference in depth between two surfaces of constant pressure 

relative to a reference depth or “level of no-motion” where the velocity is assumed to 

be equal zero. It is, therefore, similar to the SLA, except that the dynamic height 

integrates the signal in the whole column. While SLA is measured with satellite 

altimetry, the dynamic height is computed using the vertical density field using 

Equation 4: 
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     Eq. 4 

where �ζ is the dynamic height, g is the gravitational acceleration, dP is the change in 

pressure with depth and ρ is the density attained from Argo float T/S profiles. 

The reference depth of 1850 m was used as the assumed level of no-motion since there 

are not a great number of floats that went deeper than 1850 m (Fig. 5.14). It should be 

noted that currents can be very deep in the region32 and that this method may 

underestimate the currents.
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Figure 5.14: The number of Argo float profiles in the region that descended to its maximum depth x.

Assuming a level of no motion at the reference level (1850 m), the magnitude of the 

dynamic height at the sea-surface and SLA should be similar, although a slight offset 

can be expected, linked to the existence of a non-zero velocity at 1850 m depth. In this 

case, although a mean bias of ~5cm is observed between the two datasets (see Section 

5.1), a significant difference was also noted between the shapes of these two variables, 

particularly for CE (Fig. 5.15). The steeper slope of the SLA compared to that of the 

dynamic height (Fig. 5.15), would produce stronger geostrophic velocity. As the SLA 

is directly measured from satellite altimetry, while the dynamic height is indirectly 

inferred, the SLA data can also be used as a reference to offset the dynamic height. In 

order to do so, at each depth level of the dynamic height (DH), the difference (SLA-

DH) as a function of normalized distance is added to the dynamic height, to correct for 

the unknown velocity at the reference level. 
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Figure 5.15: Mean SLA (dashed lines) and dynamic height (solid lines) as a function of normalized 

distance from the eddy center for AE (in red) and CE (in blue) in the northern (a) and southern part of 

the study region (b). The thick solid lines show the difference between SLA and dynamic height. 

The composite horizontal geostrophic velocity was computed using the values of the 

objectively interpolated dynamic height anomaly33 and using Equations 5-7:
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      Eq. 5 
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      Eq. 6 

� � ��� 	 
��     Eq. 7 

where �� is the zonal (from west to east) component of the velocity, 
� is the 

meridional (from south to north) component of the velocity, and � is the total speed; 

�is the gravitational acceleration;  is the mean Coriolis parameter for the study region 

(~-5x10-5 s-1 at 20°S for the whole region) and ��is the dynamic height. As the northern 

and southern part of the region showed great differences, composite eddies were 

computed for the whole region, as well as for the northern (10°S to 20°S, f = ~-3.8x10-

5 s-1) and the southern parts (20°S to 30°S, f = ~-6.1x10-5 s-1).
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5.3.2 Dynamic height, geostrophic swirl velocity, and trapping depth 

The vertical composite structure34 of the dynamic height is shown in Fig. 5.15 for the 

northern and southern parts of the study region, and with/without the SLA offset 

explained in the previous section. As expected, in all scenarios, the dynamic height is 

highest (lowest) at the sea-surface near the AE (CE) center, and decreases (increases) 

towards the eddy edge with increasing depth. In the northern region, the composite 

dynamic height reaches a maximum of ~7 cm, which decreases to approximately 1 cm 

at ~400 m depth (Fig. 5.16a). In the southern region, where the eddies tend to be more 

energetic, the composite eddies show a maximum dynamic height of ~12 cm, which 

decreases to approximately 1 cm at ~1200 m depth (Fig. 5.16b).  

When considering the dynamic height, which was offset with the SLA data, the 

gradient of the dynamic height increases considerably in the northern part, where the 

difference between the SLA and the dynamic height also exhibit strong gradients (Fig. 

5.16c). Figure 5.16b&d show that the slope of the dynamic height during CE increases 

considerably in the southern part after applying the SLA offset. On the contrary, the 

difference between SLA and dynamic height has nearly no gradient for AE in the south 

(Fig. 5.16b), which results in the slope of the dynamic height for AE in the south being 

very similar for both the direct and the offset dynamic height (Fig. 5.16b&d). 
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Figure 5.16: Vertical composite structure of the dynamic height anomaly as a function of normalized 

distance from the eddy center for CE (left, in blue) and AE (right, in red) for the northern (a&c) and 

southern part of the study region (b&d). (a&b) are without the correction from SLA data, while (c&d) 

show the data after it has been offset. Note that the colorbar in (c&d) is centered at ~6 cm, due to the 

mean SLA being ~6 cm for eddies with an Argo float (see Section 5.1). 

The derived vertical composite structure of the geostrophic swirl velocity is shown in 

Fig. 5.17 for the northern and southern part of the study region and with and without 

the SLA offset explained in the previous section. In all scenarios, the swirl velocity is 

the fastest at approximately one-third of the radius (x ! ±0.3) at the surface, which 

gradually decreases towards the eddy edge and center, and with increasing depth. This 

confirms that on average, eddies in the southwest Pacific are surface-intensified. Note 

that when computing the geostrophic velocity at the surface from SLA, the fastest 

velocities were found at x ! ±0.5 (see Fig. 5.5). 
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Figure 5.17: Vertical composite structure of the geostrophic swirl velocity as a function of normalized 

distance from the eddy center for CE (left, in blue) and AE (right, in red) for the northern (a&c) and 

southern part of the study region (b&d). (a&b) were computed using the direct dynamic height, while 

(c&d) are based on the dynamic height that was offset with the SLA data.

When only considering eddies in the north of the study region and using the dynamic 

height referenced to 1850 m depth to compute the swirl velocity, the geostrophic 

velocity increases from 0 cm/s at the center to a maximum of > 5 cm/s. At depths > 

300 m, the swirl velocity is negligible (< 1 cm/s) (Fig. 5.17a). 

However, in the South of the study region, using the dynamic height referenced to 

1850 m depth, the maximum rotational velocity is > 13 cm/s. Here, the velocity is still 

1 cm/s at 1100 m (1300 m) depth during CE (AE) (Fig. 5.17b). This shows the more 

baroclinic structure of the eddies in the southern region. 
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When using the dynamic height referenced to the altimetry SLA to compute the 

geostrophic velocity in the North, the maximum rotation is > 12 cm/s and at 1850 m 

depth, velocities > 4 cm/s are still present (Fig. 5.17c). Similarly, in the South, 

maximum swirl velocities are > 12 cm/s at the surface and during CE, rotational 

velocities > 5 cm/s are still detected at 1850 m depth, while during AE the swirl 

velocity is < 1 cm/s from 1400 m onwards.

As discussed in Chapter 1, when an eddy spins faster than it propagates, it traps fluid 

and can transport it from its area of genesis along its trajectory until it dissipates. At 

each depth, the non-linearity parameter can be defined as the translation speed (the 

mean propagation velocity of the region) divided by the maximum swirl geostrophic 

velocity at this depth (Chaigneau et al., 2011). The maximum depth where the non-

linearity parameter is still larger than 1, is called the trapping depth.  

Because the translation speed is considerably faster in the North than in the South (~10 

cm/s compared to ~4 cm/s, see Chapter 4: Section 4.2.3), water is trapped much deeper 

in the South than in the North, even though the swirl velocity is not always faster in 

the south.

Specifically, when using the swirl velocity from the dynamic height referenced to 1850 

m, eddies in the north tend to not trap fluid, as the non-linearity parameter is always 

smaller than 0.6 (Fig. 5.18a). In the South, the trapping depth is on average 425 m for 

AE and 300 m for CE (Fig. 5.18b).

When using the swirl velocity based on the adjusted dynamic height from the altimetry 

SLA, eddies in the north tend to trap water to 95 m for AE and 75 m for CE (Fig. 

5.18c). On the other hand, eddies in the south have an average trapping depth of 375 

m (> 1850 m) within AE (CE). It is extremely surprising that the CE in the south tend 

to trap water deeper than 1850 m, where the non-linearity parameter is still greater 

than 1.4.
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Figure 5.18: Non-linearity parameter as a function of depth (solid lines) and trapping depth (points) for 

the north (a&c) and south (b&d) for AE (in red) and CE (in blue). (a&b) were computed with the 

dynamic height referenced to 1850 m, while (c&d) are based on the dynamic height that was referenced 

to the altimetry SLA.
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5.3.3 Velocity at 1000 m depth 

To establish the effect which eddies have on the mean circulation at 1000 m, an 

analysis was conducted using the Yomaha database co-localized with SLA data. For 

this, firstly a co-localization was conducted between the detected eddies and Argo 

floats form the Yomaha product. Secondly, the velocity was determined by computing 

the velocity anomaly inside AE and CE. Next, the angle and normalized distance of 

the observations were computed relative to the eddy center. Finally, the swirl velocity 

component was computed using Equation 8: 

�" � #��$%&' 	 
�$%&'     Eq. 8 

where �" is the tangential component of the velocity, �� and 
� are the anomalies of 

the zonal and meridional velocity components of the observed velocity anomaly from 

the Yomaha product, respectively, and ' is the angle of the velocity observation to the 

eddy center. 

The aim was to observe a counter-clockwise rotation at 1000 m depth within AE, and 

a clockwise rotation within CE (typical eddy behavior in the southern hemisphere). 

This would have shown that eddies impact the circulation down to 1000 m depth. 

However, this behavior could not be observed (Fig. 5.19). In fact, on many occasions, 

the swirl was found to be in the opposite direction, even though the analyses in 

previous sections showed that eddies could have an effect down to 1000 m. The same 

analysis was also conducted for different sub-regions such as in the EAC, which is 

known to have deeper eddies, but again no conclusive results could be obtained. Figure 

5.19 shows that when comparing the swirl velocity inside AE and CE, the averages 

are close to zero and hence no considerably signature of eddies on the velocity at 1000 

m could be observed. 
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Figure 5.19: Mean swirl velocity at 1000 m depth as a function of distance from the eddy center (solid 

line) and swirl velocity observations (scatter) for AE (a) and CE (b) from the Yomaha database.

The absence of conclusive findings might be because the Yomaha velocity is computed 

from the displacements during the entire Argo float cycle (between the last known 

position before diving and the first known position after surfacing) of 10-day duration. 

To compute the angle and distance and hence the velocity around the eddy center, the 

exact position of the Argo float with reference to the eddy center needs to be known 

on the day of the eddy. Eddies travel on average ~60 km in 10 days35, and eddies with 

an Argo float inside have a mean radius of ~140 km. Hence, the mean Argo float drift 

during 10 days represents nearly 43% of the mean eddy radius, and in addition, the 

Argo float might meander around in a non-linear way, especially in the presence of 

eddies. This suggests that the Yomaha product is unable to provide an accurate enough 

position to be able to gain meaningful results on the eddies’ effect on the velocity at 

1000 m. 
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5.3.4 Velocity at the mooring 

As the Yomaha’07 data provides information on the velocity at 1000 m, velocity data 

from an oceanographic subsurface mooring was also analyzed to investigate the effect 

of eddies on the currents in the water column. By definition, the mooring is at a fixed 

position, and is situated close to Lifou Island in New Caledonia (Fig. 5.20). The 

mooring had several instruments at various depth levels and so could potentially 

provide information on the absolute velocity of eddies in the water column at that 

location (see Chapter 3: Section 3.5). 

Figure 5.20: SLA on 10th December 2010 in color shading, contour lines in black mark the eddy edges, 

* indicate AE, o show CE. The larger blue * shows the location of the mooring at around 20.3°S, 167°E.. 

During the first submersion of the mooring (5th November 2010-16th October 2011), 5 

AE and 6 CE passed through the mooring during 18 and 83 days, respectively (Fig. 

5.21a&b). During the second submersion (2nd October 2012-20th November 2013), 12 

AE and 5 CE crossed the mooring during 79 and 16 days, respectively (Fig. 5.21c&d).   
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Figure 5.21: The position of the AE (in red) and CE (in blue) centers relative to the mooring during the 

first (a&b) and second (c&d) submersion of the mooring. The mooring is located at position (0,0) on all 

plots.

A video that shows the eddies at and near the mooring during the time of each of the 

two mooring submersions can be found on YouTube at 

https://youtu.be/kSH59BEANXE (1st submersion) and https://youtu.be/Mhph-

KfAZR4 (2nd submersion). In these videos, it is clear that there are not many occasions 

when the mooring is inside an eddy contour. As eddies are affected by islands and 

shallow bathymetry, the small number of eddies passing the mooring is likely to be 

due to the close proximity of the mooring to the land. It is also possible that the eddy 

detection algorithm fails to identify eddy edges very close to islands and continents. 
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As there are not many eddies that passed through the mooring, temperature anomalies 

from the mooring and Argo floats in the region of the mooring were compared to 

estimate whether the findings were consistent. For this comparison, the mean 

temperature anomalies from 51,129 Argo profiles in the region 18°S-22°S, 160°E-

170°E around and during the time of the mooring submersion were computed and 

compared with the temperature anomaly at the mooring (Fig. 5.22). Good agreement 

between both datasets gives us confidence in the representativeness of the eddies 

passing near the mooring to infer the velocity signatures of the eddies from the 

mooring data. 

Figure 5.22: Temperature anomaly as a function of depth at the mooring during the first submersion 

(dashed lines) and from 51,129 Argo profiles near the mooring during the time of the mooring 

submersion (solid lines) for AE (in red) and CE (in blue).

The velocity anomalies from the mooring were computed in the same way as the 

temperature anomalies. After computing the angle and distance of the eddy centers 

relative to the mooring relative to the eddy centers, the swirl velocity was computed 

from the zonal and meridional velocity observations from the mooring and Eq. 8.  
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The expected rotational flow at the surface (in the southern hemisphere: anticlockwise 

for AE and clockwise for CE), although sometimes observed, often is in the opposite 

direction as would be expected (Fig. 5.23). Similarly, no obvious signal could be 

detected at 400 m (Fig. 5.24) and it does not provide conclusive results on CE and AE 

swirl velocity. Note that this analysis includes both mooring submersions to increase 

the number of data points. The same analysis was done for each mooring submersion 

individually, which did not improve the results. Similar analyses were conducted at 

various depths, also without substantial results (not shown). Therefore, it appears that 

although the mooring data was thoroughly analyzed, ultimately no useful observations 

could be drawn from this analysis in regards to eddy swirl velocity in the water column. 

Figure 5.23: Surface anomalies of swirl velocity at the position of the AE (a) and CE (b) center during 

both mooring submersions.
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Figure 5.24: Surface anomalies of swirl velocity as a function of normalized distance from the eddy 

center (solid lines) and swirl velocity observations (scatter) for AE (in red) and CE (in blue), assuming 

isotropy at both moorings at 400 m depth.

5.3.5 Summary 

As discussed in Chapter 4: Section 4.1.3, eddies have on average higher amplitudes in 

the southern part of the study region. This results in steeper gradients of dynamic 

height, which in turn cause increased geostrophic velocity anomalies in the south. 

Specifically, the swirl velocity was found to be the fastest at approximately 1/3 of the 

eddy radius, which decreases towards the eddy edge, and with depth, confirming that 

the eddies in the study region are mainly surface-intensified. When using the dynamic 

height to compute the swirl velocity, maximum rotations greater than 12 cm/s were 

observed in the north, with velocities greater than 4 cm/s still present at 1850 m depth. 

In the south, the findings were different for AE than for CE, using the same SLA 

reference, with maximum rotations greater than 12 cm/s at the surface, swirl velocities

greater than 5 cm/s still at 1850 m and during CE, while during AE, the observed 

geostrophic velocities were less than 1 cm/s from 1400 m onwards.  
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Due to the faster translation speed in the north (~4 cm/s, see Chapter 4: Section 4.2.3), 

compared to the south (~10 cm/s, see Chapter 4: Section 4.2.3), the eddies in the south 

trap water a lot deeper than in the north, even though rotational velocities are not 

necessarily faster in the southern part of the study region. Specifically, AE (CE) tend 

to trap water to 95 m (75 m) in the north, while the south shows average trapping 

depths of 375 m (> 1850 m) in AE (CE). The fact that CE in the south trap water so 

deep is very surprising.

The analyses of the velocity at 1000 m and at the mooring were inconclusive and more 

research could be conducted using a co-localization with moorings that are further 

offshore.

5.4 Conclusions

In summary, the following vertical eddy properties were found36:

1.� Vertical movement of water was observed inside AE and CE with an anti-

symmetric signature on the thermohaline properties in the water column and 

typical temperature (salinity) anomalies on the scales of ±0.5°C (0.05). 

2.� Eddies in the southern part of the study region tend to affect the T/S of the 

surrounding water masses deeper than in the north. Specifically, the T/S eddy core 

was found to be centered around 100 m in the north, while it was around 300 m in 

the south.

3.� No horizontal transport along the isopycnal was observed (no isopycnal 

advection).

4.� The isotherms are displaced downwards (upwards) within AE (CE). This 

movement is more pronounced in the south, especially in the EAC and south of 

New Caledonia. But interestingly, the eddies affect the isotherms depths until at 

least 1850 m with similar magnitudes in the whole water column. 
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5.� There is an asymmetry between the AE and CE in terms of vertical extent and of 

the isotherm and isopycnal displacements. The eddies in the study region have an 

almost barotropic signature on the water column, extending to depths greater than 

1850 m, with displacements of nearly the same magnitude at that depth as at ~500 

m.

6.� Significant differences were noticed between the dynamic height, which is derived 

from the T/S in the water column, and the SLA from satellite altimetry. The SLA 

had a steeper slope than the dynamic height, reflecting the non-zero velocity at the 

reference level of no motion chosen for the computation of dynamic height. The 

latter was offset by adding the difference between the two. Both results were 

shown, with and without adjustment. 

7.� The geostrophic swirl velocity is strongest at the surface, especially at 

approximately 1/3 of the distance between the center and the edge.  

8.� When considering the non-adjusted dynamic height in the north, eddies swirl with 

velocities greater than 5 cm/s at the surface and have rotations less than 1 cm/s 

below 300 m. In the south, eddies have swirl velocities greater than 13 cm/s at the 

surface and below 1100 m, they swirl slower than 1 cm/s. Using this technique, no 

water was trapped by eddies in the north, while AE (CE) had a trapping depth of 

425 m (300 m) in the south. 

9.� When considering the dynamic height, which was adjusted with altimetry SLA, in 

the north eddies swirl with velocities greater than 12 cm/s at the surface and still 

have rotations greater than 4 cm/s at 1850 m. In the south, eddies have swirl 

velocities greater than 12 cm/s at the surface, and below 1850 m, CE still swirl 

with velocities greater than 5 cm, while AE tend to swirl with velocities of less 

than 1 cm/s at 1400 m or deeper. Using this technique, trapping depths of 95 m (75 

m) were determined for AE (CE) in the north and 375 m (> 1850 m) in the south. 

10.�Analyses of the eddies’ effect on the velocity at 1000 m using the Yomaha product 

inferred from Argo floats’ displacements at their parking depths were inconclusive.  

11.�The T/S eddy vertical structure inferred from subsurface mooring data are in 

agreement with the results based on Argo floats. However, the velocity data 

acquired from the mooring didn’t allow an adequate reconstructing of the vertical 

velocity structure of the eddies. It will be worth exploring further the reasons for 

this variability in velocity. 
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Chapter 6: Conclusions

6.1 Research overview

The objectives of this research project can be divided into two parts. Firstly, using an 

automatic eddy identification algorithm applied on altimetry Sea Level Anomaly 

(SLA), the main eddy characteristics in the southwest Pacific in terms of number, size, 

amplitude, genesis and decay were described. Secondly, co-localizing altimetry data 

with in situ temperature, salinity and velocity profiles acquired by distinct instruments, 

the eddy vertical structures in the study region were documented, and it was 

demonstrated how deep the eddies extend and how they affect the physical properties 

of the water column.

More specifically, the objectives were to describe the detected eddies’ horizontal 

properties including radius, amplitude, lifetime, eddy kinetic energy (EKE), their 

location of occurrence, genesis, decay, and propagation velocity. The seasonal and 

inter-annual variability of these properties were also studied. The eddies’ impact on 

temperature, salinity, and currents was analyzed in the water column and it was

determined how deep water is being trapped, on average, by the eddies (so-called 

trapping depth). The findings on the vertical structure of the eddies were usually shown 

for the whole region, as well as for the northern (10°S-20°S) and southern (20°S-30°S) 

parts separately. 

6.2 Research outcomes

While mesoscale eddies were found to have a mean radius of approximately 100 km, 

an amplitude of approximately 8 cm, and EKE of approximately 200 cm2/s2, these 

properties are not evenly distributed around the study region. On average, the eddy 

radii were found to be larger in the north, while amplitudes and EKE inside eddies 

show similar distributions with larger amplitudes and more energetic eddies in the 

south. The most energetic eddies in the southwest Pacific (highest amplitudes and EKE 

levels) are found in the East Australian Current (EAC). As discussed in Chapter 2: 

Section 2.4, other studies had proposed three areas in the study region to be of much 

higher general EKE than elsewhere. These areas were indeed found to have higher 

EKE inside eddies, while the EAC, which is one of these three regions showed the 

most EKE. 
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Eddies that formed inside the study region were inclined to do so in the lee (west) of 

the islands, before propagating westwards with average speeds of approximately 7 

cm/s. The propagation was on average faster at lower latitudes (~10 cm/s between 

10°S-20°S) and slower at higher latitudes (~4 cm/s between 20°S-30°S). Eddies were 

found to live on average for about 4.5 months and they often decayed by interaction 

with islands, coastal regions, or regions of shallow bathymetry, while they sometimes 

bifurcated around them. At the Australian East Coast, eddies often propagated 

poleward or equatorward out of the study region, provided they did not decay at the 

coast.

When each day of an eddy trajectory was counted, considerably more eddies were 

present in the south than in the north, even though the majority of eddies were 

generated in the north of the study region. This was attributed to the fact that eddies 

propagate slower and live longer in the south and so the same eddy trajectory can be 

counted many times throughout its lifetime.  

Furthermore, it was found that eddies exhibit a 3-stage life cycle. Firstly, a growth 

phase that lasts ~20% of their lifecycle, in which eddies tend to gain size, amplitude 

and EKE. Secondly, a mature phase during the majority (~60%) of their lifecycle, 

where their properties (radius, amplitude, EKE) remain quite stable around their 

maximum values. Finally, a decaying phase, which lasts ~20% of an eddy’s life at the 

end of its lifecycle, where eddies progressively dissipate and their properties decrease. 

Seasonally, the least (most) number of eddies were observed in the Austral autumn 

(spring) months and the largest (least) EKE was found in Austral summer (winter). At 

the same time, no significant seasonal differences could be observed in regards to the 

radius and amplitude. When analyzing the seasonal cycle in sub-regions, differences 

in the EKE were detected in different regions: The Coral Sea and the area south of 

New Caledonia showed the highest (lowest) average EKE in Austral summer (winter). 

On the contrary, the EAC displayed the highest EKE in Austral summer and autumn, 

and the lowest EKE in Austral winter and spring. When investigating the inter-annual 

variability, especially in regards to the ENSO signal, no direct link could be made. The 

temporal variability of the main eddy characteristics and the forcing responsible for 

such variability were poorly understood, and remain to be investigated. 
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Vertical transport of sea water properties (temperature and salinity) was observed by 

downwelling (upwelling) during anticyclonic (cyclonic) eddies. An analysis of the 

vertical structure of the temperature and salinity anomaly inside eddies showed that 

the mean vertical structure is anti-symmetric when comparing anticyclonic and 

cyclonic eddies with typical temperature (salinity) anomalies of ±0.5 °C (0.05). It was 

also found that mesoscale eddies in the southern part of the study region affected the 

surrounding water at deeper levels and more intensely than in the northern part. 

Similarly, it was found that the downward (upward) displacement of the isotherm 

within anticyclonic (cyclonic) eddies was also more pronounced in the south 

(especially in the EAC) than in the north. However, when analyzing the eddy-induced 

horizontal transport of seawater properties along isopycnal layers, no such isopycnal 

advection could be observed, indicating that the eddy-induced transport is mainly 

vertically.

It was also shown that on average the vertical displacements of the isotherm and 

isopycnal are not symmetric between anticyclonic (associated with downwelling) and 

cyclonic eddies (associated with upwelling). Furthermore, eddies have an almost 

barotropic signature on the water column. The eddies in the study region were found 

to extend very deep and affect the temperature and density until at least 1850 m with 

isotherm and isopycnal displacements at that depth being of almost the same 

magnitude as it is at ~500 m.

The geostrophic swirl velocity was found to be the strongest at the surface with 

maximum swirl velocities greater than 12 cm/s at approximately 1/3 of the distance 

between the eddy center and its edge. Furthermore, the swirl velocity was found to 

decrease with depth, indicating that eddies are on average surface-intensified in the 

study region. When using altimetry SLA as a reference, eddies have a signature on the 

velocity down to 1850 m, although this could not be confirmed with the Yomaha 

product or the mooring data.

Although the findings did not differ greatly between the north and south, water was 

trapped a lot deeper in the south. Namely, anticyclonic (cyclonic) eddies had a trapping 

depth of approximately 95 m (75 m) in the north, while water was trapped until 

approximately 375 m (1850 m) in the south. This difference is thought to be because 

eddies propagate faster in the north than in the south and hence, need to rotate faster 

there to trap fluid. 
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Finally, analyses of the effect of eddies on the velocity at 1000 m and at a mooring 

were found to be inconclusive. 

6.3 Open research questions

This study produced many new questions, which could be answered by extending the 

current research. For example, supplementary observational data sets, from Acoustic 

Doppler Current Profilers (ADCP), gliders, and additional subsurface moorings could 

be used to build on this existing study. This would be especially useful to investigate 

the vertical structure of eddies. 

One of the key questions that emerged focuses on the interaction of eddies with islands. 

This study provided some clues but was limited because of the gaps in the altimetry 

product, and the limits of the detection and tracking method. 

Numerical models could be utilized to bring new insight on this subject. Given the 

importance of eddies for the climate, high-resolution models could satisfactorily 

reproduce eddy characteristics at the surface, the location of their genesis and decay, 

and their vertical structures. This study can serve as a base to then further evaluate the 

realism of oceanic models, and the effect of data assimilation that correctly positions 

the eddies through the assimilation of sea surface height (SSH), but may simulate 

unrealistic properties. If these models appear as realistic, they could be used to 

investigate processes such as the interaction with islands and topography, forcing 

mechanisms, and quantification of the transports. 

Furthermore, the impact of mesoscale eddies on primary production can be 

investigated, for example, by conducting a co-localization of the detected eddies with 

satellite maps of ocean color.

Similarly, the impact of mesoscale eddies on the overlying atmosphere could be 

studied. Some studies have shown that eddies do have an impact on the air-sea fluxes 

(Villas-Boas et al., 2015) and on winds, cloud cover, and precipitation (Frenger et al., 

2013) in other places of the global ocean. In the southwest Pacific, this could be 

investigated especially at the South Pacific Convergence Zone (SPCZ), for example, 

to determine how eddies modulate the intensity of precipitation.  

Furthermore, an investigation could be conducted on what drives the temporal 

variability of the eddies. It could be possible, that the horizontal and vertical shears are 
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stronger during the months of higher EKE, which would explain a higher rate of 

barotropic and baroclinic instabilities. In addition, it could also be due to a spatial bias 

depending on the season. Similarly, as the analysis of the inter-annual variability did 

not come to any meaningful conclusions, more effort could be spent on determining 

this aspect. Specifically, the inter-annual variability of eddy transport and how eddies 

are affected by a changing climate can be further researched for this study region and 

globally.

In addition, the discrepancies between the regions of high EKE and the areas of eddy 

genesis could be investigated further to find out why these are so.  

The eddy-induced transport of carbon dioxide could be analyzed, by using 

biogeochemical Argo floats, co-localized with detected eddies from SLA. Studies like 

these would be especially informative on climate-related long-term trends and inter-

annual variability. 

Finally, in a changing climate, large-scale currents are being modified (IPCC, 2013). 

This could be investigated to study the change in the circulation and stratification and 

how the associated shears will affect both the horizontal and vertical characteristics of 

mesoscale eddies. This could be done with the use of models, as eddy-resolving 

oceanic models are needed in climate simulations because of the demonstrated 

importance of eddy transport (Dong et al., 2014).

6.4 Final Remarks 

This research study has been extremely rewarding and has progressed my own 

understanding of the topic. Given the various skills necessary to undertake this 

research, I have gained many different skills. I have increased by understanding of 

physical oceanography and climate science but I have also improved my programming 

and research skills. As with any research project, I have also advanced by analytical 

thinking, time management, scientific judgment, and perseverance. Concurrently, I 

believe that through this study I have been able to contribute to the collective 

knowledge of the climate and the ocean, and specifically on mesoscale eddies in the 

southwest Pacific.
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Appendices

A.1 OSTST Poster Presentation

Presented at the Ocean Surface Topography Science Team meeting (OSTST), in 

November 2016 in La Rochelle, France. 
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A.2 ICSHMO Poster Presentation

Presented at the 11th International Conference on Southern Hemisphere Meteorology 

and Oceanography (ICSHMO), in October 2015 in Santiago, Chile.
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A.3 Presentation at the Pacific Islands GIS & RS User Conference

A presentation on some of the horizontal results of this study was presented at the 

Pacific Island GIS & RS User Conference in December 2016 in Suva, Fiji Islands.  
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A.4 Horizontal composite structure at the eddy core

The average horizontal structure of the eddies in the study region is shown by means 

of the horizontal composite eddies for AE at 150 m depth. This horizontal composite 

was computed at each depth, which was used to compute the vertical composite eddies 

(see Chapter 5: Section 5.2.3). The positive temperature anomaly can be clearly seen, 

with the strongest anomalies near the eddy centers (near 0), which decrease towards 

the eddy edge (near 1 and -1). Furthermore, the relative regular shape of the composite 

eddy suggests that eddies are isotropic. To increase the significance of the results, 

isotropy was assumed in this study (see Chapter 5: Section 5.2.3). 
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