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Abstract
Physical and biogeochemical structure of Southern Ocean eddies

by Ramkrushnbhai Shaileshbhai Patel

The Antarctic Circumpolar Current (ACC) is the dominant feature of the Southern Ocean and

is an integral part of the global meridional overturning circulation. Importantly, it acts as a

barrier to the cross-frontal exchange of both physical and biogeochemical tracers and preserves

the cold-climate of Antarctica. Understanding the exchange of tracers across the ACC remains

a key open question, critical to understanding the past and projecting future changes. Mesoscale

eddies have been identified as one mechanism which facilitates this cross-frontal transport.

However, observations of individual eddies are rare. Only a few studies have examined the

subsurface structure of the physical properties of eddies and their contribution to heat and

salt transport. Furthermore, as of yet no studies have explored the subsurface biogeochemical

structure of Southern Ocean eddies. The goal of this thesis is to analyse in situ observations to

characterise the subsurface physical and biogeochemical structure of cold-core eddies, to enable

estimation of the cross-frontal exchanges of heat, salt, and nutrient. In our analysis, we also

incorporate satellite observations and eddy tracking software, and an eddy-resolving general

ocean circulation model to extend our analysis in space and time.to heat and salt transport.

We present novel in situ observations that allow characterization of cold-core eddy’s the three-

dimensional physical and biogeochemical structure. The sampled eddy was generated at the

Subantarctic Front south of Tasmania, Australia – recognised as a hotspot for cross-frontal

transport. Automated eddy detection software was used in conjunction with satellite altimetry

to track the eddy through the Subantarctic Zone. Our results demonstrate strong transformation

in physical and biogeochemical properties over its lifespan. We also showed that the eddy

carried cold, fresh and nutrient rich water in its core, with respect to surrounding water. Relative

to surrounding Subantarctic Zone waters, the eddy carried heat and salt content anomalies of



−0.5±0.1×1020 J and −2.1±0.4×1012 kg, respectively. In comparison with previous Southern

Ocean eddies studies, this heat and salt contents were larger by a factor of 2 to 3, especially

compared to typical values south of Tasmania. We demonstrated that this underestimate of the

contents was due to limited observations or incomplete sampling of the eddies. To understand

the impact of this underestimate on our understanding of the role of eddies in the meridional

transport, we developed a methodology which allowed us to infer the subsurface content of

an eddy using their surface expression. Our results indicated that about 21% of the heat

carried across the Subantarctic Front south of Tasmania is achieved by cold-core eddies entering

the Subantarctic Zone. Further, we demonstrated using an eddy-resolving general circulation

model (Ocean Forecasting Australia Model 3) that this meridional transport of heat is consistent

when Eulerian and Lagrangian approaches are reconciled. The freshwater contribution to the

Subantarctic Zone by long-lived cold-core eddies is of the same order of magnitude as the

Ekman salt transport in this region and is about 76% of the total transient transport in the

simulation. Moreover, we demonstrated that relative to Subantarctic Zone waters, long-lived

cold-core eddies carry nitrate anomalies of 1.6 ± 0.2 × 1010 moles and silicate anomalies of

−5.5±0.7×1010 moles across the fronts each year. This cross-frontal transport of nutrients has a

negligible impact on Subantarctic Zone productivity; however, it has the potential to modify the

nutrient content of mode waters that are exported from the Southern Ocean to lower latitudes.

This thesis provided the first robust estimate of meridional transport of heat and salt by discrete

eddies from in situ observations and uses a numerical simulation to both verify the assumptions

made and extend our analysis beyond the single observed eddy. Moreover, this thesis provided

the first-ever characterization of the vertical structure of nutrients in cold-core eddies and

quantified the meridional transport of nutrients by these eddies. This detailed assessment of the

physical and biogeochemical structure of eddies and new estimates of the meridional transport

by eddies are critical for parameterizing eddy processes in Earth system models and improving

our knowledge of the role of Southern Ocean eddies in global heat and freshwater budgets and

nutrient cycles.
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Chapter 1. Introduction

1.1 Background

The Southern Ocean plays a critical role in the global heat and carbon budget and recirculation of

nutrients. Modelling studies have demonstrated that the Southern Ocean south of 30°S accounts

for about 75% ± 22% anthropogenic heat uptake and 43% ± 3% of carbon dioxide uptake by

the ocean over the historical period, 1870 to 1995, (Sabine et al., 2004; Frölicher et al., 2015).

The Southern Ocean is also responsible for 33% to 75% of the global ocean biological export

production through the supply of essential nutrients to lower latitude regions (Palter et al., 2010;

Sarmiento et al., 2004). How the Southern Ocean evolves will impact the magnitude of heat and

carbon uptake, and therefore the rate and magnitude of climate change. The physical changes

in the ocean have led to biological and chemical changes, including ocean acidification and to

changes in the availability of nutrients to fuel ecosystems and fisheries both in and outside of

the Southern Ocean.

The uptake of heat and carbon by the Southern Ocean is accomplished by the Southern Ocean

branch of the global Meridional Overturning Circulation (MOC), illustrated in Figure 1.1.

Strong westerly winds over the Southern Ocean generate equatorward flow in the Ekman layer

and tilt isopycnals up towards the south. This contributes to forming the upper cell of the

Southern Ocean MOC (Rintoul et al., 2001; Rintoul and Naveira Garabato, 2013). To support

this equatorward flow, deep water is drawn upward along the steeply sloping isopycnals, bringing

oxygen-depleted but nutrient and carbon rich waters to the upper ocean (Fig. 1.1). During the

equatorwardmovement of the surface Ekman flow, the water exchanges heat, moisture, and gases

like oxygen and carbon dioxide with the atmosphere and gains buoyancy. When the surface

Ekman flow encounters the lighter subtropical water during its equatorward journey, it subducts

to form Subantarctic Mode Water (SAMW, Fig. 1.1). Antarctic Intermediate Water (AAIW) is

found below SAMW (Fig. 1.1). The southeast Pacific and southwest Atlantic are the hotspot

for AAIW formation, which then circumnavigated by either wind, buoyancy or mixing along

isopycnals (McCartney, 1979, 1982; England et al., 1993; Talley, 1996; Rintoul et al., 2001).

These water masses play a key role in the distribution and sequestration of anthropogenic heat

and carbon in the deep ocean. They also transport nutrient rich water to lower latitude where it
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can later be upwelled to the surface ocean to fuel productivity.

Figure 1.1: A schematic diagram of the Southern Ocean Meridional Overturning Circulation
(MOC). Deep waters are brought to the surface via Ekman divergence - caused by meridional
variation in the strength of the westerly winds. In the Ekman layer, the surface waters move
northwards as part of the upper cell of the MOC. Instability of the Antarctic Circumpolar
Current (ACC) leads to the generation of eddies which contribute to the meridional transport of
properties. Water masses: SAMW– Subantarctic Mode Water, AAIW – Antarctic Intermediate
Water, UCDW – Upper Circumpolar Deep Water, LCDW – Lower Circumpolar Deep Water,
NADW– North Atlantic Deep Water and AABW– Antarctic Bottom Water. Adapted from Rintoul
and Naveira Garabato (2013); Olbers and Visbeck (2005).

The steeply sloping isopycnals support the geostrophic flowof theAntarctic Circumpolar Current

(ACC). The ACC is the dominant dynamic feature of the Southern Ocean, characterised by

multiple fronts and energetic eddies (Fig. 1.1). The ACC both interconnects the world’s major

ocean basins and inhibits the meridional exchange of physical and biogeochemical properties

across its fronts (Rintoul et al., 2001; Rintoul and Naveira Garabato, 2013). Both wind and

buoyancy forcing (including air-sea fluxes and ocean-ice interactions) affect the tilt of the

isopycnals (Abernathey et al., 2011). When the tilt becomes large enough, baroclinic instability

converts the available potential energy in the isopycnal slope into kinetic energy leading to the

formation of transient eddies. The instabilities are enhanced where the ACC interacts with

steep topography (Naveira Garabato et al., 2011; Thompson and Sallée, 2012). These regions

host strong meanders in the flow and enhanced eddy activity, and are hotspots to meridional
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exchange of heat and other properties (Fig. 1.2; Sallée et al., 2011; Thompson and Sallée, 2012;

Thompson and Naveira Garabato, 2014; Dufour et al., 2015; Foppert et al., 2017).

Figure 1.2: Illustrates hotspots for meridional transport of properties. Number of Lagrangian
particle crossings from north to south across the northern and southern branches of Subantarctic
Front and Polar Front. These particles are advected by satellite altimetry–derived surface
velocity. Adapted from Thompson and Sallée (2012).

The importance of mesoscale eddies to the Southern Ocean heat balance is well known (Rintoul

and Naveira Garabato, 2013; Rintoul, 2018). In the absence of a mean geostrophic meridional

transport of heat in the zonally unbounded ACC, eddies accomplish the poleward transport of

heat required to balance the heat lost to the atmosphere aroundAntarctica (de Szoeke and Levine,

1981; Keffer and Holloway, 1988). Similarly, the poleward transport of salt (or equatorward

transport of freshwater) by eddies has been shown to be important to balance the freshwater influx

to the Southern Ocean around Antarctica, owing to runoff, excess of precipitation and ice melt

(Keffer and Holloway, 1988; Meijers et al., 2007; Tréguier et al., 2014). Observational studies

have shown that mesoscale eddies modify the physical water mass properties, thereby impacting

regional as well as global heat and freshwater budgets (Sallée et al., 2008; Herraiz-Borreguero

and Rintoul, 2010). However, the impact of mesoscale eddies on modifying biogeochemical

properties of these water masses is yet to be quantified and hence their impact on modulating

the regional and global productivity is poorly known.

The inception of satellite altimetry about 25 years ago has enabled us to identify the ubiquitous

presence of mesoscale variability, especially nonlinear coherent vortices called eddies (Chelton

et al., 2007, 2011). Both cyclonic (cold core) and anticyclonic (warm core) eddies are ubiquitous

in the SouthernOcean and energetic in the regionswhereACC interactswith topography (Frenger
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et al., 2015). Researchers have characterized the surface properties and their evolution of over

eddy lifecycle; identified regions where eddies are generated and dissipated; and determined

the imprint on physical and biological parameters (Frenger et al., 2015; Dawson et al., 2018;

Frenger et al., 2018; Song et al., 2018). These studies showed that eddies are not only important

for the transport of properties but also displace isopycnals in the upper ocean and are associated

with upwelling and downwelling through mesoscale and submesoscale processes (Klein and

Lapeyre, 2009; Pilo et al., 2018). These physical perturbations have a significant impact on

ocean biogeochemistry and ecology (McGillicuddy Jr, 2016). Despite their significant impact,

very limited attention has been devoted to eddies’ vertical structure, especially in the Southern

Ocean.

A hand full of studies have shed light on the three-dimensional structure of Southern Ocean

eddies. A three-dimensional eddy census from a numerical simulation showed that Southern

Ocean eddies are the deepest eddies in the world ocean (Petersen et al., 2013). A composite

study based on the synergy of altimetry and Argo floats examined the vertical structure of

temperature and salinity and showed that the eddy structure varies greatly across the Southern

Ocean (Frenger et al., 2015). Only a few hydrographic studies have provided direct observations

of the three-dimensional structure of eddies in the Southern Ocean. Joyce et al. (1981) studied

the horizontal and vertical structure of a cyclonic eddy spawned from an Antarctic Polar Front

meander in the Drake Passage using Expendable BathyThermograph (XBT) and Conductivity-

Temperature-Depth (CTD) data and examined its heat, salt, potential vorticity, and mechanical

energy content for the first time. Swart et al. (2008) quantified the three-dimensional structure

and heat and salt content of a cyclonic eddy formed in the Polar Frontal Zone, downstream of

the Southwest Indian Ocean Ridge using XBT, CTD, and satellite observations. Morrow et al.

(2004) explained the formation and propagation of eddies that are formed due to Subantarctic

Front instability and provided the first estimate of heat and salt content of these eddies south

of Australia using repeat hydrographic transects along the SR03 line and satellite observations.

However, no studies have characterised the three-dimensional biogeochemical structure of eddies

in the Southern Ocean and the estimate of heat and salt content reported by these studies could
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be an underestimate due to incomplete sampling (Swart et al., 2008; Morrow et al., 2004). Thus,

observations of Southern Ocean eddies’ vertical structure remain limited, partly because we

have previously lacked the shipboard and autonomous systems to properly observe them.

Through combination of these shipboard estimates of heat and salt content with satellite eddy-

tracking, an estimate of meridional transport of property can be made. With time series

measurements, such as those from current meter moorings, the contribution of mesoscale

variability to the poleward flux of heat and salt can be quantified using Reynolds’s decomposition

(e.g, Nowlin Jr et al., 1985; Phillips and Rintoul, 2000;Watts et al., 2016). This method accounts

for contributions not only from long-lived, coherent mesoscale eddies such as those targeted

in shipboard surveys, but also from smaller, more transitory eddies and filaments. Reynolds’

decomposition is also traditionally used in modelling studies of meridional fluxes (e.g, Jayne

and Marotzke, 2002; Meijers et al., 2007; Tréguier et al., 2014). To date, there has been no

reconciliation between these two approaches to estimating fluxes from observations and models.

There is also, to our knowledge, no published estimate of the meridional flux of nutrients by

eddies. Given the paucity and challenge of collecting long-term observations, a high resolution

coupled physical and biogeochemical model offers the means to better understand the role of

eddies in the poleward transport of physical and biogeochemical properties.

1.2 Thesis objectives

This study uses both in situ observations collected during an expedition aboard Australia’s

RV Investigator in the late Austral spring of 2016 and an eddy-resolving coupled physical-

biogeochemical model to understand the three-dimensional structure of Southern ocean eddies.

The specific goals are to:

F characterise the vertical distribution of physical and biogeochemical properties in Southern

Ocean eddies,
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F quantify the role of long-lived cyclonic eddies in the poleward transport of heat, salt and

nutrients, and

F examine their impact on the local environment.

1.3 Thesis outline

Chapter 2 comprehensively characterizes the physical structure of a cyclonic eddy, how its

structure changed over time, and the role of long-lived cyclonic eddies in the poleward transport

of heat and salt using in situ and satellite observations. This chapter then demonstrates the

impact of eddies on the properties of the locally produced Subantarctic Mode Water. Chapter

3 quantifies the biogeochemical structure of cyclonic eddies, and the role of long-lived cyclonic

eddies in the poleward transport of nutrients using in situ and satellite observations. This chapter

also explores the importance of eddies in determining the biogeochemical properties of mode

waters and the consequences for biogeochemistry at lower latitudes where the mode waters are

delivered. Chapter 4 evaluates an eddy-resolving general circulation model and examines the

importance of long-lived cyclonic eddies in the poleward transport of heat and salt, in the context

of all other transient processes. Finally, Chapter 5 concludes the thesis with an evaluation of

the main contributions of this work and outlines directions for future studies of Southern Ocean

eddies.
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Physical Structure of Southern Ocean

cyclonic eddies

� We characterise for the first time the physical structure of a Subantarctic Front cold-core

eddy, south of Tasmania in the Southern Ocean

� Long-lived cold-core eddies transport about 21% of the required meridional heat flux

across the Subantarctic Front

� Previous studies have underestimated the total heat and salt content transport by cold-core

eddies due to limited observations

Key Points
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Chapter 2. Physical Structure of Southern Ocean cyclonic eddies

Abstract

Mesoscale eddies are ubiquitous in the Southern Ocean particularly in regions where the

Antarctic Circumpolar Current (ACC) interacts with topography. Eddies play a critical role

in the meridional transport of heat and salt across the ACC. However, observations of the heat

and salt content of eddies are extremely rare. Here we present new observations that character-

ize the three-dimensional structure of a cyclonic (cold-core) eddy generated at the Subantarctic

Front south of Tasmania. Automated detection software is used with satellite altimetry to follow

the eddy through the Subantarctic Zone. The physical properties at the center of the eddy are

substantially modified from those near the formation region, indicating a strong transforma-

tion during the eddy’s lifetime. The eddy carried heat and salt content anomalies relative to

surrounding Subantarctic Zone waters of −0.5 ± 0.1 × 1020 J and −2.1 ± 0.4 × 1012 kg, respec-

tively. Previous studies have not captured the full heat and salt content of eddies due to limited

observations, and have underestimated their content by a factor of 2 to 3 south of Tasmania.

Applying the observed correlation between eddy elevated volume and eddy heat and salt content

to the history of cyclonic eddies in the satellite altimeter record leads us to propose that about

21% of the heat carried across the Subantarctic Front south of Tasmania is achieved by cyclonic

eddies entering the Subantarctic Zone. The freshwater contribution to the Subantarctic Zone by

long-lived cold-core eddies is of the same order of magnitude as the Ekman flux in this region.
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2.1 Introduction

Mesoscale eddies are coherent, rotating bodies of water with diameters of O(10 − 100) km
and life cycles of weeks to months. They assume a central role in the meridional exchange

of heat and salt of the Southern Ocean (SO) because there is no mean meridional geostrophic

flow across the Antarctic Circumpolar Current (ACC) at the depths shallower than the ocean

ridges (Rintoul et al., 2001; Rintoul and Naveira Garabato, 2013). This absence of a mean

flow contributes to preserving the cold climate of Antarctica and the high-latitude SO (Rintoul

et al., 2001; Rintoul and Naveira Garabato, 2013). To maintain the heat and salt balance of

the SO requires a southward transport by the ocean of approximately 0.3 - 0.7 PW of heat and

11 × 106 kg/s of salt (Keffer and Holloway, 1988; Lumpkin and Speer, 2007). de Szoeke and

Levine (1981) postulated that mesoscale eddies are the most likely candidate to accomplish the

required cross-frontal transport. Since de Szoeke and Levine (1981)’s postulation, there has

been ongoing research into the processes by which these poleward fluxes are achieved examining

the relative contributions of time-varyingmean flow, transient and standing eddies. For example,

Volkov et al. (2010) highlighted the importance of the time-mean field of meridional velocity

and potential temperature fluctuations in the poleward meridional heat transport. Ferrari et al.

(2014) demonstrated using a model and current meter mooring observations that 80% of the

poleward flux of heat was by the mean flow and only 20% by eddies in Drake Passage. In this

paper we aim to quantify the role of transient eddies in the poleward transport of heat and salt

across the Subantarctic Front (SAF) in south of Tasmania.

Satellite altimetry has identified the ubiquity of eddies and allowed the characterization of their

surface expression across the world ocean (Chelton et al., 2007, 2011). Eddies are non-uniformly

distributed throughout the SO, being concentrated near significant topographic obstructions in

the path of the ACC where standing meanders are found (Morrow et al., 2004; Frenger et al.,

2015). Model studies and altimeter observations have shown the importance of these eddy

hotspot regions for the meridional transport of heat and salt across ACC fronts (Thompson and

Sallée, 2012; Sallée et al., 2011; Dufour et al., 2015). Foppert et al. (2017) used 4 years of in situ

measurements of eddy heat flux from C-PIES and a tall mooring in Drake Passage combined
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with satellite altimeter data to define a proxy for eddy heat flux based on sea surface height

standard deviation, and tested the proxy circumpolarly using the Southern Ocean State Estimate

(Mazloff et al., 2010). Using 23.5 years of altimetry observations they mapped the circumpolar

distribution of eddy heat flux across each jet of the ACC, finding eight regions of elevated

poleward heat flux. Interestingly the heat flux does not cross the full ACC in any one location,

but is carried zonally and steps southward across each front as it encounters different hotspots

along its circumpolar path. These eddy hotspots have also been found to be the locations along

the ACC where there is enhanced upwelling of deep waters (Tamsitt et al., 2017).

The eddy heat flux estimates of Foppert et al. (2017) agree well with the few in situ estimates

from moorings south of Tasmania (Phillips and Rintoul, 2000) and in Drake Passage (Watts

et al., 2016; Ferrari et al., 2014). Observations from these moored arrays indicate poleward

eddy heat fluxes of 15.4 kWm−2 in the Drake Passage (Johnson and Bryden, 1989), and 11.3

kWm−2 south of Tasmania (Phillips and Rintoul, 2000). These estimates translate to poleward

heat fluxes of 1.2 PW and 0.9 PW respectively, when extrapolated circumpolarly, which is large

enough to balance the heat lost to the atmosphere around Antarctica. However, we have low

confidence in these estimates because they are based on measurements in locations of high eddy

energy and do not account for the vast regions along the ACC where there is much weaker eddy

activity. The circumpolar eddy heat fluxes across the ACC estimated by Foppert et al. (2017)

that do account for zonal variations in fluxes, range from 1.06 PW entering the SAF to 0.24

PW exiting the Polar Front (PF); lower than the aforementioned coarse estimate of 0.9 to 1.2

PW from point measurements. The satellite proxy of Foppert et al. (2017) presents an exciting

observational tool to monitor spatial and temporal variations in eddy fluxes, but we need to

build confidence in the proxy by validating against in situ measurements of the heat exchange

by mesoscale eddies.

Several hydrographic studies have provided direct observations of the heat and salt content of

mesoscale eddies. For instance, Joyce et al. (1981) studied a cold-core eddy spawned from an

equatorward meander of the Antarctic Polar Front in the Drake Passage, Swart et al. (2008)

studied a cold-core eddy formed in the PF south of Africa, and Morrow et al. (2004) exploited
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existing repeat hydrographic transects along the SR3 line and satellite observations, to explain

the formation and propagation of eddies and provided the first estimate of the heat and salt

transport by cold-core SAF eddies south of Tasmania. However, this estimate of heat and salt

transport may be biased low by incomplete sampling of the horizontal or vertical extent of the

eddies that were sampled in these studies.

In this study, we focus on the SO south of Tasmania, a region of moderate but growing eddy

kinetic energy downstream of the southward shift of the Southeast Indian Ridge where the ACC

becomes free of bathymetric constraint (Phillips and Rintoul, 2000). It is the location of one of

four standing meanders that are central to the momentum balance of the ACC (Thompson and

Naveira Garabato, 2014). It is also a region where almost 30% of the circumpolar heat transfer

across the SAF and PF is estimated to occur (Foppert et al., 2017, their Fig. 7).

We present an unprecedented hydrographic survey of a cyclonic, cold-core, eddy south of

Tasmania allowing us to characterize its physical structure and evolution over its lifetime, as

well as its heat and salt content. The targeted cold-core eddy formed in the SAF south of

Tasmania in February 2016, transited into the Subantarctic Zone (SAZ) where it spent two

months, and was eventually reabsorbed into the SAF in May 2016 (See Fig. 2.1 left and Fig.

2.2). In this paper, we first describe the temporal variability of the eddy’s characteristics using

remotely sensed data employing automated eddy detection and tracking software. We then

characterize the physical and dynamical structure of the eddy from in situ observations. Lastly,

we calculate the available heat and salt anomalies in the eddy and extend these results using

satellite altimetry to estimate the total amount of heat carried across the SAF by cold-core eddies.

2.2 Data and Methods

2.2.1 In-situ Observations

We undertook an intensive survey of the physical and biogeochemical structure of a cyclonic,

cold-core eddy in the SAZ south of Tasmania (Fig. 2.1, left) over the course of 7 days (30th March
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to 5th April 2016) fromAustralia’s research vessel RV Investigator, Voyage IN2016_V02. During

this survey, we collected 18 Conductivity Temperature Depth (CTD) profiles of temperature,

salinity, nutrients and dissolved oxygen concentration from the sea surface to 1500 dbar (Fig.

2.1, right). All profiles were taken with a Seabird SBE911 CTD 20, which was calibrated for

salinity and dissolved oxygen with Niskin bottle water samples at 12 depths on each cast. Water

samples from 24 depths were analysed for nutrients.

The CTD spacing was nominally 15 km apart along three radial transects from the edge of the

eddy to its centre (Fig. 2.1). The eddy moved laterally by only 13 km over the duration of

sampling. We take advantage of the relatively short observation period, and the near stationarity

of the eddy to combine transects into a snapshot of the eddy structure. To produce a coherent

full-diameter transect across the eddy, we combined CTD transects B and C (Table 2.1) in a

way that produces a vertical section from the northwestern edge, to the center, to the eastern

edge of the eddy (Fig. 2.1). We estimated the mixed layer depth for the same transect following

de Boyer Montégut et al. (2004) using a temperature difference from the sea surface of 0.2 ◦C.

A continuously operating 75 kHz Shipboard Acoustic Doppler Current Profiler (SADCP) ac-

quired vertical profiles of current speed and direction down to approximately 750 m depth along

the ship track. In addition to SADCP data recorded along the 3 CTD transects, we collected

one continuous full-diameter transect (ADCP0) from west to east across the eddy and five radial

transects that were uninterrupted by station holding (Fig. 2.1, right). Processing and quality

control of the CTD and SADCP data was completed by the data group at Australia’s Marine Na-

tional Facility and are publicly available at https://www.cmar.csiro.au/data/trawler.

The ADCP velocities are used to calculate tangential and radial velocity components which

allowed a direct comparison with geostrophic velocities estimated from the CTD profiles. Tan-

gential velocity is defined to be perpendicular to any radius from the centre to the edge of the

eddy (positive clockwise). Radial velocities indicate movement into or out of the eddy (positive

outwards).
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Figure 2.1: Left: voyage track of IN2016_V02 (gray lines) and track during the eddy sampling
(blue lines); CTD cast taken in the Subantarctic Front (blue asterisk); mean positions of the
northern and southern branches of the Subantarctic Front during the sampling period (black
contours); approximate location of Morrow et al. (2004)’s eddy (black +). Solid black box
defines region over which eddy demography was conducted. Dashed line box defines limits for
calculation of the eddy heat flux based on Foppert et al. (2017). Right: the radial transects of
the eddy sampling, overlaid on the mean sea level anomaly during the sampling period. Dotted
lines signify SADCP transects across the eddy (full diameter transect, ADCP0, highlighted in
magenta), where dots denote positions of 5-minute average measurement. Triangles indicate
CTD casts of transects A, B, and C, labeled by cast number.

2.2.2 Remotely-sensed Observations

We used AVISO’s gridded Sea Level Anomaly (SLA), geostrophic velocity, and absolute sea sur-

face height (SSH) products, taken from the new version of Ssalto/Duacs products disseminated

by Copernicus Marine Environment Monitoring Services (CMEMS). The data have a Cartesian

0.25◦ spatial resolution and daily temporal resolution. The climatology used to compute SLA is

based on a twenty-year period (1993 - 2012). We exploited both near-real-time and delayedmode

products of AVISO. The data processing details can be found at https://duacs.cls.fr/.

For Satellite chlorophyll and infra-red sea surface temperature (SST), we used daily, 9 km spa-

tial resolution products from MODIS-Aqua, disseminated by NASA (https://oceancolor.

gsfc.nasa.gov/). For SST, we also used daily 0.25◦ spatial resolution microwave data from

the AMSR-2 instrument (http://www.remss.com/).

We also used the new version of the Roemmich-GilsonArgoClimatology to assess the sensitivity
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Table 2.1: CTD casts sampled in the cold-core eddy and in the Subantarctic Front. Maximum
pressure is measured in dbar. Date is in UTC time zone.

Transect Cast Number Date Longitude Latitude Max Pressure

A

3 31-Mar-2016 02:00 148.44◦E 50.38◦S 1552
4 31-Mar-2016 05:05 148.16◦E 50.38◦S 1558
5 31-Mar-2016 07:57 147.88◦E 50.38◦S 1554
6 31-Mar-2016 10:50 147.61◦E 50.38◦S 1555
7 31-Mar-2016 13:51 147.35◦E 50.38◦S 1552
8 31-Mar-2016 16:40 147.08◦E 50.38◦S 2254

B

10 01-Apr-2016 07:44 148.42 E 50.38 S 1554
11 01-Apr-2016 10:51 148.15◦E 50.38◦S 1554
12 01-Apr-2016 13:31 147.88◦E 50.38◦S 1554
13 01-Apr-2016 16:53 147.61◦E 50.38◦S 1555
14 01-Apr-2016 19:52 147.34◦E 50.38◦S 1556
15 01-Apr-2016 23:27 147.08◦E 50.38◦S 1555

C

18 02-Apr-2016 20:05 146.50 E 49.67 S 1552
19 02-Apr-2016 23:18 146.61◦E 49.81◦S 1552
20 03-Apr-2016 02:19 146.73◦E 49.95◦S 1551
21 03-Apr-2016 05:04 146.85◦E 50.09◦S 1552
22 03-Apr-2016 07:41 146.96◦E 50.23◦S 1550
23 03-Apr-2016 10:13 147.07◦E 50.37◦S 1554

Front 26 06-Apr-2016 04:35 147.26◦E 52.87◦S 1551

of our reference profile, which defined in the section 2.2.4. The new version extended Argo-

only derived temperature and salinity fields through 2016. The detail about modification in

the new version can be found in Roemmich and Gilson (2009) and at the data portal site:

http://sio-argo.ucsd.edu/RG_Climatology.html.

2.2.3 Eddy Identification and Tracking

Before and during the voyage, we used AVISO near-real-time SLA maps and the Okubo-

Weiss (OW) parameter to locate an eddy suitable for sampling. The OW parameter, given by

OW = S2
n+S2

s −ω2, measures the relative importance of vorticity over strain in fluid flow (Okubo,

1970; Weiss, 1991). Sn = Ux −Vy is the normal and Ss = Vx +Uy is the shear component of the
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strain; ω = Vx −Uy is the relative vorticity, with the subscripts denoting the partial derivatives

in the eastward and northward directions, respectively. The variables U and V are the eastward

and northward surface current velocity anomalies, respectively, estimated from SLA using the

geostrophic balance.

Negative values of the OW parameter signify the dominance of rotation over deformation, which

indicates the presence of an eddy. The relative vorticity sign denotes cyclonic (negative) and

anticyclonic (positive) eddies. We followed Frenger et al. (2015) to identify an eddy by filtering

OW < −0.2σOW , where σOW denotes the spatial standard deviation of OW. Although OW

has several limitations such as underestimating eddy surface area and amplification of noise,

it proved an effective tool to identify eddies before and during the voyage. We also compared

our results with SST and chlorophyll maps to corroborate the eddy signature. Infra-red SST

and chlorophyll data were suitable for creating multiple-day or week averages, but not useful for

real-time eddy tracking owing to contamination by cloud cover over the SO.

After the voyage, we employed the Faghmous et al. (2015) eddy-tracking software to study the

eddy’s life cycle and to prepare eddy statistics for our study region. The eddy-tracking software

allowed us to track eddies without imposing any expert defined criteria with a detection accuracy

of 96.4%. Eddies are dynamic features that move in space at the same time as changing their

characteristics in time. Therefore, tracking eddies through time should be completed before

applying expert-defined criteria, such as minimum amplitude and diameter, to filter eddies

(Faghmous et al., 2014). This software also addresses premature track termination and eddy

merging problems, which were not accounted for in previous detection algorithms (e.g. Chelton

et al., 2011). More details on the algorithm, and our amendment to allow regional analysis, are

provided in Appendix A.

We applied the eddy-tracking software to daily AVISO SLA maps to detect and track eddies. To

identify the center of an eddy, we compared each grid point with fifteen neighboring grid points.

The outer edge of an eddy was defined by the default threshold of 0.05 cm SLA. We tracked

only eddies whose size was ≥ 16 pixels (∼100 km in diameter), allowing them to disappear

for one day. Then, we analysed all tracked eddies through animation and identified our eddy.
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We observed that our eddy signature disappeared on 12th February 2016, ten days after its

formation, but reappeared in the subsequent time step. The tracking software interpolated the

eddy characteristics across this gap. The amplitude of the eddywas calculated as the difference in

magnitude between the estimated basal height of the eddy boundary and themaximum/minimum

value of SLA within the eddy. The surface area parameter allows for non-circular eddies as

it sums the area of pixels occupied by the eddy. However, to estimate the diameter, a circular

shape is assumed and is calculated as Le = 2 ·
√

A/π.

To verify the realization of the eddy and corroborate the eddy-tracking software performance,

we used animations of SLA, geostrophic velocity, and OW parameter along with the eddy’s

center positions obtained from the eddy-tracking software. We also tracked the eddy manually

following the method used in Pilo et al. (2015). We found that the position of the eddy centre

was consistent across methods, and that the eddy-tracking software produced smoother and

more realistic tracks than that of the Pilo et al. (2015) method. The eddy-tracking software also

provides the additional information about amplitude, diameter, shape of the eddy and rotational

speed (defined as the mean gesotrophic flow speed within an eddy), while the Pilo et al. (2015)

tracking method only returns amplitude and eddy centre position.

2.2.4 Definition of reference profile

A reference CTD profile was required to characterize the difference in temperature, salinity

and density inside the eddy relative to the surrounding SAZ waters, and to determine the heat

and salt content anomalies of the eddy. The choice of reference profile varies in the literature.

Examples include, an individual profile outside the eddy (Morrow et al., 2004), a climatological

profile (Kurczyn et al., 2013), and a composite reference profile (Swart et al., 2008; Joyce et al.,

1981). We defined our reference profile to be the average of the outermost CTD profile on each

of the three radial transects (CTDs 3, 10 and 18, see Table 2.1 and Fig. 2.1 and Fig. 2.5). These

three CTDs were well outside the eddy core and all of them had similar water properties typical

of the SAZ environment (Rintoul and Bullister, 1999). The three profiles were located outside
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the outermost closed contour of relative vorticity, that coincided with the zero SLA contour, and

outside the region of maximum geostrophic velocity.

2.2.5 Estimation of Heat and Salt Content Anomalies

The method of computing the available heat content anomaly (AHA, in J m−2) and available

salt content anomaly (ASA, in kg m−2) in an eddy was first implemented by Joyce et al. (1981)

for a cyclonic ring in the Drake passage and subsequently used by other studies (e.g. Morrow

et al., 2003, 2004; Swart et al., 2008). Joyce et al. (1981) defined the available heat anomaly

of an eddy to be the heat "that is still available after all density surfaces are flattened and

subsequently constrained to remain so." They also point out that the available heat anomaly is

closely linked to the available salt anomaly because of the requirement of mass conservation.

AHA and ASA are calculated for discrete profiles of temperature and salinity inside the eddy

and then integrated across the eddy to estimate its total heat and salt content. Density is used as

the vertical coordinate to eliminate vertical heave of the isopycnals due to internal waves passing

through during sampling. The vertical extent of the eddy must be defined prior to calculating

AHA and ASA. We chose a density range 26.5 to 27.5 σθ , which corresponds to a depth range

from the sea surface to ∼1000 m at the centre, and ∼1400 m at the edge of the eddy.

Temperature and salinity profiles were first interpolated onto potential density relative to the sea

surface, with an interval of 0.02 kg m−3. We used conservative temperature and absolute salinity

(defined in IOC et al. (2010); McDougall et al. (2012)) in the computation of AHA and ASA

, respectively. This allowed us to estimate heat and salt content more accurately and enabled

the use of constant specific heat capacity throughout the water column (McDougall and Barker,

2011). For each CTD profile, the AHA (J m−2) between isopycnal layers σi and σi−1 = σi − 0.1

kg m−3 is calculated as:

AH Aσi = ρiCphi[Tσi − Tσi (re f )] (2.1)

where, ρi is the vertically averaged density between the isopycnals in kg m−3; Cp is the specific

heat capacity at constant pressure (3991.9 J/kg/K); hi is the thickness of the isopycnal layer in
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m; Tσi is the vertically averaged conservative temperature between the isopycnals (◦C); Tσi (re f )
is the vertically averaged conservative temperature between the isopycnals from the reference

profile (◦C).

Likewise, ASA (kg m−2) between the isopycnals for a given profile is computed as:

ASAσi = 0.001ρihi[Sσi − Sσi (re f )] (2.2)

where, Sσi is the vertically averaged absolute salinity between the isopycnals in g kg−1 and

Sσi (re f ) is the vertically averaged reference absolute salinity between the isopycnals in g kg−1.

Here, 0.001 converts grams to kilograms.

The cross-diameter structure of the eddy’s available heat and salt anomalies is represented as

the vertical sum of each profile of AHA and ASA, from the pre-defined maximum density of the

eddy, 27.5 kg m−3, to the sea surface. The resulting sums ΣAH A (J m−2) and ΣASA (kg m−2)

are only a function of distance across the eddy. Following Joyce et al. (1981); Morrow et al.

(2003), the total heat and salt content of the eddy relative to its surrounding environment is then

defined to be

H =
∫ R

r=0
2πr · ΣAH A · dr; S =

∫ R

r=0
2πr · ΣASA · dr, (2.3)

where, dr is the distance between stations, R is the eddy radius and ΣAH A and ΣASA are

vertically summed heat and salt content at a station. The unit of H is Joules, and of S is

kilograms.

2.3 Results

2.3.1 Life Cycle

We tracked the eddy through its life cycle in maps of SLA (Fig. 2.2). The eddy was first

identified as a closed contour of SLA in a meander of the SAF on 3rd February 2016 (Fig.
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2.2A). The meander steepened over the next month until the eddy detached on 3rd March 2016

(Fig. 2.2B), after which the meander relaxed southward and followed a more zonal path. The

eddy transited northwards in the SAZ to a position near 147◦E, 50.5◦S, where we surveyed it

between 30th March and 5th April, 2016. The eddy subsequently moved southward again and

then reattached to the same meander on 22nd April 2016. The eddy remained in the meander

until it dissipated on 21st May 2016 (Figs. 2.2E and F).

The spatial pattern of the eddy’s track is shown in Fig. 2.3. The eddy travelled a total distance

of 371 km from formation site to dissipation site at an average propagation speed of 3.4 km

day−1. Its path consisted of northeast movement for the first 36 days, westward for 16 days,

southwestward for 19 days and then finally southeastward along the meander until it disappeared.

The eddy propagated faster before detachment from, and after reattachment to, the meander at

speeds of 6.6 km day−1 and 3.4 km day−1, respectively. While separated from the meander, the

propagation speed was on average 1.6 km day−1. During the sampling period, the eddy was

relatively stationary, moving only 11.84 km over 7 days (1.7 km day−1).

Eddies tend to experience three phases in their lifetime (Pegliasco et al., 2015). These are the

growth phase (which is 20% of the lifetime), mature/stable phase (next 60% of the lifetime) and

decay phase (remaining 20% of the lifetime). Dynamical properties such as rotational speed,

amplitude and diameter evolve according to these phases (Pegliasco et al., 2015). Our voyage

took place after the eddy had reached its mature stage, and had begun to approach its decay

phase (Fig. 2.4). During the voyage, rotational speed of the eddy was almost constant while

amplitude and diameter of the eddy were decreased gradually (Fig. 2.4).

The evolution of the eddy’s dynamical properties during its lifetime is depicted in Fig. 2.4.

Amplitude is negative for a Southern Hemisphere cyclonic eddy but here we refer to the absolute

value of the amplitude for simplicity. When the eddy was still trapped in the meander for the

first 30 days, its rotational speed, amplitude and diameter increased rapidly (7.5 cm s−1 to 73 cm

s−1, 5 cm to 40 cm, and 104 km to 205 km, respectively) for the first 15 days. About two weeks

before the eddy detached, the amplitude and diameter gradually decreased while the rotational

speed continued to increase. Three days before the eddy detached from the meander, there was
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Figure 2.2: Daily sea level anomaly maps representing the main events of the eddy’s life
cycle. Black contours represent the northern and southern branches of the Subantarctic Front
(SAF-N and SAF-S, respectively), based on absolute dynamic topography of 0.2 m and -0.4 m,
respectively (Sokolov and Rintoul, 2009). Asterisk represents the centre of the eddy at formation
and the plus sign is the centre of the eddy at the time of the image, both derived from the
eddy-tracking software.
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Figure 2.3: The eddy track derived from the eddy-tracking software. Each dot represents the
detected eddy center each day. Green and red dots delineate detachment from, and reattachment
to, the meander, respectively. Magenta dots delineate eddy movement during the sampling
period. Green asterisk and red star denote the beginning and end of the track.

Figure 2.4: Observed daily rotational speed (top panel), and amplitude (presented as absolute
values, middle panel) and diameter (bottom panel) over the lifespan of the eddy. All parameters
are the output of the eddy-tracking software. Green vertical dashed line and red vertical dot-
dashed line delineate detachment from and reattachment to the meander. Vertical magenta
shading defines the sampling period (30 March 2016 to 5 April 2016).
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a rapid increase in all three parameters. The rotation speed slowed as soon as the eddy detached

but the amplitude and diameter continued to increase rapidly for two more days before becoming

more steady. Then, rotational speed and amplitude increased gradually and peaked over the next

∼15 days to ∼84 cm s−1 and 60 cm, respectively. After the peak, rotational speed and amplitude

decreased gradually. Once the eddy reattached to the meander, rotational speed and amplitude

decreased rapidly (31 cm s−1 to 9 cm s−1 and 30 cm to 5 cm, respectively) over the 30 days from

reattachment to dissipation.

The eddy diameter was ∼104 km at formation, increasing to a peak of ∼218 km on 27th March

just prior to sampling, and then declining to ∼126 km before the eddy dissipated. The median

rotational speed and diameter over the lifespan of the eddy were 43.6 cm s−1 and 179 km,

respectively. Therefore, the angular velocity of the eddy was 4.87 × 10−6 rad sec−1, which

means it would take 14.8 days to complete one revolution. Given the lifespan of the eddy was

109 days, it likely would have completed 7.4 revolutions over its lifespan.

2.3.2 Physical Properties

Hydrographic profiles of absolute salinity (hereafter, salinity) and conservative temperature

(hereafter, temperature) are plotted in Fig. 2.5. They are coloured by dynamic height of the 100

dbar pressure surface relative to 1500 dbar to identify their position relative to the surrounding,

higher dynamic height SAZ waters. Dynamic height decreases monotonically from the edge of

the eddy to its centre, and therefore is an excellent indicator of the position of profiles in the

eddy. Both temperature and salinity decreased from the edge of the eddy (red profiles, highest

dynamic height), towards the center (green profiles, above 900 dbar). Below 900 dbar, the center

of the eddy was saltier, but still colder than the surrounding waters.

The difference between the eddy properties at its centre, and the properties in the SAF near

where the eddy was formed (Fig. 2.5, dark blue, lowest dynamic height), indicated substantial

change in water mass properties over the eddy’s lifespan. The eddy’s center was warmer than in

the SAF at all depths, although the temperature difference varied with depth. The eddy center
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Figure 2.5: Profiles of absolute salinity (left) and conservative temperature (right) across the
eddy and at the Subantarctic Front (SAF, where the eddy formed), colored by 100/1500 dynamic
height to illustrate the position of each profile relative to surrounding the Subantarctic Zone
waters (red). The SAF profile is dark blue. Profiles at the centre of the eddy are light green.
Black line depicts our reference profile. Gray dashed line indicates March-April climatological
reference profile derived from Roemmich and Gilson (2009) Argo climatology.

was slightly saltier than the SAF water above 200 dbar, and fresher below (Fig. 2.5). The

convergence of all profiles near 1500 dbar is an indication of the presence of Upper Circumpolar

Deep Water (UCDW, oxygen minimum layer (175-180 µmolL−1)), identified as salinity near

34.7 and density near 27.6 kg m−3 (Fig. 2.6). Note the high-frequency vertical variability below

100 dbar in salinity and temperature profiles, suggestive of active stirring on isopycnals in the

eddy (Fig. 2.5), which will be examined in a subsequent manuscript.

Watermass properties of temperature, salinity and dissolved oxygen (Fig. 2.6) suggested the

core of the eddy was formed from Antarctic Surface Water above Antarctic Intermediate Water

and UCDW. Subantarctic Mode Water (SAMW) was not present in the core of the eddy, but

encroached from the sides of the eddy between 100 dbar and 800 dbar. This structure was

consistent with the eddy having been formed south of the SAMW subduction region, and

moving northward into the SAZ where new ventilation by SAMW occurred.

Full-diameter hydrographic sections of temperature, salinity and potential density distribution

are presented in Fig. 2.7. The sections revealed strong doming of isotherms and isopycnals as
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Figure 2.6: Θ-S diagram for all the CTD casts in Table 2.1, colored by dissolved oxygen.
Different types of water observed in the Southern Ocean south of Tasmania are labelled (Rintoul
and Bullister, 1999; Rintoul and Sokolov, 2001). UCDW: Upper Circumpolar Deep Water

expected for a cold-core eddy. The surface mixed layer extended to approximately 100 dbar, and

potential density of 26.6 kg m−3, with horizontal gradients of warmer and saltier water at the

edge of the eddy to cooler and fresher at the centre. The doming of isopycnals extended from

below the mixed layer to the limit of observations at 1500 dbar. The extent of the isopycnal

displacement is indicated by the 5 ◦C isotherm, which was found at 150 dbar at the centre of

the eddy, 650 dbar shallower than its expected pressure in the SAZ (Rintoul et al., 2001). The

salinity structure was more complicated. Isohalines domed upward to around 800 dbar beneath a

bowl of relatively fresh water. The low salinity bowl (<34.4 g kg−1) at the centre was encroached

upon by the 34.5 g kg−1 isohaline between 100 dbar and 900 dbar (Fig. 2.7, middle).

Sections of property anomalies were constructed by subtracting reference profiles defined in

Section 2.2.4 from temperature, salinity and density (Fig. 2.8) on pressure levels. Themaximum

temperature anomaly at the eddy centre was more than 5 ◦C colder than the SAZ reference profile

at a depth of 210 dbar (Fig. 2.8, left). The temperature anomaly decreased monotonically to

close to zero at 1500 dbar. A temperature minimum was evident in the mixed layer at the centre

of the eddy, but its magnitude was only 2 ◦C, much smaller than deeper anomalies.

The maximum salinity anomaly was fresher than the reference profile by more than 0.7 g kg−1
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Figure 2.7: Vertical distribution of conservative temperature (left), absolute salinity (middle),
and potential density (right). Black contours show potential density contours. This transect
across the eddy was generated by merging CTD transects B and C (for location see Fig. 2.1).
Vertical dashed lines show CTD station positions. Top x-axis represents CTD cast number.

Figure 2.8: Vertical section of anomalies of conservative temperature (left), absolute salinity
(middle), and potential density (right) on pressure levels relative to the reference profile rep-
resenting ambient Subantarctic Zone water. Vertical dashed lines indicate CTD stations. Top
x-axis indicates CTD cast numbers.
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at a depth of 100 dbar, right at the base of the mixed layer (Fig. 2.8, middle). The salinity

anomaly decreased monotonically with depth and changed sign near 900 dbar, suggesting a

dipolar salinity structure in isobaric coordinates. A weaker salty anomaly of 0.1 g kg−1 was

centred at 1300 dbar. In the mixed layer, the salinity at the core of the eddy was still 0.4 g kg−1

fresher than at the edge, suggesting that the salinity signature of the eddy was not eroded as fast

as its temperature signature, as has been reported in previous studies (Morrow et al., 2004).

The potential density anomaly (Fig. 2.8, right) was positive from 150 dbar, just below the mixed

layer, identifying the location and intensity of isopycnal doming throughout the water column.

The maximum anomaly of 0.3 kg m−3 was centered at 600 dbar. At the maximum depth of the

observations the density anomaly in the eddy centre was still more than 0.1 kg m−3. A negative

density anomaly dominated the mixed layer, indicating the influence of the salinity minimum

on the stratification.

Figure 2.9: Vertical section of anomalies of conservative temperature (left) and absolute salinity
(middle) on potential density surfaces relative to the reference profile representing ambient
Subantarctic Zone water. The depth of isopycnals is shown in the right panel. The anomalies
were calculated along the isopycnals. Vertical dashed lines indicate CTD stations. Top x-axis
indicates CTD cast numbers.

We prepared sections of property anomalies, computed on potential density surfaces, to identify

the vertical extent of the eddy trapped water as presented in Fig. 2.9. The main advantage

of density as vertical coordinate is that it isolates the horizontal variation of watermasses due
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to movement of density surfaces associated with available potential energy of the eddy (Joyce

et al., 1981). The temperature anomalies increased rapidly from around 1 ◦C in the mixed layer

to a maximum value of 4 ◦C in the core at 26.75 isopycnal and then gradually decreased to

almost zero at 1500 dbar. Similarly, the salinity anomalies increased rapidly from 0.5 g kg−1

in the mixed layer to a maximum value of 0.75 g kg−1 in the core near 26.7 isopycnal and then

gradually declined to <0.05 g kg−1 at 1500 dbar. The distribution of anomalies indicates that

our observations captured the full horizontal extent of the eddy, whereas the deepest part of the

eddy was not captured by our survey. However, the magnitude of both anomalies at 1500 dbar

is only 5-10% of the maximum anomaly near 26.7 isopycnal and so will lead to only a small

underestimate of the heat and salt anomalies of the eddy. The eddy was fresher than ambient

water over its entire density range, which is in contrast to the dipolar structure observed in the

pressure coordinate (see Fig. 2.8). The maximum temperature anomaly was 1 ◦C lower than the

anomaly on pressure surfaces in the core of the eddy whereas the maximum salinity anomaly

was the same on the both coordinate systems in the core of the eddy.

2.3.3 Velocity Distribution

Cyclonic rotation and asymmetry of the eddy were evident in the geostrophic velocity from

both altimetry and hydrography (Fig. 2.10). The clockwise absolute geostrophic velocities were

influenced by a jet coming from the north-west and merging with the northern side of the eddy

(Fig. 2.10, top). This may have been the cause of higher velocities on the eastern side and lower

velocity on the western side of the center.

Subsurface geostrophic velocity was estimated from geopotential anomaly relative to a reference

pressure of 1500 dbar. Maximum velocities of >40 cm s−1 were observed above ∼300 dbar

on either side of the quiescent center (Fig. 2.10, bottom) and decreased to 5 cm s−1 by ∼1300
dbar. Strong Velocities of (>20 cm s−1) extended from the surface down to 700 dbar on the

northwestern side, and to 850 dbar on the eastern side of the eddy. Maximum velocity was

centred below the surface on both sides of the eddy, approximately 100 dbar on the northwestern
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Figure 2.10: Geostrophic velocity distribution associated with the eddy. Horizontal distribution
of absolute geostrophic velocity derived from absolute dynamic topography of AVISO averaged
over sampling period (top). Vertical distribution of geostrophic velocity with respect to 1500
dbar (bottom) computed between each CTD station (location of casts shown as dashed lines in
bottom panel, black dots in top panel). Positive geostrophic velocity indicates clockwise rotation
(see text for detail). Top x-axis labels are CTD cast number. Thick black contours represent
maximum velocities of 42 cm s−1.
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Figure 2.11: Velocity distribution from SADCP associated with the eddy. Horizontal velocity
distribution at depth 40 m and 500 m (top) and vertical velocity distribution of tangential
(middle) and radial velocity (bottom) along west to east transect (highlighted in red, top panel)
associated with the eddy. Positive tangential velocity indicates clockwise rotation and positive
radial velocity indicates outward flow.
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side and 200 dbar on the eastern side. The absolute geostrophic velocity at the surface (Fig.

2.10, top) also indicated stronger velocities on the eastern side.

In Fig. 2.11, absolute velocities from the shipboard ADCP are plotted as vectors at 40 m and

500 m, and as vertical sections of tangential and radial components. Current vectors substantiate

the presence of the mesoscale cyclonic feature and horseshoe shape (stronger current speed on

eastern and southern sides) at both depths (Fig. 2.11, top). The change in direction of vectors

with depth, especially along the zonal transect (Fig. 2.11, top; highlighted in red) indicated

tilting of the eddy’s vertical axis.

The positive tangential velocities on either side of the center indicated clockwise (cyclonic)

rotation of the water column down to the limit of observations near 750 m, with velocities of

>40 cm s−1 above 300 m on the western side and velocities >50 cm s−1 extending to 450 m on

the eastern side. Tangential velocity maxima were found near 200 m on the western side and

near 400 m on the eastern side, slightly deeper than that of the geostrophic velocities (Fig. 2.10).

There was also a surface velocity maximum of >60 cm s−1 on the eastern side of the eddy that

was not apparent in the geostrophic velocity from CTD data.

Radial velocities (Fig. 2.11, bottom) were negative on the western side of the eddy, indicating

flow toward the centre, and positive on the eastern side, indicating flow away from the centre.

This pattern corroborates the hypothesis of an eastward-flowing filament of the ACC, seen with

altimetry (Fig. 2.10), interacting with the eddy to create asymmetry in the eddy’s velocity field,

weaker to the west, stronger to the east.

The magnitude of the absolute surface geostrophic velocities from altimetry were higher than the

geostrophic velocities estimated from hydrography. This difference suggested that the unknown

reference velocity at 1500 dbar in the geostrophic calculation was of the order of 7 cm s−1 on

the western side and 20 cm s−1 on the eastern side. Thus, all available velocity measurements

concur on the strong cyclonic nature of the eddy’s circulation and asymmetric distribution of

velocity both horizontally and vertically.
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2.3.4 Available Heat and Salt Anomalies

The AHA and ASA computations were performed for the composite CTD transect and the

resulting vertical distributions in isopycnal coordinates are presented in Fig. 2.12, top panels.

They show a well resolved structure, capturing almost to the full vertical extent of the eddy in

terms of the salt anomaly, and the vast majority of the vertical extent for the heat anomaly.

Figure 2.12: Distribution of Available Heat Anomalies (A, AHA) and Available Salt Anomalies
(B, ASA) associated with the eddy with potential density as the vertical axis. Vertical dashed-
lines indicate CTD stations. (C) Vertically summed AHA (left axis) and ASA (right axis) for a
given CTD stations, along the full-diameter transect.
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Heat content decreased rapidly with increasing density; from −100 × 106 J m−2 in the mixed

layer to a maximum value of approximately > −1200 × 106 J m−2 in the core at 26.95 kg

m−3. Salt content anomalies increased from a weak negative anomaly to a maximum value of

approximately −50 kg m−2 at 26.95 kg m−3. Positive anomalies of the heat and salt were found

near either edge of the eddy. It appears that the negative heat and salt content anomaly extended

below the deepest isopycnal 27.45 kg m−3. Therefore, our estimates of heat and salt content of

the eddy will be conservative.

The AHA and ASA were next summed vertically from densities of 26.5 to 27.5 kg m−3 to give

the heat and salt anomalies of the eddy as a function of eddy diameter, ΣAH A and ΣASA (Fig.

2.12, bottom). The magnitude of the heat and salt anomalies increased from the edge of the

eddy towards the center. The maximum negative heat and salt anomalies are −5 × 109 J m−2

and -200 kg m−2, respectively, at the center of the eddy.

Using Eq. 2.3, we integrated from the centre of the eddy along each of the three radial transects

to get three estimates of the total heat and salt anomalies associated with the eddy. Transects A

and B are arranged from the centre to the eastern edge, and Transect C is arranged from the centre

to the northwestern edge. These estimates are presented in the Table 2.2. The eddy carried

total available heat and salt anomalies of H = −0.5 ± 0.1 × 1020 J and S = −2.1 ± 0.4 × 1012

kg, respectively, computed as a mean of three transects and the standard error of the mean

(σM = σ/√N , where σ is standard deviation and N is sample size). The standard error

encapsulates the error associated with sampling the eddy in the presence of temporal variations

during sampling and the non-symmetrical spatial structure of the eddy. Despite sampling at the

same locations on transects A and B, we sampled different parts of the eddy due to the eddy-

structure rotation. We plotted vertically integrated contents along the distance from the centre,

for each radial transects (see Fig. 2.14). The difference in contents between the transects were

marginal for the stations close to the center and the edge of the eddy, whereas that of pronounced

for the middle stations. This difference can be attributed to the variation of rotational speed

along the eddy radius. The rotational speed increased from the center to a maximum value at

mid radius and then declined to the edge, forming a bell shape.
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Weconducted some sensitivity tests to determine the robustness of our estimates of total available

heat and salt content anomalies, H and S. A primary source of error in our estimate of H
and S is the choice of reference profile. Our voyage was conducted during March/April when

the SAZ is at its warmest and saltiest, which could lead to an overestimate of the heat and salt

content of the cool, fresh eddy. To test the sensitivity of our heat and salt content anomalies

to the reference profile we recalculated them using a climatological mean profile and monthly

climatological profiles forMarch andApril from the gridded Argo atlas of Roemmich andGilson

(2009). We drew profiles from the climatology at the same positions where the three in situ

profiles were made, and averaged them. We found that while the upper 500 m of the in situ

reference profile was warmer and saltier than all climatological profiles, the subsurface waters

during the voyage were colder and fresher than seen in the climatology (Fig. not shown). The

resulting total available heat and salt content anomalies were smaller using the annual mean

climatological profile than the in situ profile by 13% and 16%, respectively, and were 6% and

3% larger, respectively when the March or April climatological profiles were used. The in situ

reference profile contained much greater vertical structure that was also present in the profiles

inside the eddy, and was representative of the SAZ conditions at the time of our observations.

We are therefore confident that the in situ profile is the most appropriate but note the 5-15%

sensitivity ofH and S to the choice of reference profile.

Note that we have used conservative temperature and absolute salinity to calculate heat and salt

content anomalies. We find that the heat anomaly computed from conservative temperature

was 0.6% lower than that from in situ temperature with varying heat capacity as calculated by

Morrow et al. (2004). The salt anomaly calculated from absolute salinity was 0.5% higher than

that computed from practical salinity.

2.3.5 An altimetric view of the eddy population

To assess the dynamical properties of the eddy in comparison to other eddies of our region,

delimited by 45◦S - 55◦S and 135◦E - 155◦E , we prepared a census of eddies over the 22 year

period 1993 to 2014 using Faghmous et al. (2015) eddy diagnostics and eddy-tracking software.

−34−



Chapter 2. Physical Structure of Southern Ocean cyclonic eddies

Table 2.2: Total AHA and ASA associated with the eddy calculated from various CTD transects
using Eq. 2.3.

Transect H (J) S (kg)

A −0.67 × 1020 −2.8 × 1012

B −0.47 × 1020 −2 × 1012

C −0.34 × 1020 −1.5 × 1012

Mean −0.5 × 1020 −2.1 × 1012

Standard Deviation (σ) −0.17 × 1020 −0.65 × 1012

We tracked 1025 cold-core (cyclones) and 957 warm-core (anticyclones) with lifespan greater

than 30 days. We subsampled the cold-core eddies to find those that lived longer than 90 days,

to compare directly with our eddy properties. This filtering yielded 215 long-lived cyclones

and 131 long-lived anticyclones that are formed in the region, regardless of their formation

mechanism. While there was some interannual variability in the number of eddies found in

the region, there was no detectable long-term trend. Since our census region was chosen to

investigate cold-core eddies, it is not optimal for warm-core eddies, many of which are generated

by polewardwarmmeanders further south. Thismay explainwhy fewer anticycloneswere found.

From here on, we limit our investigation to cold-core eddies. These 215 eddies, comprising

32385 realizations, had a median lifespan of 123 days. Their median amplitude, rotational speed

and equivalent diameter were 13.4 cm, 13.1 cm s−1 and 167.2 km, respectively. The rotational

speed and amplitude of our eddy were larger than most eddies observed in the region. However,

our eddy had a diameter and lifespan close to the median of the population (see Fig. 2.13).

We also constructed histograms for eddies observed in each season (DJF, MAM, JJA, SON)

in the same way as for Fig. 2.13 (not shown here). We observed no noticeable difference in

the seasonal distribution of cyclonic eddies’ characteristics. We concluded that our eddy was

a typical long-lived eddy for our region in terms of diameter, but its amplitude and rotational

speed were at the high end of the range compared with eddies in the census.
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Figure 2.13: Histograms of rotational speed, diameter, amplitude and lifespan of cyclonic
eddies in our region of interest (45◦S-55◦S; 135◦E-155◦E) with a lifetime greater than 90 days.
Here, Y-axis represents the probability of observation (no. of obs. in a bin/total no. of obs.) for
rotational speed, diameter and amplitude. In panels A-C, the horizontal line shows the range
observed for our eddy over its lifetime; the asterisk is the median for our eddy. In (D) the Y-axis
is number of cyclones with a given lifespan. The cross mark in (D) depicts the lifespan of our
eddy.

2.4 Discussion

2.4.1 Observed structure of a cyclonic ACC eddy

Wesampled a cold-core (cyclonic) eddy in the SAZ to examine its vertical structure. We observed

eddy-induced uplifting of isopleths of temperature, salinity and potential density that extended

to the limit of observations at 1500 dbar (Fig. 2.7). This deep penetration of the cyclonic eddy

is consistent with earlier studies. A 3D eddy census revealed that south of Tasmania has the

deepest eddies in the world (Petersen et al., 2013). Phillips and Rintoul (2000) found that the

eddy signature for south of Tasmania extend to 3000 m. Joyce et al. (1981) and Swart et al.

(2008) reported that cold-eddy rings in the Drake Passage and South of Africa penetrate to at

least 1000 m based on field observation. Finally, a composite structure of SO eddies showed

that they penetrate to at least 2000 m (Frenger et al., 2015).
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The eddy was cold throughout the water column with a maximum cold anomaly of more than 5
◦C near 200 dbar (Fig. 2.8). The eddy’s salinity had a dipolar vertical structure when viewed in

pressure coordinates, with fresh anomalies from the surface to 900 dbar, and a maximum fresh

anomaly of >0.7 g kg−1 at the base of the mixed layer. A weaker salty anomaly of about 0.1 g

kg−1 was observed near 1300 dbar, indicating the presence of UCDW at shallower levels inside

the eddy than found in the undisturbed SAZ. The temperature and salinity anomalies resulted in

a negative potential density anomaly that was less dense than surrounding waters in the mixed

layer, and more dense from the base of the mixed layer to 1500 dbar. The maximum density

anomaly was more than 0.25 kg m−3 centred at 600 dbar.

The watermass anomalies inside our eddy were similar to those found for cold eddies south of

Africa (Swart et al., 2008), in Drake Passage (Joyce et al., 1981), and previously reported south

of Tasmania (Morrow et al., 2004). Our observations are also consistent with the composite

structure for cold eddies found north of the ACC as reported by Frenger et al. (2015). A strong

mixed layer was present in the upper 100 dbar where lateral gradients across the eddy were more

than two times weaker than below the mixed layer. The mixed layer capping had a substantial

impact on biogeochemistry of the eddy (Moreau et al., 2017).

In our velocity observations, we observed that filaments of the ACC interacted with the eddy’s

velocity distribution, highlighting its asymmetric structure, and likely contributing to strong

interleaving on isopycnals. In future work, we will quantify the isopycnal stirring and diapycnal

mixing that could be responsible for the difference in the observed water mass properties of the

eddy and properties in the SAF near where the eddy was formed.

2.4.2 Available Heat and Salt Anomalies

The eddy’s total heat content anomaly, H = −0.5 × 1020 J, and total salt content anomaly,

S = −2.1 × 1012 kg, are either more intense than or equivalent to those previously reported

for ACC cyclonic eddies (Table 2.3). In this section, we examined potential under-sampling of
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Table 2.3: Selected previous estimate of available heat and salt anomalies for the ACC’s cyclonic
eddies. Note: depth is an approximate depth at the eddy center. Bold figures highlight the values
from other studies that may be directly compared with H and S from our study, having either
been adjusted to account for incomplete sampling or were already complete, as in Joyce et al.
(1981). See text for details of the linear model and depth adjustment.

Author Area (m2) Depth (dbar) H (J) S (kg)

Drake Passage
Joyce et al. (1981) 0.55 × 1010 1100 −0.12 × 1020 −0.25 × 1012

South of Africa
Swart et al. (2008) 1.64 × 1010 1000 −0.54 × 1020 −0.66 × 1012

Swart, depth-adjusted " 1500 −0.61 × 1020 −0.75 × 1012

South of Tasmania
Morrow et al. (2004) 0.79 × 1010 1000 −0.19 × 1020 −0.82 × 1012

Morrow linear model " " a−0.28 × 1020 a−1.1 × 1012

Morrow linear model,
" 1500 a−0.32 × 1020 a−1.3 × 1012

depth-adjusted
This Study 1.67 × 1010 1500 −0.5 × 1020 −2.1 × 1012

aScaled estimate based on linear regression model.

the eddies in earlier studies, and where justified, scale up the earlier estimates of heat and salt

content anomalies.

The observations of Joyce et al. (1981) captured the full vertical and horizontal structure of the

PF eddy as shown in their Figure 16. However, their eddy only extended to 1100 m and its

surface area was 3 times smaller than ours, limiting the size of the heat and salt anomalies it could

carry. It is not clear if these differences in eddy size were due to the difference between eddies

generated in the PF and SAF, regional difference between Drake Passage and south of Tasmania,

or whether a smaller eddy was sampled in a population of eddies with characteristics similar to

those in our region. We observed similar vertical distribution of AHA and ASA to Joyce et al.

(1981)’s eddy, however the core of their eddy had relatively lower heat and salt anomalies than

ours (their Figure 16, our Fig. 2.12). Cold and fresh anomalies in their eddy were concentrated

in the density range 27.2 and 27.5 kg m−3, whereas our anomalies were concentrated at lighter

levels from 26.6 to 27.3 kg m−3.

The eddy of Swart et al. (2008) was sampled vertically to 1000 m. However, in this case, the
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full vertical extent of the eddy was not captured, and they reported that their estimate of AHA

was likely biased low. The diameter of their eddy was similar to ours and their observations

captured the full horizontal extent. To quantify the missing AHA due to incomplete vertical

sampling of the Swart et al. (2008) eddy, we subsampled our eddy to 1000 dbar, rather than the

full 1500 dbar. We find that it reduced the heat content magnitude to 88% of the full AHA. If we

apply this factor to scale up Swart et al. (2008)’s 1000 dbar to a 1500 dbar estimate, we obtain

−0.61× 1020 J. For salt, the scaling factor is the same and the Swart et al. (2008) estimate scales

up to −0.75 × 1012 kg. This implies the heat content for their eddy is 1.2 times higher than our

eddy, and their salt content is still 2.8 times smaller. In comparison to our eddy’s heat and salt

content structure (Fig. 2.12), their eddy had quite different structure, see their Figure 9. The core

of their heat content anomaly was on a much denser isopycnal than that of salt content anomaly

(27.7 versus 27.4 kg m−3). For our eddy the heat and salt content anomaly cores were both

centered on the isopycnal 26.95 kg m−3. These results suggest that the difference between these

two eddies is likely due to regional heterogeneity rather than eddy size, and may be influenced

by differences due to random sampling in both studies of an eddy population with a range of

characteristics in the respective locations.

Morrow et al. (2004) reported the first estimate of total AHA and ASA south of Tasmania based

on two CTD casts that glanced the edge of an eddy (see their Fig. 10d, red contour, approximate

location is shown in Fig. 2.1, plus sign). Their CTDs were approximately 50 km from the centre

of the eddy, and so did not sample the deep cold, fresh centre of their eddy. For our eddy, the

AHA and ASA at 50 km are only ∼51% and ∼ 57% of the value in the centre, respectively. To

quantify the underestimate, we developed a linear relationship between AHA/ASA and distance

from the centre (R) of our eddy as shown in Fig. 2.14. We tested various curve-fitting techniques

to reduce RMS error and improve R-squared value of the fit to the heat and salt content. Owing

to the marginal impact of different curve-fitting techniques on RMS error and R-square value,

our linear-fit seemed appropriate for the estimation. We also plotted the ΣAH A and ΣASA

reported byMorrow et al. (2004) in Fig. 2.14. Their estimate of heat and salt at 50 km is in close

agreement with our estimate, indicating that both eddies were likely to have similar contents.
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Figure 2.14: Linear regression model for available heat anomaly (top) and available salt
anomaly (bottom) from all eighteen CTD profiles sampled in the eddy. Morrow et al. (2004)
values of total AHA and ASA are marked as asterisk.

Using the linear relationship and Eq. 2.3, we computed the total heat and salt content anomalies

for the Morrow et al. (2004) eddy that are of −0.28 × 1020 J and −1.1 × 1012 kg, respectively.

If we then scale-up their 1000 dbar estimate to 1500 dbar, as we did for the Swart et al. (2008)

eddy, we find a total heat content for the Morrow et al. (2004) eddy of −0.32 × 1020 J, and salt

content of −1.3 × 1012 kg. These are 0.64 times smaller for heat and 0.62 times smaller for salt

than found in our eddy in the same region.

Based on our scale adjustments to the results reported in earlier studies, we suggest that pre-

viously reported total heat and salt content anomalies of SAF eddies south of Tasmania were

underestimated by a factor of 2.6 for heat, and 2.5 for salt, owing to incomplete eddy sampling.

Therefore, the total heat and salt content of a cold-core SAF eddy entering the SAZ is substan-

tially more than previously reported. We next examine the impact of this on our understanding

of the poleward transfer of heat and salt.
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2.4.3 Poleward Fluxes of Heat and Salt

We combine the detailed in situ observations of our cold-core eddy with the eddy census from

satellite altimetry. This approach assumes that a snapshot of one eddy at one time can be

used to track the evolution of the eddy’s heat and salt content over time, based on its surface

characteristics of amplitude and diameter. It also assumes that this relation holds for all cold-

core eddies formed over our 20◦ longitude region, and that any variations in the eddy’s vertical

structure and heat/salt content are captured by this simple relation. All of the eddies that we

are considering, are generated from instabilities in the SAF that capture water from south of the

SAF. Thus, the isopycnal tilt in each eddy, and the properties of the core are likely to be similar

in all of the eddies. Given the sparsity of observations, we believe the approach is justified as a

means to obtain an in situ estimate of poleward fluxes that extends beyond our single snapshot

observations. Nonetheless, the approach is supported by the fact that temperature and salinity

characteristics (at any discrete depth, or integrated across them) can be directly related to the

sea-level anomaly in the SO. The approach has been used to great advantage in the development

of Gravest Empirical Mode (GEM) climatologies (Sun andWatts, 2001) and time-varying fields

(Swart et al., 2010; Meijers et al., 2011).

We aim to quantify the impact of the historical population of eddies on the poleward flux of heat

and salt through the cooling and freshening of the SAZ by cold-core SAF eddies in the longitude

range 135◦E to 155◦E. We first of all define a relationship between the subsurface heat and salt

content of our eddy from the in situ observations and the surface expression of the eddy revealed

by the tracking algorithm. The Integrated Surface Elevation (ISE) gives an approximation to

the volume of the eddy that rises above the zero sea level anomaly contour. If we assume that

the elevated surface of an eddy has a conical shape, then ISE can be calculated as 1/3 × Surface
Area × Amplitude. The average amplitude and surface area of our eddy at the time of the

sampling, based on the satellite sea level anomaly data and extracted by the tracking software,

were 45.87 cm and 3.085 × 104 km2, respectively, giving an ISE for the survey period of 4.72 ×
109 m3. The surface area parameter is readily obtained from the eddy-tracking software and is

based on the number of pixels occupied by the eddy at a given time, and does not assume that
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the eddy is circular (Faghmous et al., 2015). If we assume a linear relationship between ISE

and eddy heat and salt content as in Swart et al. (2008), we can determine a simple empirical

relationship between the time-varying ISE of the cold-core eddy and its time-varying total heat

and salt content anomaly, assuming that our eddy is typical. Thus, an empirical relationship

between the total heat/salt content and ISE from our eddy is:

H = −1.06 × 1010 · ISE (J); S = −445 · ISE (kg) (2.4)

We can then apply this relationship to estimate the amount of heat and salt delivered into the

SAZ by the entire population of cold-core SAF eddies during the altimetry period based on their

amplitude and surface area.

In Section 2.3.5, we detected 215 cyclones in 22 years (1993-2014), 63 of which were long-lived

(>90 day) eddies that could be identified as forming due to SAF instability. Among these eddies,

29 (46%) dissipated in the SAZ and 29 (46%) dissipated in the SAF while the fate of 5 (8%)

eddies was undecided because they left the study region.

We divided the 63 eddies into three categories based on their dissipation site and examined their

life cycle through satellite animation. We observed that 46% of eddies detached from the SAF

meander and never returned to the SAF losing their heat to the SAZ. From 46% of eddies that

dissipated in the SAF, 15 eddies never left the SAF after they were formed and so contributed no

heat at all into the SAZ and 14 eddies spent some amount of time in the SAZ before they were

reabsorbed into the meander, thereby contributing a fraction of their heat anomaly to the SAZ.

We calculated their heat contribution to the SAZ by subtracting their heat anomaly at dissipation

from their maximum heat anomaly, and similarly for salt anomaly.

The eddies that dissipated in the SAZ carried a total of −1.25 × 1021 J while the eddies that

dissipated in the SAF contributed of−0.7×1021 J to the SAZ. Therefore, the total heat transferred

into the SAZ by all long-lived cold-core eddies over the 22-year period is −1.95 × 1021 J. On

average, cold-core eddies contribute an annual heat anomaly of −0.89 ± 0.11 × 1020 J into the

SAZ, over the 20◦ longitude region.
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Table 2.4: Total heat and salt anomaly carried into Subantarctic Zone by the eddies that
dissipated in Subantarctic Zone (SAZ) and Subantarctic Front (SAF) over a three overlapping
11-year periods, estimated from Eq. 2.4

Period
Eddies H (J) S (kg)

SAZ SAF SAZ SAF SAZ SAF

1993-2003 17 6 −6.95 × 1020 −3.73 × 1020 −2.92 × 1013 −1.57 × 1013

1998-2008 12 4 −4.68 × 1020 −1.85 × 1020 −1.96 × 1013 −0.78 × 1013

2004-2014 12 8 −5.52 × 1020 −3.29 × 1020 −2.32 × 1013 −1.38 × 1013

Annual Standard Error of Mean 0.11 × 1020 0.46 × 1012

Likewise, the eddies that dissipated in the SAZ transport a total salt anomaly of −5.25× 1013 kg

while the eddies that dissipated in the SAF contributed of −2.94×1013 kg to the SAZ. Therefore,

the total salt transferred into the SAZ by all long-lived cold-core eddies over the 22-year period

is −8.19 × 1013 kg. Thus, on average, cold-core eddies contribute an annual salt anomaly of

−3.72 ± 0.46 × 1012 kg into the SAZ over this region.

The empirical relationship that we used to estimate total heat and salt content from ISE of eddies

found in the altimeter record has errors from the in situ estimate of heat and salt content for

our observed eddy, and errors associated with the measurement of the amplitude and surface

area of the eddy from altimetry. Rather than estimating errors associated with each of these

and propagate them through the calculation, we take a simpler approach. Possibly the largest

source of error in this calculation is in the eddy detection step. We have found the tracking

algorithm to be very reliable when compared to a manual tracking method for individual eddies.

However, we may overestimate or underestimate the number of eddies from one year to the next.

We define an error bar for the total heat transport into SAZ by the long-lived cold-core SAF

eddies in the altimeter record to be the standard error in the mean transport by eddies found in

3 over-lapping 11-year periods (1993-2003, 1998-2008, 2004-2014). As we did for the 22-year

period, we identified the eddies that are formed at the SAF and deliver heat to the SAZ in each

11 year block, and we determined the annual heat transport in each 11 year block. We calculate

the standard error from the three estimates, and use this as our error estimate for the total heat

transport per year by long-lived cold-core eddies in our region. We do a similar calculation for
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salt transport. The result is an error bar of 0.11× 1020 and 0.46× 1012 for the total heat and salt

transport into the SAZ, respectively.

Figure 2.15: Poleward eddy heat flux calculated following Foppert et al. (2017) (shading).
Trajectories of 63 long-lived cold-core eddies formed at the Subantarctic Front (SAF) between
1993 and 2014. First recorded position is marked by a dot. Three categories of eddies are
shown: eddies that are dissipated in the Subantarctic Zone (SAZ) (black), eddies that enter the
SAZ but return to the SAF prior to dissipating (magenta), eddies that never leave the SAF (cyan).
Black contours show climatological positions of the northern and southern branches of the SAF
estimated over the 22-year period (1993-2014), based on absolute dynamic topography of 0.2
m and -0.4 m, respectively (Sokolov and Rintoul, 2009).

The amount of heat carried by long-lived cold-core eddies south of Tasmania was compared

with the Foppert et al. (2017) satellite-proxy-derived Eddy Heat Flux (EHF) for the same region

(shown as a dashed box in Fig. 2.1). We followed the Foppert et al. (2017) calculation to

determine the time mean, depth-integrated to 2000 m, downgradient EHF over the same period

as our eddy census (Fig. 2.15). We used EHF = A·H∗B, where H∗ is the SSH standard deviation

calculated for the period 1993-2014, where A = −1.85 ± 0.17 × 104 and B = 3.95 ± 0.12 are

the best-fit power law coefficients as reported by Foppert et al. (2017). Also shown in Fig. 2.15

are the trajectories of the 63 long-lived SAF eddies captured in our census. We find an average

EHF over our region of −2.95 × 1014 J/m/year (converted from -9.35 MW m−1). If we multiply
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by the zonal distance of the 20◦ box (1.4 × 106 m), we obtain an annual flux of −4.13 × 1020

J. Our estimate of the annual heat transport into the SAZ by all cold-core eddies in the same

region is −0.89 × 1020 J. We conclude that the annual poleward heat flux due to long-lived

cold-core eddies moving into the SAZ between 135◦E to 155◦E is 21.5% of the total poleward

heat flux by all heat transfer mechanisms across this 20◦ longitude band. The other possible

mechanisms include warm-core eddies moving into the Polar Front Zone, short-lived eddies of

both sign, and smaller scale processes that are not resolved by the altimeter. It is possible that

some of these small-scale processes could counteract the poleward flux of heat by the long-lived

eddies through restratification of the water column. The hotspot of EHF to the south of the SAF

between 148◦E and 153◦E where a large poleward meander exists is likely to be the domain of

warm-core eddies fluxing heat poleward. So, while the cold-core eddies appear to be responsible

for approximately 21% of the poleward heat flux, they do this more uniformly across the domain

than warm-core eddies, which appears to be more intense and very localized.

2.4.4 Modification of SAMW Properties

SubantarcticModeWater (SAMW) and Antarctic IntermediateWater forms the upper part of the

SO shallowoverturning cell, providing ventilation of the thermocline in the SouthernHemisphere

subtropical oceans. Their subduction also provides a mechanism for heat, freshwater and carbon

uptake by the SO. SAMW forms at the northern edge of the SAF. Its watermass properties have

been shown to vary interannually within the envelope of 8-9.5◦C and potential density of 26.8

to 26.95 kg m−3 with salinities in the range 34.4-34.75 (Herraiz-Borreguero and Rintoul, 2010).

This variability is due to the combined effect of variability in air-sea heat fluxes, in the wind

forcing that modifies the northward Ekman transport carrying cold, fresh Antarctic Surface

Water across the top of the SAF, and in eddy heat diffusion (Rintoul and England, 2002; Sallée

et al., 2008). While the Ekman and air-sea heat fluxes dominate the mixed layer heat content

variability over large scales, the eddy heat diffusion has a significant impact on setting the heat

content and stratification of the mixed layer locally where ACC fronts interact with topography

(Sallée et al., 2008). Cold-core eddies locally enhance cooling and deepening of the mixed layer,
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assisting the subduction of SAMW. The cold and fresh anomalies in our eddy were found at the

density range of SAMW and so the opportunity also exists for the eddy to modify by isopycnal

stirring.

Sallée et al. (2008) find the total climatological winter heat flux near the SAF in the region of our

study to be -200 W m−2. This includes Ekman flux, the dominant term in this region where the

meridional temperature gradient is strong, air-sea heat flux and eddy diffusion. The heat content

anomaly carried by our eddy in the density range from the surface to the maximum density of

SAMW in this region, 26.95 kg m−3, was −0.3 ± 0.05 × 1020 J. The eddy’s lifetime was 109

days and it travelled within an area of 1.75× 1010 m2 (2◦ longitude × 1◦ latitude, Fig. 2.3). This
amounts to a −182 ± 30.3 W m−2 local cooling, which is a substantial fraction of the total heat

flux and suggests the eddy diffusion component of the heat budget may be even more significant

at small scales than suggested by Sallée et al. (2008).

We also estimate the impact of cold-core eddies on the freshwater budget of the SAZ in the

same manner as Morrow et al. (2004). We consider the fresh capping by Ekman transport into

the SAZ to be a 50 m deep layer holding a salinity anomaly of -0.6 g kg−1, extending 50 km

north of the SAF and extending 20◦ zonally (1.4× 106 m). This amounts to a total salt anomaly

of −2.2 × 1012 kg due to Ekman transport. The annual salt anomaly calculated from our eddy

census is −3.72 × 1012 which is about 1.7 times that carried by Ekman transport. As such

we believe that long-lived cold-core eddies are as important as the Ekman freshwater flux in

controlling the freshwater budget of the SAZ.

Hogg et al. (2015) find a decadal increase in eddy kinetic energy since the early 1990s that

has occurred in conjunction with the increasing trend in the Southern Annular Mode in recent

decades. While we found no evident interannual trend in the number of eddies in our cen-

sus region, increased EKE across the ACC could be carried by more intense eddies, with a

corresponding increase in poleward eddy heat and salt fluxes. This will likely have important

consequences to the watermass properties of the northward branch of the shallow overturning

circulation via SAMW, and potentially to the uptake of heat and carbon dioxide in the SAZ.
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2.5 Conclusion

Mesoscale eddies are ubiquitous in the Southern Ocean (SO) and play a critical role in the

poleward transport of heat and salt. Our study provides new insights into the role played by

cold-core SAF eddies in this transport by characterizing the three-dimensional structure of a

cold-core eddy, based on field-observations south of Tasmania. Our results shows that the heat

and salt anomalies carried by this type of eddies have been previously underestimated by a

factor of approximately 2.6 for heat, and 2.5 for salt, largely due to incomplete eddy sampling

in south of Tasmania. We propose that these eddies contribute approximately 21% of the total

poleward eddy heat flux across the SAF, with the remainder being contributed by short-lived

cold core eddies, warm-core eddies, and smaller scales. The annual freshwater flux into the

SAZ by long-lived cold-core eddies is of the same order of magnitude as the Ekman freshwater

flux in this region. Increased eddy activity as projected for the future could have a substantial

impact on the heat and salt budgets of the SAZ, and consequently on the uptake of heat and

carbon dioxide into the Southern Ocean.
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The biogeochemical structure of Southern

Ocean mesoscale eddies

� The vertical biogeochemical structure of Southern Ocean cold-core eddies is characterised

from observations.

� The nutrient distribution in Southern Ocean cold-core eddies is determined by eddy

dynamics below the mixed layer and by biological processes in the mixed layer.

� Long-lived cold-core eddies carry a subsurface integrated surplus of nitrate (1.6±0.2×1010

moles/y) and a deficit of silicate (−5.5±0.7×1010 moles/y) across the Subantarctic Front

south of Tasmania
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Abstract

Mesoscale eddies play a key role in modulating physical and biogeochemical properties across

the global ocean. They also play a central role in cross-frontal transport of heat, freshwater

and carbon, especially in the Southern Ocean. However, the role that eddies play in the

biogeochemical cycles is not yet well constrained, partly due to a lack of observations below the

surface. Here, we use hydrographic data from two voyages, conducted in the Austral summer and

autumn, to document the vertical biogeochemical structure of twomesoscale cyclonic eddies and

quantify the role of these eddies in the meridional transport of nutrients across the Subantarctic

Front. Our study demonstrates that the nutrient distribution is largely driven by eddy dynamics,

yielding identical eddy structure below the mixed layer in both seasons. This result allowed

us to relate nutrient content to dynamic height and estimate the average transport by eddies

across the Subantarctic Front. We found that relative to Subantarctic Zone waters long-lived

cold-core eddies carry nitrate anomalies of 1.6 ± 0.2 × 1010 moles and silicate anomalies of

−5.5 ± 0.7 × 1010 moles across the fronts each year. This cross-frontal transport of nutrients

has negligible impact on Subantarctic Zone productivity, however, it has potential to modify the

nutrient content of mode waters that are exported from the Southern Ocean to lower latitudes.
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3.1 Introduction

Oceanic mesoscale eddies (diameter of 30-300 km and lifespan of weeks to months) are ubiq-

uitous. Their dynamical properties, such as rotational speed, amplitude and diameter, and

physical structure are well documented for the Southern Ocean (Frenger et al., 2015; Joyce et al.,

1981; Swart et al., 2008; Patel et al., 2019). Mesoscale eddies (hereafter referred to simply as

eddies) have been shown to be an important mechanism for transporting heat, freshwater and

carbon across the Antarctic Circumpolar Current (ACC; Ito et al., 2010; Dufour et al., 2015;

Moreau et al., 2017; Patel et al., 2019). They are also likely to be an important mechanism

for the cross-frontal transport of macronutrients (i.e., nitrate, phosphate and silicate; hereafter

referred to simply as nutrients), thereby tempering the strong meridional and seasonal gradients

of Southern Ocean frontal systems (Pollard et al., 2002, 2006; Ardyna et al., 2017). While

we have a relatively good understanding of the physical structure of eddies and their role in

meridional transports, we have a limited understanding of the biogeochemical structure of ed-

dies and their role in nutrients transport. This is due to limited hydrographical observations,

challenging sampling conditions and the ephemeral nature of eddies. These factors limit both

our understanding of the impact of Southern Ocean eddies on global nutrients supply, and our

capacity to simulate eddy driven biogeochemical processes.

It is well known that the Southern Ocean supplies nutrients to lower latitudes via Subantarctic

Mode Water (SAMW) formation, subduction and export, and plays a central role in modulating

global biogeochemical cycles (Sarmiento et al., 2004; Palter et al., 2010; Hauck et al., 2018;

Rintoul, 2018). Furthermore, it has been observed that SAMW is high in nitrate and low in

silicate especially where SAMW waters form (Sarmiento et al., 2004; Demuynck et al., 2019).

However, the mechanisms contributing to this nitrate enrichment and silicate depletion in the

SAMW content is yet not well quantified. In this sense, Demuynck et al. (2019) have recently

proposed that the meridional gradient of silicate at the surface layer is regulated by the physical

processes that connect the deep-ocean to the surface layer rather than biological processes.

However, due to limitations of the model used in Demuynck et al. (2019), the authors could not

quantify the role of eddies and the Ekman transport in redistributing nutrients, which are crucial
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for transporting tracersmeridionally across theACCand setting themeridional gradients (Dufour

et al., 2015; Ito et al., 2010; Palter et al., 2013). The lack of understanding of the biogeochemical

3D-structure of eddies and their role in nutrients transport limits a complete evaluation of the

impact of mesoscale circulation on both carbon cycle and nutrient supply to lower latitudes.

In this study, we present new in-situ observations that shed light on both the vertical structure of

biogeochemical properties inside eddies and the ability of eddies to transport nutrients across the

ACC. The observations were collected in austral summer and autumn allowing consideration

of the seasonal difference. Our observations are from the Australian sector of the Southern

Ocean which is a hotspot for mesoscale activity. In this region, the interaction of the ACC with

the Southeast Indian Ridge creates instabilities in the ACC’s fronts, which in turn generates

eddies (Spall, 2000; Morrow et al., 2004). We particularly focus on cyclonic eddies generated

by instability of the Subantarctic Front (Morrow et al., 2004). These cyclonic eddies can either

dissipate in the Subantarctic Zone or in the Subantarctic Front (Patel et al., 2019). The pathways

that these eddies take after spawning are critical to understanding the role of eddies in the

meridional transport of physical and biogeochemical properties.

Several regional studies have highlighted that the way eddies alter ocean biology and biogeo-

chemistry depends strongly on the local environment and mechanisms at play (Nencioli et al.,

2008; Kuwahara et al., 2008; Kahru et al., 2007; Chenillat et al., 2016; Gruber et al., 2011).

There are four dominant mechanisms by which eddies influence the local environment: eddy

pumping, eddy-Ekman pumping, eddy advection, and eddy trapping (Siegel et al., 2011; Frenger

et al., 2018). Among these four mechanisms, we will focus on eddy pumping (vertical move-

ment of isopycnals caused by eddy dynamics) and eddy trapping. The former is a commonly

observed mechanism with potentially large impact on ocean productivity, and the latter is the

predominant mechanism for transport of discrete bodies of water across ocean basins or fronts,

or both. In nutrient-deficient water, eddy pumping can inject nutrient rich subsurface waters

into the photic zone by vertical uplift of isopycnals, resulting in enhancement of primary pro-

duction (Falkowski et al., 1991). While, eddy trapping can reduce primary production locally

by transporting nutrient replete waters and productive ecosystems into oligotrophic regions (e.g,
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as shown to occur in upwelling systems by Chenillat et al., 2016; Gruber et al., 2011). Thus, it

is critical to observe and define these local characteristics, to fully understand the influence of

eddies over ocean biogeochemical cycles and climate.

The central questions addressed in this paper are: 1) what is the biogeochemical structure of

mesoscale cyclonic eddies in the Southern Ocean; 2) what is their contribution to cross-frontal

transport of nutrients and 3) how does this nutrient transport impact the local environment?

We first characterize the vertical biogeochemical structure of two cold-core eddies, using in

situ observations from one voyage in austral summer and another in austral autumn. We then

quantify nutrient transport into the Subantarctic Zone by combining our observations with the

history of satellite sea surface height observations in the region. Finally, we discuss the impact

of this transport on the modification of Subantarctic Mode Water properties and Subantarctic

Zone productivity.

3.2 Data and Methods

3.2.1 Shipboard observational data sets

Two research voyages were conducted in the Southern Ocean south of Tasmania on Australia’s

RV Investigator. We refer to these voyages as autumn (IN2016_V02) and summer (IN2018_V01)

voyage. The in situ observations from these two voyages were combined to provide insight into

seasonal differences in vertical biogeochemical structure.

Autumn voyage: This voyage was a dedicated eddy-sampling voyage to understand the biologi-

cal and physical structure of Southern Ocean eddies and their role in carbon cycling. A detailed

survey of a cold-core, cyclonic, eddy was conducted from 30 March to 5 April 2016. Three

radial transects through the eddy were accomplished, as described in Patel et al. (2019) and

shown here in Fig. 3.1B. Conductivity-Temperature-Depth (CTD) casts at 18 stations gave pro-

files of temperature, salinity, oxygen, backscattering and fluorescence, and water samples were

taken to measure chlorophyll, particulate organic carbon and nutrients (including ammonium).
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A Seabird CTD system within a rosette of 36 twelve-litre Niskin bottles was used. This sampled

eddy was formed in the Subantarctic Front (SAF) south of Tasmania and contained SAF water

masses in its core. Its life history from formation, excursion into the Subantarctic Zone (SAZ),

decay and finally return to the SAF and dissipation is described in Patel et al. (2019). Hereafter,

we refer to this eddy as the autumn eddy.

Summer voyage: The GO-SHIP repeat hydrographic survey was conducted in January 2018

along the WOCE SR03 section between Tasmania and Antarctica. These repeated sections

occasionally encounter eddies, due to high eddy activity in the SAZ south of Tasmania (Herraiz-

Borreguero and Rintoul, 2010), and on this voyage, the section traversed a cold-core eddy on

17-18 January 2018 (as shown in Fig. 3.2). Six CTD stations from this voyage were used

to construct a transect of physical (temperature and salinity) and biogeochemical parameters

(chlorophyll, oxygen, and nutrients including ammonium), four within the eddy and one each

on the northern and southern side of the eddy. The stations are arranged as a transect from the

north-eastern to south-western edge of the eddy (Fig. 3.1A). A Seabird CTD system with a

rosette of 36 ten-litre Niskin bottles was used on this voyage. This eddy was formed in the SAF

south of Tasmania, further west than the autumn eddy (Fig. 3.1). Hereafter, we refer to this eddy

as the summer eddy. The meridional sections of properties measured along the SR03 transect

illustrated that the density structure and water properties in the summer eddy core (magenta

vertical lines) reflect those at the SAF where the eddy believed to be originated (black vertical

lines, Fig. 3.2).

3.2.2 Water sample analysis

During both voyages, nutrients samples were analysed using similar methods and instruments,

as described in Moreau et al. (2017). The concentrations of nutrients were determined with a

Seal AA3 segmented flow instrument based on methods described by Wood et al. (1967) and

Armstrong et al. (1967). The precision for reactive silicate was ±0.2 µmol L−1 and for other

nutrients, ±0.02 µmol L−1. Salinity and dissolved oxygen samples were analysed using an

Autosal Laboratory Salinometer and Photometric Oxygen system, respectively. Further details
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Figure 3.1: Sampling locations for the cyclonic eddies. Left (A): stations occupied during
IN2018_V01, the summer voyage. Right (B): stations occupied during IN2016_V02, the autumn
voyage. Magenta triangles denote CTD stations. Black contours represent the northern and
southern branch of the Subantarctic Front (SAF-N and SAF-S, respectively) calculated from
Absolute Dynamic Height following Sokolov and Rintoul (2009). Color shading represents Sea
Level Anomaly. Arrows represent geostrophic velocity calculated from mean absolute dynamic
height. Yellow dot represents altimetry derived center position of the summer eddy.

of the calibrations are available in the data processing reports (https://www.cmar.csiro.

au/data/trawler/index.cfm)

Chlorophyll

Chlorophyll concentration is used as a proxy for phytoplankton biomass. Chlorophyll was

measured at five discrete depths, from the surface to 200 dbar, including the subsurfacemaximum

in fluorescence, if present. Further details on bottle extraction of chlorophyll for the autumn

voyage are provided in Moreau et al. (2017).

The voltage from the fluorometer mounted on the CTD rosette was converted to chlorophyll

concentrations (µg L−1) via regression analyses with co-located extracted chlorophyll measure-

ments. Regression analyses were significant for both the summer (slope = 0.18, R2 = 0.52,

N = 83) and the autumn (slope = 0.14, R2 = 0.75, N = 139) eddies as shown in Fig. C.1.

The units for the slope were µg L−1/raw fluorescence units. The raw fluorescence units for the
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Figure 3.2: Vertical distribution of conservative temperature, absolute salinity, nitrate and
dissolved oxygen overlaying potential density contours along the WOCE SR03 line in January
2018 (IN2018_V01). Region delimited by magenta lines indicates the location of the summer
eddy. Vertical black lines indicate the location of the Subantarctic Front where the eddy was
formed in October prior to this voyage. Dots denote bottle sample locations.

summer eddy were µg L−1 so the slope is dimensionless and for the autumn eddy the units were

Volts. Fluorescence profiles were corrected for quenching using the Sackmann et al. (2008)

methodology before the regression analysis (Grenier et al., 2015). This method was preferred

because it enables small-scale variability in biomass with depth and curtails the possibility of

overestimation of surface chlorophyll values in the case of subsurface chlorophyll maxima that

are not biomass driven (Thomalla et al., 2017).
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Particulate organic carbon

Particulate organic carbon (POC) is comprised of autotrophic and heterotrophicmicro-organisms,

and biologically produced detritus. It is also an indicator of the zooplankton food source (Wang

et al., 2011). We collected seawater samples of 1055 ml from Niskin bottles at three depths on

11 stations to measure POC on the autumn eddy voyage. Pre-combusted (450 ◦C for 12 hr), 25

mm size, GF/F filters were used to filter the collected water samples. Filters were then placed

in individual sterile glass vials and wrapped in aluminium foil to curtail light exposure. The

filters were stored at -20 ◦C until they were analysed at Central Science Laboratory, University

of Tasmania. A Thermo Finnigan EA 1112 Series Flash Elemental Analyser was used for mea-

suring POC at a precision of ∼ 1%. Standard carbon-hydrogen-nitrogen combustion methods

were used to determine POC.

To assess POC distribution across both eddies, we estimated POC from beam attenuation

(Cp). Following Strutton et al. (2011), we computed Cp as Cp = −ln(Tr)/x [m−1], where

x is the instrument path length (0.25 m) and Tr is transmittance (%) measured by a C-Star

transmissometer mounted on the CTD rosette. Then, we derived the linear relationship between

POC measured in the autumn eddy and Cp: POC [µg L−1] = 10.9 + 373Cp with a correlation,

r = 0.93, N = 32. The slope of the relationship was 31.08 mmol m−2, which compares well

with Strutton et al. (2011) who found 34.96 mmol m−2. It is important to note that we did

not filter spikes from the transmittance data, as positive spikes indicate aggregation of particles

(Briggs et al., 2011). We applied the same relationship to the summer eddy because POC was

not analysed during that voyage, but the same C-Star transmissometer was used. A drift in the

accuracy of the transmissometer might be a source of error in the present study.

3.2.3 Definition of anomaly

The vertical nutrient structure of eddies was determined as an anomaly from the surrounding

Subantarctic Zone environment. The nutrient anomalies were computed using both isobaric

(pressure) and isopycnal (density) as vertical coordinates. The isobaric reference frame is
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commonly used to illustrate anomalies in the study of eddies (e.g: Swart et al., 2008; Morrow

et al., 2004; Nencioli et al., 2008; Kuwahara et al., 2008). However, due to the steep inclination

of isopycnals in Southern Ocean eddies, this can confound the interpretation of the anomaly due

to the remote source water of the eddy, and that due to the uplift or depression of water masses

by eddy dynamics. The isopycnal reference frame clearly separates these two effects.

To determine nutrient anomalies, we follow the approach used by Patel et al. (2019) to define

heat and salt content anomalies in the autumn eddy. In this approach, CTD stations at the

extremity of the eddy were averaged to construct a reference profile, in both isobaric and

iospycnal coordinates. Then the reference profilewas subtracted from each station. For isopycnal

coordinates, we first interpolated bottle sampled data onto a uniform grid of potential density

relative to the sea surface, with a grid spacing of 0.02 kg m−3. Potential density was calculated

from conservative temperature and absolute salinity using the GSW package (McDougall and

Barker, 2011).

The reference profile for the summer eddy is the average of stations 14 and 19 and for the autumn

eddy is the average of stations 3, 10, and 18 (Fig. 3.1). The choice of reference stations was

based on two criteria: 1) profiles had water properties characteristic of the Subantarctic Zone

(local environment) based on examination of Theta-S diagram; and 2) the stations were located

outside the outermost closed contour of the relative vorticity, computed from satellite measured

geostrophic surface currents, as described in Patel et al. (2019).

3.2.4 Available nutrient content anomaly

The available nutrient content anomaly is defined as the quantity of nutrients contained between

two isopycnals per unit distance along a transect minus the same quantity computed in the

reference profile. It represents the nutrient content that is retained in the eddy even after all

density surfaces are flattened (Joyce et al., 1981). This method allows us to estimate how

much nutrient these eddies can relocate permanently due to mixing and watermass modification
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along isopycnals as they migrate. We refer to available nutrients content anomalies as available

nutrients (AN).

We estimate the quantity of nutrients carried by the eddies using Ladd et al. (2007) approach.

The authors have adapted this method from Joyce et al. (1981) who initially used it for estimating

available heat and salt content anomalies in eddies. Nitrate, silicate and phosphate profiles were

first interpolated onto potential density relative to the the sea surface, with an interval of 0.02

kg m−3. The reference profile for each was constructed on the same potential density grid. A

profile of available nutrients (mol m−2) was then calculated between isopycnal layers σi and

σi−1 based on the difference between each profile within the eddy and the reference profile of

that eddy at the interval of 0.1 kg m−3 as:

ANσi = 1000hi[Nσi − Nσi (re f )] (3.1)

where, hi is the thickness of each 0.1 kg m−3 isopycnal layer in meters; Nσi is the averaged

nutrient concentration in each isopycnal layer in each profile (µmol L−1); and Nσi (re f ) is the
averaged nutrient concentration in each isopycnal layer for the reference profile (µmol L−1). The

factor of 1000 converts µmol per liters to µmol per cubic meters. The unit of ANσi is in mol

m−2.

3.2.5 Total available nutrients

The total available nutrient carried by the eddy (inmoles) can be estimated by vertically summing

up the available nutrient in each profile (ΣAN), then integrating over the area of the eddy, here

approximated as a circle. We limit the vertical summation to the potential density range from

26.5 kg m−3 to 27.5 kg m−3. This potential density range encompasses most of the water mass

variability evident in Theta-S profiles (Fig. C.2). Below the upper isopycnal limit (26.5 kg

m−3), the consumption of nutrients by phytoplankton is negligible and thus we regard nutrients

as conservative quantities. The deepest isopycnal limit was 27.5 kg m−3, where all profiles

converged to form a tail like structure, indicating identical Theta-S properties across all the
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stations. The potential density range of 26.5 to 27.5 kg m−3 corresponds to a depth range from

close to the base of the mixed layer (∼ 100 m) to ∼ 1000 m at the center and ∼ 1400 m at the

edges of the eddies (as shown in Patel et al. (2019)’s Fig. 6).

The total available nutrients in the eddy, relative to its surrounding environment is then:

N =
∫ R

r=0
2πr · ΣAN · dr; (3.2)

where, dr is the distance between stations, R is the eddy radius and ΣAN is the vertically

summed available nutrients at a station. The unit of N is in moles.

This formulation treats each CTD profile as representative of the nutrient content of the eddy

at the radial position of the CTD relative to the eddy center. Since two radial sections sample

the full diameter of each eddy, we calculate N separately for each radial section to provide an

estimate of the variability in N .

3.3 Results

3.3.1 Macronutrient distribution

Hydrographic sections of dissolved nitrate, silicate and phosphate across the summer and autumn

eddies are presented in Fig. 3.3. These sections capture the pronounced doming of isopycnals

and nutrient isopleths expected in cold-core eddies. Furthermore, the interior distribution of

the nutrients is closely aligned with the density surfaces below the mixed layer depth, defined

as the 26.6 kg m−3 isopycnal. Nitrate isopleths were uplifted from the base of the mixed layer

(∼ 100 dbar) to the depth limit of the observations (∼ 1500 dbar) in the core of both eddies. For

example, the nitrate isopleths of 25 µmol L−1 shoaled from deeper than 600 dbar at the edge

of the eddy to ∼ 200 dbar at the base of the mixed layer in the center of the autumn eddy (Fig.

3.3A). The subsurface structure of phosphate and silicate had similar patterns to nitrate in both

eddies. This suggested that the eddy causes the pumping of nutrient-rich waters into shallower
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Figure 3.3: Nutrient (nitrate, A; silicate, B; and phosphate, C) distribution in the summer eddy
(left column) and the autumn eddy (right column). Overlain are the potential density surfaces
(minus 1000 kg m−3) referenced to the surface. Dots indicate bottle sample depths. The labels
on the top axis represent the orientation of the start and end of each transect (summer eddy:
northeast (NE) to southwest (SW); autumn eddy: northwest to eddy center to east edge)
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layers. Similar distributions have also been observed by Nencioli et al. (2008) and Kuwahara

et al. (2008) in Hawai’ian island eddies.

In the mixed layer, a strong horizontal gradient in nitrate and phosphate was present, increasing

from the edges towards the center, while no apparent gradient of silicate was evident in either

eddy (Fig. 3.3). This could be the result of uneven drawdown of nitrate and phosphate, compared

to silicate, by biological processes in the mixed layer.

We observed a strong vertical gradient of silicate compared to nitrate in both eddies (Fig. 3.3).

Nitrate concentrations ranged from ∼ 18 µmol L−1 in the surface mixed layer to > 33 µmol

L−1 at 1500 dbar in the summer eddy center and ranged from ∼ 20 µmol L−1 in the surface

mixed layer to > 33 µmol L−1 at 1500 dbar in the autumn eddy center (Fig. 3.3). For both

eddies, silicate concentration varied from < 5 µmol L−1 in the surface mixed layer to > 70 µmol

L−1 at 1500 dbar at the centers. This strong vertical gradients of silicate compared to nitrate

could indicate a deep source of silicate. Vertical gradients in nutrients were also evident in the

CSIRO Atlas of Regional Seas (CARS) climatology (www.cmar.csiro.au/cars) for the region of

our eddies.

Nutrient anomalies in cold-core eddies

Anomalies of nitrate, silicate and phosphate with respect to the Subantarctic Zone reference

profile are presented on isobaric surfaces in Fig 3.4. Both eddies exhibit positive anomalies of

nitrate, silicate and phosphate compared to surrounding waters. However, the core of silicate

anomalies was located deeper than the core of nitrate and phosphate anomalies (Fig. 3.4). In

the summer eddy, a nitrate anomaly core of > 10 µmol L−1 and a phosphate anomaly core of

> 0.6 µmol L−1 were concentrated at ∼ 400 dbar whereas a silicate anomaly core of > 20 µmol

L−1 was concentrated at 1000 dbar at the eddy center. Likewise, in the autumn eddy, a nitrate,

silicate and phosphate anomalies of the same magnitude were concentrated at slightly shallower

depths: ∼ 350 dbar for nitrate and phosphate, and ∼ 950 dbar for silicate.
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Figure 3.4: The distribution of nitrate (A), silicate (B) and phosphate (C) anomalies in the
summer eddy (left column) and the autumn eddy (right column) referenced to background
Subantarctic Zone conditions. The dots indicate bottle sample depths.

The shape of the nitrate anomaly distribution was different in each eddy (Fig. 3.4). The summer

eddy had a circular shape anomaly centerd around a subsurface maximum. Whereas, the autumn
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eddy had a bowl shape anomaly extending to the sea surface with a subsurface maximum. The

nitrate anomaly in the mixed layer at the center of the autumn eddy was about 6 µmol L−1

higher than that of the summer eddy. Both eddies had a nitrate anomaly of ∼ 10 µmol L−1 in

the subsurface maximum near 400 dbar. The concentration gradually decreased to zero near

1300 dbar for both eddies. The phosphate anomaly distribution was similar to that of the nitrate

anomaly distribution for both eddies (Fig. 3.4).

The silicate anomaly distribution was approximately similar for both eddies, except in the upper

150 dbar where it was close to zero for the autumn eddy (Fig. 3.4). Both eddies had an elliptical

shape anomaly with the long-axis oriented in the vertical direction, spreading from a subsurface

maximum. The maximum silicate anomaly (> 20 µmol L−1) occurred at about 1000 dbar in

both eddies. This deeper location of the anomaly could be due to the uplift of isopycnals in the

core of the eddies, and with them the nutrients, and the increase in silicate concentration with

depth (Fig. 3.3). At 1500 dbar, the depth limit of our observations, the isolines of anomalies

were not closed, suggesting that we did not capture the full vertical extent of the silicate anomaly.

Anomalies of nitrate, silicate and phosphate on potential density surfaces between 26.5 kg m−3

and 27.5 kg m−3 are shown in Fig. 3.5. This way of presenting the data removes any anomaly

seen in isobaric coordinates that is due purely to the uplift or depression of isopycnals. As the

eddies decay, the isopycnals relax and it is only the anomaly evident in this isopycnal reference

frame that is permanently transported with the eddy.

The nitrate and phosphate anomalies were mainly confined between the surface and 26.95 kg

m−3 isopycnal in both eddies (Fig. 3.5A & C). Above the 26.95 kg m−3 isopycnal, both eddies

captured positive anomalies of nitrate and phosphate in their cores. Below the 26.95 kg m−3

isopycnal, the anomalies were within ±1 µmol L−1 for nitrate and ±0.05 µmol L−1 for phosphate

in both eddies.

However, there was a distinct seasonal difference between the nitrate and phosphate anomaly

concentrations (Fig. 3.5A & C). In the summer eddy, the maximum nitrate and phosphate

anomalies (> 5 µmol L−1 and > 0.4 µmol L−1, respectively) were found at the center between

26.8 and 26.9 kg m−3. In the autumn eddy, the maximum nitrate and phosphate anomalies were
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Figure 3.5: Nitrate (A), silicate (B) and phosphate (C) anomalies in the summer eddy (left
column) and the autumn eddy (right column) referenced to Subantarctic Zone, computed along
the isopycnal surfaces. Red downward arrows denote CTD stations.

higher (> 9 µmol L−1 and > 0.6 µmol L−1, respectively) at the center and at a lighter density,

between 26.6 and 26.75 kg m−3.
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The silicate anomaly in both eddies changed sign near the isopycnal 26.95 kg m−3 and the

concentration was different between the eddies (Fig. 3.5B). Above the 26.95 kg m−3 isopycnal,

the summer eddy encapsulated a positive silicate anomaly of > 4 µmol L−1 between 26.5 kg

m−3 and 26.65 kg m−3 and the autumn eddy had no discernible anomaly. Below the 26.95

kg m−3 isopycnal, both eddies contained negative anomalies. A tongue of maximum negative

silicate anomalies of −2 µmol L−1 extended from the NE edge to the SW edge of the summer

eddy. The maximum negative silicate anomalies of about −5 µmol L−1 were concentrated at the

center station between 27 and 27.15 kg m−3 for the autumn eddy. These results imply that both

eddies carried high nitrate and phosphate above 26.95 kg m−3 isopycnal and low silicate water

below 26.95 kg m−3, from its formation site to the current location. The summer eddy carried

high silicate water above 26.95 kg m−3.

3.3.2 Biomass distribution

Chlorophyll, estimated from fluorescence, is presented as a proxy for phytoplankton biomass

(Fig. 3.6A). Chlorophyll was largely confined to the surface mixed layer in both eddies (above

the 26.6 kg m−3 isopycnal, Fig. 3.6A). In the summer eddy, chlorophyll was higher in the

eddy core than its periphery and was asymmetrically distributed around the eddy core. The

chlorophyll concentration decreased from ∼ 0.8 µg L−1 at the summer eddy core to 0.5 µg L−1 at

the eddy periphery on the northeastern side and 0.6 µg L−1 on the southwestern side. In contrast

to the summer eddy, chlorophyll was lower in the autumn eddy core compared to its periphery

and was symmetrically distributed around the eddy center. The chlorophyll concentration in

the autumn eddy core was between 0.3 and 0.5 µg L−1 and about 0.6 − 0.7 µg L−1 at its

periphery. Below the mixed layer, chlorophyll was homogeneous across the summer eddy, with

a concentration varying between 0.2 µg L−1 and 0.3 µg L−1 (Fig. 3.6A). In contrast, chlorophyll

was heterogeneous across the autumn eddy below the mixed layer (Fig. 3.6A). It was higher in

the core (0.1 − 0.2 µg L−1) than at the periphery (0 − 0.1 µg L−1).

POC distribution across both eddies corresponded closely to that of chlorophyll (Fig. 3.6B),
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Figure 3.6: Biological structure associated with the summer and autumn eddy. Chlorophyll
(A) presented as proxy for phytoplankton biomass. Particulate Organic Carbon (B) presented
as amalgamated organic matters in the eddies. Ammonium (C) presented as breakdown product
of biomass. Potential density surfaces are overlain as white contours (A & B). Brunt-Vaisala
frequency (s−1) overlaid on ammonium as gray contours (C) and the black contour represents
mixed layer depth defined by the 26.6 kg m−3 isopycnal. Red downward arrows represent station
position (A & B). The dots indicate bottle sample depths (C).
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suggesting a high concentration of autotrophic organisms. In the summer eddy, POC concen-

tration was lower in the core (90 − 100 µg L−1) than in the periphery (> 120 µg L−1) and

symmetrically distributed around the core. Likewise, POC concentration in the autumn eddy

core was lower (about 50 − 60 µg L−1) than its periphery (about 80 µg L−1). Only the autumn

eddy indicated a ring shaped distribution in chlorophyll when viewing from the top. The ring

shape was also observed in the POC distribution of summer eddy in the upper 60 dbar, but was

not clearly evident in chlorophyll (Fig. 3.6 A & B). Nonetheless, both POC and chlorophyll

distributions indicate that the summer eddy core carried higher concentrations of organic matter

than the autumn eddy core, and the autumn eddy exhibited ring shape distributions in satellite

view, which extends at least upto 26.6 kg m−3. Similar types of annular rings of high chlorophyll

were previously observed for anticyclones in the Southern Ocean (Kahru et al., 2007). Ours are

the first records of the subsurface extent of such a ring in a Southern Ocean cyclonic eddy.

Ammonium is produced as organic matter sinks and is remineralised into inorganic nutrients

by bacteria, and by zooplankton excretion. This phenomenon is usually associated with a

high concentration of biomass. Because phytoplankton prefer ammonium over nitrate for

their nitrogen requirements (Wheeler and Kokkinakis, 1990), ammonium is consumed rapidly,

resulting in low concentrations in the surface mixed layer. We observed a relatively high

concentration of ammonium (∼ 0.5 µmol L−1) around the base of the mixed layer across the

summer eddy (Fig. 3.6C). In the autumn eddy, in contrast, ammonium was only concentrated

below the mixed layer in the core (> 0.7 µmol L−1) with lower chlorophyll above.

Nutrient stoichiometry and Community Structure

We observed distinct nutrient stoichiometry between the core and ring portion of the eddies,

which suggested that different phytoplankton communities had been growing (Fig. 3.7). The

nitrate to phosphate drawdown ratio (N:P) was lower than or equal to the Redfield ratio (16:1),

suggesting that the phytoplankton communities were at least composed in parts by diatoms

(Arrigo et al., 1999; Arrigo, 2005). Silicate to nitrate drawdown ratios (Si:N) were very different

from the canonical Redfield ratio (1:1) and all indicated significant silicate drawdown; the
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Figure 3.7: Nutrient stoichiometry across both eddies. Nitrate to phosphate (A) and silicate to
nitrate (B) drawdown ratios for the upper 200 dbar in the summer eddy core and ring region,
and the autumn eddy core and ring region. N*(= N – 16·P, C) and Si*(= Si – N, D) also are
presented for the core and ring region of both the eddies for upper 300 dbar.

higher drawdown ratio being associated with more primary production by diatoms and the lower

drawdown ratio with more primary production by diatoms compared to other phytoplankton (e.g

flagellates, Takeda, 1998).

In the autumn eddy core, the N:P drawdown was particularly low (∼ 13) and the Si:N drawdown

particularly high (∼ 2). Under iron-limiting conditions for diatoms, such as those occurring

south of the Polar Front, Si:N drawdown has previously been observed to be greater than 1.

For example, the Si:N drawdown was 8.5 during the SOFEX-S iron-amendment mesoscale

experiments (Coale et al., 2004). Therefore, both nutrient drawdown ratios in the autumn

eddy core are typical of diatom-dominated phytoplankton communities under iron stress. In
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comparison, the autumn eddy ring represented marginally higher N:P and lower Si:N drawdown

(∼ 17 and 0.4, respectively). These values aremore typical ofmixed-phytoplankton communities

(Martiny et al., 2013), which are predominant in this time of the year in low-Si subantarctic

waters (Hutchins et al., 2001). In the summer eddy core and ring region, both N:P and Si:N

drawdown ratios were lower than the Redfield ratios, indicating a significant presence of diatoms

under low iron-stress.

Silicate concentrations were low in both eddies (< 10µ mol L−1). This reflected the silicon

drawdown that takes place in the waters north of the Polar Front and towards the Subantarctic

Front, and which is responsible for the opal belt, the great sediment accumulation of biogenic

silica due to the sinking frustules of heavily silicified diatoms (Smetacek et al., 2004). Second,

the apparent increase in nitrate concentration between the summer and autumn eddies is likely

due to remineralization (Dehairs et al., 2015).

The N* and Si* in both eddies were negative down to at least 300 dbar (Fig. 3.7C and D). The

N* was lower in the autumn eddy than in the summer eddy from the surface to the mixed layer

depth, around 80 dbar. N* was particularly low in the core of the autumn eddy, between 100

dbar and 150 dbar, where we find high concentration of ammonium (Fig. 3.6C). This could be

an indication of recycling of organic material or the presence of zooplankton.

3.3.3 Available nutrient distribution

The available nutrients (AN) in the eddies are the nutrients that can be permanently relocated as

the eddy migrates, and remain after the eddy decays and isopycnals relax. It is defined by the Eq.

3.1 and has units of moles per unit area. Available nitrate, silicate and phosphate in the summer

and autumn eddies are presented in Fig. 3.8. The observations show well-resolved features and

capture the full extent of available nitrate and phosphate structure. For the available silicate, the

concentration does not go to zero at the deepest isopycnal, so it appears that the observations

did not capture the full extent of the silicate cell relative to the reference profile. Therefore, our

calculations may underestimate the magnitude of silicate anomalies.
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Figure 3.8: Available nitrate (A), silicate (B) and phosphate (C) in the summer eddy (left column)
and the autumn eddy (right column) referenced to the Subantarctic Zone. Red downward arrows
represent sampling stations.

In the summer eddy, the maximum positive AN of nitrate (> 0.2 mol m−2), silicate (> 0.1

mol m−2) and phosphate (> 0.01 mol m−2) are concentrated between potential density surfaces

26.8 and 26.95 kg m−3 and stronger at the SW edge, giving a sense of a nutrient source at the

southwest side of the eddy (right side of Fig. 3.8 A-C, left column) penetrating toward the
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northeast side of the eddy. This is consistent with the high nitrate and phosphate anomalies that

were observed in both isobaric and isopycnal coordinates relative to surrounding waters (Fig.

3.4 and 3.5). This high nutrient signature could have either been captured by the summer eddy

core at its origin, or advected into the eddy along isopycnals. We also observed negative AN

of nitrate (< −0.2 mol m−2), silicate (< −0.1 mol m−2) and phosphate (< −0.01 mol m−2) in

approximately the same density range, 26.8 and 27 kg m−3, but near the NE edge of the summer

eddy. These negative ANs then appear to be subducted underneath the maximum positive AN

of nitrate, silicate and phosphate. The signal of subduction was distinct in the silicate content

structure (Fig. 3.8).

In the autumn eddy, two bulges of maximum positive AN of nitrate (> 0.2 mol m−2) and

phosphate (> 0.01 mol m−2) were located on either side of the eddy center and confined

between 26.75 and 26.85 kg m−3, indicating symmetry around the eddy center (Fig. 3.8, left

column). Such positive AN was absent in silicate for the autumn eddy. However, the autumn

eddy had maximum negative silicate AN of > −0.5 mol m−2 located between 27.05 and 27.25

kg m−3, enveloped in slightly positive AN encroaching from the edges of the eddy. Relatively

low AN was observed above 26.85 kg m−3.

The AN were next summed vertically from densities of 26.5 to 27.5 kg m−3 to understand which

part of the eddies contributes the most in the total available nutrients (Fig. 3.9). This analysis

indicated that the core region of the eddies carried maximum anomalous nutrients. Furthermore,

regardless of the nutrients, the magnitude of AN decreased from the center of an eddy to the

edges. This distribution was more distinct in the autumn eddy than the summer eddy.

We determined the total available nutrient (N ) in each eddy using Eq. 3.2. For the summer eddy,

since the sampling was opportunistic, N was computed from two radial transects, bifurcated

by the center of the eddy (143.85◦E, 49.68◦S) based on altimetry (Fig. 3.1A). For the autumn

eddy,N was computed for three radial transects, one from the northwestern edge of the eddy to

the center and two repeat transects from the center of the eddy to its eastern edge (Fig. 3.1B).

The summer eddy carried total available nitrate, silicate and phosphate content of 11±8.5×109

moles, −1.1±1.1×1010 moles and 5.3±3.5×108 moles, respectively. The negativeN for silicate
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Figure 3.9: Vertically summed available nitrate (top), silicate (middle) and phosphate (bottom)
across the summer eddy and the autumn eddy.

indicates that the eddy was depleted relative to the Subantarctic Zone. The autumn eddy carried

total available nitrate, silicate and phosphate content of 8.7± 0.4× 109 moles, −3.0± 0.4× 1010

moles and 7.3 ± 2 × 108 moles, respectively. These total available contents were computed as

a mean of two transects for the summer eddy and three transects for the autumn eddy. Error

estimates are the standard error of the mean (σM = σ/
√

n, where σ is standard deviation and n

is number of radial transects). We also note higher error bounds in the summer eddy compared

to the autumn eddy. This is due to the asymmetric distribution of nutrients across the summer

eddy, giving different estimates of nutrient content from each of the two transects (Fig. 3.9). In

the autumn eddy, three transects gave similar estimates of nutrient content.
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3.4 Discussion

We studied two eddies using ship-based observations. Both eddies were generated by frontal

instability of the northern branch of the Subantarctic Front south of Tasmania. One eddy was

formed in late austral spring (12 November) and was sampled in mid austral summer (17-18

January, summer eddy), the other was formed in late austral summer (3 February) and was

sampled in austral autumn (30 March-5 April, autumn eddy). The former was an opportunistic

eddy survey and the latter was a dedicated eddy survey. Given the limited in situ observations

of the biogeochemical structure of Southern Ocean eddies, these observations provide insight

into the seasonal difference of the biogeochemical structure of cold-core eddies in the Southern

Ocean. Analysis of the dynamical properties of the eddies such as rotational speed, diameter

and amplitude, using altimetry and eddy-tracking software (based on methodology described

in Patel et al., 2019), indicated that both eddies were sampled during their declining life-

phase. Eddies have maximum impact on the local system while they dissipate (McGillicuddy Jr,

2016). Therefore, we discuss the results in the context of the eddies’ impact on the local system.

Furthermore, we also discuss themechanism that could potentially drive the observed subsurface

structure of the eddies.

3.4.1 Macronutrient structure of Southern Ocean eddies

Both eddies exhibited intense doming of isopycnal surfaces - quintessential characteristics of

cyclonic eddies. For example, the 26.9 kg m−3 isopycnal was elevated by 400 dbar from its

Subantarctic Zone (SAZ) depth near 600 dbar at the edges of each eddy, to approximately 200

dbar in the eddy center (Fig. 3.3). However, this doming was inhibited at the base of the mixed

layer due to strong surface mixing as evident through the relatively flat 26.6 kg m−3 isopycnal

(Fig. 3.3).

Below the mixed layer, the nutrients’ subsurface structure was similar in both eddies. Further-

more, isopleths of nutrients were aligned with isopycnal surfaces at least up to the limit of the

observations - a clear indication of eddy-induced nutrient supply. For the summer eddy, this
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alignment extended to approximately 3000 dbar and for the autumn eddy to 1500 dbar (limit of

observations). Kuwahara et al. (2008) proposed that cyclonic eddies around Hawai’i modulate

nutrients to a depth of at least 300 dbar during their mature phase by comparing their cyclonic

eddy with other sampled cyclonic eddies in the region. Given the deep extension of mesoscale

eddies (Patel et al., 2019; Frenger et al., 2015; Swart et al., 2008) and the strong coupling

between physical and biogeochemical tracers in the Southern Ocean (Demuynck et al., 2019),

we propose that Southern Ocean cyclonic eddies have the potential to modulate nutrient fluxes,

through eddy pumping, to much greater depths than in other parts of the world ocean.

The SouthernOcean eddies that we observed, encapsulated anomalously high nitrate, silicate and

phosphate waters in their core, relative to surrounding waters when anomalies were computed

in an isobaric coordinate system (Fig. 3.4). However, these anomalous waters were located

at different depths. Specifically, the silicate anomaly core was deeper (900 - 1100 dbar) than

that of nitrate and phosphate (300 - 500 dbar, Fig. 3.4). This discrepancy in the core locations

can be attributed to background vertical gradients of nutrients as evident from Fig. 3.3 and the

variable impact of phytoplankton species on the silicon cycle in the Southern Ocean (Smetacek

et al., 2004). This vertical gradient exists largely due to decoupling of the silicon cycle from the

nitrate and phosphate cycle. On average, silicate regeneration occurs at around 2300 m and that

of phosphate at around 600 m in the Southern Ocean (Holzer et al., 2014).

In the isopycnal coordinate system, the core of maximum nitrate anomaly was located between

26.8 and 26.9 kg m−3 for the summer eddy and between 26.6 and 26.7 kg m−3 for the autumn

eddy (Fig. 3.5). These cores were close to the core of Subantarctic Mode Water (Herraiz-

Borreguero and Rintoul, 2010). Below 27 kg m−3, at the level of Antarctic Intermediate water,

the nitrate anomalies were close to zero for both eddies (Fig. 3.5). The nitrate distribution

across the full extent of the ACC from the WOCE SR03 hydrographic line indicated that nitrate

concentration mostly varies in the upper 500 dbar and above the density range of 27 kg m−3

(Fig. 3.2). This explains the nitrate-replete core of the eddy compared to surrounding SAZ

water properties.

The silicate anomaly distribution in the isopycnal coordinate exhibited a dipole structure for the
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summer eddy, and a monopole structure for the autumn eddy. That is, the silicate anomalies in

the summer eddy were positive and that of in the autumn eddy were close zero above the 27 kg

m−3 isopycnal and negative below that isopycnal for both eddies (Fig. 3.5 B). This discrepancy in

the silicate anomaly distribution could be attributed to the meridional gradient of silicate uptake

or primary productivity, or both (Smetacek et al., 2004). Overall, the impact of the eddies on the

local environment not only depends on the eddy dynamics but also on the background gradient

of nutrients within which the eddies are transiting.

3.4.2 Biological structure of Southern Ocean eddies

Unlike the nutrients’ subsurface structure of the eddies, the biological subsurface structure

differed between eddies, especially in terms of biomass and by-product distribution (Fig. 3.6).

Our results indicated that the summer eddy carried two times higher biomass in its core than

the autumn eddy, and the majority of biomass was confined in the surface mixed layer (Fig.

3.6). This observation suggested that the seasonal signal of productivity does not penetrate

below the surface mixed layer. Since both eddies were formed in the prevailing high nutrients

low chlorophyll conditions, biomass can be limited by a bottom-up (silicate, iron and light) and

top-down (grazing) factors (Boyd et al., 2001; Smetacek et al., 2004). Thus, we next assess

these factors to understand why the biomass concentration between the eddies was different.

Figure 3.10: Photosynthetically available radiation during sampling periods.
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Satellite observations indicated that during the summer eddy sampling, photosynthetically avail-

able radiation (PAR) was 2 times higher than during the autumn eddy sampling period (Fig.

3.10). Iron is relatively high on the northern side of the ACC and low on the southern side of

the ACC as demonstrated by the modelling study of Hense et al. (2003). The summer-time iron

budget over the south of Tasmania reveals that northern Subantarctic Zone waters are enriched

with iron owing to both seasonal iron supply and wind-blown dust deposition (Bowie et al.,

2009). Given that both eddies were formed in the Subantarctic Front (SAF) and in different

seasons; the summer eddy in mid-November and the autumn eddy in early February (Patel et al.,

2019), they had different initial nutrients and phytoplankton stocks at their formation site. This

is because nutrients rich water upwells on the southern side of the ACC, nutrients are consumed

rapidly in the spring (spring bloom events) and less rapidly at other times of the year (Deppeler

and Davidson, 2017). Simultaneously, this upwelled water moves north due to Ekman transport.

These surface waters are then trapped in cold-core eddies associated with instability of the ACC

fronts (Frenger et al., 2018; Spall, 2000) and are carried into the Subantarctic Zone. In the case

of the autumn eddy, iron and silicate could have already been drawn down substantially before

the eddy trapped the water from the SAF. Thus, the low biomass concentration in the autumn

eddy core could be due to iron limitation or high concentration of zooplankton (Moreau et al.,

2017; Ellwood et al., 2020). But for the summer eddy, silicate was still high and iron is believed

to be sufficient, during this time of the year, near the SAF (Hense et al., 2003). This could

alleviate the nutrient limitation for the biomass that was trapped in the eddy. Together this could

explain the higher biomass concentration in the summer eddy. Thus, not all cyclonic eddies

in the Southern Ocean are unproductive. Rather, cyclonic eddies’ role in productivity largely

depends on its formation site and encapsulation of nutrients as well as phytoplankton.

In the summer eddy, a subsurface maximum in ammonium (> 0.5 µmol L−1) was observed

across the eddy and around the mixed layer depth (Fig. 3.6C). This is consistent with the rest of

the SR03 transect. In the autumn eddy, a subsurface ammonium maximum (> 0.7 µmol L−1)

was only observed at the core just below the mixed layer, which was exhausted of biomass above

(Fig. 3.6). This is consistent with the study of Blain et al. (2015) and Fripiat et al. (2015). Both
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studies reported a subsurface ammonium maximum in the Southern Ocean near the Kerguelen

Plateau between 50 and 150 m. The magnitude of the autumn eddy subsurface ammonium

maximum (0.7−0.8 µmol L−1) was slightly higher than Blain et al. (2015) (0.5−0.6 µmol L−1)

and lower than Fripiat et al. (2015) (1.3 − 2.3 µmol L−1).

The stratification (represented as Brunt-Vaisala frequency of > 0.004 s−1, Fig. 3.6 C) was

stronger in the summer eddy than in the autumn eddy. The stratificationwas strongest at themixed

layer depth, potentially suspending particulate organic matter and allowing microorganisms to

decompose organic matter within the layer. The autumn eddy had strong stratification in the

core, but weak stratification around the eddy periphery. This difference in stratification could

be due to seasonal variability as stratification is stronger in summer than in autumn (Rintoul

and Trull, 2001). The difference may also be due to processes internal to the eddies. For

example, at the eddy center, a cyclonic eddy can generate additional stratification by squeezing

isopycnals due to strong mixing in the surface layer and eddy-induced uplift of isopycnals (Fig.

3.3). The eddy-induced stratification at the center of the autumn eddy enhances the otherwise

weak stratification relative to the surrounding waters. This feature of cold-core eddies increases

the residence time of the sinking particulate organic matter and thus retains ammonium longer

than in surrounding waters. This highlights the potentially important role of cold-core eddies in

nutrient cycling.

3.4.3 Meridional transport of nitrate and silicate

We quantify the role of long-lived (lifespan > 90 days) cold-core eddies in the meridional

transport of nitrate and silicate using our in situ observations, combining them with an eddy

census from satellite altimetry (Faghmous et al., 2015; Patel et al., 2019). To do so, we employ

a method commonly used to study the meridional heat and salt transport by Southern Ocean

eddies. The application of the method is described in Appendix B. In our study region (45◦S to

55◦S; 135◦E to 155◦E), we found that on average all the long-lived cold-core eddies transferred

1.6± 0.2× 1010 moles of nitrate and −5.5± 0.7× 1010 moles of silicate annually across the SAF

into the Subantarctic Zone.
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To assess the relative importance of this meridional transport of nutrients by discrete long-

lived cold-core eddies, we compare it with Ekman transport. In the zonally unbounded ACC,

meridional transport occurs due to combined contribution of Ekman transport and eddies (Dufour

et al., 2015). Ekman transport has been shown in modelling studies to be a pivotal mechanism

for meridional transport of physical and biogeochemical properties across the ACC (Ito et al.,

2010; Palter et al., 2013; Dufour et al., 2015). We therefore estimate the mass of nutrients that

is carried across the SAF in the Ekman layer to compare with our estimate of nutrient transport

by cold-core eddies. To do so, we consider a 50 m deep layer, expanding zonally over 1400 km

(135◦E-155◦E) and extending over 50 km north of the SAF (as done inMorrow et al., 2004; Patel

et al., 2019). This layer holds an anomaly of about 2 µmol L−1 of nitrate (estimated from Fig.

3.2, ∼ 18 µmol L−1 south of the SAF and ∼ 16 µmol L−1 in the Subantarctic Zone). Thus the

Ekman transport would carry about 0.7×1010 moles of nitrate each year, which is approximately

43% of the total annual nitrate transport by long-lived cold-core eddies. A similar computation

for silicate indicates that Ekman transport would bring about 0.7 × 1010 moles annually to the

Subantarctic Zone, which is approximately 13% of that due to long-lived cold-core eddies but

of opposite sign. Therefore, Ekman transport would slightly compensate the silicate deficit

transport by eddies to the Subantarctic Zone.

The other possiblemechanisms for nutrient transport across the SAF include anticyclonic (warm-

core) eddies moving waters towards the Polar Frontal Zone, short-lived eddies both cyclonic and

anticyclonic, baroclinic instability pumping water laterally more-or-less along isopycnals, and

smaller-scale processes that are not resolved by our observations. The importance of decaying

cold-core eddies should be compared with some estimate of the transport of nutrients by all

of these processes combined. This is a goal beyond the limit of our observations and will be

addressed in ongoing model evaluation for a future study.

Modification of Subantarctic Mode Water properties

Subantarctic Mode Water (SAMW) is an important conduit for the subduction and export of

nutrients out of the Southern Ocean. Macronutrient concentrations in the formation zone of
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SAMW can be large, due to iron limitation in the Southern Ocean (Moore et al., 2013). This

export constitutes the preformed component of the SAMWnutrients content, which is then added

to by remineralization as the mode waters traverse northward. Indeed, it has been estimated that

mode water nutrients are responsible for up 33% to 75% of the global ocean export production

north of 30◦S (Palter et al., 2010). SAMW forms due to strong convection during winter,

forming a deep winter mixed layer in the Subantarctic Zone. Our study region, the Subantarctic

Zone south of Tasmania, is a place where large amounts of SAMW forms (Herraiz-Borreguero

and Rintoul, 2010). SAMW is identified by its uniform density characteristics, and is generally

defined as having potential density in the range 26.5 kg m−3 to 27.0 kg m−3 (Hanawa and Talley,

2001). Furthermore, SAMW properties such as low potential vorticity and low Si∗ (silicate

- nitrate) can be useful water-mass tracers to follow SAMW through the oceans (Hanawa and

Talley, 2001; Sarmiento et al., 2004).

We exploit the quasi-conservative property of the SAMW, Si∗, to understand how this meridional

transport of nitrate and silicate might impact the nutrient properties of SAMW. To accomplish

this, we first obtained a representative Si∗ value for SAMW in the region of interest (46◦S to

50◦S and 135◦E to 155◦E, 26.5 kg m−3 to 27.0 kg m−3). Our estimate of Si∗ from the CARS

climatology (−10.32 ± 2.02 µmol L−1) and SR03 stations (−11.70 ± 1.83 µmol L−1), sampled

between 46◦ − 50◦S are consistent with the reported range of −10 µmol L−1 to −15 µmol L−1 in

Sarmiento et al. (2004). Thus, the average Si∗ of the Subantarctic Zone would be approximately

−11.38 µmol L−1 - a mean of the above estimates.

We compared the backgroundSubantarctic Zone Si∗ to the Si∗ for both the summer (−13.02±1.01

µmol L−1) and the autumn (−14.50 ± 3.20 µmol L−1) eddies. Both of these Si∗ estimates were

still in the range of typical SAMW Si∗ values. However, eddies appear to carry between 14%

and 27% more negative Si∗ than a representative Si∗ of the Subantarctic Zone box. In other

words, eddies can drive SAMW towards stronger Si∗ depletion, by adding either low silicate

water or high nitrate water that was trapped at their origin. Therefore, the scaling argument

indicates that eddies can potentially modify SAMW nutrient concentration, however, it does not

illustrate how?
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Wenext explore how eddiesmodify SAMWproperties by calculating the total available nutrients

carried in the density range of SAMW by the cold-core eddies (Table B.1). Our result indicates

that the long-lived cold-core eddies increase SAMW nitrate content by adding 2 ± 0.2 × 1010

moles annually and deplete SAMWsilicate content by removing−0.7±0.1×1010 moles annually.

This suggests that the long-lived cold-core eddies carry about 25% higher nitrate content in the

SAMW density range than is carried over the full density range of the eddy (1.6 ± 0.2 × 1010

moles). Likewise, the long-lived cold-core eddies carry about 87% lower silicate content in

the SAMW density range than is carried over the full density range (−5.5 ± 0.7 × 1010 moles),

relative to the Subantarctic Zone background concentrations. Therefore, this confirms that

eddies push SAMW nutrient concentration towards stronger Si∗ depletion by adding high nitrate

and low silicate water in to their formation region. These results further emphasise the fact that

mesoscale eddies have the potential to substantially modify SAMW nutrient content.

Implication for Subantarctic Zone productivity

Figure 3.11: Mean annual cycle of satellite-derived net primary productivity over the Suban-
tactic Zone (135◦-155◦E and 46◦-50◦S), calculated from the vertically generalized production
model (VGPM, Behrenfeld and Falkowski, 1997).

To understand the impact of eddy nutrient transport into the Subantarctic Zone, we quantify

the role of long-lived cyclonic eddies on the Subantarctic Zone productivity. For this, we used

vertically generalized production model outputs (VGPM, Behrenfeld and Falkowski, 1997). We

first computed monthly primary production over the SAZ box (135◦ − 155◦E; 46◦ − 50◦S) for
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16 years (2003 − 2018), and examined the annual cycle over the Subantarctic Zone (Fig. 3.11).

Our estimate from VGPM indicated daily primary production of ∼ 620 mg C m−2 d−1 in mid-

summer, average of January and February primary production, which is in good agreement with

Westwood et al. (2011) measurements.

Integrating the area under the annual cycle curve yielded total annual average net primary

production of 114.04 ± 2.24 g C m−2 in Subantarctic Zone waters, where the error is a standard

error of the mean. Given the area of 6617.3 × 108 m2, the total annual production over the

Subantarctic Zone box is 75.5 ± 1.5 Tg C y−1.

The long-lived cold-core eddies carried 1.6 ± 0.2 × 1010 moles of nitrate per year into the

Subantarctic Zone from south of the Subantarctic Front. Given an approximate f ratio, defined as

the total primary production that could occurred due to nitrate, of 0.2 (based on our observations

of deep and surface nitrate), about 20% of the observed primary productivity is fueled by

nitrate. Therefore, we can estimate primary production due to transported nitrate as 20% of

1.6 ± 0.2 × 1010 moles of nitrate per year in the Subantarctic Zone. We can convert this to

carbon uptake using a Redfield ratio of 6.6 for carbon to nitrate mole ratio for the Subantarctic

Zone (Lourey and Trull, 2001). Therefore, estimated local primary production due to mesoscale

eddies in the Subantarctic Zone would be 0.25 ± 0.03 Tg C y−1, which is in fact negligible

compared to the annual production in the Subantarctic Zone (75.5 ± 1.5 Tg C y−1). This result

is further supported by the fact that productivity in the Subantarctic Zone south of Tasmania

largely depends on iron availability (Boyd et al., 2001; Ellwood et al., 2020). Thus, the majority

of nutrients are exported to lower latitudes through subduction and export of SAMW and may

support productivity at lower latitudes on longer time scale (Sarmiento et al., 2004; Palter et al.,

2010).

We have presented, to our knowledge, the first observation-based estimate ofmeridional transport

of nutrients by discrete mesoscale eddies across the SAF into the Subantarctic Zone south of

Tasmania. This estimate, based on in situ observation of an individual eddy, can further

be strengthened by combining altimetry tracked eddies with subsurface measurements from

biogeochemical-Argo floats as those observations expand in coverage. Nonetheless, this first
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estimate of meridional transport of nutrients is useful to assess the impact of mesoscale eddies

on Subantarctic zone water masses, such as Subantarctic Mode Water, which subsequently

transports nutrients to low latitude upwelling regions. Furthermore, it also emphasizes that

mesoscale eddies increase nitrate content and decrease silicate content in the SAMW in our

study region. This nitrate enrichment of the SAMW will be advantageous for regions where

productivity is limited by nitrate. But the silicate depletion of the SAMW will suppress the

productivity of diatoms when mode waters are exported to lower latitudes.

3.5 Conclusion

In-situ observations from two voyages were used to understand the role of eddies in the regional

biology and biogeochemistry of Southern Ocean waters south of Tasmania. Our aim was

to illustrate the vertical biogeochemical structure of Southern Ocean eddies, quantify their

contribution to the cross-frontal transport of nutrients, and assess their impact on regional

productivity and mode water modification. Our results indicated strong coupling between

physical and biogeochemical properties. Such coupling drives nutrient distribution across the

eddies resulting in no seasonal variation in nutrient distribution below the mixed layer. We found

that long-lived cold-core eddies carried anomalously high nitrate (1.6±0.2×1010 moles per year)

and anomalously low silicate (−5.5 ± 0.7 × 1010 moles per year) waters across the Subantarctic

Front into the Subantarctic Zone. This deficit of silicate delivered to the Subantarctic Zone

by long-lived cold-core eddies is partially compensated by the northward Ekman transport of

waters with relatively high silicate content. We found that the estimated meridional transport

by long-lived cold-core eddies has negligible impact on the Subantartic Zone productivity. This

is consistent with previous studies, as productivity in the Southern Ocean is largely driven by

availability of iron. However, we found that long-lived cold-core eddies modify mode water

nutrient contents by delivering water with 14% - 27%more negative Si∗ value than typical values
for the mode water in the Subantarctic zone. This has implications for global productivity and

hence carbon export.
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Southern Ocean eddies from an

eddy-resolving model
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Abstract

In this chapter, we quantified the role of mesoscale cyclonic eddies in the net poleward transport

of heat and salt using an eddy-resolving ocean general circulation model (Ocean Forecasting

Australia Model 3). We compared these results with observations and demonstrated that the

historical experiment simulated eddy kinetic energy, and both surface and subsurface character-

istics of mesoscale cyclonic eddies reasonably well over our study region. This allowed us to test

the relationship between integrated surface elevation and total heat and salt content of discrete

eddies. Using an eddy tracking algorithm, we estimated the annual meridional flux of heat and

salt by cyclonic eddies entering the Subantarctic Zone to compare with recent observational

estimates. Using Reynolds decomposition, we estimated the total poleward transport of heat and

salt by transient processes in our study region. Our results indicate intense poleward transport

between the northern and southern branches of the Subantarctic Front within a standing mean-

der. We found that mesoscale cyclonic eddies carried approximately 13% of the poleward heat

transport and about 76% of poleward salt transport due to all transient processes in our study

region.
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4.1 Introduction

The poleward oceanic heat and salt transport constitutes an important component of the merid-

ional overturning circulation in the Southern Ocean for the global energy balance and hydrologi-

cal cycle. The relative importance of themechanisms throughwhich heat and salt are transported

across the quasi-zonal, eastward flowing, Antarctic Circumpolar Current (ACC) remain a hotly

debated and active area of research. It is clear that transient eddy processes, in the absence of

geostrophic mean meridional flow above shallow bathymetry, must balance both heat loss from

the ocean to the atmosphere near Antarctica and Southern Ocean and equatorward transport

by ageostrophic Ekman flow (de Szoeke and Levine, 1981; Jayne and Marotzke, 2002; Meijers

et al., 2007; Volkov et al., 2010; Tréguier et al., 2014). Moreover, the poleward transport of

heat and salt by transient eddy processes is concentrated at locations where the ACC interacts

with bathymetry (Naveira Garabato et al., 2011; Thompson and Sallée, 2012; Dufour et al.,

2015; Foppert et al., 2017). At these hotspots, a variety of spatiotemporal processes contribute

to the poleward transport such as mesoscale eddies, standing meanders, submesoscale pro-

cesses along the fronts and at the edges of eddies (Jayne and Marotzke, 2002; Thompson and

Naveira Garabato, 2014; Abernathey and Haller, 2018; Patel et al., 2019).

In the literature, the term “eddy” has been used interchangeably for both discrete ring structures

and fluctuations from the time-mean state when estimating the transient eddy heat and salt

transport. This has divided studies into two research avenues: meridional transport by isolated

ring structures, hereinafter referred to as eddies, and by the covariance of velocity and tracer

(temperature and salinity) fluctuations, hereinafter referred to as transient processes. The former

research avenue developed from ship-based observations of discrete mesoscale eddies (e.g Joyce

et al., 1981; Swart et al., 2008; Patel et al., 2019) and the latter developedwith time-series analysis

of mooring observations and numerical ocean circulationmodels (e.g Phillips and Rintoul, 2000;

Meijers et al., 2007; Watts et al., 2016). In this study, we combine both research avenues to

understand the relative importance of eddies in the total meridional transport of heat and salt by

transient processes.
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Given the ubiquity of eddies in the ocean, it is near impossible to obtain three dimensional

observations of the population of eddies in a region. Therefore, observational studies have

relied on proxies to expand the results from a hydrographic survey. For example, Swart et al.

(2008), used an empirical relationship between the Integrated Surface Elevation (ISE) of an eddy

and the available heat anomalies to study the decay of the eddy. Recently, Patel et al. (2019)

used a similar relationship between ISE and the available heat and salt anomalies to understand

the role of mesoscale eddies in the meridional transport of heat and salt. Motivated by the

relationship between eddy heat flux and standard deviation of sea surface height, Foppert et al.

(2017) used the standard deviation of sea surface height as a proxy to estimate the total time-

mean depth-integrated divergent eddy heat flux and to identify dominant regions for cross-frontal

transport. A combination of the aforementioned techniques revealed that long-lived cyclonic

eddies transport about 20% of the total meridional transient heat flux across the Subantarctic

Front (Patel et al., 2019). While such a relationship is a useful tool to extrapolate single point

observation to a record of surface observations and gain insight into the role of eddies, we must

build confidence in these relationships by testing them either with more observations or models.

The former approach would be expensive and daunting. In this chapter, we use a eddy-resolving

general ocean circulation model to test this surface proxy.

This chapter uses an eddy-resolving ocean model to quantify the role of mesoscale eddies

in the total poleward heat and salt transport by transient processes. We first evaluate model

performance in representing both the surface and subsurface structure of mesoscale eddies

against the shipboard and satellite observations. Then, we demonstrate that ISE can be an

excellent proxy for estimating the heat and salt content of eddies. This allows us to quantify

the role of mesoscale eddies in the meridional transport of heat and salt. Using a Reynolds’

decomposition, we estimate the role of transient processes in the meridional transport of heat

and salt. Finally, we quantify the proportion of the total meridional transport of heat and salt

that is due to cyclonic eddies.
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4.2 Model Outputs

In this study, we use daily average output of three-dimensional temperature and salinity, and two-

dimensional zonal and meridional components of the velocity from the last 8 years (2007-2014)

of a 36 year (1979 - 2014) historical run of the Ocean Forecasting Australia Model, version 3,

forced with Japanese 55-year Reanalysis (OFAM3-JRA55; Zhang et al., 2016). The OFAM3-

JRA55 is based on the Geophysical Fluid Dynamics Laboratory Modular Ocean Model, version

4p1 (Griffies et al., 2009). It was configured to have a near-global uniform spatial resolution of

0.1◦ for all longitudes and between 75◦S and 75◦N latitudes, amounting to 3600×1500 horizontal
grid points, with 51 vertical levels: 14 layers between the surface layer and 100 m, 19 layers

between 100 m and 500 m, 6 layers between 500 m and 1000 m, and 12 layers below 1000 m.

This uniform spatial resolution of 0.1◦ has been shown to be sufficient to resolve eddies, or the

first baroclinic deformation radius, in our Southern Ocean study region by Hallberg (2013). The

bathymetry was represented using a partial cell technique (Adcroft et al., 1997).

The historical experiment of OFAM3-JRA55 was initialized from the monthly temperature and

salinity relaxations from the last five years of the spin-up experiment. The forcing fields such as

wind stress, sensible and latent heat fluxes and evaporation were computed using bulk formula

from the atmospheric fields of the JRA55 reanalysis (Large and Yeager, 2004). The other

model forcing includes total precipitation from JRA55 reanalysis, and river run-off from Dai

and Trenberth (2002) and Dai et al. (2009). At each model time-step, net global freshwater

flux - evaporation, river run-off and precipitation - were balanced to ensure the Boussinesq

approximation thereby conserving the model global ocean volume and the globally averaged

sea level was always zero. To minimise the model drift and simulate deep ocean variability, the

ocean below 2000 m was restored by the diagnosed seasonal climatology of temperature and

salinity from the 20-year spin-up experiment with repeated year 1979 forcing. The historical

experiment over the period of 36-year (1979-2014) realistically reproduced the mean states,

mesoscale variability, seasonal and interannual variability and trends in the ocean when compare

to observations at a global scale (Zhang et al., 2016). The simulation has warm biases in the

ACC and cold biases in the Brazil-Malvinas confluences (Zhang et al., 2016). Further details

−89−



Chapter 4. Southern Ocean eddies from an eddy-resolving model

on the OFAM3-JRA55 setup and its performance can be found in Zhang et al. (2016).

In this study, we evaluated both horizontal and vertical representation of the mesoscale eddies

in the model simulation over a region south of Tasmania (45◦S - 55◦S; 135◦E - 155◦E). We first

compare eddy kinetic energy (EKE) distribution between themodel and 0.25◦ resolution gridded

altimetry products, obtained from Copernicus (https://resources.marine.copernicus.

eu/?option=com_csw&task=results). Secondly, we conduct an eddy census in both model

and altimetry using eddy-tracking software. Then, we conduct a case study to compare the

vertical structure of a cyclonic eddy in the model with our in-situ observation, presented in

chapter 2.

4.3 Model evaluations

4.3.1 Eddy kinetic energy comparison

To evaluate the model skills in reproducing observations, we first compared the time-mean EKE

for the Southern Ocean south of Tasmania between the model and satellite observations (Fig.

4.1). The EKE was computed from the perturbation of the surface velocity. Mathematically,

EKE = 0.5×(u′2+ v′2), where u′ and v′ represented zonal and meridional velocity perturbations

calculated from the long-term mean (1993-2012) for both the model; to be consistent with

velocity perturbations calculated from altimetry outputs.

The model realistically reproduced major energetic regions and local EKE maxima south of

Tasmania (Fig. 4.1). The major energetic region occurs just downstream of the Southeast

Indian Ocean Ridge, where the ACC Fronts turn southeast-ward (Morrow et al., 1994; Phillips

and Rintoul, 2000). This energetic region is associated with a meandering of the fronts and

formation of mesoscale eddies (both cyclonic and anticyclonic). The modelled maximum EKE

was 17% lower than the observed EKE, especially downstream of the ridge and along the east

coast of Australia. We also compared the spectra of EKE between the model and altimetry,

computed over the 2◦ × 2◦ box in our study region denoted as the black box in Figure 4.1. The
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Figure 4.1: Long-term mean Eddy Kinetic Energy (EKE) from the simulation (left) and satellite
observations (right) over a period of 8 years (2007-2014). The mean position of the northern
and southern branches of the Subantarctic Front and the Polar Front represented as contours
(cyan, white and black, respectively). The grey box denotes area over which the eddy census was
conducted. Spectra were computed over the black box of 2◦ × 2◦. The grey contour represents
the 3000 m isobath.

Figure 4.2: Spectra of eddy kinetic energy from the simulation (black line) and observations
(blue line) over the 2◦ × 2◦ box (50◦S – 52◦S; 147◦E – 149◦E).

box averaged spectra are presented in Figure 4.2. To compute the spectra at each grid point, we

divided daily EKE time series into nine fragments, overlap by 50%, employing a sliding window

of length 1/5 of the original time-series. Each fragment is considered as an independent sample

and demeaned, detrended, Hann windowed, and FFT-ed. The identical method was applied

to both model and altimeter time-series. The model provides a good approximation of EKE

in the eddy frequency band (30-365 days or 0.033 cycles/day to 0.0027 cycles/day) compared
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with altimetry derived EKE (Fig. 4.2). The observed and modelled EKE spectra integrated

over the eddy frequency were consistent (about 84% the observed EKE). We also note that

there was higher energy for the processes shorter than eddy frequency (< 30 days) in the model

compared to altimetry. This difference may be due to the higher spatial resolution of the model.

However, the discussion of smaller-scale processes is beyond the scope of the current work.

Despite some localized differences in the magnitude of EKE between model and observation,

the comparison of maximum EKE and spectra are sufficient for us to accept the model as a

reasonable representation of circulation and variability in the study region (Oke et al., 2013;

Zhang et al., 2016).

4.3.2 Eddy demography: model and altimetry

We employed an eddy tracking software (Faghmous et al., 2015) to identify eddies in both

measured altimetry and simulated sea surface height anomaly over 8 years (2007 - 2014) for

the south of Tasmania (45◦S-55◦S; 135◦E-155◦E). Details on the algorithm and its modification

are discussed in chapter 2 (Data and methodology and Appendices A and E). Here we choose

different pixel windows for altimetry and the model to identify an isolated eddy of the same

size in both. A 4 by 4-pixel window was used for altimetry and 10 by 10-pixel window for the

model. Then, we filtered the tracked eddies based on the lifespan criterion (minimum 30 days)

to isolate mesoscale eddies from other mesoscale variabilities (Frenger et al., 2015; Faghmous

et al., 2015). We only present results for the eddies that lived longer than 90 days as they are the

primary interest of this study.

The model-based eddy census was comparable to satellite observations. In our study region,

we identified several thousand single eddy instances (called eddy realizations) in daily data over

the 8 years of the period (2007-2014) of both types (cyclonic eddies and anticyclonic eddies).

The eddies’ dynamical characteristics such as rotational speed, amplitude, and diameter were

positively skewed for both cyclonic and anticyclonic eddies in the observations and the model

(Fig. 4.3). This indicated that the majority of eddies had low rotational speed, amplitude, and

diameter, with a long tail towards higher values, consistent with Dawson et al. (2018); Frenger
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Figure 4.3: Histogram of rotational speed, amplitude, diameter, and lifespan of both cyclonic
(blue) and anticyclonic (red) eddies in our region of interest with a lifetime greater than 90 days
for bothOFAM3-JRA55 (left column) and altimetry (right column). Outliers in the property were
removed assuming a non-gaussian distribution of the property. Negative values for diameter
and lifespan denote cyclonic eddies.

et al. (2015). To demonstrate the consistency of the simulation in capturing mesoscale eddies’

characteristics, we summarize the following key features:

1. We observed about 57.6% (65.4%) cyclonic eddies versus 42.4% (34.6%) anticyclonic

eddies in the model, with bracket values denoting eddy census from the altimeter (Table

−93−



Chapter 4. Southern Ocean eddies from an eddy-resolving model

4.1 and 4.2). That is, the model produces a slightly higher percentage of anticyclonic

eddies and a lower percentage of cyclonic eddies than the real ocean.

2. The mean amplitude of cyclonic eddies, 13.2 cm (15.4 cm), is higher than anticyclonic

eddies, 8.1 cm (12.4 cm) in the model. The amplitude of both types of eddies in the model

was lower than observations (Table 4.1 and 4.2).

3. Cyclonic eddies are slightly smaller diameter compared to anticyclonic eddies (172.7 ±
41.7 km vs 178.7 ± 46 km) in the observations. On the contrary, cyclonic eddies are

marginally larger compared to anticyclonic eddies in the model: compare 176 ± 44 km vs

169 ± 43 km.

4. Composite analysis of amplitude over the eddies’ lifespan indicated that cyclonic eddies

have a larger amplitude than anticyclonic eddies throughout their lifespan (Fig. 4.4, top

panel), which is consistent between the model and observations. However, the composite

amplitude of modelled eddies was smaller than observed eddies (Fig. 4.4, top panel).

5. Composite analysis of diameter over the eddies’ lifespan indicated no discernible dif-

ference between cyclonic and anticyclonic eddies, except during the mature phase when

anticyclonic eddies have a slightly larger diameter than cyclonic eddies in observations

(Fig. 4.4, bottom panel). However, no such difference was evident in the model.

Table 4.1: Comparison of cyclonic eddy census between OFAM3-JRA55 and altimetry for
the eddies that lived longer than 90 days. Tabulated values are (min-max), mean ± standard
deviation, and median ± IQR (Interquartile range).

Cyclonic eddy
OFAM3-JRA55 Altimetry

Min - Max Mean±Std Median±IQR Min - Max Mean±Std Median±IQR

Amplitude (cm) 0.7-59.6 13.2±11 9.4±15 1.3-86.8 15.4±9.8 13±11.4
Diameter (km) 95.5-356.6 175.9±44.2 169.9±59.7 95.4-380.2 172.7±41.7 167.1±56.3
Lifespan (days) 92-369 146±58 130±54 90-584 164±101 126±73
Realization 8300 14578
Eddies 57 89

Overall, both eddy census from observations and the model indicated that our study region has

more cyclonic eddies than anticyclonic eddies, and that cyclonic eddies have a larger amplitude
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Figure 4.4: Composite analysis of amplitude and diameter changes over the eddies’ lifecycle.
Confidence bound at 95% confidence was computed using student-t test assuming t-distribution
at each life stage.

and smaller diameter compared to anticyclonic eddies. Moreover, modelled eddies lived shorter

than observed eddies. These results are consistent with other studies on the Southern Ocean

eddies census (Dawson et al., 2018; Frenger et al., 2015). These results also suggest that

the OFAM3-JRA55 performed well in capturing coherent mesoscale eddies and their surface

characteristics.

We next evaluated the OFAM3-JRA55 skill in capturing eddies’ propagation direction through

the composite map of eddy trajectories (Fig. 4.5). To prepare the composite map, we centered

each eddy trajectory to its formation points in a way that it preserves its original trajectory as

shown in Fig. 4.5. This way of presenting trajectory will allow us to investigate the general

tendency of an eddy propagation from their birthplace. It has been reported that eddies propagate

nearly due west with slightly meridional deflection (Chelton et al., 2007, 2011; Morrow et al.,

2004; Frenger et al., 2015). However, under the influence of strong zonal background flow, for

instance, in the ACC, eddies tend to propagate due east from their formation location (Frenger
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Table 4.2: Comparison of anticyclonic eddy census between OFAM3-JRA55 and altimetry for
the eddies that lived longer than 90 days. Tabulated values are (min-max), mean ± standard
deviation, and median ± IQR (Interquartile Range).

Anticyclonic eddy
OFAM3-JRA55 Altimetry

Min - Max Mean±Std Median±IQR Min - Max Mean±Std Median±IQR

Amplitude (cm) 0.6-38.5 8.1±6.7 5.8±6.8 0.8-57.7 12.4±7.5 11.7±10.1
Diameter (km) 95.3-352.8 169.1±43 161.6±54.2 95.3-443.8 178.7±46 173.3±63.4
Lifespan (days) 90-361 142±61 122±51 90-875 169±133 126±61
Realization 5962 7922
Eddies 42 47

Figure 4.5: Composite analysis of eddy propagation directions when all the eddies start from the
formation point (0, 0). The X and Y axis denotes relative changes in longitudinal and latitudinal
displacement, respectively.

et al., 2015).

We found that the modelled eddies pathway was consistent with altimetry. Both cyclonic and

anticyclonic eddies tend to propagate in the eastward direction in both observations and the

model. About 33% (30%) of total cyclonic eddies assumed pure eastward propagation from

their formation point and deviated by more than 2 degrees due east, with the parenthesized value

representing observation-based estimate. In comparison, a slightly smaller fraction, 22% (29%),

of cyclonic eddies assumed pure westward propagation. In the case of anticyclonic eddies, about

36% (34%) eddies assumed pure eastward propagation, and about 26% (28%) eddies assumed

pure westward propagation from their formation point (Fig. 4.5). This behaviour of eddies’

propagation is consistent with previous studies of the Southern Ocean eddies (Frenger et al.,

2015).
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Regarding meridional deflection, in the model (altimetry), about 25% (33%) of the total cy-

clonic eddy assumed pure northward movement from their origin. However, only 10% (15%) of

cyclonic eddy assumed pure southward movement. In the case of anticyclonic eddies, only 5%

(17%) of eddies assumed pure northward movement from their origin while about 29% (21%)

anticyclonic eddy assumed pure southward movement. Both modelled eddies and observed

pathways supported the hypothesis that cyclonic eddies tend to travel equatorward, and anticy-

clonic eddies tend to travel poleward. We also note that modelled eddies travelled approximately

same distance as observed eddies. The mean distance travelled by the cyclonic eddies in the

model was about 92% of the observed eddies. The mean distance travelled by the anticyclonic

eddy in the model was about 89% of the observed eddies. Overall, the model has represented

eddies’ pathways and their propagation distance quite well. However, some of the observed

eddies travelled much further from their birthplace than the modelled eddies, potentially due to

longer lifespan of observed eddies.

4.3.3 Vertical structure of mesoscale eddies in OFAM3-JRA55

To assess the model skills in capturing a subsurface structure of cyclonic eddies, we used the

eddy observations collected in March-April 2016 south of Tasmania (Patel et al., 2019). We

selected an analogous eddy from the modelled eddies. It is important to note that the modelled

eddy and the observed eddy need not be formed on the same dates because OFAM3-JRA55 is

a free-running model (Zhang et al., 2016; Pilo et al., 2018). However, seasonal variability in a

region may impact the subsurface structure of eddies. Therefore, we selected an eddy that was

formed in the same season and with very similar surface characteristics to the Patel et al. (2019)

eddy (Table 4.3). The modelled eddy formed in the summer and dissipated in the autumn. After

the formation of the eddy in the Subantarctic Front, it detached from the front and traversed into

the Subantarctic Zone before it reabsorbed in the Front (Fig. 4.6). The median rotational speed,

amplitude, and diameter of the modelled eddy were lower than the observed eddy by 49%, 40%,

and 14%, respectively (Table 4.3). The lifespan of the modelled eddy and observed eddies were
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similar and the observed eddy travelled about 23% further. This level of consistency between

the modelled eddy and the observed eddy is sufficient for further subsurface evaluation.

Figure 4.6: Simulated and observed eddy tracks. Daily position is marked as black dots.
Magenta dots represent period over which the transect is prepared. Green and red dots represent
detachment from and reattachment to the meander, respectively. Asterisk and star denote
formation and dissipation of the eddies.

Table 4.3: Comparing characteristics of simulated case study eddy to the Cold Eddy (Chapter
2).

Attributes Simulated eddy Cold Eddy (Chapter 2)

Birth 11 Jan - Summer 3 Feb - Summer
Demise 8 May - Autumn 21 May - Autumn
Lifespan 119 days 109 days
Pathway Formed in the SAF - visited the SAZ - reabsorbed to the front
Travelled distance 285 km from the formation 371 km from the formation
Rotational Speed (median) 22.2 cm/s 43.6 cm/s
Amplitude (median) 21.2 cm/s 35.5 cm/s
Diameter (median) 154 km 179 km

The model simulated the subsurface structure of cyclonic eddies reasonably well (Fig. 4.7).

The vertical distribution of temperature, salinity, and potential density is presented as a section

across the modelled eddy (Fig. 4.7, top). The section indicated that the modelled eddy has

analogous distribution of temperature and salinity to that of the observed eddy. However, the

modelled eddy exhibited less intense doming of isopycnals than the observed eddy. For example,

the 27.2 kg/m3 isopycnal was elevated from about 600 dbar to 450 dbar, exhibiting the uplift of
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150 dbar in the modelled eddy whereas the same isopycnal has exhibited the uplift of 275 dbar

in the observations (Fig. 4.7).

The modelled eddy also carried cold, fresh and dense water in its core compared to surrounding

water (Fig. 4.8 and 4.9). However, the maximum negative anomalies in the modelled eddy

was about 65% and 50% of the observed anomalies for temperature and salinity, respectively.

The modelled eddy also showed dipole structure for salinity as it was in the Patel et al. (2019).

In other words, the salinity anomalies in the pressure coordinate system, exhibited negative

anomalies above 900 dbar and positive anomalies below 900 dbar (Fig. 4.8). We also note

the warm anomaly in the surface layer of the modelled eddy. In contrast to anomalies in the

pressure coordinate, salinity anomalies in the density coordinate only showed negative anomalies

compared to surrounding waters similar to the Patel et al. (2019)’s observations (Fig. 4.9), with

same fraction of anomaly changes between the coordinate system. For example, observation

indicated that temperature anomaly in the density coordinate decreased by 20% of that of in the

pressure coordinate (Patel et al., 2019). Similarly, in the modelled eddy, the maximum negative

anomalies in the pressure coordinate was about 3.25 ◦C and that of in the density coordinate was

about 2.6 ◦C – a decrease of 20%. It is worth noting that, in the model, the eddy centre detected

from the sea surface height and the isopycnal elevation centre were slightly offset (Fig. 4.7, top

panel, vertical lines). This was more prominent as the eddy ages. Nonetheless, the evaluation of

the model skill in capturing mesoscale eddies against a single snapshot of observation indicated

that OFAM3-JRA55 captured cyclonic eddy subsurface structure reasonably well, especially

during the declining phase of an eddy. Thus, OFAM3-JRA55 is suitable to explore the role of

cyclonic eddies in the transport of heat and salt across the ACC.

4.4 The relationship between integrated surface elevation and

total available heat and salt content

With confidence in the model skill, we next explore howwell ISE performs as a surface proxy for

estimating heat and salt content of eddies. We first assess the relationship between ISE and total
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Figure 4.7: Vertical distribution of conservative temperature, absolute salinity and potential
density across the modelled eddy (top panel) and the observed eddy (bottom panel). The
observed eddy structure is adapted here from Chapter 2 for comparison. The Vertical dashed
line denotes the isopycnal elevation centre. The vertical solid line denotes the eddy centre
detected from the sea surface height.

available heat content (TAHA) and total available salt content (TASA) of eddies. To accomplish

this, we selected 11 eddies out of 26 eddies that were formed in the SAF by analysing their

three-dimensional structure and their trajectories through animation. Based on their trajectories

and the change in their amplitude and area, these 11 eddies contribute to the meridional transport

of heat and salt by decaying partially or completely in the Subantarctic Zone, as shown in Section

(4.4.1). The total available heat and salt content were computed using Eq. 2.3 described in

chapter 2 for each eddy over its lifetime from the outputs of the eddy-tracking software. The ISE

is calculated as a volume of a cone (1/3 × height × surface area) where the height of the cone is
regarded as the amplitude of an eddy (Patel et al., 2019). Both the amplitude and surface area

of each eddy at each day of the life can be readily obtained from the eddy-tracking software.
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Figure 4.8: Vertical distribution of temperature, salinity and density anomalies of the modelled
eddy (top panels) and the observed eddy (bottom panels) in pressure coordinates. The anomalies
were computed with respect to the surrounding environment. The temperature, salinity and
density anomaly contours were plotted at the intervals of 0.25 ◦C, 0.05 g/kg and 0.05 kg/m3,
respectively.

We found a statistically significant relationship between ISE and TAHA, and ISE and TASA

when regressed linearly as illustrated in Fig. 4.10. When an ordinary least-squares regression

fit was applied, we found an R2 of 0.41 for both TAHA and TASA, statistically significant at

95% confidence. To improve the relationship, we then fit a robust regression with a bi-square

weighting function. The robust regression fit uses iteratively reweighted least squares to compute

the coefficients. The robust regression at 95% confidence produced R2 of 0.6 for both TAHA

and TASA. The observed TAHA and TASA values (magenta square in Fig. 4.10) fall within the

scatter of the OFAM3-JRA55 values. This result suggests that ISE is a good surface proxy to

estimate the heat and salt content of the eddies, at least for our study region. We also note that

this proposed linear relationship between ISE and TAHA or ISE and TASA works at first order

but there are areas of significant departure from the relationship. For instance, it seems that the

relationship does not hold as well for high ISE (>8 × 109, Fig. 4.10). This high ISE is primarily
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Figure 4.9: Vertical distribution of temperature and salinity anomalies of the modelled eddy
(top panels) and observed eddy (bottom panels) in density coordinates. The temperature and
salt anomaly contours were plotted at the intervals of 0.2 ◦C and 0.02 g/kg, respectively.

due to elongated shape of an eddy realization and the breakdown of its subsurface structure; i.e

isopycnals are flat across the eddy diameter. Nonetheless, the robust fit lines were in proximity

to the observed TAHA and TASA values (magenta square in Fig. 4.10), which corroborates the

regional homogeneity of eddy contents and the dynamic relationship between the subsurface

structure of an eddy and its contents.
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Figure 4.10: Relationship between total available heat and salt content, and integrated surface
elevation of eddies. Red line represents a normal regression fit. Blue line represents robust
regression fit. Both regression fits were significant at 95% confidence (p-value < 0.05). Magenta
square denotes total available heat and salt content and integrated surface elevation of the
cyclonic eddy from Patel et al. (2019)

4.4.1 Meridional transport of heat and salt by long-lived eddies from

OFAM3-JRA55

We next applied the empirical relationship to all the modelled eddies who lived longer than 90

days to estimatemeridional transport of heat and salt across the SAF into the SAZ following Patel

et al. (2019). The modelled eddies were divided into three categories based on their pathways in

animations: 1) dissipating frontal eddies, 2) return frontal eddies and 3) frontal mixing eddies.

The dissipating frontal eddies contribute all their entire heat and salt content to the SAZ because

they dissipate there. The return frontal eddies contribute only a fraction of their heat and salt

content to the SAZ because after traversing through the SAZ they return to the front. Finally,

the frontal mixing eddies do not contribute to meridional transport because they simply advect

along the front.

In our modelled eddies, only 12% of eddies were categorized as dissipating frontal eddies,

32% eddies as return frontal eddies, and 56% eddies as frontal mixing eddies. We find that on

average, modelled long-lived cold-core eddies introduce an annual heat anomaly of −0.82×1020

J and salt anomaly of −3.41 × 1012 kg into the SAZ over the 20◦ longitude band (135◦ E to
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155◦ E). This is consistent and within the error bounds of the Patel et al. (2019) observational

estimate based on a single point empirical relationship and applying the relationship to satellite

altimetry (Fig. 4.11). This result attests to the credibility of the approach that was used in the

observational study.

Figure 4.11: Comparison of the modelled estimate of meridional transport of heat and salt by
long-lived cold-core eddies to Patel et al. (2019). The meridional transport of heat and salt was
computed using empirical relationship between ISE and TAHA and TASA, respectively. The red
line denotes mean value, whiskers delimit 95% confidence bound for our study and standard
error of mean for Patel et al. (2019) and blue box shows 25th and 75th percentile of the range.

4.5 Meridional transient heat and salt fluxes from OFAM3-

JRA55

To quantify the contribution of eddies to the total transient heat and salt fluxes, we first compute

the total transient heat and salt fluxes using Reynolds decomposition. A time-mean meridional

Transient Heat Flux (THF) based on covariance of velocity and temperature at each grid point

can be computed as: THF = ρ × Cpv′T ′ (W/m2). Where ρ = 1035 kg/m3, Cp = 4000 J/kg/◦C,

and v′(= v − v) is a meridional component of the velocity fluctuations, and T ′(= T − T) is
temperature fluctuations. The time-mean was computed over the period of 8 years (2007-2014).

We ensured that the time-mean of the fluctuations is zero (i.e. v′ = 0, T ′ = 0). An algorithm
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to perform this computation is in Appendix D.1. The covariance was calculated from daily

time-series and thus accounts for all the variability that occurs on timescales longer than a day.

This meridional THF includes both rotational and divergent components. The rotational com-

ponent recirculates heat locally and only the divergent component of the THF is dynamically

important (Marshall and Shutts, 1981; Jayne and Marotzke, 2002). We computed this divergent

THF usingWatts et al. (2016) approach. The authors demonstrated that total geostrophic velocity

(UTot) over a water column can be expressed as the sum of bottom-referenced baroclinic velocity

(Ubcd) and reference velocity (Ure f ). The Ure f is responsible for the divergent component of

the heat fluxes while Ubcd is purely non-divergent. Thus, the time-mean, depth-integrated,

divergent, meridional THF (W/m) is calculated at each grid point of OFAM3-JRA55 as:

THFd = ρCp

0∫
−2000m

v′re f T
′dz (4.1)

Where v′re f is the near bottom velocity, dz is a thickness of each vertical levels. The algorithm

to perform this computation is provided in Appendix D.2.

Our investigation of salt transport builds on Tréguier et al. (2014), where themeridional transport

was decomposed into an "eddy" transport, recirculation and the net transport. Here we only

consider the "eddy" component which in the language of our study is the contribution due to

all transient processes. Following Tréguier et al. (2014) decomposition and Watts et al. (2016)

approach, we computed a time-mean, depth-integrated, divergent, meridional Transient Salt

Flux (TSF) at each grid point of OFAM3-JRA55 as:

TSFd =

0∫
−2000m

v′re f S′dz (4.2)

Where S′(= S − S) salinity fluctuation over the period of 8 years. Since the model uses a

Boussinesq approximation, we can express salt transport in the units of m2/s PSU per unit length

of along a latitude circle.
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The vertical integration of transient fluxes was between the limits of the sea surface and 2000

m depth (last model depth of integration was 1985.3 m) because the model was restored to cli-

matological values below 2000 m (Zhang et al., 2016). Furthermore, high-resolution modelling

studies over the Southern Ocean have found that transient heat and salt fluxes become negligible

below 2000 m (e.g Jayne and Marotzke, 2002; Meijers et al., 2007).

Figure 4.12: Time-mean, depth-average, divergent, meridional Transient Heat Flux (THFd) for
2007-2014. Blue asterisk denotes the mooring positions (A). Area-averaged meridional THFd

(B) with one standard deviation envelope (green lines) over the Phillips and Rintoul (2000)
mooring site.

We compared the time-mean, divergent, Meridional THF from the model with the best estimated

observed eddy heat flux from Phillips and Rintoul (2000)’s mooring time-series (Fig. 4.12),

which is at approximately the same location as our study region. Our THF estimate agrees

reasonably well below 500 m (Fig. 4.12, B). Above 500 m, our THF were lower by factor of

at least 5. The observed profile is an average over the two years in 1993-95, across the four

moorings. The model profile represents a temporal average over the years 2007-2014 and a

spatial average over the region of the moorings (Fig. 4.12, A). Thus, there is ample scope for

spatial and temporal difference to explain the small offset between model and observations in

Fig. 4.12 B and it is remarkable that the model average profile ± one standard deviation overlies
the observed estimates. The weaker model estimates of THFd may also reflect the weaker eddy
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variability in the model seen in the comparison of model and altimeter estimates of EKE (Fig.

4.1). This comparison indicated that our estimate is well within the range of previous regional

estimate of eddy heat fluxes. A similar comparison between model and observational eddy salt

fluxes was not possible due to paucity of observed estimates.

4.5.1 Spatial distribution of transient heat and salt fluxes

Figure 4.13: Spatial distribution of time-mean depth-integrated, divergent, meridional transient
heat flux (left) and salt flux (right). Vectors of transient fluxes are superimposed. Grey contour
represents 3000 m bathymetry. The mean position of the northern and southern branches
of the Subantarctic Front and the Polar Front are shown as contours (cyan, red and black,
respectively).

The depth-integrated meridional transient fluxes identified regions of significant heat and salt

transport (Fig. 4.13). The spatial distribution of meridional THFd was patchy, with high

southward fluxes (> 100 MW/m) confined between the northern branch of the SAF and the PF,

downstream of the southeast Indian ocean ridge (Fig. 4.13, A). Strong equatorward fluxes of

up to ∼ 70 MW/m of heat were found across the northern branch of the SAF (about 50.7◦ S to

52.7◦ S and 148◦ E to 149◦ E) and between the southern branch of the SAF and the PF (55◦ S

and 150◦ E). This positive meridional THFd could be due to a residual rotational component

in the THF (Watts et al., 2016; Foppert et al., 2017). The majority of THFd vectors over the
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region were directed southward, indicating that net transient heat transport is directed poleward

and downgradient.

Modelling studies have demonstrated that the main regions of importance for meridional salt

transport are collocated with those of the transient heat transport (e.g Meijers et al., 2007). The

spatial distribution of time-mean, depth-integrated, divergent, meridional TSF was analogous

to THFd (Fig. 4.13). The high poleward salt fluxes (> -0.5 m2/s PSU) were confined between

the northern and southern branches of the SAF and were relative low ( < -0.5 m2/s PSU) but

still poleward between the southern branch of the SAF and the PF. Similar to the THFd , we

also found equatorward TSFd across the northern branch of the SAF. In addition, we found high

equatorward TSFd (> 0.5 m2/s PSU) between the southern branch of the SAF and the PF (Fig.

4.13, B). In this second sector, heat transport was poleward (Fig. 4.13, A). It is clear from these

results that the region between the northern and southern branches of the SAF downstream of

the Southeast Indian Ridge is a key area for moving heat and salt poleward.

4.6 Relative importance of cyclonic eddies in poleward trans-

port

There is a disconnect between estimates of poleward eddy transport constructed from shipboard

surveys of discrete eddies combined with eddy tracking from altimetry (Morrow et al., 2004;

Swart et al., 2008; Patel et al., 2019) and estimates based on Reynolds decomposition of time

series in observations (Phillips and Rintoul, 2000; Watts et al., 2016) and models (Jayne and

Marotzke, 2002; Meijers et al., 2007; Tréguier et al., 2014). We attempt to reconcile these two

approaches through the application of both to our model.

In Section 4.4.1, we noted that long-lived cyclonic eddies in the model transported −0.82× 1020

J/year of heat poleward across the SAF in the longitude band 135-155◦E. This can be written

in terms of the depth integrated cross-front heat flux per meter of front length, as used above

for the model (Fig. 4.13) and is equivalent to -1.9 MW/m. The net poleward transport of heat
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by transient processes in the model over the study region (47-55.5◦S; 135-155◦E) was -14.5

MW/m. Therefore, discrete long-lived cyclonic eddies carried around 13% of the total poleward

heat transport across the SAF by all transient processes, which is about 7% lower than found

in the observational study of Patel et al. (2019) (Chapter 2). It is important to note that the

observational study was based on surface proxies only. That is, the total THF was estimated

from a standard deviation of sea surface height following the Foppert et al. (2017) and compared

to a surface proxy-based estimate of the eddy heat transport. When the same method was

applied to the modelled sea surface height, we found that total THF was about -2.44 MW/m in

our study region. By comparing this estimate to the long-lived cyclonic eddies contribution,

we found that cyclonic eddies carried about 78% of the total poleward heat transport by all

the transient processes. This high contribution of cyclonic eddies could be due to the low

(about 38%) standard deviation of sea surface height in the model compared to altimetry. A

similar low standard deviation of sea surface height was also documented by (Zhang et al.,

2016). The authors postulated that this could be due to weaker wind stress computed from bulk

formulae rather than directly applying the wind stress available from JRA55 reanalysis for the

model forcing. The comparison of our model-based THF to altimetry derived THF indicated

that our THF was 33% higher than the parametrised THF. This is possible in high resolution

models like this one especially in regions where mean flow convergence or divergence induces

eddy transport through increased horizontal thermal wind gradient (Drijfhout, 1994; Jayne and

Marotzke, 2002; Meijers et al., 2007). Besides, the discrete eddy heat flux estimated from the

surface proxy was only about 8% lower than the observed eddy heat flux (Fig. 4.11). Thus,

this discrepancy between the model-based estimation of cyclonic eddies contribution to the total

poleward transport could be a reflection of either a higher estimate of THF from the model or a

lower estimate of poleward transport by discrete eddies in the model.

The salt anomaly transported across the SAF by long-lived cyclonic eddies in the model was

estimated to be −3.41 × 1012 kg/year (Section 4.4.1). This is equivalent to a poleward flux

of -0.075 m2/s PSU (dividing the eddy transport by the length of 20◦ longitude study region -

1.4× 106 m, density - 1035 kg/m3 and PSU conversion unit - 0.001). The average salt transport
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by all transient processes in the model over the study region was -0.098 m2/s PSU. Thus, the

poleward salt transport by long-lived cyclonic eddies in our study region in this model is around

76% of the total poleward salt transport by all the transient processes. We could not attest to

the credibility of the role of eddies in salt transport due to a lack of an observational estimate of

TSF. However, the robustness of salt transport by transient processes can be tested by comparing

multiple numerical simulations at different resolutions (Tréguier et al., 2014).

Overall, we argue that a combination of approaches (surface proxy and Reynolds decomposition)

is a well suited to understand the relative importance of mesoscale eddies in the poleward

transport of heat and salt due to all transient processes. As we note in chapter 2, other possible

mechanisms that could contribute to total poleward transport of heat and salt include warm-core

eddies traversing southward across the fronts, short-lived cyclonic and anticyclonic eddies, and

other small-scale processes that are not resolved with this model. Another approach to quantify

these processes would be to decompose the covariance of velocity and tracer (temperature and

salinity) fluctuations in the frequency domain as done in mooring studies (Nowlin Jr et al.,

1985; Phillips and Rintoul, 2000; Watts et al., 2016). An inherent difficultly would be to

separate the divergent and rotational component of transient fluxes (Jayne and Marotzke, 2002).

Recently, Abernathey and Haller (2018) demonstrated that contribution of materially coherent

eddies to full turbulent fluxes is negligible in the east Pacific and argued that meridional eddy

transport should be due to stirring and filamentation on the periphery of coherent eddies. This

result challenged previous studies that described estimates of coherent eddy transport based

on Eulerian eddy identification methods such as we used in this study. Therefore, we suggest

considering our estimation of eddy heat and salt transport as the contribution from nonlinear

eddies or Eulerian eddies, in the terminology of Abernathey and Haller (2018).

Conclusions

In this chapter, we have presented the role of mesoscale cyclonic eddies in the poleward transport

of heat and salt by all transient processes south of Tasmania using the 1/10◦ Ocean Forecasting
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Australia Model 3. We first evaluated the model skill in representing observed mesoscale

variability by comparing eddy kinetic energy, and surface and subsurface characteristics of

mesoscale eddies in the model and observations. Our evaluation suggested that the model

has reproduced regional circulation reasonably well. However, the eddy kinetic energy in the

model was 16% lower than found in satellite altimetry observations. Our regional eddy census

suggested that our study region (45◦S - 55◦S; 135◦E - 155◦E) is enriched with cyclonic eddies,

which have a larger amplitude and smaller diameter compared to anticyclonic eddies. Through

a case study approach, we evaluated the vertical structure of mesoscale cyclonic eddies in the

model. The vertical distribution of temperature, salinity, and density was consistent between

the model and observations. This encouraged us to explore the relationship between integrated

surface elevation (ISE) and the heat and salt content of the eddies and to assess the relative

importance of eddies in the poleward transport of heat and salt due to all transient processes.

We demonstrated that ISE is a good proxy for heat and salt content of eddies when calibrated

empirically to subsurface observations. Using the empirical relationship between ISE and heat

and salt content along with the eddy-tracking algorithm, we estimated that long-lived cyclonic

eddies delivered about −0.82 × 1020 J of heat and −3.41 × 1012 kg of salt per year into the

Subantarctic Zone, which is consistent with the observational estimates from Patel et al. (2019).

We estimated the contribution of transient processes to the poleward transport of heat and

salt in our study region using Reynolds decomposition. Our result indicated intense poleward

transport of heat and salt between the northern and southern branches of the Subantarctic Front

downstream of the Southeast Indian Ridge. The area-averaged poleward transport of heat and

salt was about -14.5MW/m and -0.098m2/s PSU, respectively. By comparing this total poleward

transport of heat and salt with the transport due to cyclonic eddies, we conclude that long-lived

cyclonic eddies carried approximately 13% of the poleward heat transport due to all transient

processes and about 76% of poleward salt transport in our study region.
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Mesoscale eddies play a critical role in the Southern Ocean heat and salt budget and export

of nutrients to lower latitudes. However, their role in meridional transport of physical and

biogeochemical properties is not yet well quantified and our understanding of their vertical

structure is limited to a few in situ observations scattered across the vast area of the Southern

Ocean. Furthermore, no studies have previously documented the biogeochemical structure of

Southern Ocean eddies. This thesis has addressed the aforementioned research gaps using in

situ observations and an eddy-resolving coupled physical-biogeochemical model. The major

findings were:

The heat and salt content of Southern Ocean cyclonic eddies has been underestimated in

previous studies by at least a factor of 2 to 3 primarily due to incomplete eddy sampling.

Previous estimates were based on a limited number of stations that did not fully capture the

eddy’s subsurface structure and the remaining content can be missed in opportunistic sampling

from hydrographic lines and profiling floats (e.g Morrow et al., 2004). Our comprehensive

sampling indicated that the core of an eddy carries about half of its total heat and salt content

(Section 2.4.2). This thesis delivered a new regional estimate of total heat and salt content

anomalies of cyclonic eddies relative to Subantarctic Zone waters of −0.89 ± 0.11 × 1020 J and

−3.72±0.46×1012 kg, respectively (Section 2.4.3) and it is also consistent with the model-based

estimate (Section 4.4.1). This study demonstrated the importance of comprehensive surveys of

eddies.

The relative importance of discrete eddies in the poleward transport of heat and salt was

quantified using an eddy-resolving general circulation model. The vertical structure of cyclonic

eddies and their heat and salt content anomalies in themodel were found to be remarkably similar

to those found from the shipboard surveys. In the historical simulation, long-lived cold-core

eddies contributed to at least 13% of the poleward heat transport which is marginally smaller

than found in observational study (Section 2.4.3 and 4.6) and about 76% of the poleward salt

transport due to all transient processes in the study region (Section 4.6).

We note that this study has used Eulerian methods to track coherent eddies which implies that the

detected eddies are materially coherent. However, to estimate the transport, we have calculated
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anomalies with respect to surrounding waters at the time of the observations (or simulated field)

and integrated over the eddy volume. This means that if eddies were to trap the water, anomalies

in its core would be much higher than contemporary surrounding water. The anomalies would

decrease from the core of an eddy to its edges as the eddy loses its coherency. The station-

wise integration of these anomalies would ensure that maximum anomalies are assigned to its

appropriate size rather than traditional way of calculating transport (eddy volume × anomaly).

I would argue that regardless how the eddies are tracked, we should be careful in the estimation

of transport of properties by an eddy. For example, we should be careful with the choice of

reference frames for the anomaly’s calculation (as demonstrated in Chapter 2 and 3 the impact

of reference frame in computation of anomalous eddy structure), choice of reference stations

for the anomalous structure (Chapter 2) and finally the way contents are integrated over the

eddy size (Chapter 2, 3 and 4). This should be sufficient to understand the coherency of eddies

and their transport rather than identifying eddies using computationally expensive Lagrangian

particle technique as demonstrated by Abernathey and Haller (2018). Moreover, there is a whole

body of literature which illustrates eddies’ coherency, and hence their ability to trap material

(e.g Beron-Vera et al., 2015; Tarshish et al., 2018; Abernathey and Haller, 2018). The studying

the decay of coherent features in models and observations could help us better understand the

importance of coherency in transporting water properties.

The biogeochemical structure of Southern Ocean cyclonic eddies was quantified for the

first time using in situ observations from two voyages in austral summer and autumn. Below

the mixed layer, nutrient distribution is controlled by eddy dynamics that are set at the time of

formation of the eddy in the Subantarctic Front. The isopycnal tilt and watermass properties

of the Subantarctic Front determines the initial vertical structure of the eddy that is gradually

eroded as the eddy ages consequently modulating influx of nutrients to the mixed layer. In the

mixed layer, nutrient distribution is controlled by biological processes such as photosynthesis.

Long-lived cyclonic eddies transport high nitrate and low silicate water across the Sub-

antarctic Front into the Subantarctic Zone. Our observations revealed a clear relationship

between the vertical profile of nutrients and dynamic height that allowed us to use integrated
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surface elevation (ISE) to infer the nutrient content of eddies based on altimeter sea surface

height. Thus, this study provided the first estimate of total nitrate and silicate content anoma-

lies of cyclonic eddies relative to Subantarctic Zone waters of 1.6 ± 0.2 × 1010 moles and

−5.5 ± 0.7 × 1010 moles, respectively (Section 3.4.3). This excess nitrate and silicate depletion

modify the nutrient content of the waters that form the Subantarctic Mode Water (SAMW). Our

results indicated that the nutrient delivered by cyclonic eddies modifies the nutrient concentra-

tion of the SAMW by up to 27% (increase in nitrate, decrease in silicate) relative to background

concentration (Section 3.4.3). While this appears to have a limited impact on regional produc-

tivity, it is likely to be important in fuelling productivity outside the Southern Ocean (Sarmiento

et al., 2004; Palter et al., 2010; Hauck et al., 2018).

In conclusion, this thesis not only comprehensively characterized the physical structure of eddies,

but also provided the first robust estimate of meridional transport of heat and salt by discrete

eddies from in situ observations and corroborated estimates from a numerical simulation. The

numerical simulations allowed us to verify the relationship between integrated surface elevation

(ISE) of eddies and their heat and salt content and have shown the utility of using ISE as a proxy

to determine heat and salt content of eddies based on satellite sea surface height observations.

The model also allowed us to reconcile the estimation of meridional fluxes of heat and salt based

on two methods: the shipboard survey approach and Reynolds’ decomposition. Moreover,

this thesis provided the first-ever characterization of the vertical structure of nutrients and

biomass in cyclonic eddies and quantification of the meridional transport of nutrients by discrete

eddies. This detailed assessment of the physical and biogeochemical structure of eddies and new

estimates of the meridional transport by eddies provide a foundation for parameterizing eddy

processes in earth system models and improving our knowledge of the role of Southern Ocean

eddies in global heat and freshwater budgets and global nutrient cycles.
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5.1 Future research work and directions

This work has produced the most detailed quantification of the three-dimensional physical and

biogeochemical structure of mesoscale Southern Ocean cyclonic eddies, and quantified their role

in poleward transport of heat, salt, and nutrients. This immediately raises three main questions:

Does the relationship between integrated surface elevation and heat, salt and nutrient

content of eddies hold for the circumpolar Southern Ocean?

One of the noteworthy outcome from this work was to infer the total available heat, salt, and

nutrient content from the integrated surface elevation (ISE). For our study region using an

eddy-resolving model, we demonstrated that ISE of an eddy is an excellent indicator of its total

available heat and salt content (Chapter 4), supporting earlier observational studies. Extension

of this relationship at the scale of the Southern Ocean will allow us to quantify the role of discrete

eddies in the total poleward transport of heat and salt and hence in the global heat budget and

hydrological cycles.

We also briefly assessed the relationship between ISE and nutrient content for our study region

based on the Gravest Empirical Mode (GEM) approach (Appendix B). The actual development

of a GEM nutrient climatology that accounts for the displacement of fronts and the presence of

eddies could be realised as Southern Ocean Carbon and Climate Observations and Modeling

(SOCCOM) database expands. The SOCCOM project is designed to understand and quantify

the impact of climate change on Southern Ocean ecosystems (https://soccom.princeton.

edu/). The GEM would be a great reference field to examine spatial and temporal variability

measured by BGC-Argo floats. It will also allow the projection of the subsurface nutrient

structure from the satellite through the ISE approach. Furthermore, the use of this climatology

in coupled physical-biogeochemical models as a restoring force may improve the representation

of biogeochemistry in models.

How does the role of eddies change in future projections?

Mesoscale eddies have a significant impact on the physical and biogeochemical properties

−116−

https://soccom.princeton.edu/
https://soccom.princeton.edu/


Chapter 5. Synthesis

of the Southern Ocean but their potential impact in future projections is yet to be explored.

Understanding this will assist in the development of strategies to conserve marine ecosystems.

The model used in this thesis is an ideal tool to explore how mesoscale eddies, both surface

and subsurface properties, change by the end of this century because the simulated eddies’

population and their subsurface properties were comparable to observations (Chapter 4).

What are the three-dimensional physical and biogeochemical structure of Southern Ocean

anticyclonic eddies and their role in poleward transport of heat, salt and nutrients?

The initial goal of this project was to characterize the vertical structure of both types of eddies

(cyclonic and anticyclonic), but no anticyclonic eddies was encountered during our 2016 voyage,

only awarmmeander was observed. The next possible approach to this questionwill be to use the

synergy of altimetry and floats namely, Argo, BGC-Argo, and EM-APEX, and an eddy-resolving

ocean circulation model. The former approach will help us to understand an ensemble structure

of anticyclonic eddies. The latter will help us to understand physical and biogeochemical

processes controlling the structure and expand results in space and time. In addition, the

majority of in situ observations in the Southern Ocean are of cyclonic eddies, and the role of

anticyclonic eddies in the meridional transport of heat, salt, and nutrients is still unknown. This

also suggest that we need to develop programs to obtain in situ observations of Southern Ocean

anticyclonic eddies.

Recent research based on satellite observations has some conflicting views on the role of

mesoscale eddies in Southern Ocean productivity. For example, studies in the Scotia Sea, by

Meredith et al. (2003) found increased biomass while (Kahru et al., 2007) found decreased

biomass in anticyclonic eddies. The possible mechanism for this discrepancy was postulated

to be related to eddy-induced Ekman pumping rather than classical eddy-pumping. Although

our understanding of mesoscale eddies is evolving, it is apparent that their role in ocean biogeo-

chemistry is still a major gap.
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Amendment to Faghmous tracking

algorithm

The eddy-tracking software is based on a geometric definition such that every eddy must have

a single extremum inside a closed contour of SLA. The extremum is defined by comparing

each grid point with its neighbouring grid points. Once extrema are defined, the software

searches for closed contours surrounding those extrema to exclude non-eddy features, such as

frontal meanders. The software tracks eddies through time following the (Chelton et al., 2011)

method with an additional feature that allows an eddy to disappear for some user-defined period,

depending on the temporal resolution of data.

We adapted the tracking algorithm of Faghmous et al. (2015) to better suit the tracking of eddies

within a small region. This was necessary to obtain correct diameter of eddies. The surface

area estimation algorithm of Faghmous et al. (2015) generated erroneous "area map.mat" file,

and therefore spurious diameter of eddies, while applied for our regional study. We modified

the surface area estimation algorithm by making it dependent on given latitudes and longitudes.

Therefore, the new algorithm is best suited for both regional and global scale studies.

We have rewritten a script (set_up_ssh_data.m) for the regional application of Faghmous et al.

(2015) software to preprocess SLA data, renamed to set_up_data_regional.m . Further detail

pertaining to the script is given in the technical document. The technical document and scripts

are available from authors.



Appendix B

Relationship between sea surface height

and subsurface nutrient structure

The high correlation between sea surface height and subsurface temperature and salinity dis-

tribution has been exploited to study the meridional transport of heat and salt by eddies in the

Southern Ocean (Swart et al., 2008; Patel et al., 2019). The reason this method is possible is

because the strongly sloping isopycnals in the Southern Ocean are dynamically linked to the

watermass structure below the sea surface. In a way that the position across the ACC is uniquely

determined by sea surface height, estimated either from the calculation of dynamic height from

the in situ profile or from altimeter measurements of sea surface height. The dynamic height

of a profile then provides a coordinate frame that follows the north-south movements of ACC

fronts (and eddies). Dynamic height as a meridional coordinate has been used to construct time-

varying climatologies of temperature and salinity for the Southern Ocean that more realistically

capture the Southern Ocean’s dynamic frontal systems than averaging in latitude bins (Sun and

Watts, 2001; Swart et al., 2010; Meijers et al., 2011).

Our measurements reveal a significant correlation between the vertical structure of nutrients

and dynamic height, calculated from our in situ measurement with respect to 1500 dbar (Fig.

B.1). The correlation is especially high between ∼ 150 dbar and 1100 dbar, confirming that

modulation in sea surface height (position across the ACC) is reflected in the subsurface nutrient

structure (Fig. B.1). The correlation above 150 dbar could be improved by removing the
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Figure B.1: Relationship between nutrients and dynamic height when a quadratic equation is
fitted at each pressure levels denoted as squares.

seasonal cycle of nutrients in the mixed layer as is often done for GEM (Watts et al., 2001;

Meijers et al., 2011). Thus, we can extract substantial information on the subsurface structure

of nutrients in the Southern Ocean purely based on surface proxies such as dynamic height (Fig.

B.1) or integrated surface elevation of eddies.

We adapt the method used to track the heat and salt content of eddies (e.g Patel et al., 2019) to

quantify the amount of nutrients carried by long-lived (lifespan > 90 days) cold-core eddies in

our region over the 22 year altimeter record. The approach is as follows:

1. From a shipboard survey of the subsurface structure of an eddy, compute the total available

nutrient content carried by that eddy (as demonstrated in sections 3.2.4 and 3.2.5.)

2. From satellite altimeter data during the voyage, compute the approximate volume of the

sampled eddy, quantified by its integrated surface elevation (ISE). The ISE (= 1/3 ×
Amplitude × Surface Area) approximates the volume of the eddy that is elevated above

the zero sea level anomaly contour (Swart et al., 2008; Patel et al., 2019).
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3. Derive an empirical relationship between the total available nutrient content of the ob-

served eddy and its ISE during sampling.

4. Determine the ISE of all eddies that have occupied the target region over the altimeter

record.

5. Use the empirical relationship to infer the nutrient content of eddies from their ISE for

each day of their lifetime.

For the autumn eddy, total available nutrient content (N ) measured during sampling was 8.7 ±
0.4 × 109 moles for nitrate and −3.0 ± 0.4 × 1010 moles for silicate. The average ISE of the

autumn eddy over the sampling period was 4.72 × 109 m3. Thus, the empirical relationship

between total available nitrate and silicate carried by the autumn eddy and its ISE is:

NN = 1.84 · ISE (moles); NSi = −6.38 · ISE (moles) (B.1)

Where, NN and NSi are total available nitrate and silicate respectively.

We apply the relationship (Eq. B.1) to the 22 year (1993− 2014) history of eddies formed at the

SAF in the 20◦ longitude range (135◦E-155◦E), which surrounds our in situ observations. These

eddies were identified in the eddy tracking dataset from Patel et al. (2019) and include only

eddies that were formed in the SAF. These eddies were divided into three categories based on

the pathways that they followed after formation: dissipating frontal eddies, return frontal eddies

and frontal mixing eddies (Patel et al., 2019). These pathways are critical for the meridional

transport estimation as explained here. Dissipating frontal eddies never return to the SAF and

therefore contribute all their transported nutrients to the Subantarctic Zone. Return frontal eddies

return to the SAF after transiting into the Subantarctic Zone and only contribute a fraction of

nutrients into the Subantarctic Zone (the difference between the nutrient content at dissipation

and their maximum nutrient content). Frontal mixing eddies never leave the SAF, so they do

not contribute to meridional transport.

Out of 63 long-lived (> 90 days) cyclonic eddies, 46% of eddies were characterized as dissipating

frontal eddies, 22% of eddies were characterized as return frontal eddies, 24% of eddies were
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Table B.1: Total nutrient transport in the Subantarctic Zone by the eddies that dissipated in the
Subantarctic Zone and Subantarctic Front over 22 year in the 20◦ longitude range, calculated
over the full density range (σθ = 26.5 to 27.5) and mode water density range (σθ = 26.5 to 27.0).

Eddy Pathway No. of Eddies
Full density range SAMW density range

NN (moles) NSi (moles) NN (moles) NSi (moles)

Dissipating Frontal eddy 29 2.2 × 1011 −7.5 × 1011 2.7 × 1011 −1.0 × 1011

Return Frontal eddy 14 1.3 × 1011 −4.7 × 1011 1.7 × 1011 −0.6 × 1011

Frontal Mixing eddy 15 0 0 0 0
Total transport 3.5 × 1011 −12.2 × 1011 4.4 × 1011 −1.6 × 1011

characterized as frontal mixing eddies and the fate of 5% was unknown (Patel et al., 2019).

The contribution of the eddies to the meridional transport of nitrate and silicate over the full

density range is tabulated for our region of interest over the period of 22 years (Table B.1). This

allowed us to quantify the impact of the long-lived mesoscale cyclonic eddies on the meridional

transport of nitrate and silicate through either enrichment or depletion of the Subantarctic Zone

water properties.
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Supporting Information for Chapter 3

In this supporting information, we provide additional figures which indicates pathways of the

eddies and evolution of amplitude over their lifespan, relationship between salinity and nutrients.

Figure C.1: Regression analysis between chlorophyll and fluorescence for (A) the summer eddy
voyage (IN2018_V01) and (B) the autumn eddy voyage (IN2016_V02).
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Figure C.2: Potential temperature vs salinity for the summer eddy (left) and the autumn eddy
(right). Each profile is colored by dynamic height of 100 dbar referenced to 1500 dbar. Higher
values correspond to the edge of the eddy, lowest values correspond to the Subantarctic Front
and values in between follow the transition from the edge of the eddy to the core of the eddy.

Figure C.3: Eddies’ track derived from the eddy-tracking software for the summer eddy and
autumn eddy. Each dot represents the detected eddy center each day. Magenta dots delineate
eddy movement during the sampling period. Green asterisk and red start denote the beginning
and end of the track, respectively

−124−



Appendix C. Supporting Information for Chapter 3

Figure C.4: Observed daily amplitude over the life span of summer eddy and autumn eddy.
The amplitude is the output of the eddy-tracking software. Magenta dots represent an amplitude
during sampling periods of respective eddies.
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Figure C.5: Salinity verses nutrients for the summer eddy and the autumn eddy. Each profile is
coloured by dynamic height of 100 dbar referenced to 1500 dbar. Higher values correspond to
the edge of the eddy, lowest values correspond to the Subantarctic Front and values in between
follow the transition from the edge of the eddy to the core of the eddy.
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Appendix D

An algorithm to compute transient fluxes

from the model outputs

D.1 Time-mean transient heat and salt fluxes

1. Obtained daily data of v(x, y, z, t) and T(x, y, z, t) or S(x, y, z, t) over the period of 8 years

from OFAM3-JRA55

2. Computed mean over the record period: v(x, y, z) and T(x, y, z) or S(x, y, z)

3. Computed perturbations from the mean: v′(x, y, z, t) = v(x, y, z, t) − v(x, y, z), similarly

for T ′ and S′

4. Computed the covariance of daily data as: v′(x, y, z, t)T ′(x, y, z, t) and v′(x, y, z, t)S′(x, y, z, t)

5. Computed mean of the covariance: v′T ′ or v′S′

D.2 Divergent transient heat and salt fluxes

1. Obtained daily data of v(x, y, z, t) and T(x, y, z, t) or S(x, y, z, t) over the period of 8 years

from OFAM3-JRA55
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2. The reference velocity is the near bottom velocity. So, we took the deepest non-zero

velocity in the water column vre f (x, y, t)

3. Projected vre f (x, y, t) on to all the valid depth levels as it would be vre f (x, y, z, t)

4. Repeated the steps from 2 to 5, stipulated in section D.1, with vre f (x, y, z, t)
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An automated eddy detection and tracking software
Technical Documentation

Ramkrushn Patel (UTAS ID: 423662)

Abstract

This document elucidates how to automate Faghmous et al. (2015)’s eddy detection and tracking
software for regional studies for various types of outputs. Moreover, I introduce rectified version of
preprossing script and complementary Matlab functions to visualize outputs. Faghmous et al. software
is available at https://github.com/jfaghm/OceanEddies. All new scripts can be obtained from
the author (email: Ramkrushnbhai.patel@utas.edu.au).
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1 Introduction

Mesoscale eddies are coherent rotating water bodies whose radius is in order of 10 km to 100 km and spans
from weeks to months in the world ocean. They are commonly known for transporting and mixing oceanic
properties. Typically, there are two types of eddies that imprints on the ocean surface; cyclonic eddies
and anticyclonic eddies. Cyclonic eddy rotates clockwise while anticyclonic rotates counterclockwise
in the southern hemisphere. Moreover, they commonly referred to as cold-core eddy and warm-core
eddy respectively. Eddy manifests its presence in ocean property anomalies, namely, in Sea Level
Anomaly (SLA) and Sea Surface Temperature Anomaly (SSTA). For instance, when we look at SLA
maps, if there is negative SLA surrounded by closed contours, connotes the presence of cyclonic eddies
and opposite is true for anticyclonic eddy. When we look at SSTA maps and if there is negative SSTA
engulfed by closed contours, connotes the presence of cyclonic (also known as cold-core owing to trapping
relatively cold water compared to surrounding water) eddies and the opposite is true for anticyclonic
(also called warm-core) eddies. Furthermore, eddies signature is ascertainable in parameters such as
geostrophic velocity, Chlorophyll, and fluorescence. Nonetheless, a majority of automated detection and
tracking algorithms exploit either SLA maps or geostrophic velocities.

Eddies ubiquity in the world ocean mandates automated detection and tracking. Here, I provide a brief
overview of an automated eddy detecting and tracking software developed by Faghmous et al. (2015).
Moreover, I provide insight into the implementation of the software and introduce additional Matlab
functions for regional study. For the validation and additional details of the software, readers are advised
to refer Faghmous et al. (2015).

There are mainly two peculiarities of this algorithm. Firstly, it is a parameter-free algorithm. In other
words, it detects eddy without imposing any constrain of amplitude or size or threshold. Lastly, it addresses
the problem of eddy disappearance or premature termination of eddy’s track by introducing a fake eddy
for user-defined days. The algorithm utilizes SLA fields to identify and track eddies with an accuracy
of 96.4%. It is based on a notion that every eddy should have a single extremum engulfed in the closed
contours. For instance, if eddy is cyclonic then its center should have minimum SLA engulfed by the
closed contours of SLA. The software is divided into the following steps: identify extrema and segregate
eddy alike features; tracking eddies (with and without tolerance); and prepare the viewer to study particular
tracks.

The main focus of this document is to provide insight into navigating through different MATLAB functions
and how to apply this algorithm for regional study. Therefore, description pertains to “viewer” is beyond
the purview of this document.

Overall, an algorithm solicits continuous SLA fields and isolate discrete features from the background by
comparing each grid with surrounding grids based on user-defined grid size. In other words, it identifies
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extremum by comparing a grid point with its top, bottom, left, right, and diagonal grid points. For
instance, if the user would like to identify eddies of minimum grid size of say 4x4 then each grid point
compared with the other 15 neighbour grid points to isolate discrete feature. Once, discrete features are
isolated it start looking for closed contours from extremum until it encounters another extremum in the
vicinity. Therefore, it is parameter-free identification because no condition has imposed in detecting eddy
except another extremum nearby, unlike other identification methods. After isolating eddy alike features
from discrete maps, it tracks eddy same as Chelton et al. (2011) except it has provision for untimely
disappearance of eddy due to noise in SLA fields. Now and then eddy disappears during tracking for a few
days owing to noise. In those cases, the software generates a fake eddy of the same size as the previous
eddy and continues tracking. If an eddy reappear in subsequent time-step then its position and size are
interpolated based on previous eddy and newfound eddy otherwise track ends at the point where the fake
eddy was generated.

2 Requirements

The software can be downloaded from https://github.com/jfaghm/OceanEddies. Software is
compatible with Matlab version 2015 and higher versions (e.g 2016a & b), provided it has Mapping and
Parallel computing ToolBoxes and MCR (Matlab Compiler Runtime). One can always confirm ToolBoxes
and Matlab version by ver command.

To have complete access to the software, one should have following directories in the downloaded package:

• compiled_code

• data

• eddyscan

• mha

• temporal_scoring

• track_lnn

• tracks_viewer

Besides aforementioneddirectories one should also have complete_run.m and set_up_ssh_data.mMatlab
functions. These functions automatize the software in default settings using NetCDF files of SLA fields.

3 List of functions and purpose

First I explain two most important functions that enables execution of entire software at default settings,
namely, complete_run.m and set_up_ssh_data.m. After that, I will provide insight into three main
functions which identify eddies, track eddies without tolerance and track eddies with tolerance, namely,
scan_single.m, track_lnn.m and tolerance_track_lnn.m, respectively.

2
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The complete_run.m function automatizes identification and tracking of eddies in world ocean with
default settings: minimumSize (9 pixels) and thresholdStep (0.05cm). Nonetheless, one can change in
inputParser section of the script. It is important to note that one should not mistake minimumSize with
the grid size of the data. Minimum size requires the number of pixels an eddy can have, they can be
arranged in any pattern. However, complete_run.m prerequisite certain format of data and variables
as input arguments that can be generated by set_up_ssh_data.m function. A complete_run.m requires
following data in “.mat” files: dailySSHmap, longitude, latitude, dates, and area_map archived in sshPath
directory. Other input arguments of complete_run.m are self-explanatory in the function description that
can be invoked by help complete_run.m in Matlab’s command window. Care must be taken in providing
paths to complete_run.m function. A few recommendations on paths:

• eddies_save_path: directory specified in this path is generated by code

• tracks_save_path: directory specified in this path is also generated by code

• viewer_data_save_path: basically here it will archive all the parameters which facilitates “viewer”

• viewer_path: directory must contain following directories (NOTE: names are case-sensitive);

1. track_data

2. SSH

3. pixels_data

4. chelton_data

5. attributes

A set_up_ssh_data.m function, as stated in the previous paragraph, is pre-processing function that pre-
pares data files as conformed by complete_run.m. Basically, this function converts NetCDF format data
files to .mat files and prepare area_map file, which is essential to compute surface area of each eddy. It is
important to note that this script is only applicable for daily downloaded NetCDF files whose filename
shouldbe inAVISOdefined format and forworld-wide studies. Syntax to use set_up_ssh_data.m as follow:
>>set_up_ssh_data(NetCDFfilespath, sshNetCDFname, latNetCDFname, lonNetCDFname, sshsavepath)
The first argument is the path to the directory where netCDF files were downloaded or archived. The last
argument is the path to the directory where you would like to save output files, which will be used as the
first input argument of a complete_run.m function. Other arguments are nothing but names of variables
in NetCDF file that can readily obtained by Matlab’s built-in command ncdisp(<ncFilename>).

Meticulous description pertain to scan_single.m, track_lnn.m and tolerance_track_lnn.m function is
given in code availability section of Faghmous et al. (2015). scan_single.m function identifies eddy
alike feature from SLA map for a given date and type of an eddy. A track_lnn.m function tracks eddy
using Chelton et al. (2011) method. This tracking scheme look for a similar type of an eddy based on
predefined window in consecutive time step. This scheme terminates track prematurely due to noise in
SLA field. This problem rectified by tolerance_track_lnn.m. A tolerance_track_lnn.m function creates
fake eddy for user defined days (i.e tolerance, allowing eddy to disappear) and continuous tracking. I
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strongly recommend to take advantage of this feature especially in cases when you deal with near-real-time
AVISO data.

4 Regional application and complementary functions

It is imperative to preprocess SLA data before executing complete_run.m function to automatize eddy
detection and tracking. The preprocessing script provided by Faghmous et al. (2015) is applicable for a
global study and daily NetCDF files only. Furthermore, an algorithm (in set_up_ssh_data.m function) that
estimates surface area is designed for only global studies (Fig.1) thereby yields spurious eddy diameters
when applied to regional studies. Nonetheless, Faghmous et al suggested preparing user area_map.mat file
to exploit the software that has provided an impetus to modify set_up_ssh_data.m function for regional
studies, modified function entitled set_up_data_regional.m. The performance of a new algorithm, which
estimates surface area, is promising (Fig. 1). Moreover, I wrote a set_up_data_3D2daily.m function to
preprocess three dimensional SLA “.mat” files and visualize tracked eddies and their path based on the
filtering criteria of a lifespan. Currently all functions have been archived at ~/Dropbox/Ram\’s\PhD/
Scripts/Automated_Additional.

The set_up_data_regional.m function solicits two additional input arguments compare to set_up_ssh_data.m
namely, lonlimit and latlimit. Syntax of preprocessing daily global NetCDF SLA map for regional study:
>>set_up_data_regional(NetCDFfilespath, sshNetCDFname, latNetCDFname, lonNetCDFname, lon-
limit, latlimit, sshsavepath)
Where, lonlimit and latlimit arguments delineate longitudinal and latitudinal delimitation of study region.
For instance, for Australian sector of the Southern Ocean: lonlimit = [100, 170] and latlimit = [-35, -70].
Other arguments are same as set_up_ssh_data.m function.

A syntax of the set_up_data_3D2daily.m is as follow:
>>set_up_data_3D2daily(pathNfilename, savePath)
The first argument is the path including filename (3DSLA.mat) and the last argument is the path to save
outputs. Note: this function requires data in stipulated format please see “help section” of the function for
more details.

To readily count eddies population and visualize track as shown in Fig.2, plotTrack.m function could be
handy. It also filters eddies track based on lifespan. Syntax of plotTrack.m function is as follow:
>>plotTrack(cyclonicTracks, anticycTracks, filterDay, coast, xtick, ytick)
The first and second arguments are cell array of cyclonic and anticyclonic tracks obtained from com-
plete_run.m function. Third argument is filtering criterion. For instance, if one wants to filter eddy who
lived more than 100 days, then one should use 100 as a third argument. The last three arguments are
nothing but coastline information (i.e longitude and latitude), tick mark on x and y axis i.e longitude and
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latitude respectively.

Overall, one can easily automate the entire software for regional study; by invoking two functions only in
the following order, namely, set_up_data_regional.m and complete_run.m. Moreover, one can visualize
outputs by plotTrack.m. Below is the script which automates the entire process provided all functions
are in the current directory path.

% This i s an example to automate e n t i r e Eddy de tec t i on and t r a c k i n g sof tware
% and also to v i s u a l i z e outputs . Each sec t ion e luc ida tes d i f f e r e n t aspect
% of au tomat i za t ion .
c l c ; c l ea r

% ===== Inpu t arguments f o r set_up_data_reg ional=====%
NetCDF_fi les_path = ’ ~/ Desktop / S a t e l l i t e _ d a t a /MADT−SLA / ’ ;
ssh_NetCDF_name = ’ s la ’ ;
lat_NetCDF_name = ’ l a t ’ ;
lon_NetCDF_name = ’ lon ’ ;
l o n l i m i t = [100 , 175 ] ;
l a t l i m i t = [−35 , −70];
ssh_save_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / myssh ’ ;
%=======
% Preprocessing data f o r complete run
set_up_data_reg ional ( NetCDF_fi les_path , ssh_NetCDF_name , lat_NetCDF_name , lon_NetCDF_name ,

. . .
l o n l i m i t , l a t l i m i t , ssh_save_path )

%% Detect ion and t r a c k i n g o f eddies
c l ea r ;

% ===== Inpu t arguments f o r complete_run=====%
% My SLA data arch ived i n \ t e x t b f { Myssh } d i r e c t o r y
ssh_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / Myssh / ’ ;
% I save my outputs a t \ t e x t b f {MyRuns / MyEddies } and \ t e x t b f { MyTracks } d i r e c t o r i e s .
% Note : Both d i r e c t o r y w i l l be generated by s c r i p t i f not e x i s t a t prov ided l o c a t i o n .
% Furthermore , i t w i l l a lso generate d i r e c t o r i e s f o r modi f ied eddies and t rack i f you
% had al lowed eddy to unassociate . i . e ’ yes ’ a t fake eddy argument .
eddies_save_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / MyRuns / MyEddies ’ ;
t racks_save_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / MyRuns / MyTracks ’ ;
% These are ex t ra outputs more d e t a i l please f o l l o w up t e x t i n sec t ion 3
viewer_data_save_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / MyRuns / ’ ;
v iewer_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / MyRuns / Ext ra_v iewer / ’ ;
%========
% running sof tware
complete_run ( ssh_path , eddies_save_path , tracks_save_path , ’ yes ’ , viewer_data_save_path ,

v iewer_path )
%% V i s u a l i z a t i o n o f eddies t r ack a f t e r f i l t e r i n g by l i f e s p a n
c lea r ;

% ===== Inpu t arguments f o r p lo tT rack=====%
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path = ’ ~/ Documents /MATLAB/ OceanEddies−master / MyRuns / mod i f ied_ t racks ’ ;
cycf i lename = ’ cyc lon ic_ t racks_processed . mat ’ ;
acycf i lename = ’ ant icyc_t racks_processed . mat ’ ;
load ( [ path , cycf i lename ] )
load ( [ path , acyf i lename ] )
% I would f i l t e r eddies whose l i f e s p a n i s \ geq 28days
f i l t e r _ d a y = 28;

% g l o b a l _ c o a s t l i n e . t x t f i l e conta ins g loba l l ong i tudes and l a t i t u d e
coast = load ( ’ g l o b a l _ c o a s t l i n e . t x t ’ ) ;
x t i c k = 100:10:175;
y t i c k = −70:5:−35;

%======
% F i l t e r i n g and p l o t t i n g
p lo tT rack ( cyc lon i c_ t racks , an t i cyc_ t racks , f i l t e r _ d a y , coast , x t i c k , y t i c k )

Figure 1: Illustrates performance of Faghmous and Patel algorithm to compute surface area in km2 from
latitude and longitude (A) Globally and (B) Regionally. Both algorithm agrees well with global latitude
and longitudes. For regional latitude and longitude, Faghmous algorithm preserves the shape and thereby
miscalculates the surface area whereas Patel algorithm computes surface area more accurately. Therefore,
we strongly recommend user to implement Patel algorithm for regional studies.
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Figure 2: Illustrates an output of plotTrack.m function. It represents number of cyclonic and anticyclonic
eddies whose lifespan is ≥ 28 days. Here, blue and red color tracks denotes cyclonic and anticyclonic
eddies respectively and corresponding dots indicate the end of the track.

5 Application with Model

Up until now, I illustrated how to apply Faghmous et al. software for a regional application using altimetry
observation. Now in this section, I will discuss its applicability to the model’s outputs. Before we embark
on this journey, first let’s have a look at the model outputs type. During my Ph.D., I’ve come across two
types of model outputs: idealized model output and Ocean General Circulation Model output. There may
be many more. But for now, I will focus on these two types. The fundamental difference between them is
that the idealized model doesn’t have latitude, longitude, and time like OGCM outputs. Instead, they have
lengths between the grid points and timesteps.

5.1 Handling idealized model outputs

An idealised model is a simplified version of the physical system that omits unnecessary aspects of the
system (https://www.thoughtco.com/idealized-models-an-introduction-2699439). These
models have x and y coordinate in a distance form rather than geographical coordinates (Latitude and
Longitudes). Furthermore, Time is represented as timesteps (as in integer values) rather than calendar
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dates. Therefore, to employ eddy-tracking on this type of output, we need to create fictitious Longitude,
Latitude, and Time as per model domain and description. Then the outputs can be treated as altimetry
data. That is we can simply follow the steps stipulated in the aforementioned section. To recall the steps:
save the output in a format as per the application in ssh_date format, then prepare appropriate directories
for the output to store, and finally run the complete.m file. I’ve illustrated the steps in the following script.

% This s c r i p t de tec ts and t racks eddies f o r i d e a l i s e d Model output

% CONTENTS:
% 1: Read . nc f i l e s
% 2: Wr i te data i n format o f 3D2regional f u n c t i o n
% 3: Preprocess data
% 4: Detec t ion and Tracking
% 5: V i sua l i ze eddies through animat ion

%% 1: Read . nc f i l e s
c l ea r ; c l c
[ var , ~ , ~] = nc2mat ( ’ ~ / Desktop / S a t e l l i t e _ d a t a / msla_yr47al l_Eddy . nc ’ ) ;

%% 2: Wri te data i n format o f 3D2regional f u n c t i o n
% v a r i a b l e
s la = var . s la ; % lon l a t t ime
% s la should be i n t ime x l a t x lon format
s la = permute ( s la , [ 3 , 2 , 1 ] ) ;

% t ime v a r i a b l e i n J u i l a n format
% Since model has every 2 days data
% I created f i c t i t i o u s t ime vec to r based on s imu la t i on t ime step
t ime = datenum(2016 , 01 , 01) : datenum(2016 , 12 , 31) ;
t ime = t ime ( 1 : 2 : end−2) ’ ;

% S i m i l a r l y as per the model domain
% long i t ude range
lon = l inspace (130 , 150 , 398) ’ ;
% l a t i t u d e range
l a t = l inspace (−70 , −40, 200) ’ ;

% data i n t e g r i t y check
f i g u r e ( 1 ) ; c l f
con tou r f ( lon , l a t , squeeze ( s la ( 1 , : , : ) ) )
f i g u r e ( 2 ) ; c l f
con tou r f ( squeeze ( s la (1 , : , : ) ) )

% saving data to i n t e r p r e t the r e s u l t s
save idea l izedModel t ime lon l a t s la
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movef i le ( ’ idea l izedModel . mat ’ , ’ ~ / Desktop / model_data / ’ )

%% 3: Preprocess data
c l c ; c l ea r

% ===== Inpu t arguments =====%
path_n_f i lename = ’ ~/ Desktop / model_data / idea l izedModel . mat ’ ;

ssh_save_path = ’ ~/ Desktop / S a t e l l i t e _ d a t a / ModelRun / ’ ;
%=======
% Preprocessing data f o r complete run
set_up_data_3D2dai ly ( path_n_fi lename , ssh_save_path )

%% 4: Detec t ion and t r a c k i n g
c l ea r ;

% ===== Inpu t arguments f o r complete_run=====%
% My SLA data arch ived i n \ t e x t b f { Myssh } d i r e c t o r y
ssh_path = ’ ~/ Desktop / S a t e l l i t e _ d a t a / ModelRun / ’ ;

% Note : f o l l o w i n g d i r e c t o r i e s w i l l be generated by the s c r i p t i f d id not e x i s t a t the
l o c a t i o n .

% Furthermore , i t w i l l a lso generate d i r e c t o r i e s f o r modi f ied eddies and t rack i f you
% had al lowed eddy to unassociate . i . e ’ yes ’ a t fake eddy argument .
eddies_save_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / MyRuns / Eddy ’ ;
t racks_save_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / MyRuns / Tracks ’ ;
viewer_data_save_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / MyRuns / Modi f ied / ’ ;

% These are ex t ra outputs more d e t a i l please f o l l o w up t e x t i n sec t ion 3
viewer_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / MyRuns / Ext ra_v iewer / ’ ;
%========
% running sof tware
% NOTE: I turned on padding op t ion and de tec t i ng and t r a c k i n g eddies w i th minimum of 16

p i x e l s i ze .
complete_run ( ssh_path , eddies_save_path , tracks_save_path , ’ yes ’ , viewer_data_save_path ,

v iewer_path )

%% 5: Prepare movie
% Loading Sea Surface Height data
c l ea r ; c l c ;

o ld_path = pwd ;
ssh_path = ’ ~/ Desktop / S a t e l l i t e _ d a t a / ModelRun / ’ ;
cd ( ssh_path )
%
f i lenames = d i r ( ’ ssh_ ∗ . mat ’ ) ;
n f i l e s = leng th ( f i lenames ) ;
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%
load lon . mat
load l a t . mat
load dates . mat
%
cd ( old_path )
% 2) Loading Eddies l o c a t i o n
eddy_path = ’ ~/ Documents /MATLAB/ OceanEddies−master / MyRuns / Eddy / ’ ;
e d d y f i l e s = d i r ( [ eddy_path , ’ cyc ∗ . mat ’ ] ) ; %==== Change here and re−run the s c r i p t

% 3) Prepar ing movie
c lose a l l
h = f i g u r e (11) ;
se t ( h , ’ Pos i t i on ’ , [100 678 560 420] )
% ==Prepare Video f i l e ==
vidObj = VideoWr i ter ( ’ CycEddies . av i ’ ) ; %==== Change f i l e name i f you re−run the s c r i p t
fps = 7;
v idObj . FrameRate = fps ;
v idObj . Qua l i t y = 100;
open ( v idObj )
%
f o r f I n d = 1: n f i l e s

d isp ( [ ’ Current F i l e : ’ , i n t 2 s t r ( f I n d ) ] )
%
load ( [ ssh_path , f i lenames ( f I n d ) . name ] ) % SLA data
load ( [ eddy_path , e d d y f i l e s ( f I n d ) . name ] ) % eddy l o c a t i o n s
t ime = num2str ( dates ( f I n d ) ) ;
t ime = d a t e s t r ( datenum ( time , ’ yyyymmdd ’ ) ) ;
%
elon = [ eddies . Lon ] ; e l a t = [ eddies . Lat ] ;
eamp = [ eddies . Ampli tude ] ;
cons = eamp >= 5; cons1 = eamp >= 10;
% ensur ing dates are same
va ls = regexp ( f i lenames ( f I n d ) . name, ’ [0−9] ’ ) ;
datessh = f i lenames ( f I n d ) . name( va ls ) ;
va ls = regexp ( e d d y f i l e s ( f I n d ) . name, ’ [0−9] ’ ) ;
dateeddy = e d d y f i l e s ( f I n d ) . name( va ls ) ;
i f dateeddy ~= datessh

e r r o r ( ’ mismatch i n dates ’ )
end
% P l o t t i n g
% Background MSLA
pco lo r ( lon , l a t , data ) ; shading i n t e r p
cax is ( [ −0.5 , 0 . 5 ] )
colormap ( redblue ( leng th ( −0 .5 :0 .02 :0 .5 ) − 1) )
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h1 = co lo rba r ; y l a b e l ( h1 , ’MSLA ’ )
hold on
[ c , ha ] = contour ( lon , l a t , data , [ 0 , 0 ] , ’ l i n e s t ’ , ’− ’ , ’ c o l o r ’ , ’ k ’ , ’ l i n e w i d t h ’ , 1 .5 )

;
c l a b e l ( c , ha )

% P l o t t i n g eddies
p l o t ( e lon ( cons ) , e l a t ( cons ) , ’ . k ’ , ’ MarkerSize ’ , 20)
p l o t ( e lon ( cons1 ) , e l a t ( cons1 ) , ’ ∗k ’ , ’ MarkerSize ’ , 20)

% Ensuring closed contours
contour ( lon , l a t , data , [ −0.1 , −0.1] , ’− ’ , ’ l i n e w i d t h ’ , 1 , ’ co l o r ’ , ’ b ’ ) ;
contour ( lon , l a t , data , [ 0 . 1 , 0 . 1 ] , ’− ’ , ’ l i n e w i d t h ’ , 1 , ’ co l o r ’ , ’ r ’ ) ;
% ======
s1 = s p r i n t f ( ’Day %d Date : %s , ∗ − >10cm; . − > 5cm ’ , f Ind , t ime ) ;
t i t l e ( s1 , ’ f o n t s i z e ’ , 14 , ’ fontweigh ’ , ’ bold ’ )

M( f I n d ) = getframe ( h ) ; %#ok
c l f
c l ea r data dateeddy datessh s1

end
wr i teV ideo ( vidObj , M)
c lose ( v idObj )

5.2 Realistic Model outputs

In this type of model, outputs are analogous to altimetry outputs. That is, spatial coordinates are in
geographical coordinates and time is in standard date format. Therefore, the software can be applied to the
model’s output simply following the altimetry steps. But these data sets will require some preprocessing
such as extracting model generated sea surface and calculating anomalies. Therefore, I recommend using
analysis tools that can expedite and handle the huge size of the data to preprocess.

I outline what I did to get model outputs and how I calculated the sea level anomaly. I highly recommend
installing CDO, Ferret, and netCDF packages in your system. Once you have them then it is straight
forward from here on. Write a shell script using CDO to extract the region of interest, for me, it is south
of Tasmania (ncextract.sh). Then use another entity of CDO package to combine all the data into a file
(nccombine.sh). This will be then loaded into the Ferret for the calculation of the mean for a given time
frame and save the outputs as NetCDF. Now you can use Matlab to perform anomalies operation.

In essence, no matter what outputs you choose, it all comes to preprocessing and converting your outputs
to conform to the software input. Please note, that currently all the scripts are archived in my Dropbox.
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Appendix F

Eddy-induced carbon transport across the

Antarctic Circumpolar Current

I led the computation pertaining to physical processes that could contribute to carbon cycling

in the mesoscale eddies.

This included evaluation of the sampled eddy’s life cycle, water mass changes over the eddy’s

lifespan and assessment of its representativeness in the study region.

This facilitated interpretation of our findings at regional scale and circumpolar scale.

Contribution
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Abstract The implications of a mesoscale eddy for relevant properties of the Southern Ocean carbon cycle
are examined with in situ observations. We explored carbon properties inside a large (~190 km diameter)
cyclonic eddy that detached from the Subantarctic Front (SAF) south of Tasmania in March 2016. Based on
remote sensing, the eddy was present for ~2 months in the Subantarctic Zone (SAZ), an important region of
oceanic carbon dioxide (CO2) uptake throughout the annual cycle and carbon subduction (i.e., where mode
and intermediate waters form), before it was reabsorbed into the SAF. The eddy was sampled during the
middle of its life, 1 month after it spawned. Comparatively, the eddy was ~3°C colder, 0.5 practical salinity unit
fresher, and less biologically productive than surrounding SAZ waters. The eddy was also richer in dissolved
inorganic carbon (DIC) and had lower saturation states of aragonite and calcite than the surrounding SAZ
waters. As a consequence, it was a strong source of CO2 to the atmosphere (with fluxes up to
+25 mmol C m!2 d!1). Compared to the SAF waters, from which it originated, DIC concentration in the eddy
was ~20 μmol kg!1 lower, indicating lateral mixing, small-scale recirculation, or eddy stirring with lower-DIC
SAZ waters by the time the eddy was observed. As they are commonly spawned from the Antarctic
Circumpolar Current, and as 50% of them decay in the SAZ (the rest being reabsorbed by the SAF-N), these
types of eddies may represent a significant south-north transport pathway for carbon across the ACC and
may alter the carbon properties of SAZ waters.

1. Introduction

The oceans take upmore than 25% of anthropogenic carbon dioxide (CO2) emissions annually [Le Quéré et al.,
2013], thereby playing an important role in mitigating climate change. The Southern Ocean is a particularly
important sink, being responsible for 40% of this anthropogenic CO2 uptake [Sabine et al., 2004]. Both
Takahashi et al. [2009] and Gruber et al. [2009] identified the Subantarctic waters north of the Antarctic
Circumpolar Current (ACC) at about 40°S as the largest carbon sink. This zone is the region of interest
discussed in this paper.

Mesoscale eddies play a major role in ocean circulation and biogeochemistry [Gaube et al., 2013;McGillicuddy,
2016]. Eddies influence the distribution of biogeochemical tracers through mechanisms that include isopyc-
nal displacement, eddy-induced Ekman pumping, stirring, and trapping. Isopycnal displacement in anticyclo-
nic eddies (anticyclones) refers to the deepening of isopycnals, which decreases nutrient supply to the
surface, while cyclonic eddies (cyclones) shoal isopycnals, enhancing nutrient supply [Flierl and
McGillicuddy, 2002]. Eddy-induced Ekman pumping is the superposition of a wind-driven Ekman flow on a
mesoscale eddy, which creates Ekman suction (upwelling) in anticyclone interiors and Ekman pumping
(downwelling) in cyclone interiors [Flierl and McGillicuddy, 2002]. Stirring and trapping modify the horizontal
local distribution of biogeochemical properties, such as nutrients and Chlorophyll a (Chl a) by deforming or
transporting local gradients [Chelton et al., 2011; Lehahn et al., 2011].

Although they are ubiquitous [Dufour et al., 2015; Frenger et al., 2015], the role of Southern Ocean eddies in
biogeochemical cycling remains largely unresolved. Kahru et al. [2007] observed from 10 years of satellite
data (1998–2006) that cyclones increased phytoplankton biomass in the Scotia Sea and that the reverse
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was true for anticyclones. In contrast, Meredith et al. [2003], using 20 surface drifters and satellite-derived sea
surface Chl a, observed an increase in Chl a inside an anticyclone, also in the Scotia Sea. Song et al. [2016] used
13 years of surface seawater observations and an eddy-resolving model to show that warm anticyclonic
Drake Passage eddies are more biologically productive than surrounding waters and more productive than
their cold, cyclonic counterparts. The authors explain this apparent contradiction of eddy-pumping theory
by a stronger vertical mixing inside anticyclonic eddies [Dufois et al., 2016], which can reach the ferricline
and enhance iron supply to the iron-limited Southern Ocean surface waters. Specifically, these studies high-
light that the overall contribution of eddies to the biological production in the Southern Ocean remains lar-
gely unknown.

Even less is understood about the role of Southern Ocean eddies on ocean-atmosphere CO2 fluxes, ocean
acidification, and large-scale carbon transport. In Drake Passage, Song et al. [2016] found that anticyclones
take up more CO2 than surrounding waters in summer and that the reverse is true for cyclones. In winter,
anticyclones release more CO2 to the atmosphere than surrounding waters, and the reverse is true for
cyclones. Jones et al. [2015] reported slightly different summer results from the Georgia Basin, in the
Atlantic sector of the Southern Ocean, where they sampled two eddies with different polarity. The authors
found that both eddies were hot spots for carbon uptake along the ACC and that this was particularly true
of the large cyclonic eddy they sampled. They hypothesized that this strong uptake of CO2 was via
isopycnal displacement.

Mesoscale eddies also play a role in transporting waters across the ACC, against the backdrop of large-scale
upper layer Ekman transport [Dufour et al., 2015]. The Antarctic Circumpolar Current south of Tasmania has
been identified as a critical hot spot for the formation of eddies [Frenger et al., 2015] and for the exchange
of water across the ACC [Thompson and Sallée, 2012]. Our study focused on this region to elucidate the role
of ACC eddies on the Southern Ocean carbon cycle. Here we explored the carbon dynamics of an ~190 km
diameter cyclonic eddy spawned from the Subantarctic Front south of Tasmania (~145°E) late in the biologi-
cal active growing season (March 2016). Specifically, the goal of this study was to understand the role of this
cold-core eddy in the carbon dynamics of the surrounding Subantarctic Zone waters.

2. Materials and Methods

From 28 March to 13 April 2016 during V2-2016 cruise of Australia’s R.V. Investigator, we studied the
dynamics of a cold-core cyclonic eddy that was spawned from the northern jet of the Subantarctic Front
(SAF-N, Figure 1). Prior to this, on 15 February, an equatorward meander formed in the SAF-N, south of
Tasmania at about 50°S, 145°E (Figure 1a). An ~190 km diameter cold-core cyclonic eddy detached from this
meander on 10 March (Figure 1b) and was sampled by the Investigator approximately half way through the
eddy’s life (1 month after formation, Figure 1c). At the time of sampling, the eddy had rotated ~4.5 times at an
average angular speed of 0.527 rad d!1. On 1 May, the eddy was reabsorbed by the SAF-N (Figure 1d) after
traveling 2° north of the SAF-N. The cruise track is depicted using underway sea surface temperatures in
Figure 2a.

2.1. Satellite Data

The cyclonic eddy was tracked using sea surface height and mean sea level anomaly (MSLA) data retrieved
from the AVISO database (http://www.aviso.altimetry.fr/). The data are distributed as a 1/3° by 1/3°
Mercator grid with a temporal resolution of 7 days. A coherent patch of negative MSLA was used as a diag-
nostic for the presence of a cyclonic eddy, rotating clockwise in the southern hemisphere.

From altimetry, we calculated the finite size Lyapunov exponents (FSLEs) as a measure of the stretching of
water parcels [d’Ovidio et al., 2004]. We also calculated the “water origin” [d’Ovidio et al., 2015]. The water
origin of a water parcel is the location that parcel had at a specific time (in this study, 30 days before 30
March 2016: 1 March 2016, 10 prior to eddy spawning). This Lagrangian diagnostic is calculated by integrat-
ing backward in time through the altimetric velocity field using a fourth-order Runge-Kutta algorithm.

Sea surface Chl a was derived from the Moderate Resolution Imaging Spectroradiometer aboard NASA’s
Aqua satellite. We used the 4 km level 3 monthly composite image of sea surface Chl a for March 2016
obtained from the ocean color data distribution site: http://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/
L3SMI/.
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Satellite-derived net primary productivity (NPP) was obtained from the Ocean Productivity website at Oregon
State University (http://www.science.oregonstate.edu/ocean.productivity/) with a 9 km resolution. We used
the NPP derived from the vertically generalized production model (VGPM) [Behrenfeld and Falkowski, 1997].
VGPM is a “chlorophyll-based”model: it estimates NPP from satellite Chl a, available light, and photosynthetic
efficiency, which depends on temperature. It would have been interesting to use the carbon-based produc-
tion model [Westberry et al., 2008] as well, but this model is not available yet.

2.2. Sea Surface Parameters

Surface seawater was obtained from the main underway system onboard the R.V. Investigator. The seawater
intake is located 6.3 m below sea level. Sea surface temperature (SST) and salinity (SSS) were measured every
5 s using two onboard thermosalinographs (SBE-38 CTD and SBE-21 TSG, SeaBird Inc., Bellevue, WA, USA). The
precision of temperature and conductivity were 0.001°C and 0.001 S/m, respectively.

Fluorescence of the underway seawater was measured with a WETStar fluorometer (WS3S-443P, Wetlabs,
SeaBird Inc., Bellevue, WA, USA). Sea surface Chlorophyll a (Chl a) was measured from the underway system
and from 30 CTD casts inside the eddy, at the SAF-N and in Subantarctic waters (later referred to as the
Subantarctic Zone, SAZ). Samples of 525 mL of seawater were filtered onto 25 mm GF/F filters, extracted in
90% acetone according to standard techniques [Holm-Hansen et al., 1965; Lorenzen, 1966], and stored in

Figure 1. Mean sea level anomaly (MSLA) south of Tasmania on (a) 15 February2016, when a cold meander (indicated by an arrow) formed from the northern jet
of the Subantarctic Front, SAF-N, south of Tasmania, 50°S–145°E; (b) 10 March 2016, when a cold-core cyclonic eddy detached from this meander of the SAF-N;
(c) 1 April 2016 while we were sampling this eddy on board the R.V. Investigator; and (d) 1 May 2016 when the eddy was reabsorbed by the SAF-N. The deep red and
blue colors of MSLA indicate strong anomalies representing anticyclonic and cyclonic eddies, respectively. The SAF-N, SAF-S, and Polar Front (PF) are indicated
by continuous, dashed, and dotted black lines, respectively.
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the dark at !20°C for 24 to 72 h before analysis. Chl a was then measured with a Turner Trilogy fluorometer
that had been previously calibrated with Chl a standards from Turner Designs (Sunnyvale, California). Surface
seawater fluorescence and Chl a did not correlate well because of differences in the fluorescence yield per
unit chlorophyll during the day and night. Therefore, we chose not to calibrate fluorescence with the
measured sea surface Chl a, and we only present fluorescence as an indicator of biomass distribution. This
distribution is similar to that of satellite-derived sea surface Chl a (see below).

The partial pressure of CO2, pCO2, was continuously measured in surface seawater by using a General
Oceanics/Neill system that is equipped with a shower head equilibrator and uses a nondispersive infrared
gas analyzer (LI-COR, LI-7000) to quantify the CO2 in gas circulated from equilibrator headspace and dried
prior to measurement using a Nafion Dryer (IMOS) [Tilbrook et al., 2016]. The LI-COR analyzer was calibrated
every 3 h using four CO2-in-air reference gases (0, 254.05, 387.52, and 448.71 μatm). The instrument zero and
span were set daily using the low and high reference gases. The mole fraction of CO2 in dried marine air was
also measured every 3 h by pumping clean outside air from the foremast, at a height of 16.4 m above the
summer load line. The warming of water between the ship intake and the equilibrator was typically less than
0.5°C, and all pCO2 data were reported at sea surface temperature and salinity. The accuracy and precision of
the method was ±2 μatm. The ocean-atmosphere pCO2 difference was calculated as ΔpCO2. Negative ΔpCO2

values indicate that the surface waters are a sink for atmospheric CO2 [e.g., Roden et al., 2016].

Figure 2. Sea surface (a) temperature (SST, °C), (b) salinity, (c) fluorescence, and (d) chlorophyll a (Chl a, μg L!1) measured from the underway system along the ship
transect. Fluorescence is only presented for nighttime sampling. The SAF-N and SAF-S are indicated by continuous and dashed black lines, respectively. The
contour of the SAF-N also identifies the cyclonic eddy we sampled. In Figure 2a, the location of the reference point for SAZ waters is given as a blue cross and the
reference point for SAF-N waters is given as a gray star.
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2.3. Wind Speed, Transfer Velocity, and CO2 Fluxes

Wind speed was measured on both port and starboard sides of the ship using propeller anemometers (RM
Young 05108) located at 24 m above sea level and corrected for ship motion. Wind speed accuracy was
±0.3 m/s. Wind speed was converted to wind speed at 10 m (u10) by using a factor of 0.91 according to
Thomas et al. [2005].

We used the temporally averaged, height-corrected shipboard wind speed, u10, to derive the CO2 transfer
velocity k for short-term averaged winds [Wanninkhof, 1992]:

k ¼ 0:31# u102# Sc=660ð Þ!0:5 (1)

where Sc is the Schmidt number as a function of sea surface temperature. We calculated the ocean-
atmosphere CO2 fluxes (mmol C m!2 d!1) as

F ¼ k# K0
#ΔpCO2 (2)

where K0 is the solubility of CO2 as a function of temperature and salinity [Weiss, 1974].

2.4. Carbonate Chemistry

As alkalinity was not measured underway, we derived a new relationship between salinity and alkalinity in the
region of interest. We estimated a model II linear relationship between total alkalinity (TA) and sea surface
salinity for the upper 50 m of a region bounded between 135–148°E and 48–54°S:
TA = 31.69 × (SSS! 35) + 2305.67 (r = 0.957, p< 0.01, N = 190) by using the GLODAP-v2 database [Olsen et al.,
2016]. We compared this relationship and the TA-SSS relationship derived by Lee et al. [2006] for the Southern
Ocean to two in situ surface TA observations made during the cruise (D. Cervantes and R. Dickson, personal
communication). Our TA estimates fell within 1.5 μmol kg!1 of the observations, while TA estimates from Lee
et al. [2006] were offset by ~3 μmol kg!1 compared to the observations.

Using observed pCO2, SST, and SSS and our estimated TA from SSS, we calculated other parameters of the
carbon system chemistry, namely, dissolved inorganic carbon (DIC) and calcium carbonate saturation
states (Omega aragonite and Omega calcite). We followed the implementation of carbonate chemistry
from the OCMIP3 framework (O. Aumont, C. Le Quere and J. C. Orr, NOCES Project Interannual HOWTO,
2004, available at http://ocmip5.ipsl.jussieu.fr/OCMIP/phase3/simulations/NOCES/HOWTO-NOCES-3.
html#ss3.1). The dissociation constants used were from Mehrbach et al. [1973] refitted by Dickson and
Millero [1987].

The standard errors for the slope and y-intercept of the TA-SSS relationships were 2.1% and 0.02%, respec-
tively. These errors were propagated along with the estimation of all the other parameters of the carbon
chemistry. In addition, there exist errors associated with the estimation of DIC from pCO2 and TA [Millero
et al., 1993], which should be considered. However, given the strong gradients in carbonate chemistry we
observed between the SAZ waters, the eddy, and the SAF-N, we are confident that these uncertainties in car-
bonate chemistry would not significantly modify the conclusions of this study.

2.5. Processes Controlling Sea Surface pCO2

We compared the sea surface pCO2 between the eddy and the SAF-N, where the eddy originated (the refer-
ence point for SAF-N waters is given as a gray star in Figure 2a). The difference in sea surface pCO2 was sepa-
rated into contributions representing the role of DIC, TA, SST, and SSS differences. The relative contributions
of the drivers to pCO2 change were assessed by converting their relative change into pCO2 units (μatm) as in
Lenton et al. [2012]:

ΔpCO2 ¼
∂pCO2

∂DIC
ΔDICþ ∂pCO2

∂TA
ΔTAþ ∂pCO2

∂SST
ΔSSTþ ∂pCO2

∂SSS
ΔSSS (3)

where ΔDIC, ΔTA, ΔSST, and ΔSSS were the respective differences in DIC, TA, SST, and SSS between the eddy
and the SAF-N and where partial derivatives were calculated according to Sarmiento and Gruber [2006] as

∂pCO2

∂DIC
¼ pCO2

DIC

#
γDIC (4)

∂pCO2

∂TA
¼ pCO2

TA

#
γTA (5)
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∂pCO2

∂SST
≈pCO2

#0:0423°C!1 (6)

∂pCO2

∂SSS
≈
pCO2

SSS
(7)

where γDIC and γTA are the Revelle and alkalinity factors and are defined using an approximation of the
carbonate alkalinity as in Sarmiento and Gruber [2006]:

γDIC ¼ 3 TA#DIC! 2DIC2

2DIC! TAð Þ TA! DICð Þ
(8)

γTA ¼ TA2

2DIC! TAð Þ TA! DICð Þ (9)

To look at the effects of the eddy on its surrounding waters, we apply the same calculation to the difference
of pCO2 between the eddy peripheral waters (i.e., the waters outside of the eddy, but within a 50 km distance)
and a reference point for Subantarctic Zone waters (50.3°S, 144.5°E) crossed by the ship prior to sampling the
eddy (blue cross in Figure 2a).

2.6. CTD Profiles

We present 10 CTD profiles on a zonal transect through the center of the eddy. The nitrate and nitrite (NOx)
and silicate concentrations were determined with a Seal AA3 segmented flow instrument following the
methods of Wood et al. [1967] and Armstrong et al. [1967]. The precision for reactive nitrate was ±0.02 μM;
for reactive nitrite, ±0.02 μM; and for reactive silicate, ±0.2 μM. The temperature and salinity were measured
using a Seabird SBE911 with dual conductivity and temperature sensors (SeaBird Inc., Bellevue, WA).

3. Results
3.1. Physics, Biology, and Carbon Chemistry of the Eddy and Surrounding SAZ Waters

The circumpolar jets of the ACC form the boundaries of different water masses. Each zone has its own hydro-
graphy, biology, and carbon chemistry. Sea surface temperature and salinity decreased from north to south in
our observations (Figures 2a and 2b). The SAF-N surface waters were colder and fresher than those in the SAZ
(Table 1). The water properties of the eddy lay between the SAF-N and SAZ properties.

Nighttime fluorescence is presented in Figure 2c as an indicator of autotrophic biomass, which showed a
decrease from north to south. It was lower at the SAF-N and in the eddy than in SAZ waters (Figure 2c).
The fluorescence was highest at the eddy periphery. The meridional gradient in underway fluorescence is
consistent with the sea surface Chl a distribution measured in samples from the underway seawater supply
and from CTD casts (Figure 2d) and with the distribution of mean sea surface Chl a concentration retrieved
from satellite for March 2016 (Figure 3). South of Tasmania, Chl a concentration is lower in the SAF-N and
SAF-S than it is in the SAZ. The eddy is clearly visible by a patch of lower Chl a concentrations than in sur-
rounding SAZ waters.

Estimated TA decreased from north to south with higher values in the SAZ and lower values at the SAF-N and
in the eddy (Figure 4a and Table 1). The calculated DIC was higher at the SAF-N front and in the eddy than in
the SAZ (Figure 4b and Table 1), presumably due to the upwelling of DIC-rich deep waters further south. As a

Table 1. Difference in SST (°C), Salinity (PSU), TA (μmol kg!1), DIC (μmol kg!1), Omega Aragonite, and pCO2 (μatm)
Between the Eddy and SAZ Waters (Left Column), Between the Eddy and its SAF-N Origin Waters (Middle Column), and
Between the Eddy Periphery and the SAZ Waters (Right Column)

Eddy-SAZ Waters Eddy-SAF-N Eddy Periphery-SAZ

SST !3 +2 !1
Salinity !0.5 +0.2 !0.2
Alkalinity !20 +5 !5
DIC +20 !20 +10
Omega aragonite !0.5 +0.2 !0.1
pCO2 +30 +10 +5
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result of these higher DIC concentrations, the saturation states (Ω) of aragonite and calcite were significantly
lower (~!0.5 units) at the SAF-N and in the eddy than in the surrounding SAZ waters (Figures 4c and 4d and
Table 1).

SAZ waters are a CO2 sink at this time of the year, as shown by their negative ΔpCO2 values (down to
!50 μatm; Figure 5a). The front and the eddy were CO2 sources to the atmosphere as shown by their positive
ΔpCO2 values (up to +25 μatm in the eddy and +17 μatm at the SAF-N). Due to the high wind speeds that
prevail in the Southern Ocean (up to 25 m s!1) and the large positive ΔpCO2 values, the eddy and the SAF
were strong CO2 sources with CO2 fluxes of up to 25 mmol C m!2 d!1 (Figures 5b–5d).

While frontal jets act as transport barriers, eddies spawned by the jets contribute to meridional transport of
physical and biological properties across jets, through trapping. As the eddy was spawned northward from
the SAF-N, it transported SAF-N waters and their T, S, Chl a, and carbon properties into SAZ waters.

3.2. Spatial Pattern in Eddy Carbon Chemistry

The change in water mass properties between the eddy and the surrounding SAZ waters was gradual from
the eddy center to its periphery (Figure 6). Temperature, salinity, and alkalinity increased from the eddy cen-
ter to the periphery (Figures 6a–6c). The calculated DIC was high at the eddy center and decreased toward its
periphery (Figure 6d). As a consequence, aragonite saturation state (ΩA) increased and ΔpCO2 decreased
from the eddy center to its periphery (Figures 6e and 6f). This gradient shows that the eddy was not an iso-
lated water body, and it exchanged water properties with the waters around it.

3.3. Evolution of Eddy Carbon Chemistry

We also looked at the temporal change in carbon dynamics inside the eddy compared to the front from
which it originated. Figure 7 and Table 1 present differences in properties between the inside of the eddy
(defined as inside the MSLA 0 contour) and the eddy origin at the SAF-N. The reference point for frontal
waters crossed by the ship is given as a gray star in Figure 2a. It should be noted here that the physical
and biogeochemical properties at the front where the eddy originated may have changed between the eddy
spawning and our sampling because fronts are dynamic, being in intense and turbulent currents, in particular
for biogeochemical properties associated with strong seasonal and intraseasonal cycles. At the time of sam-
pling, 1 month after it spawned from the SAF-N, the eddy was ~2°C warmer than the front (Figure 7a). Salinity
was 0.2 higher inside the eddy compared to the SAF-N (Figure 7b), and correspondingly, TA estimated from
salinity was 5 μmol kg!1 higher (Figure 7c).

Figure 3. Satellite-derived sea surface Chl a for the month of March 2016. The SAF-N, SAF-S, and PF are indicated by continuous, dashed, and dotted black lines,
respectively.

Global Biogeochemical Cycles 10.1002/2017GB005669

MOREAU ET AL. EDDY-INDUCED CARBON TRANSPORT 1374

Appendix F. Eddy-induced carbon transport across the Antarctic Circumpolar Current

−151−



The calculated DIC was ~20 μmol kg!1 lower in the eddy than at the front (Figure 7d). This decrease could be
due to either primary production that took place inside the eddy prior to sampling, air-sea CO2 fluxes, or lat-
eral exchange with lower-DIC SAZ waters. The influence of these processes on DIC would be in part counter-
acted by the expected doming of isopycnals inside the cyclonic eddy, which would have brought DIC-rich
waters to the eddy surface. The change in DIC concentration in the eddy must reflect the balance between
these four processes. As a result of this decrease in DIC and warming, the saturation state of aragonite
(Omega aragonite) increased by ~0.2 inside the eddy compared to the front (Figure 7e).

Finally, the decrease in DIC inside the eddy lowered the sea surface pCO2, while the increase in temperature
inside the eddy elevated the sea surface pCO2. Changes in DIC and temperature acted in opposition on the
eddy pCO2 (Figure 8). The observed result was that the eddy was likely to be a slightly stronger CO2 source
based on the measured increase in pCO2 (by ~10 μatm) than the SAF-N (Figure 7f).

3.4. Evolution of Carbon Chemistry at the Eddy Periphery

We also looked at the changes in carbonate chemistry at the eddy periphery compared to a reference point
for SAZ waters. Figure 9 and Table 1 present the differences between properties at the eddy periphery
(defined as a 50 km wide ring outside the MSLA 0 contour) and in SAZ waters (the reference point for SAZ
waters, 50.5°S, 145°E, is the blue cross in Figure 2a). Compared to this reference point, the waters at the eddy
periphery were slightly colder due to mixing with eddy waters (Figure 9a and Table 1). Salinity did not change
significantly at the eddy periphery (Figure 9b), nor did estimated TA (Figure 9c).

Figure 4. Sea surface (a) estimated TA (μmol/kg), (b) calculated DIC (μmol/kg), (c) Omega aragonite, and (d) Omega calcite along the ship transect. The SAF-N and
SAF-S are indicated by continuous and dashed black lines, respectively. The contour of the SAF-N also identifies the cyclonic eddy we sampled.
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The calculated DIC slightly increased at the periphery (Figure 9d) compared to SAZ waters, as a result of the
balance between lateral exchange across the eddy periphery (eddy waters are 20 μmol kg!1 richer in DIC
than SAZ waters) and primary production at the eddy periphery. As a result of this increase in DIC and an
associated decrease in sea surface temperature, the saturation states for aragonite and calcite at the eddy
periphery were slightly lower than for the surrounding SAZ waters (Figure 9e for Omega aragonite). Sea
surface pCO2 was slightly higher at the eddy periphery compared to the surrounding SAZ waters
(Figure 9f). The changes in DIC and temperature at the eddy periphery had opposite effects on the sea
surface pCO2 (Figure 8).

4. Discussion
4.1. How Did the Biogeochemistry of the Eddy Compare to Other Southern Ocean Eddies?

Although it was a cold-core cyclonic eddy with doming isopycnals, our eddy was not biologically productive
compared to SAZ waters as shown by the low Chl a concentrations measured in situ and from satellites. We
first investigate this apparent departure from the eddy-pumping theory [Flierl and McGillicuddy, 2002].

In the Southern Ocean, eddies are mainly formed downstream of topographic obstacles due to the destabi-
lization of the ACC jets [Frenger et al., 2015]. If they interact directly with islands, some eddies may contain
elevated iron concentrations, such as eddies in the wake of the Kerguelen plateau [Grenier et al., 2015] or

Figure 5. (a) ΔpCO2 (μatm) and (b) ocean-atmosphere CO2 fluxes (mmol m!2 d!1) measured from the underway system along the ship transect. (c) Wind speed
(m s!1) and (d) ocean-atmosphere CO2 fluxes (mmol m!2 d!1) during the voyage. The SAF-N and SAF-S are indicated by continuous and dashed black lines,
respectively. The contour of the SAF-N also contours the cyclonic eddy we sampled.
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Figure 6. Change from the center of the eddy to the eddy periphery in (a) SST (°C), (b) salinity, (c) estimated TA (μmol/kg), (d) calculated DIC (μmol/kg), (e) Omega
aragonite, and (f) ΔpCO2 (μatm). Each color represents a separate transect between the eddy center and the periphery.

Figure 7. Property of the water inside the eddy (i.e., inside the MSLA 0 contour) minus the SAF-N (i.e., the eddy origin) property for (a) SST (°C), (b) salinity, (c) esti-
mated TA (μmol/kg), (d) calculated DIC (μmol/kg), (e) Omega aragonite, and (f) ΔpCO2 (μatm).
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eddies formed east of South
Georgia Island. Most eddies, how-
ever, form in regions with deeper
bathymetry (a few thousand
meters). The eddy we studied
was generated through the
interaction of the ACC with the
South-East Indian Ridge, away
from any near-surface iron input.
Therefore, we consider it very
typical of the Southern Ocean
eddy field [Frenger et al., 2015;
Morrow et al., 2004].

The introduction highlighted con-
trasting behavior of Southern
Ocean cyclones and anticyclones
with regard to productivity and
CO2 fluxes, modulated by the sea-
sonal cycle [Jones et al., 2015;
Kahru et al., 2007; Meredith et al.,
2003; Song et al., 2016]. The differ-
ent behavior of cyclones and

anticyclones could potentially be explained by the availability of iron. In the Drake Passage, as it is in most
of the Southern Ocean, iron is the main limiting nutrient to surface waters [Moore et al., 2013; Tagliabue
et al., 2017]. In their model, Song et al. [2016] observed that mixing inside eddies had a different effect on iron

Figure 8. Net pCO2 change and change drivers (μatm) for waters inside the
eddy compared to the SAF-N (i.e., the eddy origin, black) and for waters at the
eddy periphery compared to a reference point for Subantarctic Zone waters
(50.5S, 145E, gray).

Figure 9. Property of the water at the eddy periphery (i.e., outside the MSLA 0 contour but within a 50 km distance) minus SAZ waters property, a reference point
for Subantarctic waters (50.5S, 145E) sampled on board the R.V. Investigator (blue cross in Figure 2a) for (a) SST (°C), (b) salinity, (c) estimated TA (μmol/kg),
(d) calculated DIC (μmol/kg), (e) Omega aragonite, and (f) ΔpCO2 (μatm).
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than on other nutrients, such as nitrate, because of its stronger normalized vertical gradient. That is, at the
base of the mixed layer, (dFe/dz)/Fe > (dNOx/dz)/NOx. Anticyclones mix deeper than cyclones [Dufois et al.,
2016; Dufois et al., 2014] and, as a result, Song et al. [2016] showed Southern Ocean anticyclones had higher
iron concentrations than surrounding waters and were more productive. Southern Ocean cyclones had lower
iron concentrations relative to surrounding waters, despite doming isopycnals. Shallower penetration of
mixing into the Fe gradient led to lower Fe concentrations in cyclones, greater iron limitation, and therefore
less productivity.

Iron was scarce inside our cyclonic eddy, with concentrations as low as 20 pmoles L!1 (M. Ellwood, perso-
nal communication). It is expected that iron levels will be low (i.e., ~0.2 nmoles L!1) in surface waters of
the Southern Ocean at the end of the phytoplankton growing season [Boyd et al., 2012], particularly in SAF
waters [Lannuzel et al., 2011]. Contrary to the case for iron, doming isopycnals inside the eddy replenished
the surface layer with macronutrients (as shown for nitrate and nitrite, NOx, in Figure 10a). Therefore, the
cyclonic eddy we studied was consistent with the hypothesis that cyclonic eddies can be unproductive
[Song et al., 2016], despite the doming of isopycnals and the high concentrations of some macronutrients
that we observed. In this sense, this eddy would have behaved as a high-nutrient low-chlorophyll (HNLC)
region, conditions that prevail throughout much of the land-remote Southern Ocean [Tagliabue
et al., 2017].

In addition to iron, other possible factors could have contributed to low chlorophyll in the eddy. First, light
could be limiting production at this time of the annual cycle. However, other areas of the SAF front, the
SAZ waters, and the Polar Front waters were more productive than the eddy at the time of sampling
(Figure 3). Second, Tagliabue et al. [2017] emphasized the importance of deep mixing for supplying iron to
surface waters of the Southern Ocean, but Cheah et al. [2016] suggested that deep mixing of silicic acid as
well as iron may regulate phytoplankton productivity between the SAF and the Polar Front. The surface sea-
water silicate concentrations we measured in the eddy were as low as 3 μmol L!1 despite doming isopycnals
(Figure 10b) and nitrate concentrations above 20 μmol L!1 (Figure 10a). In comparison, Sedwick et al. [1999],
who studied the primary production of sub-Antarctic waters south of Tasmania, reported that iron deficiency
(concentration of 0.11 nM) limited algal growth even though silicic acid concentration was <1 μM, so we
discount the possibility of silicic acid limitation.

Finally, zooplankton can be effectively transported by cyclonic eddies [Chenillat et al., 2016] and can exert
significant grazing pressure in the HNLC region of the Southern Ocean during summer [Le Quéré et al.,
2016]. In the SAF region south of Tasmania, between 1991 and 2008, the main zooplankton species found
near the surface were euphausiids (Thysanoessa macrura furcillia, Thysanoessa macrura calyptopis, and

Figure 10. Vertical section of (a) NOx (nitrate + nitrite, μmol L!1) and (b) silicate (μmol L!1) on a west-east transect across the eddy. Potential density isopycnals (σθ)
are indicated. The vertical dotted lines indicate the position of the CTD casts relative to the most western one (in km).
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Euphausia triacantha), cyclopoid and calanoid copepods (Oithona similis,Metridia lucens, Ctenocalanus vanus,
Ctenocalanus citer, Clausocalanus brevipes, Calocalanus spp., and Calanus simillimus), tunicates (Oikopleura
spp.), and ostracods [McLeod et al., 2010]. Therefore, we suggest that in addition to bottom-up control by
low iron supply, zooplankton may represent a top-down control on primary producers inside the eddy.

4.2. How Did Inorganic Carbon Dynamics Inside the Eddy Compare to Other Eddies?

In their study, Song et al. [2016] showed that Drake Passage cyclones had more DIC than surrounding waters
because of doming isopycnals and eddy trapping. In the Southern Ocean north of the Southern ACC bound-
ary, DIC typically increases southward, so water trapped in a cyclonic eddy at our study site will have high DIC
relative to surrounding waters. This was the case for the cyclone we sampled, where calculated DIC was
~20 μmol kg!1 higher than the surrounding SAZ waters (Figure 4b and Table 1). Despite the consistently
higher DIC concentrations in Drake Passage cyclones, Song et al. [2016, Figure 4] reported that pCO2 was
higher in summer and lower in winter relative to surrounding waters, depending on a balance between
the role of temperature and DIC anomalies on pCO2. In the context of Song et al. [2016], our cyclonic eddy
is a late summer/early fall cyclonic eddy, with higher DIC and pCO2 than its surrounding waters.

The impact of our cold-core cyclonic eddy on the sea surface pCO2 of Subantarctic waters north of the SAF is
similar to the cyclonic eddy studied by Chen et al. [2007], who found that a cold-core cyclonic eddy, which
was a CO2 source, decreased the overall CO2 sink of waters in the lee of the main Hawaiian Islands by 17%.
However, the same study highlighted a spatial pattern of pCO2 throughout the eddy and its periphery. In
the core of the eddy, the upwelling brought CO2-rich waters to the surface, outgassing CO2. By contrast,
toward the eddy periphery, enhanced biological productivity lowered the sea surface pCO2. At the eddy per-
iphery the pCO2 was controlled by sea surface temperature. Bates et al. [2000] also observed a surface pCO2

variability of ~5–25 μatm across cyclonic and anticyclonic eddies in the Sargasso Sea. In contrast to these two
studies, we did not observe a minimum pCO2 through the transects across the eddy, but rather a gradual
decrease from the center to the periphery (Figure 6). This could be explained by the low primary productivity
inside our eddy.

4.3. The Evolution of Carbon Chemistry Inside the Eddy Indicates Mixing With SAZ Waters

The calculated DIC was ~20 μmol kg!1 lower in the eddy than at the SAF-N (Figure 7d). Inside the eddy, ver-
tical velocities associated with the doming of isopycnals would have brought DIC-rich deep waters to the sur-
face. In contrast, three processes could have reduced DIC inside the eddy: outgassing of CO2, enhanced
primary productivity compared to the SAF-N, and lateral exchange (lateral mixing, small-scale recirculation,
or eddy stirring) with SAZ waters with lower DIC concentration. We examine all these processes in turn.

Vertical velocities associated with mesoscale eddies are at least an order of magnitude smaller than typical
horizontal velocities [Klein and Lapeyre, 2009], so they are very difficult to measure. Eddy pumping theory pre-
dicts that vertical velocity will be positive, or upwelling during the early life and strengthening phase of a
cyclone, with positive density anomaly [McGillicuddy et al., 1998; McNeil et al., 1999]. However, recent studies
have tried to demonstrate that vertical velocities are not spatially homogenous in eddies and consist of a
dipole of both upwelling and downwelling or a vortex Rossby wave [Nardelli, 2013]. The cold-core cyclonic
eddy we sampled likely followed the accepted eddy pumping theory. However, we have not been able to
obtain a reliable estimate of vertical velocity in the eddy. Preliminary estimates from the lowered ADCP data
using the latest processing software of Thurnherr [2011] were not consistent across the eddy (and it is not yet
clear whether this reflects inhomogeneity of flow or instrumental issues).

Due to the high wind speeds that prevailed when the ship crossed the SAF-N (~20 m s!1), air-sea CO2 fluxes
were strong: ~20 mmol m!2 d!1. Assuming constant air-sea CO2 fluxes over 1 month since the eddy
spawned from the SAF-N, the eddy may have released up to 600 mmol CO2 m

!2 to the atmosphere, decreas-
ing DIC inside the eddy upper-mixed layer (UML) by 6 μmol kg!1. The UML was found to be 100 m deep as
shown in Figure 10. This calculation is an upper bound since satellite-derived wind speeds over the region
were lower during February and March 2016 (~10 m s!1 on average, http://images.remss.com/windsat/).

Satellite-derived NPP was low inside the eddy during its first month (~150–200 mg C m!2 d!1, Figure 11).
Such NPP would lower the DIC concentration inside the eddy by ~4–5 μmol kg!1 over 1 month with a con-
stant UML of 100 m. It should be noted that the vertically generalized production model (VGPM) [Behrenfeld
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and Falkowski, 1997] tends to overestimate NPP by 6% on average [Milutinović and Bertino, 2011]. However,
such an overestimation would only increase the estimated NPP effect on DIC by 0.2 to 0.3 μmol kg!1.

Lateral exchange between the eddy and surrounding SAZ waters could be accomplished by lateral mixing,
small-scale recirculation within and around the eddy, and eddy stirring. According to Frenger et al. [2015],
the contribution of eddy stirring to tracer anomalies in eddies in the Southern Ocean is small (<20%), espe-
cially for eddies in the ACC. On the contrary, we find evidence for isopycnals stirring of temperature and sali-
nity anomalies in the fine-scale interleaving of water masses in CTD data. Figure 12 is a θ-S diagram based on
profiles of conservative temperature and absolute salinity from CTD casts in the SAF-N where the eddy origi-
nated (dark blue curves), in the center of the eddy (green curves), and profiles between the center and per-
iphery of the eddy (yellow to red). The eddy profiles all have considerable fine-scale structure, suggestive of
strong interleaving of water masses that is consistent with eddy stirring across the radial θ-S gradients in the
eddy. The gradual warming and increasing salinity of the θ-S profiles from the eddy center (green) to the
eddy periphery (red) is consistent with strongmixing, likely both isopycnal and diapycnal, as the eddy transits
from its formation at the SAF-N to well within the SAZ. The freshening and strong warming at the surface
between the SAF-N profile and the eddy center suggests buoyancy-driven density changes forced by air-
sea heat and freshwater fluxes, which are consistent with the northward movement of the eddy.

We find supporting evidence for the small-scale recirculation hypothesis in Lagrangian analyses using satel-
lite data around the time of the voyage. The extent to which an eddy is sensitive to intrusion can be inferred
from Lagrangian coherent structures, which act as transport barriers and are quantified by finite size
Lyapunov exponents (FSLEs, Figure 13a) [Lehahn et al., 2011]. In previous studies, a spiraling pattern in
Lagrangian coherent structures has been identified as horizontal intrusion of ambient particles through hor-
izontal stirring [d’Ovidio et al., 2013; Lehahn et al., 2011]. Our eddy showed a spiraling structure of the FSLE
(Figure 13a), which suggests that it was, indeed, exchanging water with its surroundings. Furthermore, a
Lagrangian analysis of the latitude of water parcels 30 days prior to eddy sampling (Figure 13b) also shows
filaments originating from north and south of the eddy intertwined inside the eddy.

Based on the net budget of DIC within the eddy (!20 μmol kg!1) since the spawning of the eddy and relative
to source waters, we provide a conceptual summary of the main processes driving DIC dynamics inside the

Figure 11. Weekly satellite derived net primary productivity (NPP) calculated from the vertically generalized production model (VGPM) [Behrenfeld and Falkowski,
1997] for the whole month of March 2016, prior to and during eddy sampling. The SAF-N and SAF-S are indicated by continuous and dashed black lines, respec-
tively. The contour of the SAF-N also identifies the cyclonic eddy we sampled.
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observed cold-core cyclonic eddy in Figure 14. Eddy pumping would have increased DIC concentration in the
surface layer of the eddy, but we were not able to directly calculate this flux. On the contrary, NPP and air-sea
CO2 fluxes likely decreased DIC by 5 and 6 μmol kg!1, respectively. In addition, residual processes would have
decreased DIC by at least 9 μmol kg!1, with possible candidates being lateral mixing, eddy stirring [Frenger
et al., 2015] or small-scale recirculation (submesoscale features) [d’Ovidio et al., 2013]. Unfortunately, the exact
amplitude of lateral mixing cannot be inferred without a proper calculation of the eddy pumping term.
However, we believe that the eddy pumping term was positive during the first month of the eddy’s life
and would have exacerbated the loss of DIC due to lateral exchange processes to more than 9 μmol kg!1.

4.4. Consequences of Eddy Transport North of the ACC

The ACC is a barrier to north-south exchange except near significant topographic features (Kerguelen
Plateau, Macquarie Ridge/Campbell Plateau, and Drake Passage/Scotia Ridge) [Thompson and Sallée, 2012].

Figure 12. Conservative temperature (°C) versus absolute salinity (g kg!1) for CTD profiles from the SAF-N (blue), the eddy center (green), middle (yellow and
orange), and periphery (red). The profile colors are based on dynamic height (DHT, m) of the sea surface relative to 1500 dbar. Potential density relative to the
sea surface is contoured.

Figure 13. (a) Finite size Lyapunov exponents (FSLE, d!1). (b) Lagrangian analysis of the origin location (only latitude is presented here) of water parcels 30 days
prior to eddy sampling (31 March 2016). The SAF-N and SAF-S are indicated by continuous and dashed black lines, respectively. The contour of the SAF-N also
contours the cyclonic eddy we sampled.
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The meandering of the jets south of Tasmania is one of the key regions for water mass properties transport
across the ACC, together with the Drake Passage and the Kerguelen Plateau [Thompson and Sallée, 2012,
Figure 10]. Ekman transport and eddies are the principal mechanisms for transferring heat, salt, and carbon
across the zonal ACC [Dufour et al., 2015; Ito et al., 2010]. In a previous study in the same region, Rintoul and
Trull [2001] found that Ekman transport supplied cool, fresh, nutrient-rich SAF waters to the SAZ. Additional
work suggests that this Ekman transport is a dominant control on Subantarctic mode water properties
[Rintoul and England, 2002] and anthropogenic carbon [McNeil et al., 2001]. Therefore, both Ekman transport
and mesoscale eddies may be important processes that transport water across the ACC south of Tasmania,
with their relative importance not yet quantified.

Although the eddy we studied had a short life span (2 months), eddies may live up to 2 years in this region
[Morrow et al., 2004] and have been observed to penetrate much further north into SAZ waters [Trull et al.,
2001]. Morrow et al. [2004] observed 19 cold-core cyclonic eddies between 1993 and 2000 that originated
in the SAF, moved into SAZ waters, and lasted more than 6 months. These eddies were either reabsorbed
by the SAF, merged with other cold-core eddies, or decayed in SAZ waters. By using a more recent algorithm
for eddy detection [Faghmous et al., 2015], we find that, from 1993 to 2014, 215 long-lived (>3 months)
eddies originated in the region bounded between 45–55°S and 135–155°E. Of these eddies, 64 cold-core
cyclonic eddies originated in the SAF-N and moved into SAZ waters, 32 were reabsorbed by the front, and
the other 32 decayed in SAZ waters. The other eddies were either cyclones and anticyclones that originated
from the SAZ waters and traveled west, anticyclones that originated in the SAF and traveled south, or
cyclones that originated in the Polar Front (PF) and remained between the PF and the SAF. Hence, given their
long life, their abundance, and their fate, ACC eddies may significantly alter the carbon dynamics of SAZ
waters north of the ACC.

In late summer and early fall, when our eddy was spawned, the Subantarctic Front region was largely unpro-
ductive, DIC-rich, and a CO2 source to the atmosphere. This contrasts with most of the Southern Ocean south
of Australia at this time of year, including the SAZ as monitored at the Southern Ocean Time Series site
[Shadwick et al., 2015], iron-rich waters over and downstream of the Kerguelen Plateau [Jouandet et al.,
2008; Lo Monaco et al., 2014], southern ACC waters offshore of East Antarctica [Roden et al., 2016], and coastal
Antarctic waters [e.g., Gibson and Trull, 1999; Moreau et al., 2012; Moreau et al., 2013; Roden et al., 2013;
Shadwick et al., 2014], which are CO2 sinks. Our eddy consisted of a large body of water that was a CO2 source
and had low saturation states of aragonite and calcite. Thus, it would have reduced the strength of the CO2

Figure 14. Summary of processes driving DIC dynamics inside the cold-core cyclonic eddy we sampled in March 2016. NPP = net primary production. The thickness
of each arrow represents the relative intensity of the process.
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sink and calcium carbonate saturation states of the SAZ waters north of the ACC. Whether the presence of the
eddy in SAZ waters was significant in terms of impacts on atmospheric CO2 concentration is less clear. This
body of water would have also behaved as a CO2 source if it remained south of the SAF, although this role
as a CO2 source could have been lesser due to cooling. But traveling northward into the SAZ and experien-
cing 2°C warming would have further increased CO2 fluxes to the atmosphere.

The eddy also mixed significantly its DIC-rich waters with lower-DIC SAZ waters. This is noteworthy with
regard to ocean acidification as we have shown that this cyclonic eddy had ~0.5 lower Omega aragonite
and Omega calcite than SAZ waters (Figures 4c and 4d and Table 1), with potentially negative consequences
for calcifying organisms [Kawaguchi et al., 2013; Orr et al., 2005]. This is also significant because the SAZ is one
of the most important regions for carbon uptake and storage in the Southern Ocean [Gruber et al., 2009;
Lenton et al., 2013; Takahashi et al., 2009]. The high DIC concentration in the eddy, had it remained in the
SAZ into winter, would have been subjected to deep mixing during the formation of mode and intermediate
waters in the SAZ region, potentially releasing more CO2 to the atmosphere and/or increasing the DIC con-
centration of Subantarctic mode water (SAMW). Similarly, Herraiz-Borreguero and Rintoul [2010] demon-
strated that the salinity of SAMW south of Tasmania was influenced by eddies spawning from the SAF.

It should also be considered that we only studied a cold-core cyclonic eddy, late in the season. The main
effect of this eddy could be different earlier in the production season. Anticyclonic eddies that move south
from the SAF into polar waters may be the counterparts of cold-core cyclonic eddies as the one we studied.
Given all these uncertainties, the role of eddies to the Southern Ocean carbon cycle should be investigated
further. Finally, eddy kinetic energy across the Southern Ocean has increased in recent decades, likely due to
the strengthening of Southern Ocean westerly winds [Hogg et al., 2015]. Thus, a warmer world with continued
strengthening of westerly winds [Thompson et al., 2011] and increasing eddy activity may amplify the impact
of eddies on the carbon cycle.
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