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Abstract

Meridional eddy transport across the Antarctic Circumpolar Current is an essential component of the global meridional over-

turning circulation and the transport of climate relevant tracers. Challenges in comparing model and observational estimates

of the transport arise from varying methodologies describing ‘eddy’ processes. We reconcile the approach used in shipboard

surveys of eddies, complemented by satellite eddy tracking, with Reynolds decomposition applied to model outputs. This al-

lows us to estimate the fraction of total meridional tracer transport attributed to coherent eddies in a global 0.1$ˆ\circ$ ocean

model. The model realistically simulates observed eddy kinetic energy and three-dimensional characteristics, particularly in

representing an observed cyclonic eddy near 150 \degrees E, a hotspot for poleward heat flux. Annual meridional transports

due to coherent eddies crossing the Subantarctic Front are estimated by vertically and radially integrating the tracer contents

of all eddies. Notably, only cyclonic eddies moving equatorward across the Subantarctic Front contribute to the coherent eddy

transport, with no anticyclonic eddies found to cross the front poleward in this region. Applying Reynolds decomposition, our

study reveals predominantly poleward meridional transports due to all transient processes in a standing meander, particularly

between the northern and southern branches of the Subantarctic Front. Coherent, long-lived eddies tracked from satellite data

contribute less than 20\% to transient poleward heat transport, and equatorward nitrate transport in the model. Furthermore,

we demonstrate that the integrated surface elevation of mesoscale eddies serves as a reliable proxy for inferring subsurface eddy

content.
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Key Points:14

• Standing meanders in the Antarctic Circumpolar Current are hotspots for pole-15

ward heat and salt, as well as equatorward nitrate transport.16

• Long-lived cyclonic eddies contribute less than 20% of the poleward transient heat17

and equatorward nitrate transport across the Subantarctic Front south of Tasma-18

nia.19

• Integrated Surface Elevation emerges as a promising proxy for estimating the trans-20

port of physical and biogeochemical tracers by coherent eddies.21
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Abstract22

Meridional eddy transport across the Antarctic Circumpolar Current is an essential com-23

ponent of the global meridional overturning circulation and the transport of climate rel-24

evant tracers. Challenges in comparing model and observational estimates of the trans-25

port arise from varying methodologies describing ‘eddy’ processes. We reconcile the ap-26

proach used in shipboard surveys of eddies, complemented by satellite eddy tracking, with27

Reynolds decomposition applied to model outputs. This allows us to estimate the frac-28

tion of total meridional tracer transport attributed to coherent eddies in a global 0.1◦29

ocean model. The model realistically simulates observed eddy kinetic energy and three-30

dimensional characteristics, particularly in representing an observed cyclonic eddy near31

150 ◦E, a hotspot for poleward heat flux. Annual meridional transports due to coher-32

ent eddies crossing the Subantarctic Front are estimated by vertically and radially in-33

tegrating the tracer contents of all eddies. Notably, only cyclonic eddies moving equa-34

torward across the Subantarctic Front contribute to the coherent eddy transport, with35

no anticyclonic eddies found to cross the front poleward in this region. Applying Reynolds36

decomposition, our study reveals predominantly poleward meridional transports due to37

all transient processes in a standing meander, particularly between the northern and south-38

ern branches of the Subantarctic Front. Coherent, long-lived eddies tracked from satel-39

lite data contribute less than 20% to transient poleward heat transport, and equator-40

ward nitrate transport in the model. Furthermore, we demonstrate that the integrated41

surface elevation of mesoscale eddies serves as a reliable proxy for inferring subsurface42

eddy content.43

Plain Language Summary44

The Antarctic Circumpolar Current regulates how much heat, salt, and nutrients45

can be transported across it. Ocean swirls, known as eddies, are vital for this transport,46

influencing the large-scale circulation of the Southern Ocean and supplying essential oxy-47

gen and nutrients to subtropical and tropical waters. But, comparing the eddy trans-48

ports from shipboard observations and ocean models has been challenging due to dif-49

ferent methods used to define eddies. This makes it difficult to know if observations and50

models agree. In this paper, we apply methods used for observations to a model so that51

we can directly compare the model and observations. We focussed on the Subantarctic52

Front of the Antarctic Circumpolar Current in a region of intense eddy heat transport53
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toward Antarctica. We showed that the transport by coherent eddies, which ship obser-54

vations can measure, agreed between the model and observations. We further showed55

that this part of the transport only accounted for 20% of the total eddy transport by all56

other transient processes such as smaller eddies, filaments, and waves. This suggests that57

high resolution models validated by shipboard observations are essential for accurately58

quantifying the transport of heat and salt toward Antarctica and nutrients toward the59

equator. Additionally, we have shown that the volume of water displaced by an eddy at60

the ocean’s surface can tell us about how much heat, salt, and nutrients it carries.61

1 Introduction62

The poleward transport of heat and salt in the Southern Ocean is a key compo-63

nent of the meridional overturning circulation and is essential to maintaining the Earth’s64

energy balance. The transport of nutrients, particularly nitrate, from the Southern Ocean65

to lower latitudes via subduction of Subantarctic Mode Water shapes the global nutri-66

ent budget and lower latitude primary productivity (Palter et al., 2010). The relative67

importance of the mechanisms that transport heat, salt, and nutrients (referred to here68

as tracers) across the quasi-zonal, eastward-flowing Antarctic Circumpolar Current (ACC)69

remains an active area of research.70

Mesoscale eddy processes play a dominant role in the transport of tracers. How-71

ever, the term “eddy” has been used interchangeably in the literature for either coher-72

ent ring structures or fluctuations about an Eulerian time or spatial mean state or both.73

This interchangeability of the eddy term has divided studies of the poleward transport74

of tracers into two research avenues: meridional transport by isolated ring structures,75

referred to as coherent eddies, and transport by the covariance of velocity and tracer fluc-76

tuations, which we refer to as transient processes. The former research primarily devel-77

oped from ship-based observations of coherent mesoscale eddies (e.g. TheRingGroup, 1981;78

Joyce et al., 1981; Morrow et al., 2004; Patel et al., 2019, 2020) and the latter developed79

from time-series analysis of moored observations and eddy-resolving ocean circulation80

models (e.g. Phillips & Rintoul, 2000; Meijers et al., 2007; Watts et al., 2016; Tréguier81

et al., 2014; Sekma et al., 2013; Tréguier et al., 2017). These different avenues have the82

potential to confuse comparisons between studies, as coherent eddies are transient fea-83

tures, but not all transient processes are coherent eddies. If reconciled, these two avenues84

present an opportunity to better understand the role of coherent mesoscale eddies in the85
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poleward transport of heat, salt, and nitrate, as well as what types of observations and86

models may be required to understand and project future changes.87

Transient eddy processes are typically defined as the covariance of velocity and tracer88

fluctuations, commonly known as Reynolds fluxes. They encompass mesoscale eddies,89

filaments, and submesoscale processes occurring along fronts and at the edges of eddies.90

These processes work collectively by stirring tracers across meridional gradients to achieve91

the poleward transport of heat and salt, and contribute to the equatorward transport92

of nutrients (Jayne & Marotzke, 2002; Thompson & Naveira Garabato, 2014; Su et al.,93

2018; Abernathey & Haller, 2018; Patel et al., 2019, 2020). Most of this poleward trans-94

port occurs at specific locations where the Antarctic Circumpolar Current (ACC) inter-95

acts with bathymetry, generating standing meanders in the ACC and enhanced eddy ac-96

tivity (Naveira Garabato et al., 2011; Thompson & Sallée, 2012; Dufour et al., 2015; Fop-97

pert et al., 2017). By understanding the relative importance of the different types of tran-98

sient processes, it becomes possible to investigate the sensitivity of tracer transport to99

changes in the climate system. Furthermore, better parameterisation of mesoscale phe-100

nomena in climate models that do not resolve these processes can lead to improved cli-101

mate model projections.102

Coherent mesoscale eddies are typically defined as rotating water bodies of O(10-103

100) km diameter with a lifespan of at least 30 days to years, extending from the sur-104

face down to O(100) m (Chelton et al., 2011; Petersen et al., 2013; Frenger et al., 2015).105

They laterally transport oceanic properties by trapping tracers in their core and travers-106

ing the ocean, stirring tracers gradient locally, or performing both actions simultaneously107

(McGillicuddy Jr, 2016, and references therein). In the Southern Ocean, these mesoscale108

eddies are generated mainly due to the conversion of the available potential energy of109

the steeply sloping isopycnals into eddy kinetic energy via baroclinic instabilities (Rintoul,110

2018). This baroclinic instability is enhanced where the ACC interacts with oceanic ridges,111

for instance, south of Tasmania where the ACC encounters the Southeast Indian Ridge112

(SEIR Naveira Garabato et al., 2011; Thompson & Sallée, 2012).113

Given the abundance and mobility of eddies, it is difficult to obtain three-dimensional114

observations of their population. The approach taken in ship-based studies is to use a115

satellite proxy to extrapolate the results from a hydrographic survey to larger spatial and116

temporal scales. For example, Swart et al. (2008) used an empirical relationship between117

–4–



manuscript submitted to JGR: Oceans

the Integrated Surface Elevation (ISE) of an eddy estimated from sea surface height anoma-118

lies together with the available heat anomaly of the eddy measured from the ship to quan-119

tify the changing heat content of the eddy through time. Likewise, Patel et al. (2019,120

2020) used a relationship between ISE and available heat, salt and nitrate anomalies to121

estimate the meridional transport by eddies at a hotspot of poleward heat transport across122

the ACC. Notably, these proxies are grounded in single hydrographic surveys, and lack123

generalisation.124

Using satellite altimetry observations, Foppert et al. (2017) demonstrated that the125

standard deviation of sea surface height can be used as a proxy for the time-mean depth-126

integrated divergent transient heat flux across the Southern Ocean. Comparing estimates127

of the total meridional transient heat flux from this satellite proxy with transport by dis-128

crete eddies from ship-based observations, Patel et al. (2019) estimated that long-lived129

cyclonic eddies transport about 20% of the total transient poleward heat flux across the130

Subantarctic Front near 150◦E. These results present a tantalising first observation-based131

estimate of the relative contribution of coherent eddies to the total transient transport132

of heat. However, the strong reliance on proxies for coherent eddy transport (Patel et133

al., 2019) and the total transient heat transport (Foppert et al., 2017) can lead to large134

uncertainty in the estimates. Moreover, as of now, there exists no comparable estimate135

for biogeochemical tracers.136

Our objective is to directly quantify the relative importance of coherent eddies in137

the total meridional transport by all transient processes and to assess the reliability of138

the ISE-proxy in a hotspot for eddy heat transport south of Tasmania, using outputs from139

an eddy-resolving ocean model. To this end, we first evaluate the model’s performance140

in representing both the surface and subsurface structure of coherent eddies compared141

with satellite and shipboard observations, respectively (Section 4). Next, we quantify the142

proportion of coherent mesoscale eddies in the meridional transport of tracers by the to-143

tal transient processes (Section 5). Finally, we demonstrate that ISE-proxy constrained144

by in situ observations, can reliably infer transport from satellite observations (Section145

6).146
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2 Data147

2.1 Model outputs148

We used the outputs from a historical simulation of the Ocean Forecasting Aus-149

tralia Model, version 3, forced with Japanese 55-year Reanalysis (OFAM3-JRA55). OFAM3-150

JRA55 is based on the Geophysical Fluid Dynamics Laboratory’s Modular Ocean Model,151

version 4p1 (Griffies et al., 2009) and is coupled to the Whole Ocean Model of Biogeo-152

chemistry And Trophic dynamics (WOMBAT). WOMBAT is a biogeochemical model153

with a single class of phytoplankton and zooplankton computed on the same grid as tem-154

perature (Oke et al., 2013). WOMBAT only explicitly resolves the phosphate cycle, link-155

ing nitrate, carbon, and oxygen using fixed stoichiometry of 16:106:-172:1 (N:C:O2:P;156

Sarmiento, 2013).157

The historical experiment has a “mesoscale eddy-rich” spatial resolution of 0.1◦ for158

all longitudes and between 75◦S and 75◦N. The nominal resolution of 0.1◦ resolves mesoscale159

eddies, or the first baroclinic deformation radius, in our Southern Ocean study region160

(Hallberg, 2013; Griffies, 2014). The model extends to a depth of 5000 m with 51 non-161

uniform vertical z* levels (geopotential levels that scale with the free surface). There are162

14 layers between the surface and 100 m and 12 layers below 1000 m, giving a 5 m res-163

olution near the sea surface and approximately 1000 m near the sea floor.164

In this study, we used the last 8 years of the historical simulation for the follow-165

ing variables: daily averaged sea surface height, and daily averaged three-dimensional166

temperature, salinity, nitrate, and horizontal velocity components. The length of the study167

period is informed by the literature. A common practice in similar studies is to select168

the last 8 to 10 years of a model simulation, as they are more likely to be free from model169

instabilities and drift (e.g Meijers et al., 2007; Tréguier et al., 2014; Buzzicotti et al., 2023).170

Furthermore, we assess the sensitivity of the averaging period to the time-mean tran-171

sient tracer transport (Section 3.4).172

The details of the OFAM3-JRA55 setup and its extensive validation can be found173

in Zhang et al. (2016). The simulation exhibits warm biases in the ACC (Zhang et al.,174

2016). The volume transport of the ACC in the model is about 10 to 15% stronger than175

observed estimates in the Drake Passage and south of Tasmania, as shown in Oke et al.176
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(2013, Fig. 7a and Table 2). In addition, we validate the representation of the South-177

ern Ocean eddy field in our study region (Section 4).178

2.2 Satellite data179

To validate the surface signature of transient processes in the model, we used multi-180

mission daily delayed-time gridded sea surface heights, geostrophic velocity and abso-181

lute dynamic topography from satellite altimetry over the period overlapping with the182

model output (2007-2014). These measurements are available on a Cartesian 0.25◦ grid183

at daily temporal resolution from Copernicus Marine Environment Monitoring Services,184

https://resources.marine.copernicus.eu/?option=com csw&task=results and the185

data processing is described at https://duacs.cls.fr/.186

2.3 Hydrographic data187

Hydrographic observations from Voyage IN2016 V02 of RV Investigator were used188

to validate the vertical structure of eddies in the model. This voyage took place from March189

to April 2016 in a standing meander of the Subantarctic Front (SAF) upstream of Mac-190

quarie Ridge, near 52◦S, 142◦E. We used eleven conductivity-temperature-depth (CTD)191

profiles of the upper 1500 m to construct a vertical transect across the full diameter of192

a cyclonic eddy. The watermass structure, velocity field and time-varying surface char-193

acteristics of the sampled eddy are described in Patel et al. (2019). Biogeochemical prop-194

erties and meridional transport by this eddy are described in Patel et al. (2020). Each195

CTD profile recorded temperature, salinity, pressure, fluorescence, and backscatter. Bot-196

tle samples were taken at 24 depths to measure the concentration of nutrients: nitrate,197

nitrite, silicate, phosphate, ammonia, chlorophyll-A, and particulate organic carbon.198

3 Methods199

3.1 Identification of the fronts200

We determined the time-varying ACC front locations by applying the hybrid-dynamic201

criteria to the OFAM simulation as prescribed in Langlais et al. (2011). This approach202

combines hydrography, transport maxima and sea surface height to define frontal posi-203

tions. In the model, the sea surface height contours of -0.4, -1, -1.4 m were selected by204

the method to represent the northern and southern branches of the Subantarctic Front205
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and Polar Front south of Tasmania, respectively. For satellite data, we used absolute dy-206

namic height contours of 0.2, -0.4, -1.0 m to mark the northern and southern branches207

of the Subantarctic Front and Polar Front, respectively after Moreau et al. (2017); Pa-208

tel et al. (2019, 2020). Further details about frontal variability, comparison of the front209

position between ocean general circulation models and observations, and sensitivity to210

various frontal identification methods are discussed in detail in Langlais et al. (2010, 2011).211

3.2 Eddy detection and tracking212

The identification and tracking of eddies was performed using software developed213

by Faghmous et al. (2015). The software was applied to both the historical simulation214

and satellite altimetry data for the study period. An eddy is identified at each time step215

as a single extremum enveloped in a closed contour of sea surface height anomaly. This216

extremum is a local minimum for cyclonic eddies and a local maximum for anticyclonic217

eddies. The extremum is defined by comparing each grid point with its surrounding grid218

points. For modelled sea surface height anomaly (0.1◦), each grid point is compared to219

100 surrounding grid points. For the lower spatial resolution (0.25◦) altimetry sea sur-220

face height, 16 surrounding grid points are used, covering the same area as 100 model221

grid points. We have tested the sensitivity to the search window in the model for 3 cases:222

16, 49 and 100 grid points. We found that using the same window as observations (4×4,223

16 grid points) identifies too many small eddies in the model. For all cases, model, and224

altimetry agree well, as summarised in Table S1 and S2.225

During the tracking, we allowed an eddy to disappear for one day without termi-226

nating the track. To remove very short-lived eddies and other features that could be tracked227

by the software, we filtered the results based on lifespan criterion (lifespan ≥ 30 days),228

as suggested by Faghmous et al. (2015). In this study, we focus on eddies that persisted229

for at least 90 days – referred to as long-lived eddies. The amplitude of an eddy is com-230

puted as the difference in magnitude between the extremum value of sea surface height231

anomaly at the centre and the height of the eddy at its boundary – the largest closed232

contour enclosing the eddy. The surface area is computed as the sum of the area of grid233

cells occupied by the eddy, which allows for non-circular eddies. The diameter of the eddy234

is estimated from the circle with the same area as the eddy. In other words, it is twice235

the equivalent length of an eddy (Chelton et al., 2007). The software can be downloaded236

from https://github.com/jfaghm/OceanEddies. A complementary Matlab toolbox to237
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analyse the output of the software is available at https://doi.org/10.5281/zenodo238

.8025841.239

3.3 Computation of the meridional transport by coherent eddies240

We computed the meridional transport of tracers by long-lived eddies across the241

SAF into the Subantarctic Zone using the method traditionally applied to study coher-242

ent ring structures from shipboard measurements (Joyce et al., 1981; Peterson et al., 1982;243

Morrow et al., 2004; Ladd et al., 2007; Patel et al., 2019, 2020). We apply this method244

to both observations and model to enable a direct comparison between the two. In this245

approach, the transport of a tracer is derived from the available tracer content anoma-246

lies and the nature of the eddy trajectories (Patel et al., 2019). The transport compu-247

tation is composed of two steps.248

The first step is to determine the total available tracer content for each eddy re-249

alisation (each day in the simulation). The total available content is defined as the in-250

tegrated quantity of a tracer contained in the eddy after all isopycnals are flattened, al-251

lowing us to estimate the quantity of tracers that an eddy can relocate permanently due252

to mixing and water mass modification along isopycnals (Joyce et al., 1981). This method253

enables the separation of horizontal changes in water masses from changes in the ver-254

tical position of isopycnals associated with available potential energy. Consequently, it255

allows us to accurately determine the total trapped tracer content in the eddy core and256

its subsurface extent and hence the impact of the eddy on the ambient waters (Joyce et257

al., 1981; Peterson et al., 1982; van Ballegooyen et al., 1994).258

We calculate the available tracer anomalies of each eddy referenced to its ambient259

surrounding waters using potential density (σ) as the vertical coordinate. The anoma-260

lies in each of the discrete σ layers are summed vertically first and then integrated over261

the area of the eddy, assuming axis-symmetry. Therefore, the total available heat, salt262

and nitrate anomaly for a given radial transect can be written as, respectively:263

H =

∫ R

r=0

2πr · ρiCphi[Tσi − Tσi(ref)] · dr (1)264

265

S =

∫ R

r=0

2πr · 0.001ρihi[Sσi
− Sσi

(ref)] · dr (2)266

267

N =

∫ R

r=0

2πr · 1000hi[Nσi
−Nσi

(ref)] · dr (3)268

–9–



manuscript submitted to JGR: Oceans

Here, T, S, and N are vertical profiles of conservative temperature (◦C), absolute269

salinity (g kg−1) and nitrate (µmol L−1) along a radial transect through the eddy, re-270

spectively; Cp is the specific heat capacity of seawater from GSW toolbox; hi is the thick-271

ness of the isopycnal layer in meters. The constant 0.001 in equation 2, converts grams272

to kilograms, and 1000 in equation 3, converts per litres to per cubic meters. The algo-273

rithm to perform this computation is provided in Patel et al. (2019, 2020).274

The total available tracer anomalies are computed between potential density con-275

tours of 26.5 to 27.5 kg m−3, referenced to the sea surface (Patel et al., 2019, 2020). The276

upper and lower density limits are determined based on T-S diagrams, to encapsulate277

most of the water-mass variability between the eddy core and corresponding reference278

profile (Fig. 5 and S4). The isopycnal range of 26.5 and 27.5 covers the depth range ap-279

proximately from the sea surface to ∼1000 m at the centre and ∼1200 m at the edges280

of the eddy in the Subantarctic Zone. It is the same range used in Patel et al. (2019) and,281

therefore, allows direct comparison with their observed meridional transports by cyclonic282

eddies.283

Figure 1. Illustration of the meridional transport of tracers by coherent cyclonic eddies in the

Southern Ocean south of Tasmania. Open circles denote the formation of mesoscale eddies, while

circles with diameter denote dissipation. SAZ stands for Subantarctic Zone, and nSAF represents

the northern branch of the Subantarctic Front, depicted as a contour line. In Case A, eddies

dissipate in the Subantarctic Front after traversing into the Subantarctic Zone. In Case B, eddies

dissipate in the Subantarctic Zone after detachment from the front. In Case C, eddies remain in

the Subantarctic Front.
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The second step is to categorise the pathways of the eddies to estimate how much284

of the eddy content anomaly is delivered to the Subantarctic Zone as the eddy decays285

over its lifespan. The simulated eddies were divided into three cases based on inspection286

of animations, as in Patel et al. (2019, Fig. 1). Case A: a return frontal eddy detaches287

and then rejoins the SAF before dissipating (Fig. 1A). Its contribution to meridional trans-288

port would be its maximum tracer content minus the tracer content when it was last de-289

tected. Case B: a dissipating frontal eddy dissipates in the Subantarctic Zone after de-290

taching from the SAF (Fig. 1B). Its contribution to meridional transport is defined to291

be its maximum tracer content anomaly over its lifespan. Case C: a frontal mixing eddy292

never leaves the SAF and does not contribute to tracer transport into the Subantarc-293

tic Zone, as it simply advects tracers along the SAF (Fig. 1C). Anticyclonic eddies did294

not cross the front and were always of the Case C in both model and altimetry in this295

region (Fig. S1, S2).296

The contribution of return frontal eddies (Case A) and dissipating frontal eddies297

(Case B) are summed to estimate total meridional transport by coherent eddies into the298

Subantarctic Zone over the study period (2007-2014). The annual mean meridional trans-299

port is computed by dividing the transport by the number of study years.300

3.4 Computation of the meridional transport by all transient processes301

Reynolds decomposition has been used extensively to understand the transport of302

properties in the ocean. For example, the time-mean meridional transient heat flux (THF )303

is traditionally computed as the covariance of velocity and temperature anomalies at each304

point: THF = ρCpv′T ′ (W m−2), where the overbar represents a time-mean (e.g. Jayne305

& Marotzke, 2002). Here, v′ = v − v (m s−1) and T ′ = T − T (◦C) are the temporal306

anomalies of the meridional velocity and temperature with respect to the time-mean ve-307

locity (v) and temperature (T ) computed over the study period.308

Meridional THF includes both rotational and divergent components (Marshall &309

Shutts, 1981). The rotational component recirculates heat locally, and only the diver-310

gent component of the THF is dynamically important (Marshall & Shutts, 1981; Jayne311

& Marotzke, 2002). We computed this divergent THF using the Watts et al. (2016) ap-312

proach. Their study demonstrated that the total geostrophic velocity (UTot) through-313

out a water column can be expressed as the sum of a depth-varying bottom-referenced314
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baroclinic velocity (Ubcd) and a depth-independent reference velocity (Uref ) that is the315

absolute velocity measured near the sea floor, above the bottom boundary layer (Appendix316

B). The Uref is responsible for the divergent component of the heat fluxes, while Ubcd317

is purely non-divergent when derived from thermal wind shear on a f -plane (Watts et318

al., 2016; Foppert et al., 2017). Thus, the time-mean, depth-integrated, divergent, merid-319

ional THF (W m−1) is calculated at each grid point of the model as:320

THFd = ρCp

0∫
−2000m

v′refT
′dz (4)321

Where subscript d is for divergent component, v′ref is the near bottom velocity fluctu-322

ations, dz is the thickness of each model depth cell. The OFAM3-JRA55 uses z∗ coor-323

dinates. In z∗ coordinates, the thickness of every cell in the water column varies with324

the sea surface height. However, we used constant dz in time for the integration. Typ-325

ically, this requires a small correction to the integral quantity on the order of cm or even326

10s of cm relative to the water column of a few 1000 m. The algorithm to compute the327

transient flux is provided in Appendix B.328

The transient fluxes are vertically integrated from the sea surface to 2000 m depth329

(model depth of 1985.3 m). OFAM3-JRA55 is restored to climatological values below330

2000 m (Zhang et al., 2016). Furthermore, high-resolution modelling studies over the South-331

ern Ocean show that transient heat and salt fluxes become negligible below 2000 m (Jayne332

& Marotzke, 2002; Meijers et al., 2007).333

The time-mean, depth-integrated, divergent, meridional Transient Salt Flux (TSFd)334

and Nitrate Flux (TNFd) at each grid point are computed similarly, as:335

TSFd =

0∫
−2000m

v′refS
′dz (5)336

337

TNFd =

0∫
−2000m

v′refN
′dz (6)338

Where, S′ = S−S are salinity fluctuations and N ′ = N−N are nitrate fluctua-339

tions relative to their respective time-mean fields. We calculate salt flux, rather than fresh-340

water flux, following Tréguier et al. (2014). Since the model uses a Boussinesq approx-341

imation (Zhang et al., 2016), salt transport is expressed in m2 s−1 PSU per unit length342

along a latitude circle. The units for nitrate transport are mmol s−1 per unit length along343

a latitude circle.344
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We computed the transient fluxes from daily time-series at each grid point from345

the model output accounting for many events over the record, thereby ensuring a sta-346

tistically stable estimate of the fluxes over the 8-year averaging period (Watts et al., 2016).347

We tested the sensitivity of the time-mean tracer transport to the averaging period, by348

calculating time-mean tracer transport for three overlapping periods of 4-years each. The349

area-averaged (47-55.5◦S, 135-155◦E) meridional transport over the three periods is within350

2 to 4% of the time-mean computed over the period of 8 years (Table S3).351

The Reynolds decomposition method here considers all variability between peri-352

ods of 2 days and 8 years, comprising coherent eddies, waves, transient meanders and353

filaments as well as seasonal and interannual variability, all of which could be present354

in the ocean model. Our study aims to quantify the contribution of mesoscale eddies to355

the total transient transport, by considering all transient components. This approach356

allows us to isolate the contribution of mesoscale eddies, as observed using in situ mea-357

surements due to watermass trapping, to the overall transient transport across the Sub-358

antarctic Front in our region.359

4 Model evaluation360

We demonstrate that the model’s representation of mesoscale processes is consis-361

tent with available observations, suggesting the suitability of the model to explore the362

role of eddies in the transient transport of heat, salt, and nitrate. Our evaluation involved363

several aspects. First, we examined the distribution of eddy kinetic energy (EKE) in OFAM3-364

JRA55 and compared it with altimetry. Then, we conducted an eddy census in both model365

and altimetry and assessed their agreement, including the evolution of kinematic char-366

acteristics over eddy lifespans and trajectories. Finally, we performed a case study to eval-367

uate the vertical structure of a cyclonic eddy by comparing a simulated eddy to in situ368

observations of the eddy that sampled during IN2016 V02 voyage.369

4.1 Eddy kinetic energy370

EKE is computed from the fluctuations of the surface velocity as EKE = 0.5(u′2+371

v′2), where u′ = u−u and v′ = v−v are daily fluctuations in zonal and meridional ve-372

locity computed from the long-term mean, 1993-2012, to be consistent with velocity fluc-373

tuations calculated from altimetry outputs. To illustrate the spatial distribution of EKE,374
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Figure 2. Spatial distribution of Eddy Kinetic Energy (EKE) from the simulation (A) and

satellite observations (B) averaged over 8 years (2007-2014). The spectra of EKE (C) from the

simulation and observations over 2◦× 2◦ box (50◦S – 52◦S; 147◦E – 149◦E) denoted as a dashed

box in A and B. The box is located near the eddy sampling site. The mean position of the north-

ern and southern branches of the Subantarctic Front, and the Polar Front are represented as

contours (cyan, white and black, respectively). Solid box denotes the area over which the eddy

census is conducted. Grey contour of the 3000 m bathymetry highlights the Southeast Indian

Ridge (SEIR) and South Tasman Rise (STR).
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we averaged the EKE (EKE) time-series at each grid point (Fig. 2 A and B) over the375

8-year period (2007-2014).376

The historical simulation realistically reproduced major energetic regions and lo-377

cal EKE maxima (Fig. 2 A and B). The most energetic region is found just downstream378

of the Southeast Indian Ridge, where the ACC fronts turn southeastward (Morrow et379

al., 1994; Phillips & Rintoul, 2000). This energetic region is associated with a meander-380

ing of the fronts and formation of mesoscale eddies. The simulated maximum EKE over381

the study region is 17% lower than the observed EKE. The difference is greatest just382

downstream of the ridge near 148◦E (Fig. 2 A and B). Although the model has weaker383

EKE, it displayed a remarkably similar spatial structure to the observed EKE. Fur-384

thermore, the local maximum EKE occurs in the location of a standing meander of both385

the Subantarctic Front (SAF) and Polar Front (PF) in both model and observations. The386

largest EKE values were contained between the northern branch of the SAF and the PF387

in both the model and observations (Fig. 2 A and B).388

We compared the spectra of EKE from the model and observations (Fig. 2 C). The389

spectra were computed over a 2◦× 2◦ box in a high EKE region, encompassing the lo-390

cation of the eddy sampling site on the voyage (dashed box in Fig. 2 A and B). The spec-391

tra were calculated from EKE time series at each grid point for both the model and ob-392

servations following Percival et al. (1993). We also analysed the spectra in several ad-393

ditional 2◦× 2◦ boxes in the larger eddy census domain (not shown) and found that the394

spectra were not sensitive to the box location.395

The simulated EKE in the eddy frequency band (30 to 365 days or 0.033 to 0.0027396

cycles/day) was comparable to that for the observed EKE (Fig. 2 C). We also note that397

OFAM3-JRA55 contained higher energy than altimetry for processes shorter than the398

eddy frequency (< 30 days). This difference is likely due to the higher temporal reso-399

lution of the model compared to altimetry. Although the altimeter product is daily, each400

altimeter track is repeated every 7 to 10 days (https://duacs.cls.fr/). Therefore, the401

time-series at any one grid point on a satellite track has inadequate information about402

variability with a timescale shorter than 20 days. The focus of this work is on timescales403

> of 30 days, so the disparity between altimeter and model EKE on shorter timescales404

will not impact our results.405
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Despite some localised differences in the magnitude of EKE between the model406

and observations, the comparison of the EKE distribution and spectra suggested that407

the historical simulation represents the amount and location of energy that we find in408

satellite sea surface height measurements. This adds further confidence in this model sim-409

ulation in addition to the model validations of Oke et al. (2013) and Zhang et al. (2016)410

that found Southern Ocean circulation was generally well represented in the model.411

4.2 Eddy demography412

Figure 3. Composite analysis of amplitude and diameter changes over eddy lifetime. The 95%

confidence bound was computed using student-t test assuming t-distribution at each life stage.

The characteristics of the eddy population were comparable between the model-413

based eddy census and altimetry-based census for the period 2007-2014 (Fig. A1). Fo-414

cusing on long-lived eddies with a lifespan of at least 90 days, we identified a total of 14,578415

eddy realisations from 99 eddies in the model and 22,500 eddy realisations from 136 ed-416

dies in the observations. The ratio of cyclones to anticyclones was similar in the model417

(58% cyclones) and observations (65.4% cyclones; Table A1). The surface characteris-418

tics of eddies, including rotational speed, amplitude, and diameter were positively skewed419
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for both cyclones and anticyclones in both model and observations (Fig. A1). This skew-420

ness indicated that the majority of eddy realisations had small values for these charac-421

teristics, while a smaller number of realisations had larger values, creating a long-tailed422

distribution that is consistent with previous studies (Dawson et al., 2018; Frenger et al.,423

2015).424

Figure 3 illustrates the changes in amplitude and diameter over the lifetime of cy-425

clones and anticyclones. In both the model and observations, cyclones had larger am-426

plitudes than anticyclones, while the eddy diameter remained similar throughout their427

lifespan. Simulated eddies tended to have smaller amplitude than observed eddies (Fig.428

3, top panel). However, the diameter was approximately the same between simulated and429

observed eddies (Fig. 3, bottom panel).430

Overall, the eddy census from OFAM3-JRA55 and altimetry indicated that our study431

region has more cyclones than anticyclones and that cyclones have a larger amplitude432

and similar diameter compared to anticyclones. These results are consistent with altime-433

try based studies conducted over longer time periods (Frenger et al., 2015; Dawson et434

al., 2018, 1997-2010 and 1997-2012, respectively), indicating that the extension of the435

study period for the comparison will not qualitatively change the presented results. Fur-436

thermore, these results suggest that OFAM3-JRA55 performed well in capturing coher-437

ent mesoscale eddies and their surface characteristics.438

4.3 Eddy propagation439

We next evaluated the skill of OFAM3-JRA55 in capturing the eddy propagation440

direction, as it determines the contribution of eddies to the meridional transport of trac-441

ers (Morrow et al., 2004; Patel et al., 2019, 2020, Section 5.1). A composite map of eddy442

trajectories is constructed (Fig. 4) where each eddy trajectory is shifted such that its443

origin lies at the position (0,0). This technique allows us to investigate the general ten-444

dency of an eddy’s propagation from its formation (Chelton et al., 2011). Eddies gen-445

erally propagate westward (Chelton et al., 2007, 2011). However, due to the influence446

of varying zonal background flow, some eddies in the ACC propagate eastward from their447

formation (Frenger et al., 2015).448

Eddy trajectories from the model were consistent with the observed eddy trajec-449

tories (Fig. 4). About 33% of simulated cyclones propagated eastward, with ∆lon > 0.450
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Figure 4. Composite analysis of eddy propagation directions when all the eddies start from

the formation point (0, 0). The X and Y axes denote relative changes in longitudinal and latitu-

dinal displacement, respectively. These changes in the displacements are presented as histogram

in the side panels. The two large panels show all tracks, but the longer tracks obscure many eddy

paths.

Approximately 22% of simulated cyclones propagated westward, with ∆lon < 0. The re-451

maining 45% travelled both eastward and westward from their origin. Similarly, in al-452

timetry, 30% of cyclones propagated eastward, while approximately 29% propagated west-453

ward. The remaining 41% of altimeter-based cyclones travelled in both eastward and west-454

ward directions from their origin. For anticyclones, approximately 36% propagated east-455

ward in the simulation and 34% in altimetry, 26% moved westward in the simulation and456

28% in altimetry, and the remaining 38% alternated eastward and westward propaga-457

tion (Fig. 4).458

Regarding meridional deflection, in the simulation (altimetry), about 25% (33%)459

of the total cyclones moved equatorward (∆lat > 0 for an eddy track) and only 10% (15%)460

moved poleward (∆lat < 0) from their origin. In the case of anticyclones, only 5% (17%)461

moved equatorward and about 29% (21%) poleward from their origin.462

We also note that simulated eddies travelled somewhat smaller distance on aver-463

age than observed eddies. The mean distance travelled by the simulated cyclones was464

about 92% of that for observed cyclones. The mean distance travelled by the simulated465

anticyclones was about 89% of that for observed anticyclones. Overall, OFAM3-JRA55466

represents eddy trajectories and their propagation distance well; however, some observed467
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eddies travelled much further from their origin than the simulated eddies (westward or468

north-westward), potentially due to the longer lifespan of observed eddies.469

4.4 Vertical structure of mesoscale eddies in OFAM3-JRA55470

We compare the subsurface structure of cyclonic eddies in the model with a detailed471

shipboard survey of an actual cyclonic eddy that originated in the SAF (Patel et al., 2019,472

2020). To this end, we selected one simulated cyclonic eddy to compare the subsurface473

vertical structure of mesoscale cyclonic eddies in the model with observations. We chose474

not to use a composite eddy for the comparison because the subsurface vertical distri-475

bution of physical and biogeochemical properties in the model eddies varies with age.476

Furthermore, the composite eddy structure studies based on altimetry and Argo obser-477

vations show strong geographical dependence of the evolution of the subsurface struc-478

ture of long-lived eddies due to the impact of regional circulation on the eddies’ verti-479

cal structure (e.g. Pegliasco et al., 2015; Frenger et al., 2015).480

The selected simulated eddy was generated in the same season and had similar sur-481

face characteristics as the observed cyclonic eddy (Table S4). Both eddies were formed482

in summer (Jan/Feb) and dissipated in autumn (May). After their formation in the SAF,483

they detached from the front and traversed into the Subantarctic Zone before return-484

ing southward and reabsorbing into the front (Fig. S3). The median rotational speed,485

amplitude, and diameter of the simulated cyclonic eddy were lower than the observed486

cyclonic eddy by 49%, 40%, and 14%, respectively (Table S4), as expected from the over-487

all eddy statistics (Section 4.2). The lifespan of the simulated and the observed cyclonic488

eddies was similar; however, the observed eddy travelled about 23% further.489

Figure 5 illustrates the comparison of vertical transects of temperature, salinity,490

and nitrate between the simulated and observed eddies, revealing a remarkable similar-491

ity between the two. However, the simulated eddy exhibited less intense doming of isopy-492

cnals than the observed eddy. For example, the 27.2 kg/m3 isopycnal was elevated from493

about 600 dbar at the edge of the eddy to 450 dbar in the centre, exhibiting an uplift494

of 150 dbar in the simulated eddy, whereas the same isopycnal uplifted by 275 dbar in495

the observations.496

Both eddies carried anomalously cold, fresh, dense, and nitrate-rich water in their497

core compared to surrounding water (Fig. S4 and S5). However, the maximum temper-498
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Figure 5. Vertical distribution of conservative temperature, absolute salinity and nitrate

across the simulated eddy (top panels) and the observed eddy (bottom panels) in the declining

phase of an eddy as shown in Fig S3. The potential density contours are superimposed for both

eddies. The vertical dashed line denotes the centre of the isopycnal doming. The vertical solid

line denotes the eddy centre detected from the simulated sea surface height.

–20–



manuscript submitted to JGR: Oceans

ature, salinity, and nitrate anomalies in the simulated eddy were about 65%, 50%, and499

70% of the observed anomalies, respectively. We also note a warm anomaly in the top500

100 m of the simulated eddy. This could be because the atmospheric boundary layer prop-501

erties are prescribed by JRA-55 forcing, leading to damping of the temperature anoma-502

lies in the surface layer compared to the actual damping of the coupled system.503

In OFAM3-JRA55, the eddy centre detected from the sea surface height and the504

isopycnal elevation centre were slightly offset (Fig. 5, top panel, vertical lines). This be-505

haviour was more prominent as the eddy aged. Nevertheless, the evaluation of the model506

skill against a single snapshot of observations, both at the beginning of the declining phase507

of the eddy, indicated that OFAM3-JRA55 captured the subsurface structure of cyclonic508

eddies reasonably well (Fig. 5).509

5 Meridional transport from OFAM3-JRA55510

With the confidence in the model skill, we next estimate the relative importance511

of mesoscale eddies in the meridional transport of tracers by all transient processes. To512

this end, we compare the meridional transport by all transient processes (Section 3.4)513

to that by coherent eddies directly (Section 3.3) from the same model output.514

5.1 Transport by individual coherent eddies515

We calculated the meridional transport of heat, salt, and nitrate for each simulated516

eddy realisation over its lifetime in the Subantarctic Zone, applying equation 1-3 to the517

3-dimensional model output (Section 3.3). In our study region, a total of 26 simulated518

cyclones were formed through the instability of the northern and southern branches of519

the SAF during the study period. Of these simulated cyclones, only 11 contributed to520

meridional transport (Section 3.3): 3 are categorised as dissipating frontal eddies, 8 as521

return frontal eddies, and the remaining 15 cyclones are frontal mixing eddies that do522

not transport tracers into the Subantarctic Zone.523

The total meridional transports by these long-lived cyclones into the Subantarc-524

tic Zone over the course of 8 years are tabulated (Table 1). On average, a dissipating frontal525

eddy transfers −0.9 × 1020 J of heat, −4.4 × 1012 kg of salt and 3.9 × 1010 mol of ni-526

trate. Likewise, a return frontal eddy transfers −0.72×1020 J of heat, −3.2×1012 kg527

of salt, and 2.78× 1010 mol of nitrate.528

–21–



manuscript submitted to JGR: Oceans

Combining both types of eddies, we found annual tracer transports of −1.06±0.3×529

1020 J year−1 (cooling) for heat, −4.85±1.3×1012 kg year−1 (freshening) for salt and530

4.23±1.4×1010 mol year−1 (fertilising) for nitrate into the Subantarctic Zone over the531

20◦ longitude band (135◦E to 155◦E). The variability in the annual transport is com-532

puted as the standard deviation of mean transports when the transports associated with533

dissipating frontal eddies and return frontal eddies are combined.534

Table 1. Total tracer transport by the long-lived cyclones across the Subantarctic Front into

the Subantarctic Zone over the period of 8 years (2007-2014) in the longitude range 135◦E to

155◦E, integrated over the density range (σθ = 26.5 to 27.5). The variability in the transport is

computed as standard deviation. Standard deviation computed for each type of eddy pathway

over the respective number of eddies, and then summed for the total variability.

Eddy Pathway No. of Eddies Heat (×1020J) Salt (×1012kg) Nitrate (×1010mol)

Dissipating Frontal eddy 3 −2.70± 0.35 −13.2± 1.8 11.6± 0.7

Return Frontal eddy 8 −5.75± 0.18 −25.6± 0.8 22.3± 1.1

Frontal Mixing eddy 15 0 0 0

Total transport 26 −8.45± 0.53 −38.8± 2.6 33.9± 1.8

Annual transport −1.06± 0.3 −4.85± 1.3 4.23± 1.4

The formation of anticyclones through SAF instability was primarily limited to frontal535

mixing eddies. Out of 42 simulated anticyclones, only 18 originated in the SAF and 16536

propagated along the meander rather than moving directly (northward or southward)537

across the front. These patterns are consistent with observed cyclones and anticyclones538

(Fig. S1 and S2), as well as the previous findings of Morrow et al. (2004) and Pilo et al.539

(2018). Both studies showed that most anticyclones in the Southern Ocean south of Tas-540

mania are formed either due to instability of the East Australian Current or the inter-541

action between the SAF and the South Tasman Rise. Therefore, anticyclones did not542

contribute to meridional transport of their content out of the Subantarctic Zone over this543

time period.544
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5.2 Transport by transient processes545

The spatial distribution of the mean temperature, salinity, and nitrate, computed546

over the study period, are shown in Figure 6 (top panel). The time-mean, divergent, merid-547

ional flux of heat, salt, and nitrate by all transient processes from Equations 4-6 applied548

to the model output is shown in Figure 6 (bottom panel).549

The spatial distribution of vertically integrated transient fluxes exhibit spatial het-550

erogeneity, with the strongest transports observed in a standing meander, in the flow down-551

stream of the Southeast Indian Ridge (Fig. 6, bottom panel). Along the northern branch552

of the Subantarctic Front (SAF), there are pronounced southward heat fluxes (> 100 MW/m)553

that extend southward to the Polar Front (PF) downstream of the Southeast Indian Ridge554

(Fig. 6, D). Smaller equatorward heat fluxes (∼70 MW/m) are observed in localised patches555

across the northern branch of the SAF (approximately between 50.7◦S and 52.7◦S, and556

148◦E to 149◦E), as well as between the southern branch of the SAF and the PF (55◦S557

and 150◦E). This positive time-mean, divergent, depth-integrated, meridional heat flux558

(THFd) could be due to a residual rotational component in the transient heat flux (Watts559

et al., 2016; Foppert et al., 2017). Overall, the majority of the THFd vectors in the re-560

gion are southward, indicating that net transient heat transport is directed poleward and561

down the mean temperature gradient, as expected.562

The spatial distribution of time-mean, depth-integrated, divergent, meridional tran-563

sient salt flux (TSFd) exhibits similarities to that of heat (Fig. 6, D and E). Strong pole-564

ward salt fluxes (> −0.5 m2/s PSU) are primarily confined between the northern and565

southern branches of the SAF, while weaker but still poleward fluxes (< −0.5 m2/s PSU)566

are present between the southern branch of the SAF and the PF. Similar to the heat flux,567

we also observed localised patches of equatorward TSFd across the northern branch of568

the SAF, as well as some equatorward TSFd (> 0.5 m2/s PSU) between the southern569

branch of the SAF and the PF (Fig. 6, E), where heat transport was poleward (Fig. 6,570

D).571

These findings of strong poleward fluxes of heat and salt across the SAF and their572

heightened magnitudes downstream of an oceanic ridge corroborate previous global model573

studies conducted by Meijers et al. (2007) and Tréguier et al. (2014). These prior stud-574

ies have substantiated that, in a zonal average, the strongest poleward fluxes align with575

the SAF. Furthermore, transient heat fluxes exhibit a peak downstream of oceanic ridges,576
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Figure 6. Climatological distribution of temperature (A), salt (B) and nitrate (C) from

OFAM3-JRA55 averaged over the study period and spatial distribution of time-mean depth-

integrated, divergent, meridional transient heat flux (D), salt flux (E) and nitrate flux (F).

Vectors of transient fluxes are superimposed by computing the time-mean depth-integrated, di-

vergent zonal transient fluxes (D, E, F). Grey contour represents 3000 m bathymetry. The mean

position of the northern (cyan) and southern (magenta) branches of the Subantarctic Front and

the Polar Front (black) are shown as contours. The solid and dashed boxes delimit the Sub-

antarctic Zone, Subantarctic Front Zone, respectively in the bottom panel.
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creating a prominent hotspot for cross-frontal transport facilitated by increased topo-577

graphic steering (Thompson & Naveira Garabato, 2014).578

The time-mean, depth-integrated, divergent, meridional transient nitrate flux (TNFd)579

exhibited a localised patchiness and predominantly equatorward pattern, which is down580

the mean nitrate gradient across the ACC (Fig. 6, C and F). The areas of strong equa-581

torward nitrate transport coincided with regions of intense poleward heat and salt fluxes.582

No previous study has specifically documented the pattern of enhanced nitrate fluxes in583

the presences of meanders. The location of the equatorward nitrate transport may be584

a unique feature of this region and warrants further investigation to understand its un-585

derlying mechanisms and implications.586

Figure 7. Time-mean, depth-averaged, divergent, meridional transient heat flux from

OFAM3-JRA55 for 2007-2014. Blue asterisks denote positions of the four mooring positions

(Phillips & Rintoul, 2000, A). Area-averaged model time-mean, divergent, meridional transient

heat flux (black line, B) with one standard deviation envelope (green lines). Red dots are the

mean observed meridional transient heat fluxes from the four moorings in panel A.

We compared our transient heat flux estimate from the model with the best esti-587

mate of the observed transient heat flux, obtained from mooring time-series near 143◦E,588

51◦S (Phillips & Rintoul, 2000, Fig. 7). The comparison revealed good agreement be-589

tween the model and observations below a depth of 500 m (Fig. 7, B). Above 500 m, the590
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model based THF was lower by a factor of approximately 5. The observed profile rep-591

resents an average over a two-year period (1993-1995), and across four moorings, whereas592

the model profile represents a temporal average over 8 years (2007-2014) and a spatial593

average over the region of the moorings (Fig. 7, A). Thus, spatial and temporal differ-594

ences could account for the disparity in the estimates (Figure 7, B). It is remarkable that595

the model average profile overlies the observed estimates within the range of variabil-596

ity (±1σ), below 500 m. The weaker upper ocean THFd in the model may also be at-597

tributed to the weaker eddy variability simulated in the OFAM3-JRA55 (Fig. 2). A sim-598

ilar comparison for salt and nitrate was not possible due to a lack of observations.599

In summary, intense poleward fluxes occur at the location of strong meanders in600

the flow downstream of the Southeast Indian Ridge. The equatorward transport of ni-601

trate across the SAF and PF is colocated with strong poleward transport of heat and602

salt. The transport across the SAF is much more widespread and intense than the trans-603

port across the PF, as also shown by Foppert et al. (2017) for the heat fluxes.604

5.3 Importance of coherent eddies in the tracer transport605

There is a disconnect between estimates of poleward “eddy” transport constructed606

from (1) shipboard surveys of coherent eddies combined with eddy tracking from altime-607

try (Morrow et al., 2004; Swart et al., 2008; Patel et al., 2019); and (2) estimates based608

on Reynolds decomposition of time series in observations (Phillips & Rintoul, 2000; Watts609

et al., 2016) and models (Jayne & Marotzke, 2002; Meijers et al., 2007; Tréguier et al.,610

2014). The first provides the eddy tracer transport from coherent eddies and the second611

provides transport from all transient processes, including coherent eddies. Here, we rec-612

oncile these two approaches through the application of both to the historical simulation613

of OFAM3-JRA55, which was confirmed to simulate eddies realistically.614

Table 2. Meridional transport by long-lived coherent eddies and all transient processes in

OFAM3-JRA55. The estimate for transient processes is obtained by averaging over south of

Tasmania, 47◦S-55.5◦S and 135◦E-155◦E to be consistent with Patel et al. (2019).

Transport Heat (MW m−1) Salt (m2 s−1 PSU) Nitrate (mmol m−1s−1)

coherent eddies −2.4± 0.09 −0.11± 0.004 0.96± 0.023

transient processes −14.5± 1.6 −0.098± 0.014 6.61± 0.74
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The total poleward transport of heat by all transient processes (THFd), includ-615

ing coherent eddies, in OFAM3-JRA55, averaged over the study region, was -14.5 MW616

m−1 (Table 2). In Section 5.1, we found that long-lived simulated cyclones transported617

−1.06×1020 J year−1 of heat poleward across the Subantarctic Front (SAF) in the lon-618

gitude band 135◦E-155◦E. This transport can be expressed in terms of the depth-integrated619

meridional heat flux per meter of the basin length (1.4×106 m), which is -2.4 MW m−1.620

Consequently, coherent long-lived cyclones carried approximately 17% of the total pole-621

ward heat transport across the SAF south of Tasmania. This proportion is roughly the622

same as estimated by Patel et al. (2019, 21%), who combined in situ and altimetry ob-623

servations to quantify mean poleward heat transport by long-lived eddies and their con-624

tribution to the total eddy transport using Foppert et al. (2017)’s sea surface height-based625

proxy. The close agreement between our estimate and Patel et al. (2019) suggests that626

surface proxies are reliable for quantifying the role of long-lived eddies in the Southern627

Ocean heat budget. We test this hypothesis in Section 6.628

The average salt transport by all transient processes (TSFd) in OFAM3-JRA55 over629

the study region was -0.098 m2 s−1 PSU. The salt transport across the SAF by long-lived630

cyclonic eddies in the 20◦longitude band was −4.85×1012 kg year−1 in OFAM3-JRA55631

(Section 5.1). This is equivalent to a poleward flux of -0.11 m2 s−1 PSU, in units of tracer632

transport per unit length of the basin. To achieve this, we divided the eddy transport633

in kg year−1 by density (1035 kg m−3) to convert from mass to volume and then by 0.001634

to convert from g kg−1 to PSU, and finally by the zonal length (1.4×106 m). Conse-635

quently, the poleward salt transport by long-lived cyclonic eddies in our study region in636

this model is approximately equal to the total poleward salt transport by all transient637

processes. It appears unlikely that all the meridional salt transport is accomplished solely638

by coherent eddies. This could be attributed in part to the presence of equatorward salt639

fluxes caused by transient processes south of the Polar Front in the model (Fig. 6, E),640

which reduce the area-averaged flux and may not reflect realistic behaviour.641

The average nitrate transport by all transient processes (TNFd) in the model over642

the study region was 6.61 mmol m−1 s−1. The nitrate transport across the SAF by long-643

lived cyclonic eddies in OFAM3-JRA55 was 4.23×1010 mol year−1 (Section 5.1). This644

is equivalent to equatorward transport of 0.96 mmol m−1 s−1, calculated by dividing the645

transport by the zonal length and the number of seconds in a year. Hence, the equator-646

ward nitrate transport by long-lived cyclonic eddies in our study region in this model647
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constitutes around 15% of the total equatorward nitrate transport attributable to all tran-648

sient processes. This nitrate transport determines the nitrate content of mode waters,649

consequently influencing productivity in the lower latitudes (Palter et al., 2010; Patel650

et al., 2020).651

In the preceding results, we estimate the contribution of transient process over the652

entire study region. However, the transport facilitated by long-lived cyclonic eddies is653

predominately confined to the Subantarctic Zone (Fig. S6). The average transient tracer654

transport over the Subantarctic Zone south of Tasmania (47◦S-52◦S and 135◦E-155◦E)655

is presented in Table C1. A comparison of this regional transient transport with the con-656

current transport of eddies reveals that these eddies contribute approximately 21%, 73%,657

and 16% to the total transient heat, salt and nitrate transport, respectively. This result658

indicates that the contribution of long-lived cyclonic eddies, generated due to the Sub-659

antarctic Front instability, to the regional average remains consistent with the above re-660

sults. Importantly, this insensitivity to region can be attributed to the localised total tran-661

sient tracer transport (Section 5.2).662

Our results are consistent with those of Abernathey and Haller (2018), who demon-663

strated that the contribution of coherent eddies to full turbulent fluxes is small in the664

Pacific Ocean. Their result challenged previous studies that described estimates of co-665

herent eddy transport based on Eulerian eddy identification methods such as those used666

in our study. However, the way we compute the tracer content of eddies accounts for the667

coherency of the eddy. Our estimate of coherent eddy heat, salt and nitrate transport668

is a contribution from nonlinear eddies, or Eulerian eddies, in the terminology of Abernathey669

and Haller (2018). Overall, our results indicate that coherent long-lived eddies introduce670

marginal tracer content due to trapping, in OFAM3-JRA55, underscoring the importance671

of short-lived eddies and other transient processes such as meanders, stirring and fila-672

mentation at the periphery of coherent eddies (Abernathey & Haller, 2018; Meijer et al.,673

2022). Furthermore, the eddy trapping was also found to account for a small fraction674

of biomass anomalies in the Southern Ocean (Frenger et al., 2018; Rohr et al., 2020).675

We have not considered short-lived cyclonic and anticyclonic eddies or the contri-676

bution of long-lived eddies due to stirring effects. The transport due to all transient pro-677

cesses may also be underestimated, since submesoscale filaments and other small-scale678

processes are not resolved with this model. Another approach to quantify these processes679
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would be to decompose the covariance of velocity and tracer (temperature, salinity, and680

nutrient) fluctuations in the frequency domain, as done in mooring studies (Nowlin Jr681

et al., 1985; Phillips & Rintoul, 2000; Watts et al., 2016). An inherent difficulty would682

be to separate the divergent and rotational component of transient fluxes, as noted in683

Jayne and Marotzke (2002). The statistical estimate presented in this study can be sub-684

stantiated by creating an ensemble of independently initialised simulations, with the same685

forcing but different initial conditions. This is beyond the scope of this work.686

Importantly, the integration of discrete eddy estimates and Reynolds decomposition-687

based methods enables us to quantify the relative importance of mesoscale coherent ed-688

dies in the meridional transport of tracers attributed to all transient processes. This in-689

tegrated approach enhances our ability to better constrain the poleward tracer trans-690

port budget. Furthermore, this refined understanding guides decisions regarding the pa-691

rameterization of eddy effects in climate models. The current parameterization used in692

coarse resolution climate models accounts for the impact of eddy stirring but overlooks693

the trapping mechanism. Although the contribution of trapping mechanism may seem694

small for large-scale transport, it has substantial implications for local productivity and695

ecosystems. However, determining the dominant region of different mechanisms influ-696

encing transport by mesoscale eddies remains an open question.697

6 ISE-proxy to monitor the transport by coherent eddies698

Monitoring meridional eddy transports, even for heat, remains elusive. To address699

this, efforts are underway to develop proxies for meridional transport based on satellite700

observations and scarce in situ observations. For instance, sea surface height standard701

deviation has been proposed as a proxy for meridional transient heat transport (Foppert702

et al., 2017), while integrated surface elevation (ISE) has been used to estimate the sub-703

surface tracer content of long-lived coherent eddies (Swart et al., 2008; Patel et al., 2019,704

2020). By applying the ISE-proxy to altimetry-tracked eddies, it becomes possible to de-705

termine the combined transport of heat and salt (Swart et al., 2008; Patel et al., 2019)706

and nutrients (Patel et al., 2020) by the eddy population. However, meridional trans-707

ports delivered by eddies of smaller spatial and temporal scales cannot be observed by708

present-day altimetry. Therefore, it is essential to quantify the contribution of eddies,709

that are large enough to be remotely monitored through proxy methods, to the overall710

meridional transport by all transient processes.711

–29–



manuscript submitted to JGR: Oceans

The model allows us to test the reliability of the ISE-proxy for monitoring of merid-712

ional fluxes by long-lived cyclonic eddies. Observation-based studies have shown a lin-713

ear relationship between ISE derived from satellite altimeter observations and subsur-714

face tracer content derived from hydrographic observations. This empirical relationship715

exists because the strongly sloping isopycnals in the Southern Ocean are dynamically716

linked to the water mass structure below the sea surface (Watts et al., 2001). This per-717

mits the estimation of the tracer content in all eddies in the satellite altimeter record (Swart718

et al., 2008; Patel et al., 2019, 2020). Typically, the empirical relationship is based on719

a single eddy realisation and a single hydrographic survey. Here, we use the model to720

determine the empirical relationship between ISE and total available tracer content, us-721

ing many simulated cyclones in our region. This approach enables us to investigate the722

variability in the empirical relationship due to different model eddies and compare it with723

the relationship derived by Patel et al. (2019, 2020) using in situ measurements for the724

Southern Ocean south of Tasmania. Moreover, the identical approach is applicable to725

anticyclonic eddies, however its exploration is deferred for future studies.726

We used 1534 eddy realisations from 11 unique cyclones to determine the empir-727

ical relationship between their ISE and subsurface tracer content anomaly. These 11 cy-728

clones were chosen because they contributed to the transport in the SAZ (Table 1). The729

ISE is defined as the volume of a cone (1/3 x height x surface area), where the cone’s730

height is the amplitude of an eddy realisation. The surface area of the eddy can be of731

any shape (i.e. circular or elliptical; Patel et al., 2019). The total available heat (H), salt732

(S), and nitrate (N ) anomalies were computed for each eddy realisation (Section 3.3).733

We found that the total available tracer content exhibited a skewed distribution,734

with skewness values of -1.13 for heat and salt, and 1.67 for nitrate, suggesting many eddy735

realisations are likely to have negative, and positive extreme values of tracer content re-736

spectively. The median tracer content carried by an eddy realisation was estimated to737

be −0.32±0.25×1020 J for heat, −1.37±1.13×1012 kg for salt, and 0.78±1.1×1010738

mol for nitrate. These values represent the central tendency of the tracer content prob-739

ability distribution within eddy realisations. To quantify the spread or variability of the740

distribution, we used an interquartile range. These tracer content values are consistent741

with regional estimates based on in situ observations; −0.5 × 1020 J, −2.1 × 1012 kg742

and 0.87 × 1010 mol for heat, salt, and nitrate, respectively (Patel et al., 2019, 2020).743
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Our study, therefore, captures the variability and magnitudes of tracer content in eddy744

realisations.745

Figure 8. Relationship between total available heat, salt and nitrate content anomaly, and

integrated surface elevation (ISE) of eddies. Each black dot is a realisation from 11 qualifying

cyclones used to fit the relationship. The blue line represents robust regression fit and cyan lines

denote upper and lower bound of the regression coefficients computed at 5% significance level.

The grey dots denote realisations greater than 3 times of the scaled mean absolute deviation from

the median of the residual distribution. R2 is the coefficient of determination and n is the num-

ber of eddy realisations. Magenta square denotes total available heat, salt and nitrate content

anomaly and corresponding ISE of the observed cyclonic eddy, respectively (Patel et al., 2019,

2020).

We found a statistically significant relationship between ISE and each of H, S, and746

N when linearly regressed, as illustrated in Figure 8. Robust regression with a bi-square747

weighting function was applied to reduce the influence of outliers. This robust regres-748

sion fit is performed using Matlab’s Statistics and Machine Learning Toolbox, employ-749

ing iteratively re-weighted the least squares to compute the coefficients. The coefficient750

of determination (R2) values were 0.6 for H and S, and 0.2 for N . These R2 values in-751

dicate that approximately 60% of the variance in H and S can be explained by the vari-752

ations in ISE, while approximately 20% of the variance in N can be explained by the753

variations in ISE. All three relationships were found to be statistically significant at the754

95% confidence level, with p-values less than 0.05, providing strong evidence that the755

observed associations are not due to chance (Fig. 8). These results indicate ISE’s po-756

tential to be used as a proxy.757
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The relatively low R2 value for the relationship between ISE and N suggests that758

a simple linear relationship does not fully capture the complex physical and biological759

interactions influencing nitrate in eddies. Additional factors, such as latitude, and sea-760

sonal variations in nitrogen cycling, could potentially improve the accuracy of estimat-761

ing nitrate content from ISE (Fig. S7). This warrants further investigation.762

We also observed significant deviation from the relationship between ISE and both763

heat and salt anomalies in certain areas. For instance, the relationship appears to be less764

applicable for high ISE values (> 8 × 109 m3, Fig. 8, grey dots). These high ISE val-765

ues primarily result from anomalously large surface area in some eddy realisations, as766

opposed to large amplitudes.767

Nonetheless, the robust fit lines almost pass through the observed H, S, and N val-768

ues of Patel et al. (2019, 2020) (Fig. 8, magenta squares), corroborating the connection769

between the surface imprint of an eddy and its subsurface contents. These results rein-770

force the confidence in the model’s ability to represent the distribution of tracer content771

within cyclones that are generated due to SAF instability, consistent with previous ob-772

servations in this region (Patel et al., 2019, 2020).773

Figure 9. Comparison of the simulated meridional transport of heat, salt, and nitrate by

long-lived cyclones (OFAM3-JRA55) to the meridional transport estimates from satellite obser-

vations using ISE-proxy relation based on in situ observations (obtained from Patel et al., 2019,

2020) and OFAM3-JRA55 (Model-slope). Model-slope represents the satellite based estimate

using only the slope of the empirical relationship derived from model eddies (Fig. 8). Model-Full-

Eq represents the satellite based estimate when both the slope and the intercept of the empirical

relationship is used (Fig. 8). The confidence interval of the linear relationship is used to compute

the variability around the mean transport for Model-proxy (Model-slope) and Model-full-Eq.
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6.1 Application of ISE-proxy to satellite altimetry and assessment of774

tracer transport from OFAM3-JRA55775

We used the ISE-proxy derived from the model and applied it to the 22-year (1993-776

2014) satellite record of cyclones, to compute the meridional tracer transport in our study777

region (135◦E to 155◦E, Fig. 9, Model-slope). The resulting satellite-based tracer trans-778

ports fell in the bounds of the estimates made by Patel et al. (2019, 2020) for heat, salt,779

and nitrate transport (Fig. 9, Patel et al.). Both Patel et al. (2019) and (2020) derived780

their empirical relationship from a single eddy realisation and applied to the same satel-781

lite record of cyclones. The consistency between the two estimates further underpins the782

use of ISE as a suitable proxy for estimating the heat, salt, and nitrate content of long-783

lived cyclones, even when many cyclones are considered, making it a valuable tool for784

studying the tracer content of Southern Ocean eddies.785

We compared our model’s explicitly calculated tracer transports (Fig. 9, OFAM3-786

JRA55) with the satellite-based estimates using the ISE-proxy derived from the model787

and previous studies. Our simulated mean meridional heat transport was found to be788

−1.06 × 1020 J year−1, salt transport was −4.85 × 1012 kg year−1 and nitrate trans-789

port was 4.23× 1010 mol year−1 by eddies (Section 5.1).790

When considering only the slope of the relationship, our simulated mean heat and791

salt transports were slightly larger than the Model-slope estimates by approximately 12%792

and 25%, respectively. They were also larger than the estimates from Patel et al. (2019)793

by around 19% and 30%, respectively. However, all the estimates of heat and salt trans-794

ports were not significantly different, even when accounting for the intercept of the re-795

lationship and different numbers of eddies used in the computation of the direct estimate796

and ISE-proxy based estimates (Fig. 9, Model-Full-Eq).797

In contrast, the directly calculated mean nitrate transport was approximately 2.5798

times higher than all ISE-proxy estimates. The relationship between ISE and N is clearly799

less robust than H and S. The lower significance of the ISE vs N regression (Fig. 8) likely800

contributes to the underestimate of nitrate transport when the ISE-proxy method is used801

(Fig. 9). This warrants further investigation to improve the proxy, either by reexamin-802

ing the relationship with more observations from BGC-Argo and the GO-SHIP program803

or by integrating a biogeochemical model component with explicit nitrogen cycling. In804

addition, concerns remain about the applicability of these proxies beyond the regions with805
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in situ observations. Moreover, we have not separated the influence of an eddy’s life-stages806

in the presented empirical relationship, considering the variability in tracer content. The807

influence of eddies that are formed due to other mechanisms in this region is also not808

considered.809

7 Summary and Conclusions810

We have brought together two research avenues, which independently seek to un-811

derstand the role of eddies in the total poleward transport of tracers. To accomplish this,812

we applied a ship-based observational approach and a Reynolds decomposition approach813

to a 1/10◦ocean general circulation model (OFAM3-JRA55). We have focused on the814

Southern Ocean south of Tasmania, a hotspot for poleward transport (Thompson & Sallée,815

2012; Dufour et al., 2015; Foppert et al., 2017). We demonstrated that:816

1. the OFAM3-JRA55 model has good skill in representing mesoscale variability. The817

surface properties of model eddies compared well with those from satellite altime-818

try in terms of eddy kinetic energy, eddy population demographics and propaga-819

tion pathways, and the subsurface representation of temperature, salinity, and ni-820

trate (Section 4). This evaluation revealed that the region is enriched with cyclonic821

eddies that have a larger amplitude, but similar diameter compared to less com-822

mon anticyclonic eddies.823

2. the spatial distribution of depth-integrated total transient transport of heat, salt,824

and nitrate based on Reynolds decomposition of the model fields is dominated by825

poleward heat and salt transport and equatorward nitrate transport across the826

northern and southern branches of the Subantarctic Front and between the Sub-827

antarctic and Polar fronts. Intense transports are found in the region of a stand-828

ing meander downstream of the southeast Indian Ridge, with weaker transports829

elsewhere. Averaged over the region (47◦S-55.5◦S and 135◦E-155◦E), the poleward830

heat transport by all transient processes in the model is 14.5±1.6 MW per me-831

ter of path length, poleward salt transport is not statistically different from zero832

(0.01 ± 0.01 m2/s PSU per meter), and equatorward nitrate transport is 6.6 ±833

0.7 mmol/s per meter.834

3. long-lived, coherent mesoscale eddies in OFAM3-JRA55 contribute approximately835

15-20% of the total poleward heat transport and equatorward nitrate transport836

–34–



manuscript submitted to JGR: Oceans

in our study region. The poleward salt transport by coherent eddies and all tran-837

sient processes were of similar magnitude in the OFAM-JRA55 model, and not838

statistically different from zero in the Reynolds decomposition. This requires fur-839

ther investigation, as there was some offset of poleward salt transport by equa-840

torward transports that would underestimate the poleward salt transport by all841

transient processes and increase the noise in the estimate.842

4. the relationship between integrated surface elevation (ISE) and subsurface eddy843

content of heat, salt, and nitrate shows a statistically significant correlation and844

is consistent with the relationship found from one realisation of one cyclonic eddy845

sampled in situ observations. This result provides confidence in using ISE as a proxy846

to infer the total heat and salt content anomalies of coherent eddies in the absence847

of subsurface observations when first calibrated with in situ observations. Further848

investigation of methods to infer the nutrient content of an eddy from space is re-849

quired because there may be seasonal and latitudinal dependence in the ISE proxy850

we derived for nitrate.851

Our study demonstrates that in situ observations, although rare and expensive, pro-852

vide a means to develop new proxy measures to greatly expand what we can learn from853

satellite observations about variability in the climate system. Extending this regional854

investigation to the circumpolar belt with a view to building the capability to remotely855

monitor meridional eddy fluxes of heat, salt, and nitrate is the focus of future work. Im-856

proved understanding and quantification of circumpolar fluxes are critical to understand-857

ing and predicting current and future variability in the Earth’s energy balance, hydro-858

logical cycle and global ocean productivity.859

Appendix A Eddy demography for south of Tasmania860

Appendix B Algorithms to compute fluxes861

B1 To compute transient fluxes862

1. Obtained daily data of v(x, y, z, t) and T (x, y, z, t) or S(x, y, z, t) or N(x, y, z, t)863

over the period of 8 years from OFAM3-JRA55 and mapped them to the same grid864

points (velocity to tracer grid)865

2. Computed mean over the record period: v(x, y, z) and T (x, y, z) or S(x, y, z) or866

N(x, y, z)867
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Figure A1. Histograms of rotational speed, amplitude, diameter, and lifespan of both cy-

clonic (left column) and anticyclonic (right column) eddies with a lifetime of at least 90 days.

OFAM3-JRA55 results are in black, altimetry in orange.

3. Computed perturbations from the mean: v′(x, y, z, t) = v(x, y, z, t) − v(x, y, z),868

similarly for T ′, S′ and N ′
869

4. Computed the covariance of daily data as: v′(x, y, z, t)T ′(x, y, z, t), v′(x, y, z, t)S′(x, y, z, t)870

and v′(x, y, z, t)N ′(x, y, z, t)871

5. Computed mean of the covariance: v′T ′ or v′S′ or v′N ′
872
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Table A1. Comparison of coherent eddies census between OFAM3-JRA55 and altimetry for

the eddies that lived at least 90 days. Tabulated values are (min-max), mean ± standard devia-

tion, and median ± IQR (Interquartile range).

OFAM3-JRA55 Altimetry

Min – Max Mean±Std Median±IQR Min – Max Mean±Std Median±IQR

Cyclonic eddies

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

Realisation 8300 14578

Eddies 57 89

Anticyclonic eddies

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

Realisation 5962 7922

Eddies 42 47

B2 To compute divergent eddy fluxes873

1. Obtained daily data of v(x, y, z, t) and T (x, y, z, t) or S(x, y, z, t) or N(x, y, z, t)874

over the period of 8 years from OFAM3-JRA55 and mapped them to the same grid875

points (velocity to tracers grid)876

2. The reference velocity is the near bottom velocity. So, we procured the deepest877

non-zero velocity in the water column vref (x, y, t).878

3. Projected vref (x, y, t) on to all the valid depth levels as it would be vref (x, y, z, t)879

4. Repeated the steps from 2 to 5, stipulated in the aforementioned section (B1), with880

vref (x, y, z, t) in lieu of v(x, y, z, t)881
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Appendix C Coherent eddies’ contribution to the total transient trans-882

port883

We identified a total of 4987 realisations of 38 cyclonic and 1737 realisations of 18884

anticyclonic eddies in the Subantarctic Zone (47◦S-52◦S and 135◦E-155◦E), regardless885

of their formation mechanism, over an 8-year study period. The total available tracer886

content carried by these eddies for each year is computed and presented in Table S5. On887

average, cyclonic eddies introduce anomalous heat content of −0.4±0.05×1020 J year−1,888

salt content of −1.52±0.24×1012 kg year−1, and nitrate content of 1.21±0.28×1010889

mol year−1 in the Subantarctic Zone. Likewise, anticyclonic eddies introduce anomalous890

heat content of 0.23±0.2×1020 J year−1, salt content of 1.01±0.81×1012 kg year−1,891

and nitrate content of −0.53± 0.67× 1010 mol year−1 in the region. Collectively, this892

constitutes net poleward transport of heat amounting to −0.1×1020 J year−1, salt trans-893

port of −0.51×1012 kg year−1, and equatorward transport of nitrate of 0.68×1010 mol894

year−1 by long-lived coherent eddies in the Subantarctic Zone south of Tasmania.895

Table C1. Meridional transport of coherent mesoscale eddies and all transient processes in

OFAM3-JRA55 over the Subantarctic Zone south of Tasmania (47◦S-52◦S and 135◦E-155◦E).

The variability in the transport is computed as median absolute deviation over the region for

transient processes. The standard deviation is used to describe the variability in the coherent

eddies anomalies, computed over the mean annual anomalies (Table S5).

Transport Heat (MW m−1) Salt (m2 s−1 PSU) Nitrate (mmol m−1 s−1)

Transient processes −11.7± 4.13 −0.15± 0.08 5.97± 2.25

Cyclonic eddies −0.77± 0.12 −0.03± 0.005 0.27± 0.06

Anticyclonic eddies 0.51± 0.41 0.02± 0.02 −0.12± 0.15

Long-lived eddies carried −0.1×1020 J year−1 of heat poleward in the longitude896

band 135◦E-155◦E. This is equivalent to -0.26 MW m−1 (Table C1). The poleward trans-897

port of heat by all transient processes (THFd), in OFAM3-JRA55 averaged over the study898

region, was -11.7 MW m−1. Therefore, coherent long-lived eddies accounted for approx-899

imately 2% of the transient heat transport south of Tasmania.900

–38–



manuscript submitted to JGR: Oceans

The salt content introduced by long-lived eddies in the 20◦ longitude band was −0.51×901

1012 kg year−1 in OFAM3-JRA55. This is equivalent to a poleward flux of -0.01 m2 s−1
902

PSU. On the other hand, the average salt transport by all transient processes (TSFd)903

in OFAM3-JRA55 over the study region was -0.15 m2 s−1 PSU. Therefore, the poleward904

salt transport attributed to long-lived eddies in our study region in this model is approx-905

imately 6% of the transient salt transport.906

The nitrate anomaly carried by long-lived eddies in OFAM3-JRA55 was 0.68×1010907

mol year−1 (Section 5.1). This is equivalent to equatorward transport of 0.15 mmol m−1
908

s−1. The average nitrate transport by all transient processes (TNFd) in the model over909

the study region was 5.97 mmol m−1 s−1. Thus, the equatorward nitrate transport at-910

tributed to the long-lived eddies in the region in this model is around 3% of the equa-911

torward nitrate transport by all the transient processes.912

Table C2. Meridional transport of coherent mesoscale eddies and all transient processes in

OFAM3-JRA55 over the Subantarctic Front south of Tasmania (50◦S-55.5◦S and 135◦E-155◦E).

The variability in the transport is computed as median absolute deviation over the region for

transient processes. The standard deviation is used to describe the variability in the coherent

eddies anomalies, computed over the mean annual anomalies (Table S6).

Transport Heat (MW m−1) Salt (m2 s−1 PSU) Nitrate (mmol m−1 s−1)

Transient processes −22.1± 11.8 −0.14± 0.11 10± 5.05

Cyclonic eddies −0.76± 0.15 −0.03± 0.006 0.19± 0.05

Anticyclonic eddies 0.82± 0.38 0.03± 0.01 −0.10± 0.09

Similar to the Subantarctic zone, the net tracer content carried by coherent eddies913

found in the Subantarctic Front is small compared to transient processes (Table C2 and914

S6). The small contribution of long-lived mesoscale eddies to the transient transport could915

be due to the compensating effect of cyclonic and anticyclonic eddies. The cyclonic ed-916

dies carried cold, fresh, and nitrate-rich waters, whereas the anticyclonic eddies carried917

warm, salty, and nitrate-depleted waters in both the Subantarctic Zone and Subantarc-918

tic Front region. Furthermore, the impact of eddies also varies geographically due to het-919

erogeneous distribution of long-lived eddies in the study region. In OFAM3-JRA55, the920
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majority of the long-lived anticyclonic eddies are found upstream and over the South East921

Indian Ocean ridge, whereas the cyclonic eddies are found on downstream of the ridge922

possibly advecting tracers along and across the Subantarctic Front (Fig. S1).923
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Table S1. Comparison between simulated cyclonic eddy census for various size of search

windows (4×4, 7×7, and 10×10) and altimetry for the eddies that lived longer than 30 days.

Tabulated values are (min-max), mean, median and standard deviation.

Cyclones Altimetry Model (4×4) Model (7×7) Model (10×10)

Amplitude (cm)
(0.72-95.06) 15.89,
12.60, 11.6

(0.06-59.6) 6.42,
2.75, 8.57

(0.23–59.62) 8.17,
4.12, 9.24

(0.56-59.62) 10.69,
6.90, 9.93

Diameter (km)
(95.28-380.15)
168.05, 160.82,
44.4

(37.67-356.6)
120.8, 112.35,
50.93

(66.67-356.6)
138.99, 130.51,
46.02

(95.12-356.6)
160.45, 153.07,
41.08

Rotational Speed
(cm/s)

(0.80-2360.9)
136.12, 14.98,
307.16

(0.13-426.7) 9.5,
3.63, 16.4

(0.21-230.40)
10.85, 4.89, 15.82

(0.31-230.4) 13.24,
6.30, 17.66

Realisation 29529 45766 33932 22031
Eddies 379 666 489 331

Lifespan
(31-584) 77.91, 56,
69.56

(31-469) 68.72, 54,
47.05

(31-469) 69.39, 55,
47.72

(31-469), 66.56,
50, 45.52

Table S2. Comparison between simulated anticyclonic eddy census for various size of search

windows (4×4, 7×7, and 10×10) and altimetry for the eddies that lived longer than 30 days.

Tabulated values are (min-max), mean, median and standard deviation.

Anticyclones Altimetry Model 4×4 Model 7×7 Model 10×10

Amplitude (cm)
(0.5-62.98) 12.18,
10.18, 8.49

(0.05-53.35) 4.88,
2.57, 6

(0.24-53.35) 6.42,
4.14, 6.41

(0.42-53.35) 8.51,
6.17, 6.83

Diameter (km)
(93.94–443.75)
170.45, 163.53, 46

(38.03-424.97)
120.25, 112.21,
51.65

(66.43-424.97)
140.34, 132.94,
46.79

(95.09-424.97)
163, 154.36, 43.77

Rotational Speed
(cm/s)

(0.44–1793.4)
68.99, 10.69,
185.10

(0.11-1017.5) 9.36,
3.33, 32.49

(0.19-1017.5)
11.36, 472, 36.53

(0.33-664.39)
12.34, 6.19, 27.05

Realisation 21492 41070 29756 18711
Eddies 322 672 484 304

Lifespan
(31-875) 66.75,
48.5, 67.19

(31-400) 61, 48, 41
(31-364) 61.48,
48.5, 41.23

(31-361), 61.55,
48.5, 41.79
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Figure S1. Simulated eddy trajectories. Dots denote formation point of eddies. Grey contour

of the 3000 m bathymetry indicates the Southeast Indian Ridge (SEIR) and South Tasman Rise

(STR). The mean position of the northern and southern branches of the Subantarctic Front,

shown as contours (cyan and magenta, respectively).

Figure S2. Altimetry eddy trajectories. Dots denote formation point of eddies. Grey contour

of the 3000 m bathymetry indicates the Southeast Indian Ridge (SEIR) and South Tasman Rise

(STR). The mean position of the northern and southern branches of the Subantarctic Front,

shown as contours (cyan and magenta, respectively).

December 15, 2023, 6:04am



X - 4 :

Table S3. Stability of the time-mean tracer transport by transient process of the study period

of 8 years. The time-mean tracer transport is averaged over 47-55.5◦S and 135-155◦E.

Period Heat (MW/m) Salt (m2/s PSU) Nitrate (mmol/m/s)

2007-2014 −14.5 −0.098 6.61
2007-2010 −14.73 −0.096 6.69
2011-2014 −14.78 −0.099 6.87
2009-2012 −14.73 −0.097 6.67

Figure S3. Simulated and sampled eddies track. Daily position is marked as black dots.

Magenta dots represent the period over which the transect is made. Green and red dots represent

detachment from and reattachment to the meander, respectively. The asterisk and star denote

formation and dissipation of the eddies, respectively.
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Figure S4. Vertical distribution of temperature, salinity, density, and nitrate anomalies of the

simulated eddy (top) and the sampled eddy (bottom)in pressure coordinate. The anomalies are

computed with respect to the surrounding environment. The temperature, salinity, density, and

nitrate anomaly contours were plotted at the intervals of 0.25 ◦C, 0.05 g/kg, 0.05 kg/m3 and 1

mmol/L, respectively.
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Figure S5. Vertical distribution of temperature, salinity, and nitrate anomalies of the simu-

lated eddy (top) and the sampled eddy (bottom)in density coordinates. The temperature, salt

and nitrate anomaly contours were plotted at the interval of 0.2 ◦C, 0.02 g/kg and 1 mmol/L,

respectively.
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Table S4. Comparing characteristics of the simulated case study eddy to the sampled eddy.

Attributes Simulated eddy Sampled eddy

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

Figure S6. Transient heat, salt and nitrate transport south of Tasmania (shading) overlain by

trajectories of 26 long-lived cyclonic eddies formed due to Subantarctic Front instability. A dot

represents the eddy formation site. Dissipating frontal eddies, return frontal eddies, and frontal

mixing eddies denoted in blue, red and light brown, respectively. The northern and southern

branches of the Subantarctic Front and Polar Front represented as cyan, magenta and black

contours, respectively.
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Figure S7. Influence of individual eddy, month in which a realise detected, and latitude on

the empirical relationship between integrated surface elevation (ISE) and total available nitrate

content of an eddy. The red and blue line represents linear and robust linear fit to the empirical

relationship, respectively. The magenta dot denotes observed ISE and total available nitrate

content of an eddy of Patel et al. (2020).
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Table S5. The mean and standard deviation of the total available heat (TAHA), total

available salt (TASA), and total available nitrate (TANA) anomalies introduced by long-lived

coherent eddies for each year in the Subantarctic Zone (SAZ) south of Tasmania. The region is

bounded by 47◦S-52◦S and 135◦E-155◦E.

Year Eddy Realisation TAHA (×1019 J) TASA (×1012 kg) TANA (×1010 mol)

Cyclonic eddies in the SAZ

2007 316 -3.85 ± 2.70 -1.71 ± 1.21 1.31 ± 1.62

2008 763 -3.78 ± 2.92 -1.70 ± 1.30 1.47 ± 1.24

2009 681 -2.85 ± 3.41 -1.23 ± 1.50 0.87 ± 1.18

2010 952 -3.11 ± 2.33 -1.34 ± .95 0.76 ± 0.6

2011 432 -4.03 ± 3.08 -1.81 ± 1.4 1.40 ± 0.94

2012 506 -3.35 ± 3.08 -1.56 ± 1.44 1.24 ± 1.46

2013 1067 -2.51 ± 2.09 -1.16 ± 0.96 1.07 ± 1.11

2014 270 -3.55 ± 2.97 -1.67 ± 1.35 1.52 ± 1.29

per year -3.38 -1.52 1.21

Anticyclonic eddies in the SAZ

2007 357 5.70 ± 5.57 2.49 ± 2.56 -1.55 ± 2.30

2008 64 0.62 ± 0.65 0.23 ± 0.24 0.14 ± 0.17

2009 400 3.48 ± 4.36 1.60 ± 2.02 -1.02 ± 1.73

2010 422 2.04 ± 3.65 0.86 ± 1.64 -0.17 ± 1.82

2011 113 1.29 ± 1.09 0.57 ± 0.49 -0.29 ± 0.51

2012 358 0.58 ± 1.52 0.26 ± 0.67 0.22 ± 0.66

2013 23 2.08 ± 1.68 1.07 ± 0.86 -1.03 ± 0.64

per year 2.25 1.01 -0.53

Net in SAZ -1.13 -0.51 0.68
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Table S6. The mean and standard deviation of the total available heat (TAHA), total

available salt (TASA), and total available nitrate (TANA) anomalies introduced by long-lived

coherent eddies for each year in the Subantarctic front (SAF) south of Tasmania. The region is

bounded by 50◦S-55.5◦S and 135◦E-155◦E.

Year Eddy Realisation TAHA (×1019 J) TASA (×1012 kg) TANA (×1010 mol)

Cyclonic eddies in the SAF

2007 396 -2.95 ± 2.24 -1.23 ± 0.95 0.60 ± 0.82

2008 777 -4.14 ± 2.89 -1.74 ± 1.24 1.04 ± 1.02

2009 204 -3.42 ± 2.47 -1.45 ± 0.98 0.78 ± 0.65

2010 1026 -3.57 ± 2.44 -1.45 ± 0.98 0.70 ± 0.65

2011 429 -3.55 ± 2.60 -1.41 ± 1.06 0.72 ± 0.74

2012 438 -3.71 ± 3.71 -1.63 ± 1.71 1.21 ± 1.75

2013 548 -3.69 ± 2.68 -1.57 ± 1.17 1.12 ± 1.79

2014 89 -1.95 ± 0.47 -0.85 ± 0.19 0.82 ± 0.61

per year -3.37 -1.42 0.87

Anticyclonic eddies in the SAF

2007 371 4.97 ± 3.97 2.09 ± 1.81 -1.15 ± 1.83

2008 175 1.62 ± 1.27 0.58 ± 0.51 -0.1 ± 0.25

2009 343 3.71 ± 4.42 1.55 ± 1.92 -0.75 ± 1.51

2010 286 3.65 ± 4.02 1.48 ± 1.80 -0.63 ± 1.64

2011 115 5.55 ± 4.02 1.79 ± 1.28 -0.1 ± 0.57

2012 539 4.56 ± 3.61 1.72 ± 1.32 -0.36 ± 0.88

2013 41 1.13 ± 1.80 0.47 ± 0.73 -0.1 ± 0.15

per year 3.60 1.38 -0.46

Net in SAF 0.23 -0.04 0.41
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