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ABSTRACT

The frontal structure of the Southern Ocean is investigated using the Wavelet/Higher Order Statistics

Enhancement (WHOSE) frontal detection method, introduced in Chapman’s work. This methodology is

applied to 21 yr of daily gridded absolute dynamic topography (ADT) data to obtain daily maps of the lo-

cations of the fronts. By forming frontal occurrence frequencymaps and then approximating these occurrence

maps by a superposition of simple functions, the time-mean locations of the fronts, as well as a measure of

their capacity to meander, are obtained and related to the frontal locations found by previous studies. The

spatial and temporal variability of the frontal structure is then considered. The number of fronts is found to be

highly variable throughout the Southern Ocean, increasing (splitting) downstream of large bathymetric

features and decreasing (merging) in regions where the fronts are tightly controlled by the underlying to-

pography. These splitting/merging events are related to changes in the underlying frontal structure whereby

regions of high frontal occurrence cross or spread over streamfunction contours. In contrast to the number of

fronts, frontal meandering remains relatively constant throughout the SouthernOcean. Little to no migration

of the fronts over the 1993–2014 time period is found, and there is only weak sensitivity of frontal positions to

atmospheric forcing related to the southern annular mode or the El Niño–Southern Oscillation. Finally, the

implications of these results for the study of cross-stream tracer transport are discussed.

1. Introduction

Observations dating back to the Discovery expedition

have revealed that the Antarctic Circumpolar Current

(ACC) is composed of large-scale hydrographic fronts

(Deacon 1937). Although it is difficult to give a precise

definition of a front (Langlais et al. 2011; Chapman

2014), they are generally considered to be regions where

water mass properties change rapidly (Sokolov and

Rintoul 2002). In the SouthernOcean, fronts are aligned

more or less zonally. Water mass properties change

rapidly across the front, yet remain approximately con-

stant along the front (Deacon 1937; Orsi et al. 1995;

Belkin and Gordon 1996). These studies have led to the

traditional view (Langlais et al. 2011) that the Southern

Ocean is composed of three circumpolar hydrographic

fronts that are (from north to south) the Subantarctic

Front (SAF), the Polar Front (PF), and the Southern

ACC Front (SACCF).

SouthernOcean fronts are thought to be closely related

to strong zonal geostrophic jets (Gille 1994; Sokolov and

Rintoul 2007), and it has been shown that jets and hy-

drographic fronts are often collocated (Sokolov and

Rintoul 2002). However, there is evidence from high-

resolution satellite data and numerical modeling that

these jets are not smooth, continuous circumpolar fea-

tures but are instead complicated mesoscale phenomena

that split, merge, and drift and that their structure varies

in both space and time (Hughes and Ash 2001; Hallberg

and Gnanadesikan 2006; Thompson 2010; Thompson

et al. 2010; Hughes et al. 2010; Chapman 2014). The re-

lationship of these smaller-scale, braided jets to the three

traditional hydrographic fronts is still unclear, as the

small-scale jets are not always coincident with the high

in situ density gradients that denote the hydrographic

fronts (Graham et al. 2012; Chapman 2014). Despite this

complication, the terms jet and front are often used in-

terchangeably. Southern Ocean fronts can influence

the upwelling and ultimate ventilation of deep waters,

which can in turn affect the formation of water masses at

the surface (Böning et al. 2008; Meijers et al. 2012;
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Meijers 2014) and can act to suppress the meridional

exchange of tracers (Shuckburgh et al. 2009; Ferrari and

Nikurashin 2010; Thompson and Sallée 2012; Foppert

et al. 2016). Frontal anomalies could also result in

anomalous water mass properties being redistributed

throughout the ocean by the strong zonal currents that

compose the ACC (Sallée et al. 2008).

Multiple studies using either satellite data alone

(Sokolov and Rintoul 2009b; Billany et al. 2010) or a mix

of satellite and hydrographic data (Sallée et al. 2008;

Tarakanov andGritsenko 2014; Kim andOrsi 2014) have

identified largemeridional shifts in the locations of fronts,

sometimes as large as 108 of latitude, with temporal var-

iability being concentrated in regions away from large

bathymetric features that act to constraint frontal loca-

tions. Both Sallée et al. (2008) and Kim and Orsi (2014)

find significant correlation between the southern annular

mode (SAM) and the El Niño–Southern Oscillation

(ENSO) and the position of the fronts in the southeast

Indian and southeast Pacific basins. In contrast, studies

using similar data yet different methods yield contrary

results, showing no coherent trends in frontal location

(Graham et al. 2012; Gille 2014; Shao et al. 2015;

Freeman et al. 2016), although these studies do not rule

out localized or higher-frequency variability such as the

meridional ‘‘drift’’ of jets identified by Thompson and

Richards (2011) or ‘‘jet jumping’’ (Chapman and Hogg

2013; Chapman and Morrow 2014).

The root of this controversy appears to stem from the

definition of a front. The contour methods, introduced

in Sokolov and Rintoul (2002) and used in the majority

of studies that find long-term trends in frontal posi-

tions, exploit the fact that regions of high sea surface

height (SSH) gradient (that define a strong geostrophic

current) are often collocated with a unique value of

SSH. Thus, any shift in the location of that contour will

logically correspond to a shift in the front. In contrast,

the majority of studies that find little or no change in

frontal position define fronts based on local criteria

such as SSH gradients (Graham et al. 2012; Gille 2014;

Shao et al. 2015). Contour methods have recently been

criticized by Thompson et al. (2010) and Graham et al.

(2012), who show that the unique value of SSH selected

to designate a front may not always coincide with the

regions of high SSH gradients, which can result in

spurious temporal variability. Additionally, as noted by

Langlais et al. (2011), when using contour-type defini-

tions, there is no agreed upon number of fronts in the

Southern Ocean. However, contour methods perform

well when used to detect the time-mean positions of

fronts (Langlais et al. 2011; Graham et al. 2012;

Chapman 2014) and have great value when used to

define a coordinate system for along and across-front

transport calculations (Dufour et al. 2015). For more

detail and further comparisons between these methods,

see Chapman (2014).

The goals of this paper are to study in detail the

spatial and temporal variability of the frontal structure

of the Southern Ocean and to investigate the response

of fronts to changes in atmospheric forcing associated

with the SAM and ENSO by applying the Wavelet/

Higher Order Statistics Enhancement (WHOSE)

methodology, introduced in Chapman (2014), to 21 yr

of altimetric sea surface dynamic topography data. The

WHOSE method is a local method that allows the

number of fronts to vary both spatially and temporally.

By forming and further approximating maps of frontal

occurrence frequency as a superposition of simple

functions to avoid the difficulty of tracking individual

frontal filaments, we will analyze how the frontal

structure changes geographically and robustly de-

termine temporal trends in the frontal location, making

no assumptions regarding the number of fronts or their

geographical extent. In doing so, we will link the

complex, small-scale fronts detected by the WHOSE

method to the traditional hydrographic fronts and de-

termine the sensitivity of the frontal positions to

changes in the SAM and ENSO.

The remainder of this paper is organized as follows:

Section 2 will briefly discuss the frontal detection meth-

odology (the WHOSE method) and describe the data to

be used. Section 3 will focus on the time-mean frontal

structure and its spatial variability. Trends in frontal loca-

tions and their sensitivity of changes in atmospheric forcing

will be presented in section 4. Finally, section 5 discusses

the implications of this work and makes a number of rec-

ommendations for future studies pursuing this subject.

2. Data and methodology

a. Data

1) TIME-MEAN DYNAMIC TOPOGRAPHY

To estimate the mean state of the ocean, we use the

mean dynamic topography (MDT) product (Rio et al.

2014), downloaded from the CNES Collecte Localisation

Satellites (CLS) (CLS 2013). The mean sea surface is

reconstructed over the period 1993–2012 by combining

data from the Gravity Recovery and Climate Experiment

(GRACE) mission, satellite altimeters, drifting buoys,

in situ hydrographic observations, and surface wind stress

from the ERA-Interim reanalysis project.

2) TIME-VARYING DYNAMIC TOPOGRAPHY

The satellite dataset used in this study is the

Archiving, Validation, and Interpretation of Satellite
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Oceanographic (AVISO) daily gridded sea level

anomalies (SLA) from Ssalto/Duacs, downloaded

from Copernicus Marine Services (Ssalto/Duacs

2014; Pujol et al. 2016). We use delayed-mode dy-

namic topography for the period 1993–2015, with

daily output, giving 8035 data records. These data are

mapped to a 1/48 Mercator grid using optimal in-

terpolation of along-track data series based on the

REF dataset, which uses two satellite missions [Ocean

Topography Experiment (TOPEX)/Poseidon/European

Remote Sensing Satellite (ERS) or Jason-1/Envisat or

Jason-2/Envisat] with consistent sampling over the 21-yr

period. Data are corrected for instrumental errors,

atmospheric perturbations, orbit errors, tides, in-

verted barometer bias, and aliased fast barotropic

signals (periods of less than 20 days). Although the

output grid spacing is 1/48, the effective resolution is

actually set by the correlation length scales used in the

optimal interpolation (in the Southern Ocean ap-

proximately 15 km in the meridional direction, 100 km

in the zonal direction) and the underlying resolution

of the along-track data, which is filtered to remove

wavelengths smaller than 65 km (Pujol et al. 2016).

With increasing horizontal resolution, such as the 50-

to 100-m resolution, which will be available with the

launch of the Surface Water and Ocean Topography

(SWOT) satellite (http://smsc.cnes.fr/SWOT), tighter

front spacing and hence more accurate determination

of the number of fronts and their meander amplitudes

may be possible.

This study uses ADT, which is the sum of the time-

mean dynamic topography and time-varying sea level

anomalies.

3) SOUTHERN ANNULAR MODE AND EL

NIÑO–SOUTHERN OSCILLATION INDIES

The leading modes of atmospheric variability over the

SouthernOcean are generally considered to be the SAM

and ENSO. To investigate the response of Southern

Ocean fronts to changes in these climate modes, we

obtained the monthly SAM index, described inMarshall

(2003a), from the British Antarctic Survey (Marshall

2003b) and the monthly bivariate ENSO time series

(Smith and Sardeshmukh 2000a) from the NOAAEarth

Systems Research Laboratory (Smith and Sardeshmukh

2000b). Both time series are then low-pass filtered with

a finite impulse response Blackman filter with a cutoff

period of 3 months.

b. Front detection methodology

Here, we will briefly describe the WHOSE method-

ology used to detect fronts in this study. The WHOSE

method was originally developed by Chapman (2014),

inspired by methods used for the detection of steplike

signals in acoustic and radar data. Further details, in-

cluding implementation notes, extensive validation,

and a detailed comparison with other methods, are

found in Chapman (2014).

The WHOSE method belongs to the broader class of

local gradient maxima methods. As their name implies,

these methods identify fronts by finding points where

the gradient of SSH, SST, or similar quantities exceeds a

predefined threshold. Studies using these methods have

revealed that the Southern Ocean hosts an intricate web

of interleaving fronts that are not necessarily circum-

polar in extent (Moore et al. 1999; Hughes andAsh 2001;

Kostianoy et al. 2003; Burls and Reason 2006; Dong

et al. 2006; Billany et al. 2010; Graham et al. 2012).

However, oceanic eddies can induce SSH and SST gra-

dients of similar or even greater magnitude than those

associated with fronts. As differentiation (required to

compute the gradient) tends to amplify ‘‘noise,’’ locally

distinguishing between eddies and fronts is a difficult

task and some kind of filtering or averaging should be

employed.

The WHOSE method reduces the influence of eddies

and other noise by using a denoising filter that specifi-

cally searches for steplike signals that are the manifes-

tation of oceanic fronts in SSH or SST by exploiting the

fact that step signals have nonzero kurtosis:

K(x)5
E[(x2 x)4]

fE[(x2 x)2]g2 2 3, (1)

where x is a real random variable, E denotes the ex-

pectation operator, and the overbar denotes the mean

(Ravier and Amblard 1998). If the noise introduced by

differentiation is assumed to have a normal distribution

(hence zero kurtosis) and the steplike signal is non-

normal (nonzero kurtosis) then a kurtosis criteria should

be able to separate the signal from the noise.

The algorithm has four primary steps:

Step 1: Perform a wavelet decomposition in the space

domain in order to decompose the ADT into scales.

Step 2: At each wavelet scale, we determine if those

coefficients are normally distributed, and hence

noise or nonnormal, and therefore signal by deter-

mining if the kurtosis of the wavelet coefficients falls

within bounds given by the Bienaymé–Chebyshev
inequality [see Chapman (2014, p. 4323), his Eq. (4)].

If the wavelet coefficients at that scale are found to

be noise, then they are set to zero. Otherwise, they

are retained without modification.

Step 3: For the remaining wavelet coefficients, apply

the spatially adaptive wavelet denoising proce-

dure of Donoho and Johnstone (1995). Wavelet
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coefficients are set to zero where they are less

than a threshold l, given by

ls 5median[jds(x, t)j]
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 log

10
N

q
/0:6745, (2)

where s denotes the wavelet scale, d is the wavelet

detail coefficients at scale s, andN is the number of

points on the transect. The general idea is that the

signal is contained only in the large-amplitude

wavelet coefficients, while the noise is contained

in the small-amplitude coefficients, but that am-

plitude of the noise may vary depending on the

spatial scale. This procedure effectively removes

white noise while taking into account the local

spatial scale of the signal.

Step 4: The inverse wavelet transform is used to

reconstruct the SSH transect, and gradient thresh-

olding is applied to determine the front locations.

Following Graham et al. (2012), the gradient

threshold is set to 0.1m per 100 km. Sensitivity tests

to variations of this parameter have been performed

and are included in appendix C.

This algorithm has been implemented in the open-

source Python language, and the code is freely

available from the author’s Github repository (see

appendix A).

The advantage of the WHOSE method is that by

filtering the noise induced by eddies and other small-

scale motions, front positions can be determined from

instantaneous snapshots of ADT, even in regions

of high eddy activity. In comparison, naive gradient

thresholding (i.e., without the filtering steps) is unable

to reliably detect fronts in regions with intense eddy

activity due to a large number of false positive errors

(Chapman 2014), and methods such as the skewness/

kurtosis criteria of Hughes et al. (2010) and Shao et al.

(2015) require taking time averages over long time

periods [the shortest time period analyzed by Shao

et al. (2015) is 1 yr] and, as such, can smooth out small-

scale or ephemeral features. The fronts we seek are me-

soscale features, with across-front scales of;80km being

detected by both the WHOSE method (Chapman 2014)

and the skewness/kurtosis criteria methods (Shao

et al. 2015).

The WHOSE method is applied to each daily ADT

map between 708 and 308S, producing 8035 daily maps of

frontal location. An example is shown in Fig. 1, along

with a snapshot of the ADT (Fig. 1a) and j=ADTj
(Fig. 1b). We see that frontal locations (circles) follow

large yet zonally coherent ADT gradients. These daily

maps of frontal location have beenmade freely available

for download (see appendix B).

The detected fronts show significant nonzonal orien-

tation, primarily due to the steering of the flow by sub-

surface topography (e.g., between 1508E and 1808 at the
Campbell Plateau) or high-frequency variability in-

duced by Rossby waves moving along the fronts, as de-

scribed by Hughes (1996), mostly clearly seen in the

Agulhas region, south of Africa (between 208 and 508E).
Animations of frontal location indicate substantial high-

frequency variability, including the aforementioned

Rossby wave propagation as well as the drift, splitting,

and merging identified in the idealized experiments

conducted by Thompson (2010).

In contrast to Shao et al. (2015), who uses the along-

track AVISO product, we employ the gridded product

in this study. Since the use of optimal interpolation for

FIG. 1. Snapshot of the (a) ADT and (b) ADT gradient on 11 Apr 2010, overlaid with the

locations of the detected fronts (black dots). Note that detected fronts outside of the Southern

Ocean latitudes have been removed from the analysis (see text for details).
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gridding the along-track data does modify the statistics

of the ADT field, including the kurtosis (Sura and Gille

2010), we have repeated the analysis on the AVISO

along-trackADT for a single year: 2010.We find that the

frontal positions obtained using the along-track data are

very similar to those obtained using the gridded product

for a similar set of parameter choices, although because

of the different grid spacing, the frontal positions are not

identical. However, the differences are minor (generally

less than one grid point), which is consistent with the

analysis of ADT statistics by Sura and Gille (2010).

c. Determination of mean frontal positions and
meandering amplitude

As implied by Fig. 1, the WHOSE method produces

frontal location maps that are essentially a three-

dimensional (latitude, longitude, and time) array of

bits, where a ‘‘true’’ value indicates the presence of a

front at that particular time and location. In contrast to

contour methods, fronts defined in this way may not be

present at all longitudes and at all times. The number of

fronts present at any particular longitude ranges from as

few as two (e.g., between longitudes 1208 and 1508E,
south of Tasmania) to asmany as 15 (e.g., between about

658 and 308W, downstream of Drake Passage).

To investigate the time-mean behavior of the fronts

and their meandering, we form maps of frontal occur-

rence frequency (a kind of 2D histogram or occurrence

map) by counting the number of times a front is found at

each point in the domain over a certain time period. A

sharp, localized peak in the occurrence map indicates

the presence of a persistent front with little time vari-

ability, while a more broad distribution of points around

a peak indicates a meandering front.

Occurrence maps provide a qualitatively attractive

framework for understanding the ACC’s frontal system.

However, making robust quantitative arguments based

on these maps is more difficult. To tackle this problem,

we fit to each meridional transect of the occurrence map

an arbitrary number of skew normal functions (Azzalini

and Capitanio 1999):

f
j
(f;A,f

j
,s, g)5Ae2(f2f)2/(2s2)

8<
:11erf

2
4g(f2f

j
)ffiffiffi

2
p

s

3
5
9=
;,

(3)

where erf is the error function, A is the amplitude, fj is

the mean latitude, s is the standard deviation, g is the

skew parameter, and j 2 Z is the frontal index. The

functions are fitted by nonlinear regression. Skew

normal curves differ from a standard normal curve by

the presence of asymmetry, measured by the skew

parameter g. A positive (negative) g results in an elon-

gated tail to the right (left) of the mean. We have chosen

to use a skew normal function, in lieu of a standard nor-

mal function, because the occurrence maps show some

asymmetry in certain regions, with the front being more

likely to drift or meander to one side of themean position

than another. An example of this effect, the spontaneous

drifting and reforming of fronts, was identified by

Thompson and Richards (2011).

At each longitude l, the frontal occurrence map is

approximated as

P(l;f)5 �
n

i50

f
i
(f;A

i
,f

i
,s

i
, g

i
). (4)

Each component function fi shall be interpreted as a

separate front at that longitude. To determine the

number of fronts n, we use the Akaike information cri-

terion (AIC; Akaike 1974; Burnham et al. 2011), which

for an occurrencemap transect modeled by the sum ofm

skewed normal functions, is

AIC
m
5 8m1 logL , (5)

where L is the maxima of the likelihood function (a

measure of the goodness of fit of the model to the data).

The AIC quantifies the trade-off between how well a

model fits the data and the complexity, measured by the

number of parameters in the model. A model with a

lowerAIC is preferred. The 8m term inEq. (5) effectively

penalizes fitting additional functions (hence another

frontal peak). The AIC is used as a means of model se-

lection because of its simplicity, relative computational

efficiency (when compared to cross validation), and its

relative ease of implementation when employed along-

side nonlinear regression. We have also tested using the

Bayesian information criterion (BIC) as the means of

model selection and found only minor differences in the

result. Starting with n 5 1, additional skew normal

components are added until the AIC reaches a local

minima. The value ofn thatminimizes theAIC is taken as

the number of fronts at that longitude.

d. Spatiotemporal frontal variability in a toy model

Before discussing the complicated flow structure in

the Southern Ocean, we use a simple toy problem to

illustrate some aspects of the frontal occurrence maps.

Consider a meandering front with a meridional position

y decomposed into a mean component y (that is possibly

spatially variable) and a meandering y0 component:

y(x; t)5 y(x)1 y0(x; t) , (6)

where x is the zonal coordinate, and t is time. Here,

y0 5 0, with the overline indicating the mean value. The
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meandering component y0 is modeled as a spatially au-

tocorrelated first-order autoregressive process [AR(1)]

stochastic process:

y0(x
i11

; t)5 ry0(x
i
,; )1 « , (7)

where r 5 0.9 is the autocorrelation parameter, and

«;N (0, s2) is the uncorrelated white noise drawn

from a normal distribution with zero mean and a stan-

dard deviation s 5 s(x) that can vary spatially.

Occurrence maps generated from 10 000 realizations

of the toy problem are shown in Fig. 2 for two different

situations: two fronts that meander about constant mean

meridional positions y1 5 400 km and y2 5 600 km

(Figs. 2a,b) and a single meandering bistable front with

two preferred mean locations at 400 and 600km. In the

latter case, the front randomly flips between the two

mean positions, as in Chapman andHogg (2013). In both

cases, the standard deviation s of the meandering

component is a constant 25 km.We see in Figs. 2a and 2b

that the occurrence maps produced are virtually in-

distinguishable, despite the different underlying frontal

structures that have been used to produce them. As

such, we note that our occurrence map method is unable

to distinguish between an ephemeral front that changes

its location or two stable, neighboring fronts. However,

as noted by Chapman and Morrow (2014), the fronts

that exhibit bistable behavior are somewhat rare in the

Southern Ocean. As such, herein we interpret two ad-

jacent peaks in an occurrence map as indicating two

different fronts and not a single ephemeral front un-

dergoing jet jumping.

We now consider two different cases of spatial vari-

ability: a splitting/merging case (Figs. 3a,b), where a

single front with a constant meandering amplitude of

s5 25km splits at a particular location into two distinct

fronts (indicated by the solid lines in Fig. 3b) before

merging again, and a variablemeandering case (Figs. 3c,d):

a single front with a spatially varying meander amplitude

that has the form

s(x)5A
y
cos

p

L
x

x

� �
1A

0
, (8)

where A0 5 10km is the constant background

meandering amplitude, and Ay 5 150 km is the spatially

varying meander amplitude (shown in Fig. 3e).

The occurrence maps shown in Fig. 3 for the splitting/

merging case have a very different structure than those

for the meandering front case. For the splitting/merging

case, the occurrence map broadens and reduces in

magnitude after the splitting event. Additionally, after

the splitting occurs (indicated by the arrow in Fig. 3b),

there is a transition from a single peak in the occurrence

map to two clearly defined peaks separated by minima,

with the reverse occurring where the fronts merge.

FIG. 2.Multiple fronts vs a single bistable front in a toymodel. (a) Themeridional position PDFs for two synthetic fronts centered at y5
400 and 600 km. (b) The (normalized) frontal frequency of occurrence map for the situation with two stochastically meandering fronts.

The blue (red) solid lines indicate the mean frontal positions. (c) Themeridional position PDFs for a single synthetic front with two stable

positions (y5 400 and 600 km) and (d) the (normalized) frontal frequency of occurrence maps for the single bistable front situation. The

black solid lines indicate the mean positions of the two fronts.
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Similarly, in the variable meandering case the occur-

rence map broadens and reduces in amplitude as

s increases. However, there is no development of an

additional peak in the occurrence map. As such, we can

distinguish between splitting/merging and variable

meandering with knowledge of two key parameters: the

meander amplitude, measured by s, and the number of

peaks in the occurrence map at any particular longitude.

3. Time-mean frontal behavior

The Southern Ocean is zonally asymmetric. Meso-

scale activity and the primary orientation of the mean

flow both vary with longitude (Rintoul and Naveira-

Garabato 2013). Bathymetry, which both steers the

ACC currents and acts to generate regions of intense

turbulence, is thought to influence fronts in two ways:

first, fronts that pass over regions with large gradients in

bottom topography are constrained in their movement

and capacity to meander (Sokolov and Rintoul 2009b);

and second, since mesoscale turbulence is generated

preferentially in regions downstream of large bathy-

metric features (Williams et al. 2007; Chapman et al.

2015), it has also been suggested that fronts may show

increased variability in these regions (Langlais et al.

2011; Chapman 2014). However, there is some dis-

agreement about how this variability manifests: Langlais

et al. (2011) suggests coherent meandering of the fronts,

while Chapman (2014) provides evidence of fronts

splitting into additional smaller-scale subfronts in these

regions. In this section, we use the WHOSE fronts to-

gether with the nonlinear fitting procedure to investigate

how the structure and meandering of fronts varies

throughout the Southern Ocean.

a. Frontal occurrence frequency and time-mean
positions

The occurrence map obtained from the WHOSE

method for the period 1993–2015 is shown in Fig. 4a,

which reveals a complicated frontal structure that

changes throughout the Southern Ocean. In certain re-

gions, for example, south of Australia (between about

908 and 1308E; Fig. 4a, box i), the occurrence maps in-

dicate one or two strongly persistent fronts. Other re-

gions, for example, near the Campbell Plateau south of

New Zealand (1708E to 1708W; Fig. 4a, box ii), show

multiple persistent fronts with clear peaks in the oc-

currence map but with a broad distribution of points

about those peaks, more indicative of meandering

fronts. Finally, there are regions, such as the eastern

Pacific (908W to 708E; Fig. 4a, box iii), where the frontal
structure consists of a broad distribution of points with

no dominant peak, indicative of either strongly

meandering fronts or numerous, closely packed fronts.

The later region corresponds to that identified by

Thompson et al. (2010), where the interior potential

FIG. 3. Splitting/merging compared with variable meandering in a toy model. (a) The meridional position PDFs for two synthetic fronts

that undergo splitting and merging. The red (blue) line indicates the front that splits to the north (south). (b) The (normalized) frontal

frequency occurrence maps for synthetic fronts that split and merge. Solid red (blue) line indicates the mean front position. (c) As in (a),

but for a single front with an increasing then decreasing meander amplitude. (d) As in (b), but for the single front with increasing then

decreasing meandering amplitude. (e) The spatial variation of the standard deviation s of the front in (c) and (d), defined in Eq. (8).

MAY 2017 CHAPMAN 1157

Unauthenticated | Downloaded 11/17/21 09:26 AM UTC



vorticity structure is homogenized near the surface and

the PV gradients are weak.

Using the skew normal fits we are able to determine,

at every the longitude in the domain, the number of

fronts n, their mean latitude f, and their meandering

standard deviation s. The time-mean positions of the

fronts are shown in Fig. 4b and are in agreement with

previous studies such as Graham et al. (2012). The

number of distinct peaks detected is shown in Fig. 4c,

where it is clear that the number of fronts is highly

variable, with as many as 15 peaks to as few as a one.

Splitting behavior (where the number of fronts in-

creases) occurs primarily downstream of large topo-

graphic features such as the Kerguelen Plateau (labeled

in Fig. 4), while the inverse phenomena of merging (the

number of fronts decreases downstream) occur primar-

ily in regions where the flow is steered or constricted by

topography. Note that at approximately 508W, the

number of fronts reaches its global maxima due, in part,

to the splitting and northward deviation of the SAF

along the coast of South America, previously identified

by Sokolov and Rintoul (2009a).

To demonstrate the variation of the frontal structure

throughout the Southern Ocean, Fig. 5a shows zoomed-

view occurrence maps in the boxes indicated in Fig. 4,

while Fig. 5b shows the transects of the occurrence maps

and their associated skew normal fits along the dashed

lines in Fig. 5a. Box i, a region near the zonally oriented

Southeast Indian Ridge, shows a situation with two

strong, persistent fronts (at approximately 478 and 528S)
and two less persistent fronts to the south (approxi-

mately 558 and 608S), each with clearly identifiable,

isolated maxima in the frontal occurrence transect

[Fig. 5a(i)]. Along the chosen transect, it is clear that the

fitting method identifies the four fronts and is able to

reproduce the amplitudes and standard deviations of the

transect of the occurrence map (i.e., the persistence and

meandering of fronts).

The region in box ii, south of New Zealand and the

Campbell Plateau, has more complex bathymetry than

that of box i and the frontal structure is itself more

complicated. In this region, the fitting procedure iden-

tifies six fronts. However, on closer inspection, the

southern region of high frontal frequency (centered near

;648S) as well as the front that follows the edge of the

Campbell Plateau (at ;538S) [Fig. 5a(ii)] are each rep-

resented by two overlapping skew normal functions: one

that captures the dominant peak and broad shape of the

that cluster and another that produces a secondary peak

in frontal frequency (;528S and ;578S) [Fig. 5b(ii)].
The frontal structure in box iii [Fig. 5a(iii)], in the

eastern South Pacific, a region of generally flat bottom

topography, differs from that of boxes i and ii. It is il-

lustrative to compare the occurrence map in this region,

which shows a broad area of elevated frontal occurrence

frequency, with the snapshots in Fig. 1, where numerous

FIG. 4. The time-mean structure of the SouthernOcean fronts. (a) The (normalized) frontal frequency of occurrencemaps for the period

1993–2015 (note the logarithmic color scale); (b) the time-mean frontal locations determined using the curve fitting procedure (red dots),

overlaying the ocean bathymetry from the ETOPO01 dataset (shaded contours); and (c) the time-mean number of fronts at each lon-

gitude. The boxes in (a) and (b) indicate the zoomed regions of Fig. 5.
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braided fronts are evident. Further inspection reveals

that the fronts here are ephemeral and closely packed

together. The lack of persistence of these fronts and

their close proximity acts to smear out the occurrence

maps over a swath of latitudes. The transect through this

region [Fig. 5b(iii)] indicates a region of high frontal

recurrence spread over a range of latitudes, with two

dominant peaks separated by less than 28 of latitude as

well as numerous subdominant peaks. The occurrence

map is noisy in this region, and the fitting method, while

able to effectively identify the locations of the two

dominant peaks, does not capture all the subdominant

peaks, instead representing them with a large enough

standard deviation to encompass their regions of en-

hanced frontal occurrence frequency.

b. Rearrangement of frontal structure near
topography

As noted above, fronts undergo splitting behavior

downstream of large bathymetric features. Thompson

et al. (2010) and Thompson and Sallée (2012) found a

rearrangement of the underlying potential vorticity (PV)

structure downstream of bathymetric features by analyz-

ing the PV or ADT using running PDFs. To understand

how this rearrangement of theADT structure is related to

the structure of the fronts, we now recalculate the frontal

occurrence map of Fig. 4a (ADT–longitude coordinates;

shown in Fig. 6). Since fronts are expected, at least locally,

to follow contours of sea surface height, regions of high

frontal occurrence that cross or change streamlines

indicate a reorganization of the frontal structure.

Persistent frontal activity does not necessarily follow

ADT contours. In fact, many locations show a slow drift

or spreading of the high frontal occurrence regions across

ADT contours, as shown in Fig. 6. For example, two

persistent fronts are present near the Pacific–Antarctic

Rise (longitudes 1608 to 1208W) that are strongly steered

from north to south by the underlying bathymetry (which

can be seen in Figs. 4a,b). In this region, in longitude–

ADT space, the fronts drift from approximately 20.1

to 21.0dynm over about 408 of longitude—an approxi-

mate distance of 4000km at this latitude—a decrease in

dynamic height of 0.25dynm in 1000km. Additionally,

the high frontal occurrence region spreads across the

ADT, with elevated regions of frontal occurrence

(greater than 0.1) being distributed between 21.0

and 20.5dynm at 1508W, whereas upstream of this fea-

ture, the fronts are limited to a more restricted set of

ADT values (between 0 and 0.2dynm at 1858). While

highly persistent fronts (such as those found in regions of

strong topographic steering) are generally constrained

to a narrow range of latitudes, in longitude–ADT space

the regions of high frontal occurrence frequencies can be

present over a broad range of ADT.

We find that the spreading of the elevated frontal oc-

currence values acrossADTcontours occursmainlywithin

FIG. 5. Local variations in the frontal structure. [a(i)–a(iii)] Zoomed view of the frontal frequency of occurrence maps within the

labeled boxes of Fig. 4 (note that the linear color scale) with the bathymetric contours [black solid lines: contour interval (CI) of 1000 m]

and [b(i)–b(iii)] meridional transects of the frontal frequency of occurrence along the transects indicated by the dotted lines in upper

panels (blue) and the associated skew normal curve fit (red).
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regions of frontal splitting. For example, downstream of

the Campbell Plateau (box ii in Fig. 4), Fig. 6 shows a

broadening of the elevated frontal occurrence values near

1708E froma narrow range farther upstream (;1508E).At

the same location, Fig. 4c shows an increase from 2 stable

fronts at ;1508E to 8–10 stable fronts at ;1708E.
To conclude this section, we note a remarkable simi-

larity with Fig. 2a of Thompson and Sallée (2012; al-

though the color scale is inverted), who analyzed the

ADT using running PDFs to infer changes in the frontal

structure and its underlying PV. The similarity between

our results and those of Thompson and Sallée (2012)

provides further confidence in our assertion that the

splitting andmerging of fronts is themanifestation of the

reorganization of the PV structure that occurs down-

stream of large bathymetric features.

c. Connection with fronts defined by contours of sea
surface height

We now compare the fronts detected by the WHOSE

method with those defined by altimetrically derived dy-

namic height contours (Sokolov and Rintoul 2007). To

proceed, we determine the value of the MDT from the

Rio et al. (2014) dataset at each of the time-mean frontal

locations in Fig. 4b. The normalized histogram of the

MDT at the mean frontal locations, computed with an

MDT bin spacing of 0.07dynm, is shown in Fig. 7a. Peaks

in the histogram (dashed lines in Fig. 7a) are used to

define a MDT value with which we can identify a front.

Four distinct peaks in the MDT histogram are iden-

tified. Based on comparisons with Sokolov and Rintoul

(2007), we label the detected fronts the SAF and PF,

both of which have a northern and a southern branch

(denoted SAF-N and SAF-S in the case of the Sub-

antarctic Fronts and PF-N and PF-S for the Polar

Fronts). The values of theMDT used to define the fronts

are listed in Table 1, along with comparable values from

other studies.1 From a time-mean perspective, the se-

lected MDT contours (solid lines in Fig. 7b) approxi-

mate well the time-mean location of theWHOSE fronts

over the 21-yr period covered by the altimetry. Note that

the SAACF is not analyzed in this study.

It is clear in Fig. 7b that not all of the detected frontal

positions are on one of the three MDT contours. To

associate the time-mean front locations with one of the

four traditional fronts defined here, we note that each of

the peaks in the histogram is separated by a local minima

(black star in Fig. 7a). Following Azzalini and Torelli

(2007), we use the minima of the histogram to bound the

time-mean front locations as belonging to one of the

SAF-N, SAF-S, PF-N, or PF-S. Consider the PF-N,

centered in MDT space on the peak of the histogram

at 20.40 dynm. These maxima are bounded by minima

at MDTs 20.23 and 20.65 dynm. All frontal locations

falling in MDT space between these values are labeled

as belonging to the PF-N. The classified time-mean

frontal locations are shown in Fig. 7 as open circles,

colored to indicate their classification.

FIG. 6. The Southern Ocean frontal structure in ADT space; the frontal frequency of oc-

currence map (as in Fig. 4a) in longitude–ADT space. Solid black lines indicate bathymetric

contours (CI 5 1000 m). Large bathymetric features are labeled.

1 Note that there is no clearly defined definition of the SAF and

the PF, and hence the naming convention differs between studies.

For example, Volkov and Zlotnicki (2012) and Langlais et al.

(2011) define the SAF-S at20.4 dynm, where we have defined the

PF-N, and Langlais et al. (2011) defines the PF-S at 20.68 dynm,

where here the MDT value is associated with the PF-N.
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By classifying the small-scale WHOSE fronts in this

manner we are able to identify regions associated with a

particular hydrographic front, as opposed to a single lo-

cation. For example, we can see in Fig. 7b that the region

associated with the SAF-S, PF-N, and PF-S generally

extends to the south of the contour used to define them

and generally fill the area between the bounding con-

tours. As such, the area covered by each of the identified

fronts is not constant but varies throughout the domain.

By classifying the WHOSE fronts in this manner,

ephemeral, splitting, or meandering fronts that do not

fall on a predetermined contour of sea surface height

may still be grouped together and analyzed. We will

make extensive use of this classification scheme in the

following sections in order to study the Southern Ocean

front’s temporal and spatial variability.

d. Spatial variations of frontal meandering

Recall that at each longitude, each fitted skew normal

function has an associated standard deviation s defined

in Eq. (3). This standard deviation is plotted in Fig. 8 for

each labeled front (averaged across all points that be-

long to a particular front), together with the time-

averaged eddy kinetic energy (EKE), defined as

EKE5
1

2
u0 � u0 , (9)

where u0 5 (u0, y0) is the horizontal surface perturbation
velocity obtained from the AVISO SLA data. The

quantities are determined at each of the time-mean

frontal locations, determined from the altimetric surface

velocity anomalies.

All four fronts show a mean standard deviation of

about 0.58 across all longitudes. Although there are

variations from the mean value at various locations

throughout the Southern Ocean, notably a large increase

in the standard deviation upstream of the Kerguelen

Plateau at around 608E where the ACC is influenced

by the Aghulas Current and a moderate decrease in

regions where the flow is strongly steered by bathym-

etry, such as through Drake Passage, at the Pacific

Antarctic Rise, and the Campbell Plateau. However,

over the entire circumpolar circuit, there is little vari-

ation in the standard deviation. There is also no sig-

nificant correlation between the EKE and standard

deviation. In contrast, it is clear from Fig. 4c that the

number of fronts varies substantially throughout the

FIG. 7. The relationship of the time-mean frontal positions and theMDT contours. (a) The histogramof theMDT

found at each time-mean front location (bin width of 0.07 dynm). The coloring of the curve indicates the region in

MDT space associated with each named front, while the stars indicate the change from one frontal regime to

another. (b) The time-mean locations of the fronts from Fig. 4b (colored open circles) with the position of those

same fronts defined using contours ofMDT (solid lines) overlying the ocean bathymetry. The fronts are color coded

from north to south as SAF-N (magenta), SAF-S (blue), PF-N (red), and PF-S (yellow).

TABLE 1. ADT values used to define the fronts in this and two

others studies that make use of comparable data.

Front

ADT (dyn m)

This

study

Langlais et al.

(2011)

Volkov and

Zlotnicki (2012)

Kim and

Orsi (2014)

SAF-N 20.01 — — 20.03

SAF-S 20.15 20.16 20.2 —

PF-N 20.42 20.40 20.4 —

PF-S 20.69 20.68 21.0 20.61
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Southern Ocean and that these variations are spatially

coherent.

The fact that the standard deviation remains roughly

constant throughout the Southern Ocean, while the

number of fronts varies substantially provides some

basis to claim that the dominant manifestation of spatial

variability in the Southern Ocean is not a change in the

capacity of fronts to meander but is instead the splitting

of the fronts into subfronts. These results are consistent

with the analysis of the PV in a high-resolution ocean

model by Thompson et al. (2010), who show re-

arrangement of the PV structure consistent with frontal

splitting in the regions corresponding to boxes ii and iii

in Fig. 5.

It should be noted that Shao et al. (2015) have

performed a similar calculation (see their Fig. 6) that is

in agreement with the data presented here for the SAF

but not completely in agreement with the their cal-

culations for the PF, which shows peaks in variability

downstream of the Kerguelen Plateau, Campbell

Plateau, in the east Pacific, and through Drake Passage.

The reasons for this disagreement are unclear. We note

that the methodology used by Shao et al. (2015) sets the

number of fronts a priori and thus is unable to capture

the influence that the splitting/merging of fronts might

have on the estimates of frontal variability, and it is

possible that, for example, their skewness criteria will at

times identify a branch of the SAF and at times

identify a branch of the PF, which would manifest as

enhanced variability in these regions. Shao et al. (2015)

do, however, discuss several plausible dynamical

mechanisms that could give rise to enhanced variability

in jet locations downstream of large topographic fea-

tures. Despite these disagreements, we emphasize that

outside of the identified regions, the fronts detected by

Shao et al. (2015) show little change in their capacity to

meander.

4. Temporal variability of Southern Ocean fronts

We now seek to determine the long-term changes in

frontal location and ascertain if the frontal structure is

sensitive to changes in atmospheric forcing.

a. Long-term trends in frontal positions

Using our methodology we now estimate the trends in

frontal locations to determine where, if any, changes in

the positions of these fronts have occurred over the

satellite period. To accomplish this, we form annual

occurrence maps and fit the skew normal function,

yielding annual-mean frontal locations for each year

from 1993 to 2014. We then associated each frontal lo-

cation with one of the SAF-N, SAF-S, PF-N, or PF-S

using theMDT values described in section 3 and find the

mean latitude for each of the labeled fronts at every

longitude and for every year in the database. Trends in

the annual mean position of the fronts are then obtained

at each longitude using standard linear regression and

are shown in Fig. 9, along with regions where the trends

are statistically significant at the 90% level (i.e., p, 0.1).

We find do not find any substantial trends in the lo-

cations of the fronts, although there is some suggestion

of a trend of between 20.18 and 20.28 yr21 in the PF at

approximately 608E. This region was also found by

FIG. 8. The average standard deviation s determined by the fitted skew normal distributions to the frontal

frequency of occurrence maps (solid) and the eddy kinetic energy (dashed) for the (a) SAF-N, (b) SAF-S, (c) PF-N,

and (d) PF-S. (e) The bathymetry averaged across the ACC is shown for reference.
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Kim and Orsi (2014) to host reasonably large (approx-

imately 0.18 yr21) and statistically significant shifts in the

PF position. However, despite our p value of less than

0.1, the lack of spatial coherence in the trend as well as

the lack of any statistically significant trends in the

neighboring frontal branches means that we are unable

to place a large degree of confidence in this apparent

southward trend being the result of any real physical

shift in the front’s location. To illustrate this point,

Fig. 10 shows the time-mean positions of the fronts for

the period 1993–97 (crosses) and 2009–14 (triangles).

Although Fig. 9 does show certain limited regions where

the calculated trend in the frontal location is both non-

zero and statistically significant at the 90% level, Fig. 10

shows a lack of clear variation in frontal locations, even

in those few regions with significant frontal trends.

The lack of trends found in our analysis is contrary to

many studies that employ the contour-type method

(Sallée et al. 2008; Sokolov and Rintoul 2009b; Kim and

Orsi 2014) that finds localized southward shifts of the

fronts, between 0.58 and 28, depending on the details of

the methodology, the geographical region, and the front

under consideration.However, our results are consistent

with the analyses of Graham et al. (2012), Gille (2014),

and Shao et al. (2015), who find little or no long-term

trends in the fronts.

b. Response of fronts to ENSO and SAM

Although we have not found any appreciable long-

term variability, we have not ruled out forced in-

terannual variability associated the SAM or ENSO. As

in Kim and Orsi (2014), we designate a high (low) SAM

or ENSO event to occur when the value of the index was

greater (less) than one standard deviation from the

mean. We then form four ensemble-mean frontal oc-

currence maps: high SAM, low SAM, high ENSO (i.e.,

El Niño), and low ENSO (La Niña). The differences

between the ensemble occurrence maps calculated

during El Niño and La Niña periods is shown in Fig. 11a,

while the difference between the occurrence maps ob-

tained during strongly positive and strongly negative

SAMperiods is shown in Fig. 11b. Statistical significance

is estimated using a bootstrapping method, with a 1500

samples drawn randomly (with replacement) at each

grid point on the domain, from the samples that occur

during negative SAMor ENSO periods. The resampling

procedure is repeated 1000 times to estimate the distri-

bution of the difference between positive and negative

SAM/ENSO at each grid point, and a p value is de-

termined from the empirical CDF.

For both climate modes, we find local changes in the

frontal occurrence frequency of as much as 15%. There

is also some indication of coherent frontal shifts in cer-

tain regions. For example, downstream of the Kerguelen

Plateau (at approximately 1108E), south of Australia

(1308E), and in Drake Passage (608W), there is evidence

of a frontal shift to the south during La Niña periods.

Similarly, in the eastern Pacific, near the Pacific–

Antarctic Rise (1408W), there is evidence of frontal

shifts to the south during negative SAM periods. These

shifts are, however, small: less than 1.08 of latitude and

generally less than 0.58, which is approaching the effec-

tive resolution of the gridded dataset. The largest

movements of the fronts appear to be along the northern

FIG. 9. Trends in the mean latitudinal position of the (a) SAF-N, (b) SAF-S, (c) PF-N, and (d) PF-S. Gray shading

indicates regions where the trend is statistically significant at the 90% level (p , 0.1).
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boundary of the ACC, although these shifts are neither

spatially coherent nor large in magnitude. Any shifts in

frontal position detected here are generally limited to

less than 1.08 of latitude and have a coherent spatial

extent of no more than 108 of longitude. We also find no

changes in the frontal occurrence maps driven by the

ENSO significant at the 90% level and only a few re-

gions that show statistically significant frontal shifts with

changes in the SAM. In fact, statistical significance is

often lacking even in regions with relatively coherent

changes in occurrence frequency. However, it seems

likely that the shift in front position to the south near the

Pacific–Antarctic Rise during negative SAM events is

both spatially coherent and statistically significant.

Essentially, we have not found significant sensitivity

of fronts to the two leading climate modes over the

Southern Ocean, although there is the suggestion of

limited variability in a few select regions. As with the

analysis of long-term trends, our results are at odds

with a number of studies employing contour methods

who show localized sensitivity to ENSO or SAM (Sallée
et al. 2008; Kim and Orsi 2014) yet in broad agreement

with other who find limited or no response to changes in

atmospheric forcing (Graham et al. 2012; Shao et al. 2015),

FIG. 10. Themean positions of the fronts during the period 1993–97 (crosses) and the period

2009–14 (triangles). The fronts are color coded from north to south as SAF-N (magenta),

SAF-S (blue), PF-N (red), and PF-S (yellow).

FIG. 11. The influence of the SAM and ENSO on frontal positions. (a) The occurrence maps

anomaly calculated by subtracting the occurrence map determined during La Niña periods

from El Niño periods. (b) As in (a), but subtracting the negative SAM occurrence maps from

the positive SAM occurrence maps. Warm colors indicate that a front is more likely to be

present at that location during positive events, while cool colors indicate a tendency for a front

to be present during negative events. The black solid contour shows regions significant at the

90% level (p , 0.1).
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although it is notable that the later study does find sta-

tistically significant correlation between frontal position

and the SAM in a limited number of geographic regions,

such as the south of Australia between 1208E–1808 and
the east Pacific near 608W. However, the correlation of

the frontal positions with changing SAM found by Shao

et al. (2015) are noisy, and the authors warn against

placing too much confidence in the statistical significance

of the correlations. Unlike Shao et al. (2015), and con-

sistent with Graham et al. (2012), we find no statistically

significant frontal displacements in the south of Australia

with changing SAM.

5. Discussion and conclusions

In this paper, we have applied the WHOSE method,

described in Chapman (2014), to 21 yr of gridded sea

surface height altimetry in order to investigate the spa-

tial and temporal variability of mesoscale fronts in the

Southern Ocean. We have attempted to tease out con-

crete conclusions from a complex dataset by forming

occurrence maps of the frontal occurrence frequency

and then approximating these maps by fitting a super-

position of skew normal curves. This approach allows us

to quasi objectively determine the number of fronts at

each latitude and their time-mean position. With these

data, we are able to investigate in detail their spatial and

temporal variability of the frontal structure.

The principle result of this study is the identification of

marked spatial variation in the frontal structure

throughout the Southern Ocean latitudes. We find that

downstream of large bathymetric features and over re-

gions of relatively flat bottom topography, the frontal

structure responds by splitting into a number of sub-

fronts, whereas over large bathymetry, the fronts con-

strained are merged together. This splitting/merging

variability is distinct from meandering, where a front

changes its location yet remains coherent. In several

regions within the Southern Ocean, splitting and merg-

ing behavior is observed, while, with the exception of a

single location near the Aghulas Current, fronts do not

show marked changes in coherent meandering.

The distinction between splitting and meandering is

important, as splitting represents a reorganization of

the frontal structure, which in turn indicates a re-

organization of the underlying potential vorticity

structure in a way that a simple meandering of a front

does not. The analysis of the occurrence maps in ADT

space, shown in Fig. 6, which is consistent with earlier

studies by Thompson et al. (2010) and Thompson and

Sallée (2012), shows regions of high frontal frequency

broadening and crossing SSH contours, indicative of

fronts changing their surface expression due to an

underlying reorganization of the potential vorticity

structure.

As discussed by Thompson (2010) in the context of a

series of idealized numerical experiments, the control

exerted by the topography over the frontal structure

may have important implications for the meridional

transport of tracers. It has been well established that

cross-frontal fluxes are enhanced downstream of

bathymetric features (Thompson and Sallée 2012;

Dufour et al. 2015). However, our analysis has indicated

that fronts, along with their associated mixing barriers,

split into a series subfronts downstream of large ba-

thymetry. Detailed eddy diffusivity calculations un-

dertaken by Shuckburgh et al. (2009) in the Pacific

sector of the Southern Ocean have shown re-

organization of the diffusivity in certain regions from

broad regions of high diffusivity to regions of alternating

high and low diffusivity that is reminiscent of the split-

ting of fronts demonstrated in this paper. As such,

transport barriers are still present in these mixing hot-

spot regions, although they are likely weaker than the

mixing barriers associated with strong, persistent fronts

(Ferrari and Nikurashin 2010). As such, tracers may not

cross the ACC region in a single region but may instead

shift fromone latitude to another within theACCbefore

being advected farther downstream.

Additionally, it has been shown by Jayne and

Marotzke (2002) that a meandering yet coherent jet

does not induce any net tracer transport. However, if the

primary spatial variability exhibited by Southern Ocean

fronts is splitting and merging, instead of a modulation

of the meandering, then it is likely that the dynamics of

eddy transport are more complicated than may have

been assumed. More work is required to untangle the

dynamics of the interaction between eddy transport and

fronts in the regions downstream of bathymetry.

The second key results arising from this work is that

the fronts determined by our methodology show no

significant trends in their position and only limited, and

localized, sensitivity to the changes in atmospheric

forcing associated with the southern annual mode or El

Niño–Southern Oscillation. The lack of temporal vari-

ability is consistent with the results of previous studies

(Graham et al. 2012; Gille 2014; Shao et al. 2015). There

are, however, several studies employing contour

methods that have shown trends in the position of the

fronts in particular locations (Sokolov and Rintoul

2009b; Kim andOrsi 2014). In contrast our results do not

indicate coherent trends in any region, with the possible

exception of in the southeast Indian sector.

By determining themean dynamic topography at each

frontal location found by the WHOSE method, we are

able to associate each frontal filament with a branch of
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either the Subantarctic Front or the Polar Front. In this

way, we can link the traditional three front pictures of

the Southern Ocean with the filamentary frontal struc-

ture revealed by the WHOSE method. In lieu of

identifying a single labeled front, we are now able to

identify frontal regions. It was shown in section 3 that

contour methods do accurately represent the time-mean

locations and, for the most part, orientations of the

WHOSE fronts. However, as shown in Fig. 6b, and

echoing the work of Graham et al. (2012), regions of

high frontal occurrence are not always clustered

around a restricted set of sea surface height values.

Contour methods still remain invaluable due to their

simplicity of application, relationship with traditional

hydrographic front, and usefulness in defining a cir-

cumpolar coordinate system for cross-frontal flux cal-

culations (Langlais et al. 2011).

The work presented in this paper presents a new in-

terpretation of the complexity of the frontal structure in

the Southern Ocean that, unfortunately, belies simple

interpretation. Future work will focus on investigating

the implications that the continual reorganization of the

frontal structure has for the large-scale circulation in the

Southern Ocean and the dynamics of splitting and

merging as well as more rigorously and precisely de-

fining the frontal regimes present.
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APPENDIX A

Software Availability

Implementations of the WHOSE method and the

curve fitting procedure, written in the open-source

Python programming language, is available as open-

source software (under anMIT license) from the author’s

GitHub repository (https://github.com/ChrisC28).

APPENDIX B

Availability of WHOSE Front Locations

The frontal locations determined by the WHOSE

method have been made freely available for download

(available online at http://dx.doi.org/10.5061/dryad.

q9k8r). The data are stored in NetCDF files and con-

sist of daily output between latitudes 708 and 358S,
with a grid spacing of 1/48, identical to that of the

AVISO data from which it is generated. The data are

binary; for each point in the domain, a TRUE value

indicates the presence of a front, while a FALSE in-

dicates that no front was found at that location or time.

APPENDIX C

Sensitivity of theMethodology to Parameter Choices

The WHOSE method is a parametric method; that is,

certain parameters must be chosen a priori by the user.

For the WHOSE method, these parameters are the

confidence parameter a, used for the Kurtosis thresh-

olding in theWHOSEmethodology [step 2 in section 2c;

FIG. C1. The sensitivity of number of Southern Ocean fronts with changing gradient

threshold. Values of the gradient threshold employed are 0.05 (black), 0.10 (red, value used in

the main text), 0.15 (blue), and 0.20m (yellow) per 100 km.
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also see Chapman (2014)], and the gradient threshold

for the eventual detection of the fronts.

We have tested the sensitivity of the number of fronts

detected of both these parameters. As the WHOSE

method as well as the fitting of skew normal functions is

computationally intensive, we have limited the sensi-

tivity analysis to a single year: 2010. We have found that

provided a is greater than 0.8, the results are almost

insensitive to the value of the confidence parameter. The

number of fronts is, however, sensitive to the gradient

threshold used. Recall that the threshold used in this

study was 0.1m per 100 km (red). We have additionally

tested values of 0.05 (black), 0.15 (blue), and 0.2m

(yellow) per 100 km. The number of fronts obtained for

each value is shown in Fig. C1.

Although the number of fronts is sensitive to the value

of the gradient threshold, the broad-scale pattern of

splitting and merging remains intact, with the possible

exception of in the South Atlantic (between 308 and

608E) for the gradient threshold of 0.05m per 100 km.

We note that there is little variation in the number of

fronts over the Southern Ocean between the gradient

thresholds of 0.1, 0.15, and 0.2m per 100km.
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