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ABSTRACT

Antarctic Circumpolar Current (ACC) fronts, defined as water mass boundaries, have been known to

respond to large-scale atmospheric variabilities, especially the Southern Hemisphere annular mode (SAM)

and El Niño–Southern Oscillation (ENSO). Distinct patterns of localized variability in meridional front

displacements during 1992–2011 are derived from the analysis of satellite sea surface height data.Major basin-

scale differences are found between the southeast Pacific (1508–908W) and the southeast Indian (758–1508E)
sectors of the ACC. Frontal positions in the southeast Pacific show large year-to-year meridional fluctuations,

attributedmostly to ENSOand in part SAM, and no apparent seasonal cycles or long-term trends. In contrast,

summer (winter) frontal locations in the southeast Indian extend farther to the south (north) of their long-

term mean distribution. A southward drift of ACC fronts is indicated over the Indian sector during the past

two decades. This long-term shift is not directly related to the atmospheric variabilities, but this is most likely

in response to changes in large-scale ocean circulation, in particular to the poleward expansion of the Indian

subtropical gyre. The existence of these localized, contrasting variability patterns suggests that a circumpolar-

averaging analysis could possibly smooth out a local climate signal, with an emphasis on a basin-scale in-

vestigation for climate studies in the Southern Ocean.

1. Introduction

The Antarctic Circumpolar Current (ACC) plays

a crucial role in the SouthernOcean, and a knowledge of

its structure and variability is essential for understanding

global climate changes (Sloyan and Rintoul 2001;

Toggweiler and Russell 2008; Morrison and Hogg 2013;

Wang et al. 2014). Its path between subtropical and

subpolar circulations is delineated by the Subtropical

Front (STF) and the southern boundary of the ACC

(SBdy); the bulk of its transport is carried out by mul-

tiple deep-reaching jets, of which three correspond to

the circumpolar Subantarctic Front (SAF), the Polar

Front (PF), and the southern ACC Front (sACCf) from

north to south (see Fig. 1a; Orsi et al. 1995). This robust

frontal system acts as a thermohaline boundary between

subtropical and subpolar regimes (Naveira Garabato

et al. 2011). Therefore, even a minor change in their

meridional position could give a nontrivial impact, not

only on volume transport (Morrison and Hogg 2013),

but also on a hydrological cycle associated with sea ice

extent (Liu and Curry 2010).

ACC fronts, defined as water mass boundaries, have

been traced around Antarctica by means of specific in-

dicators, that is, particular subsurface water property

values from in situ hydrographic data (Nowlin and

Clifford 1982; Orsi et al. 1995; Belkin andGordon 1996).

To overcome the spatial and temporal restrictions in-

herent in these observations, remote sensing data have

been used to track sea surface signals associated with the

fronts (e.g., Gille 1994; Dong et al. 2006). Sokolov and

Rintoul (2002) suggested that a selection of contours in
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altimetry sea surface height (SSH) could effectively

trace frontal locations in a region. Those particular

streamlines appeared to be tightly aligned with narrow

current jets observed between Tasmania and Antarctica

(Sokolov and Rintoul 2007) and also throughout the

Southern Ocean with no substantial changes during the

altimetry era (Sokolov and Rintoul 2009a,b). Recently,

the applicability of this contour-based approach has

been a subject of debate, especially on detecting a re-

gional current jet (Graham et al. 2012; Thompson and

Sallée 2012; deBoer et al. 2013;Gille 2014).A comparison

study between common jet detection methods (Chapman

2014), however, demonstrated that this contour method

has advantages for studying dynamic jets linked with hy-

drographic fronts with superior accuracies at all signal-to-

noise ratios (SNRs). Additional satisfactory applications

of this methodology have been tested in regions of little

topographic control on frontal paths showing large me-

ridional fluctuations at the Greenwich meridian (Billany

et al. 2010), south of Africa (Swart et al. 2010), and in the

southeast Pacific (1058W; Sallée et al. 2008).
Changes in the wind system have been regarded as a

dominant factor inducing the variability of the ACC fronts

(e.g., Böning et al. 2008; Gille 2008; Toggweiler andRussell

2008). It is generally agreed that westerly winds have sig-

nificantly intensified and contracted toward the Antarctic

continent in the past few decades (Marshall 2003; Swart

and Fyfe 2012), a climatic signal indicated by a positive

trend in the Southern Hemisphere annular mode (SAM).

Studies of the ACC responses to the symmetric wind

changes have shown, however, rather conflicting results.

Böning et al. (2008) reported the warming and fresh-

ening of surface to middepth waters in the ACC based on

reconstructed hydrographic data since the 1960s and at-

tributed these changes to a 50–80-kmpoleward shift of the

ACC. Sallée et al. (2008) argued that ACCmigrations are

zonally asymmetric responses to a uniform change in the

westerlies as fronts travel over regions with very different

regimes of Ekman transport anomalies. Northward

(southward) frontal shifts are expectedwithin divergences

(convergences), for example, in the Pacific (Atlantic–

Indian) sector during positive SAM periods, whereas no

detectable change in frontal locations was observed in the

transitional sector (Indo-Pacific). Results from an eddy-

resolving coupled climate model (Graham et al. 2012; de

Boer et al. 2013) showed no noticeable displacements of

ACC fronts when forced with quadrupled CO2 concen-

trations during 100model years, arguing that the relatively

weak stratification of the ACC allows the fronts to be

tightly constrained by local bottom topographies. Histor-

ical simulations by the Coupled Model Intercomparison

Project phase 5 (CMIP5) also reported no significant re-

lationship between the latitudinal positions of the ACC

fronts and the westerlies (Meijers et al. 2012).

FIG. 1. (a) Bathymetry and frontal distribution in the SouthernOcean; the color lines are locations fromOrsi et al. (1995) for the STF (tan),

SAF (red), PF (blue), sACCf (green), and SBdy (magenta); the thin gray contour is the 2500-m isobath, and water depths shallower than

2000m (1000m) are lightly (darker) shaded. (b) The squares show the 610 CTD stations analyzed in this study, color-coded according to

observation time, from 16 hydrographic cruises in the southwestAtlantic [the blue box in (a)]; labels are shown for theKerguelen Islands (KI),

the Pacific Antarctic Ridge (PAR), the Maurice Ewing Bank (MEB), South Georgia Island (SGI), and the South Scotia Arc (SSA).
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The teleconnection of El Niño–Southern Oscillation

(ENSO; Turner 2004) makes understanding the ob-

served variability of the ACC fronts even more chal-

lenging. Sallée et al. (2008) postulated that meridional

positioning of the ACC was linked more highly with

ENSO than SAM on time scales greater than a year and

particularly in the ENSO-dominated Pacific–Atlantic

sector (Yuan 2004; Lee et al. 2010).

In this paper, we aim to provide a comprehensive view

on understanding the intricate variability of the ACC

fronts based on 19 years of satellite altimetry data. De-

tails on the datasets and methods used in this study are

provided in sections 2 and 3. Section 4 describes the

inferred spatial distribution and temporal variability of

the fronts and their selective response to atmospheric

variabilities. A revised mechanism controlling the re-

gional variability of the fronts is introduced in section 5.

The conclusions are given in section 6.

2. Data

a. Satellite altimetry data

For this study, the absolute SSH was calculated by

adding a mean dynamic topography (MDT) to sea level

anomaly (SLA) fields obtained from the Centre Na-

tional d’Etudes Spatiales (CNES)/Collecte Localisation

Satellites (CLS) Archiving, Validation, and Interpre-

tation of Satellite Oceanographic data (AVISO; www.

aviso.oceanobs.com; Ducet and Le Traon 2001; AVISO

2009). A total of 954 weekly time series of SSH were

analyzed between 14 October 1992 and 19 January 2011

on a Mercator grid with a horizontal resolution of 1/38 at
the equator. The meridional resolution is gradually de-

creased with latitude, becoming around 1/68 (18.5 km) at

608S. We took advantage of the recently released

MDT_CNES_CLS09 (Rio et al. 2009), an updated version

of the widely used MDT derived by Rio and Hernandez

(2004). Noticeable improvements are that Rio et al. (2009)

used the 2.5-yr extended Gravity Recovery and Climate

Experiment (GRACE) data for a first-guess field and

included Argo profiles for their dynamic height computa-

tions. During processing, they adopted an improved Ek-

manmodel andoptimal filter instead of a 400-kmGaussian

filter, which allows 2 times higher grid resolution (1/48).
A root-mean-square (RMS) error in SSH is

1.84 dyn cm averaged over the southwest Atlantic (the

blue box in Figs. 1a,b), but this error increases up to

5 dyn cm along the Antarctic Peninsula, probably be-

cause of the insufficient data points near the coasts, in-

dicating the potential for a limitation to using altimetry

to track the SBdy around Antarctica. Overall the RMS

error across the ACC is, however, less than 1 dyn cm.

b. CTD profiles

Our first goal is to find a set of particular SSH contours

(or streamlines) that are tightly associated with hydro-

graphic fronts identified by a traditional approach based

on water property criteria (Orsi et al. 1995). Thus, we

examined all the available high-quality hydrographic data

during the span of the SSH time series within the south-

west Atlantic (Fig. 1b). This dataset consisted of 16 cruises

with 614CTDprofiles taken from theUnited States, Chile,

and theUnited Kingdom (extracted from http://woceatlas.

tamu.edu). These CTD stations provided good spatial

coverage, as shown in Fig. 1b. Although most cruises were

occupied during the austral summer, more than one-third

of the total CTD stations from Deep Ocean Ventilation

through Antarctic Intermediate Layers (DOVETAIL),

Antarctic Large Scale Box Analysis and the Role of the

Scotia Sea (ALBATROSS), and A23 were occupied

during the fall and winter seasons, giving us confidence

that a surmised relationship between the SSH and hydro-

graphic fronts does not seem to have a seasonal bias.

c. Argo floats

To study the spatial correspondence between satellite

altimetry, dynamic height, and current field at parking

level, a total of 207 407 Argo profiles obtained during

February 2002–August 2011 were investigated. These

profiles covered most of the ACC region without any

seasonal bias, thus providing unique in situ observa-

tional information in space and time. Here, we only used

qualified profiles deeper than 400m that passed the

Argo real-time quality control (e.g., flagged as ‘‘good’’

only data). Any outliers and spikes in a profile were

flagged by checking the overall data ranges (T $ 358C
and T # 228C, S $ 37 and S # 10, and P $ 2100 dbar),

standard deviations ($3.5s), and neutral density in-

stabilities (DN , 20.01 kgm23).

An individual trajectory provides instantaneous current

information at parking level with relatively high accuracy.

Any error in the current estimation from trajectories is

generally less than 0.5 cms21 (Park et al. 2005), which is

one or two orders smaller than the ACC currents. To

generate a climatological current field, the estimated cur-

rents were objectively mapped onto a 1/48 grid with a 1.258
correlation length scale at a parking level of 1000dbar.

d. The SAM and ENSO indices

We used two climate indices representing dominant

atmospheric variabilities in the Southern Ocean: the

SAM index (Marshall 2003; downloaded from www.

nerc-bas.ac.uk/icd/gjma/sam.html) and the bivariate

ENSO index (Smith and Sardeshmukh 2000; from www.

cdc.noaa.gov/people/cathy.smith/best).
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Marshall (2003) provided the SAM index, calculated

as a difference in the normalizedmean sea level pressure

(SLP) from six station pairs at 408 and 658S bands, thus

indicating the relative strength of the meridional atmo-

spheric pressure gradient between mid- and high lati-

tudes. In the case of ENSO, Smith and Sardeshmukh

(2000) suggested a bivariate ENSO index by averaging

a standardized Niño-3.4 SST time series and a stan-
dardized Southern Oscillation index (SOI) to represent
the ocean–air coupled characteristics of ENSO. The

correlation coefficient between the bivariate ENSO and

traditional ENSO index, Niño-3.4, was 0.90 for the study
period. We assumed that values greater than one stan-
dard deviation (ENSO . 1) indicated El Niño and vice
versa for La Niña (ENSO , 21).

e. Other satellite datasets

To investigate climate changes accompanied by

ACC frontal variability, we used a monthly averaged

time series of sea ice concentration from passive micro-

wave satellites (Comiso 2012) and an Advanced Very

High Resolution Radiometer (AVHRR)-based, objec-

tively interpolated sea surface temperature (OISST.v4;

Reynolds et al. 2007) for the last three decades (1981–

2011). These datasets have a spatial resolution of

about 1/48 (;25 km).

3. Altimetry frontal indicators

a. Methodology

Following the hypothesis that regionally obtained al-

timetry frontal indicators hold for the entire ACC

(Sokolov and Rintoul 2009a), we selected the southwest

Atlantic as a test area, which includes Drake Passage,

the Scotia Sea, and the Argentine basin (see Fig. 1b).

Traditional front definitions were first developed based

on the knowledge from Drake Passage (Nowlin and

Clifford 1982), mainly due to its ship accessibility, which

gives the advantage of large numbers of historical hy-

drographic observations. In particular, the Passage

squeezes the hydrographic structure of the ACC down

this narrow choke point, causing fronts to be closely

spaced, resulting in a condensed, complicated ACC

frontal structure with enhanced mesoscale eddy activity

(Chereskin et al. 2009). The Scotia Sea is unique in the

Southern Ocean because of its large-scale topographic

features. Meridionally aligned ridges act as obstacles

and steer the ACC northward to compensate for its loss

of potential vorticity. One noteworthy feature of this

test area is theMalvinas–Brazil confluence, which allows

us to evaluate the applicability of altimetry indicators on

such confluence regions.

To retrieve SSH contours (or streamlines) associated

with the fronts in this test area, we checked three in-

dependent approaches by checking the sea level slope

(DSSH), the SSH frequency, and the traditional water

property criteria. With the well-known assumption that

a specific streamline is persistently aligned with a cur-

rent core (e.g., Sokolov and Rintoul 2007, 2009a), the

streamline corresponding to a front should appear with

its maximum slope concurrently with its minimum fre-

quency (Thompson and Sallée 2012). Moreover, the

streamline should also agree with a traditional, hydro-

graphic front inferred from the water property criteria.

Thus, as a starting point, we investigated the relationship

between an averaged DSSH (the black line in Fig. 2a)

and the corresponding SSH values by using all the spa-

tiotemporal data (11 582 178) within the southwest At-

lantic. This approach rendered four distinct peaks in

DSSH at 23.5, 238, 261, and 298.5 dyn cm, corre-

sponding to the well-documented current cores in this

region (Lenn et al. 2007; Chereskin et al. 2009; Renault

et al. 2011). As expected, these streamlines appeared

precisely at their minimum frequencies (the gray line

in Fig. 2a), confirming that these peaks are certainly

associated with strong current cores (Thompson and

Sallée 2012).
Furthermore, we compared these streamlines with the

classical criteria for ACC fronts. Following Orsi et al.

(1995), high-quality hydrographic profiles in the south-

west Atlantic were assigned to particular zones: the

Subantarctic (SAZ), the Polar Front (PFZ), the Ant-

arctic (AZ), the boundary (BZ), and the subpolar (SPZ)

zones, divided by the ACC fronts and SBdy from north

to south. The canonical location of an SAF is generally

tracked by the equatorward diving of salinity minimum

waters from the surface in the PFZ to an intermediate

depth in the SAZ, feeding the salinity minimum layer of

the Antarctic Intermediate Water (AAIW). Thus,

a steep plunge of surface properties to depths greater

than 400m is a robust indicator for the SAF. A PF is

frequently identified by the northern extension of

a subsurface minimum temperature tongue originating

from the SPZ. Thus, the northern limit of 28C of this

tongue was used as an indicator for the PF. The Upper

Circumpolar Deep Water (UCDW) that rises to nearly

200m is a key indicator for a sACCf, which was depicted

by the southernmost extension of a 2.08C isotherm at the

subsurface temperature maximum layer. The transi-

tional band, where the shoaling UCDW enters the

colder and well-mixed subpolar region, was used to de-

termine the location of the SBdy.

For comparison, an altimetry value was assigned to

each hydrographic profile by applying a cubic spline

interpolation for the spatial domain and a linear
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interpolation for the time domain. Figure 2b, collec-

tively, shows a strong agreement between the traditional

water mass–based classification (y axis) and the altime-

try frontal indicators (x axis); almost all the CTDprofiles

in the SAZ (92.6%), PFZ (90.9%), and AZ (80.1%)

assigned using the traditional method were resolved

with the selected altimetry values of 23.5, 261, and

298.5 dyn cm. A relatively low percentage for the AZ

might be a net result of frequently observed cold and

warm rings originating from the sACCf and PF flowing

over the Shackleton Fracture Zone (Chereskin et al.

2009; Barré et al. 2011). Since the SBdy is essentially

density compensating and not associated with a current

jet (Orsi et al. 1995), altimetry-based methods failed to

render a streamline associated with the SBdy. For the

sake of completeness only, the 2114 dyn cm was se-

lected based on the fact that it maximized the percent-

age of the CTD profiles assigned to the BZ (91.5%) and

the SPZ (86.6%). It should also be noted that a single

streamline does not need to correspond exactly with a

hydrographic front. For instance, the 238 dyn cm

streamline, the highest peak in DSSH (Fig. 2b), is not

likely associated with either the PF or the SAF inferred

from the traditional method, but is a quasi-persistent and

regional current core between these fronts (Fig. 2b and

Fig. S1 in the supplementary material). This core has

been depicted in repeated ADCP observations (Lenn

et al. 2007) and is often regarded as the northern branch

of the PF generated by interactions between the SAF and

PF at the entrance and exit of the Yaghan basin (Lenn

et al. 2007; Cunningham and Pavic 2007), as well as along

the northern flank of the Falkland Ridge (Peterson and

Whitworth 1989; Orsi et al. 1995), where these two fronts

tend to merge and form a robust current jet.

b. The applicability of altimetry indicators

The applicability of regionally inferred streamlines

was theoretically implied by Watts et al. (2001) and

Swart et al. (2010); a water particle following a particular

streamline would have undergone a similar physical

process unless the particle was mixed with waters with

different characteristics. This theory implies that ACC

fronts could retain their own streamlines around the

entire ACC belt.

Support for this theory derives from the time-mean

sections of the DSSH in the first (1993) and final (2010)

years along 1058E (Fig. 3a), and for summer and winter

months along 908E (Fig. 3b) within the Indian Ocean,

having robust long-term and seasonal displacements in

latitudinal positions of the ACC (see section 4b for de-

tails). Similarly, we also tested changes in the mean

DSSH for El Niño and La Niña periods along 1178W
within the Pacific (Fig. 3c), where fronts appeared to

respond sensitively to atmospheric variabilities (see

section 4c). As previous studies have pointed out

(Sokolov and Rintoul 2007, 2009a; Graham et al. 2012;

Chapman 2014), these examples illustrate that the ACC

is composed of multiple filaments, and both the strength

(or SSH gradient) and meridional positions of these fil-

aments vary substantially in space and time, reflecting

the intricacy of the ACC frontal system on a flat bottom

topography (Thompson et al. 2010). It is remarkable

FIG. 2. (a) Meridional SSH gradient (black line) and the census of SSH grid points (gray line); (b) observed

zonation based on CTD profiles analyzed in the southwest Atlantic. The three distinct peaks at 23.5, 261, and

298.5 dyn cm are associated with the ACC fronts (SAF, PF, and sACCf), both as maxima (minima) on the SSH

gradient (number of SSH), whereas 2114dyn cm was selected to represent the SBdy.
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however, that the selected streamlines generally tracked

the enhanced DSSHs on seasonal to long-term time

scales even in the Indian and Pacific sectors. For in-

stances, the two southernmost fronts at a longitude of

1058E appeared exactly on the peaks of the DSSH sec-

tions and all the fronts at 908E were aligned with strong

DSSHs. It is worth mentioning that there were some

exceptions: the SAFs slightly missed peaks of the DSSH
sections at 1058E during both years, and a similar sit-

uation was found for the PF at 1178W for the ENSO ,
21 periods. These exceptions, as noted by Thompson

and Sallée (2012), were probably because of degrading

in the DSSH resolutions when taking spatial derivatives

of the SSH.

From the altimetry frontal indicators, it can be infer-

red that there is a long-term poleward shift in the ACC

fronts at 1058Ewith amaximum shift of 28 for the sACCf

(Fig. 3a). A direct verification of this substantial shift

was limited by the lack of repeated in situ observations;

however, the long-term satellite observations of local-

ized, persistent sea surfacewarming and sea ice retreating

within this sector, as we will discuss in section 5b, are

consistent with this frontal shift and seem to suggest

indirectly that the fronts have actually experienced

a long-term poleward drift. Taken all together, those

examples show the stability of the altimetry indicators

around the circumpolar belt, which is consistent with the

theory as well as with recent studies (Sallée et al. 2008;
Sokolov and Rintoul 2009b; Swart et al. 2010; Billany

et al. 2010; Langlais et al. 2011; Chapman 2014).

c. Dynamic height

Figure 4 illustrates that there is an obvious linear re-

lationship between satellite altimetry and the corre-

sponding dynamic heights (f) estimated from the CTD

profiles within the southwest Atlantic; a high correlation

(r$ 0.97) for a SSH less than 10 dyn cm hints that a set of

dynamic height contours may be applicable as an alter-

native frontal indicator. Based on this relationship, we

compared the SSH indicators with the various dynamic

heights used in previous studies as shown in Table 1. The

suggested value of f50dbar
1000dbar for the sACCf exactly

matches that of Thorpe et al. (2002), and the SAF and

SBdy lie comfortably within the ACC range suggested

byOrsi et al. (1995). The value off500dbar
1500dbar for the SAF is

exactly the same as Naveira Garabato et al. (2009), but

0.54 dynm for the PF (Naveira Garabato et al. 2009) is

slightly different from this study (0.5 dynm); the

climatological-mean position of 0.54 dynm is 57.78S at

Drake Passage, likely associated with the northern

branch of the PF (Lenn et al. 2007), while the 0.5 dynm

measured in this study is 58.98S, consistent with the

traditional PF location observed from XBT observa-

tions (Sprintall 2003) and shipboard ADCP data (Lenn

et al. 2007) at Drake Passage. Interestingly, there is

a substantial discrepancy between this study and that of

Böning et al. (2008), whose climatological frontal posi-

tions were located farther north than this study and the

other studies (see the following section for details).

It is worth pointing out that there is a bifurcation in

dynamic heights for SSHs higher than 10 dyn cm (Fig. 4),

probably representing a confluence of two different

source waters, that is, subtropical waters along the Brazil

Current and the subantarctic waters of the ACC. This

bifurcation makes it difficult to distinguish a single

streamline representing the STF, implying that a front,

within a confluence region, seems to be hard to pin down

to a single streamline because signals from other

source waters interrupt the inherent streamlines for

ACC waters.

There are remarkable agreements between the syn-

optic positions of SSH contours associated with ACC

fronts and spatial distributions of the dynamic height

field (Fig. 5a) as well as the climatological current field

(Fig. 5b), providing robust evidence for its applicability

to the entire circumpolar belt. The exceptions are nar-

row abyssal channels, where the SSH contours might

FIG. 3. Mean meridional sea surface height gradient along

(a) 1058E in 1993 and 2010, (b) 908E in March and August, and

(c) 1178WduringElNiño (ENSO.11) andLaNiña (ENSO,21)

periods. The vertical lines correspond to the latitudes for the SAF

(red, 23.5dyn cm), PF (blue, 261dyn cm), and sACCf (green,

298.5 dyn cm), respectively.
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break down in terms of tracking fronts inferred from

dynamic height and current fields. One of the most no-

ticeable examples is the SBdy flowing northward along

the eastern flank of the Kerguelen Plateau near 808E;
the climatological speed estimated from the Argo tra-

jectories reaches up to 15 cm s21 at 1000 dbar (Fig. 5b).

This strong northwestward extension of continental

margin waters, detected from ship-based synoptic ob-

servations (Orsi et al. 1999; Park et al. 2009) and current

meter moorings (Fukamachi et al. 2010), is well-known

as the deep western boundary current (DWBC) of the

cyclonic subpolar gyre in the Australian–Antarctic ba-

sin. Other abyssal channels might be along the Balleny

Fracture Zone near 1508E (Rodman and Gordon 1982)

and the South Scotia Arc near 308W (Orsi et al. 1999),

where major topographic barriers steer newly ventilated

bottom waters away from their sources along the

DWBC. These examples are also in accordance with our

finding that there is a restriction in the application of

SSH streamlines within these confluence regions.

d. Comparison with previous studies

Mean frontal paths have appeared in previous litera-

ture (Orsi et al. 1995; Sallée et al. 2008; Böning et al.
2008; Sokolov and Rintoul 2009a), which can be another

validator of newly suggested frontal indicators. Using

FIG. 4. Sea surface height derived from satellite altimetry vs dynamic height estimated from

CTD profiles in the southwest Atlantic (see Fig. 1b); the thick straight lines represent the first-

order least squares fitting; the adopted ACC fronts and SBdy indicators in this study are also

shown within the thin vertical lines.

TABLE 1. Summary of ACC frontal indicators based on streamlines from satellite altimetry, dynamic height, and previous studies.

Front SSH (dyn cm) f
50dbar

1000dbar
(dyn m) f

500dbar

1500dbar
(dyn m) f

0dbar

2000dbar
(dyn m)

SAF 23.5 0.87 (0.9a) 0.70 (0.7b) 1.46 (1.73c)

PF 261 0.62 0.50 (0.54b) 1.06 (1.43c)

sACCf 298.5 0.45 (0.45d) 0.36 0.81

SBdy 2114 0.38 (0.35a) 0.31 0.70

aOrsi et al. (1995) to represent limits of the ACC.
bNaveira Garabato et al. (2009) to identify the SAF and PF at Drake Passage.
c Böning et al. (2008) to represent the climatological location of the ACC fronts using CSIRO Atlas of Regional Seas gridded atlas in

the Southern Ocean. The unit is converted from m to dyn m for comparison purpose by dividing by the gravitational coefficient.
d Thorpe et al. (2002) to identify the climatological location of the sACCf near the South Georgia Island.
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synoptic in situ cruise sections, Orsi et al. (1995) tracked

fronts based on specific values of water properties re-

presenting distinct water mass changes across those

fronts. Sokolov and Rintoul (2009a) used a 15-yr time

series of the SLAs with aMDT relative to 2500 dbar that

was calculated from the World Ocean Climate Experi-

ment (WOCE) hydrographic climatology. Among fila-

ments forACC fronts, themiddle branch of the SAF and

northern branches of the PF and sACCf are used to

represent the traditional locations of the fronts. Sallée
et al. (2008) extended a series of studies by Sokolov and

Rintoul (2002, 2007) based on aMDT field generated by

combining the Argo and the Southern Ocean Data Base

(SODB) dataset. To describe two energetic fronts, they

selected 1.20- and 0.95-m contours relative to 1500 dbar

for the SAF and PF, respectively. Böning et al. (2008)
mapped the climatological paths of the SAF and PF in

the vicinity of 1.7- and 1.4-m streamlines (f0dbar
2000dbar) using

the Commonwealth Scientific and Industrial Research

Organisation (CSIRO) Atlas of Regional Seas (CARS)

climatology. As mentioned above, the fronts from

Böning et al. (2008) showed a substantial northward bias
compared to other studies, as illustrated in Fig. 6. The

circumpolar mean displacements from this study were

1.358 for the SAF and 3.08 for the PF to the north, and

these reached up to 78 (SAF) and 178 (PF) along the

Argentina coast.

Although the front locations from all the other studies

are broadly consistent with this study, especially in the

vicinity of major topographic features, there are also

significant discrepancies in the frontal paths between

this study and the previous studies in several locations

(Fig. 6). South of the Campbell Plateau at 1808E, for
example, the SAF from this study goes northeastward

along the steep continental slope around the southeast

flank and then turns back from about 508S before con-

tinuing eastward toward the Eltanin Fracture Zone, but

the other studies put the path farther south at around

578S (Orsi et al. 1995; Sallée et al. 2008; Sokolov and

Rintoul 2009a). Such a topographically constrained SAF

in this study is compatible with the hydrographic ob-

servations obtained from the United States Naval Ship

(USNS) Eltanin cruise 50 along 1708E (Gordon 1975).

Gordon (1975) measured the northward extent of a sa-

linity minimum layer (i.e., the traditional definition of

the SAF) starting just south of the Campbell Plateau

escarpment. Independent studies, in order to track the

SAF, using a 88–8.58C indicator (Uddstrom and Oien

1999) and following a deep current jet based on nu-

merical simulations (Tilburg et al. 2002; Langlais et al.

2011; Graham et al. 2012; Graham and de Boer 2013;

Chapman 2014), showed the same northward turn of the

SAF steered by bottom topography as in this study. The

difference in the position of the SAF between this study

FIG. 5. Argo-derived (a) dynamic height at 50 dbar with respect to 1000dbar, and (b) objectively interpolated velocity field at 1000 dbar.

The superimposed color contours indicate the mean (1992–2011) distribution of ACC fronts and SBdy using the altimetry indicators

derived from this study.
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and the others indicates the possibility of having two SAF

branches in this region (Budillon and Rintoul 2003).

In the vicinity of the Kerguelen Plateau, the SAF paths

seem to be tightly constrained by bottom topographies;

however, the other frontal paths have been the topics of

considerable debate even with in situ hydrographic ob-

servations (Orsi et al. 1995; Belkin and Gordon 1996;

Sparrow et al. 1996; Roquet et al. 2009; Park et al.

2014). This complexity of frontal locations might be

understood in a way whereby the fronts have undergone

substantial seasonal fluctuations with a long-term pole-

ward drift. As we will demonstrate in the following

section, the southward (northward) excursions of these

fronts have been favored during recent (earlier) decades

and the austral summer (winter).

The other place showing a substantial divergence is

around theMaurice Ewing Bank (see Fig. 6b). Orsi et al.

(1995) and Sallée et al. (2008) put the PF at the northern

flank of the bank, and Peterson and Whitworth (1989)

reported the merging of the SAF and the PF as staying

there based on the Research Vessel (R/V) Melville

cruise of 1986. In contrast, Sokolov and Rintoul (2009a)

and this study located the path on the southeastern side

of this bank. This southern path has been supported

by recent intense hydrographic observations by the

ALBATROSS 1999 (Naveira Garabato et al. 2002) and

JR11 1996 (Trathan et al. 2000) cruises. Naveira Garabato

et al. (2002) noted that the PF passes to the south of the

bank, and the remnants of a meandering PF pass the

northern flank of the bank. Another possibility is that this

bifurcation of the PF might be because of its long-term

drift to the south. The southwest Atlantic–averaged po-

sition of the PF shows a significant poleward drift with

a rate of 40kmdecade21. This rate is probably enough to

force the front to move to the southern flank over the

course of a few decades.

4. Variability of the ACC fronts

a. Spatial variability

Figure 7 shows how often a streamline passes through

each grid point and reveals that the spatial variability

of ACC fronts is principally determined by bottom

topographies, confirming previous studies (e.g., Gille 1994;

Dong et al. 2006; Sallée et al. 2008; Thompson et al. 2010;

Langlais et al. 2011; Graham et al. 2012). Over a large

topographic feature, a streamline tends to be persis-

tently fixed in a relatively narrow width with a high re-

occurrence rate, meaning little temporal variability. The

highest reoccurrence rate of up to 80% was estimated

for the SAF looping along the western rim of the Ar-

gentine basin (608–548W), appearing as a jet with current

speed higher than 25 cm s21 at 1000 dbar (see Fig. 5b).

Over the northern flank of the Southwest Indian Ridge

(08–308E), the sACCf was estimated to appear up to 50%

of the time, and similar intense jets associated with the

sACCf were also observed along the Pacific–Antarctic

FIG. 6. The climatological distribution of (a) SAF and sACCf and of (b) PF derived from this study (red) vs those that appeared in Orsi

et al. (1995; blue), Sokolov and Rintoul (2009a; green), Böning et al. (2008; cyan), and Sallée et al. (2008; olive); the 2500-m isobath (thin

gray contour) is included for reference.
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Ridge (1508–1808W). Sharp expressions for the SAF and

PF are also remarkable through the Eltanin andUdintsev

Fracture Zones, which are effective cross-ridge gateways

to exchange waters between ocean basins (Orsi et al.

1995).

A transition in reoccurrence rates (Fig. 7) is obvious

downstream of prominent topographic obstacles (South

Scotia Arc and Kerguelen and Campbell Plateaus); the

spatial distribution of a streamline becomes greater,

with a low reappearance rate, a broad width, and slug-

gish currents, as these regions are favorable for the

production of mesoscale eddies through eddy–mean flow

interaction processes (Thompson et al. 2010). When

a shallow bottomobstacle steers a front northward because

of potential vorticity conservation, instability increases for

such a nonzonal flow because of the baroclinic instability

process extracting energy from the mean flow. The ac-

cumulated baroclinic energies seem to burst out through

mesoscale rings within the downstream. There, eddy

activity can be a main determining factor for meridional

frontal locations. In regions over abyssal plains, where

fronts are relatively free from both topographic steering

and mesoscale rings, the fronts are expected to have the

greatest spatial and temporal variability.

b. Temporal variability

To infer the temporal variability of ACC fronts in

a circumpolar-averaged frame, frontal positions were

traced on a weekly basis and then zonally averaged.

Displacements, as shown in Fig. 8, were obtained by

extracting time-mean latitude from the weekly time se-

ries of latitudinal positions for each front. The straight,

green line, a long-term linear change estimated from the

first-order polynomial fitting, shows that the fronts have

experienced substantial poleward drifts; the estimated

total drift of the sACCf was 46 km to the south during

the 19-yr period studied, whereas smaller drifts were

inferred for the PF (28 km) and the SAF (30 km). This

observation indicates a broader ACC system over time.

These drifts were statistically significant (p , 0.05)

based on Student’s t tests and having magnitudes similar

to the observed drifts from previous studies (e.g., Aoki

et al. 2005; Sprintall 2008). Note that year-to-year

variance, shown as blue lines in Fig. 8, reveals sub-

stantial fluctuations identifiable in certain years. During

the 1997/98 period, when the strongest El Niño was re-
corded, for instance, two northernmost fronts experienced

FIG. 7. Distribution of reoccurrence rates (percentage of time) for ACC frontal indicators at grid

points where a front was observed at least 2%. Areas shallower than 2500m are shaded in gray.

FIG. 8. Weekly time series of the distance between frontal in-

dicators derived from this study to their circumpolar-averaged

mean positions for (a) SAF, (b) PF, and (c) sACCf. A positive

(red)/negative (black) distance means that a particular front is lo-

cated equatorward/poleward from its climatological-mean posi-

tion; the green (blue) lines are their linear trend fits (1-yr low-pass

filtered).
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noticeable southward displacements. This interannual
fluctuation possibly represents the influence of ENSO on
meridional frontal positions, as we will discuss in the fol-
lowing section.
While circumpolar-averaged frontal paths have

showed significant poleward trends during the last two

decades, these long-term changes are not zonally sym-

metric, but highly localized (Fig. 9). Within the south-

east Indian (758–1508E), the two southernmost fronts

showed substantial poleward drifts, ranging from

around 100 to 400 km based on yearly mean frontal

paths as illustrated in Fig. 9a. When applying the first-

order least squares fitting to weekly SSH data along

longitudes, smaller but statistically significant drifts

were estimated for this sector (Fig. 9b). Those poleward

movements are opposite those estimated by Graham

et al. (2012) using a CO2 quadrupling simulation, which

postulated that the simulated equatorward shift of the

ACC is a response to the expansion of a subpolar gyre

caused by enhanced northward Ekman transport be-

cause of intensified westerlies. This numerical experi-

ment, however, hints that there is a possibility of the

frontal positions in this sector being mainly controlled

by the relative strength of subtropical and subpolar

gyres. Smaller, but still statistically significant, drifts to

the south, have also been inferred downstream of the

South Scotia Arc in the southeast Atlantic (458W–208E).
In contrast to these sectors, the southeast Pacific

(1508–908W) shows unique frontal behavior with con-

siderable fluctuations in latitudinal locations (Fig. 9a).

However, these fluctuations do not render an apparent

long-term trend (see Fig. 9b). This lack of a long-term

shift is contrary to what many might expect for this

sector with a flat basin, but is consistent with a numerical

simulation (Graham et al. 2012). This finding indicates

that the long-term frontal drifts, as shown in Fig. 8 and in

previous studies (e.g., Gille 2008; Böning et al. 2008;
Sokolov and Rintoul 2009b), might be a very localized

feature in the Indian and Atlantic sectors and thus less

representative of the entire ACC.

An inspection of Fig. 9 suggests a noticeable sea-

sonal cycle in all frontal locations on the circumpolar-

averaged frame. To capture localized seasonal patterns,

we applied a harmonic analysis to the weekly SSH data

at each longitude, revealing that seasonality is spatially

localized, the same as in long-term trends (Fig. 10).

While in most of the circumpolar regions the amplitude

of seasonality is less than 10 km as noted by Graham

and De Boer (2013), large seasonal fluctuations have

been indicated in the Atlantic (558–258W) and Indian

(608–1208E) sectors. This localized seasonality is in

agreement with the results of Dong et al. (2006), who

tracked the PF based on enhanced sea surface temper-

ature gradients.

c. Responses to atmospheric changes

Figure 11 shows the correlation coefficients between

the meridional positions of the ACC fronts and atmo-

spheric variabilities. Following Sallée et al. (2008),
we applied a similar approach, except we filtered out

FIG. 9. (a)Annual-mean paths of theACC fronts from1993 to 2010 and (b) estimated total drifts

assuming linear trends. The dots show statistically significant drifts with values above the 95%

confidence level using Student’s t test. The black arrow in (b) indicates the longitude (1058E) with
significant drifts investigated in Fig. 3a. Areas shallower than 2500m are shaded in gray.

3064 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 44

Brought to you by University of Maryland, McKeldin Library | Unauthenticated | Downloaded 01/22/25 07:14 PM UTC



high-frequency signals by using a 1-yr Butterworth

window to concentrate on year-to-year frontal vari-

ability. Not surprisingly, the overall correlation pattern

was similar to the results of Sallée et al. (2008, see their

Figs. 11a and 12a), with distinct localized patterns be-

tween the southeast Pacific (1508–908W) and southeast

Indian (758–1508E).
The frontal positions within the southeast Pacific, pre-

viously characterized by substantial fluctuations without

any long-term trend and seasonality, showed consider-

able responses to SAM and ENSO; the fronts tend to

drift northward (southward) during 1SAM or 2ENSO

(2SAM or 1ENSO). The PF showed the largest re-

sponses to the atmospheric variabilities: its correlation

coefficient was up to20.8 with ENSO and had a slightly

smaller coefficient of 0.55 with SAM. These correlations

have some important implications for changes in the

meridional positions of the PF: (i) the ENSO and SAM

FIG. 10. Peak-to-peak amplitude of annual frontal cycles for the ACC fronts estimated using

the harmonic analysis. The black arrow indicates the location (908E)with significant seasonality
investigated in Fig. 3b.

FIG. 11. Zonal distribution of correlation coefficients between the meridional displacements

of the ACC fronts with the SAM (red) and ENSO (blue) indices. The large dots indicate values

statistically significant above the 95% confidence level using Student’s t test. A positive (neg-

ative) correlation indicates northward (southward) displacement of the fronts in response to

interannual atmospheric variability.
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indices can account for up to 64% and 30%, re-

spectively, implying that both indices likely explainmost

of the year-to-year meridional variance of this front on

the assumption that these indices are statistically in-

dependent (Verdy et al. 2006; Vivier et al. 2010);

(ii) thus, we can expect most northward (southward)

frontal positions when La Niña (El Niño) occurs during
positive (negative) SAM periods; however, (iii) ENSO
shows further impacts on the meridional positions of the
ACC than SAM. Figure 12 illustrates the mean frontal

locations for specific periods categorized into 61 of

the SAM and ENSO indices, supporting these implica-

tions. The largest displacement of up to 28 (;220 km)

was observed for the PF at around 1178W between

2ENSO/1SAM and 1ENSO/2SAM periods. Also,

Fig. 12 confirms a dominant ENSO contribution to

frontal positions; the fronts during opposite sign com-

binations [1ENSO/2SAM (the purple contour in

Fig. 12) and 2ENSO/1SAM (cyan)] do not show sig-

nificant differences from the positions only for El Niño
(red) or La Niña (blue). Note that even though the at-
mospheric variabilities strongly affect the PF in this
sector, there is a sharp drop in the correlation co-
efficient near 1408W(Figs. 11, 12), at which the PF flows

through the Udintsev Fracture Zone, reminding us that

fronts are almost fixed over such a large topographical

feature.

In contrast to the Pacific, there is no significant re-

lationship between the interannual frontal positions

and atmospheric variabilities in the southeast Indian

(Fig. 11), implying that the long-term poleward drifts

estimated in this sector might be not directly results

of atmospheric variabilities. One exception is the SAF

in a narrowband between 908 and 1008E, where the

SAF tends to move southward during positive SAM

periods.

5. Mechanisms for localized responses

a. Southeast Pacific: Anomalous Ekman transport

Unique frontal behaviors within the southeast Pacific,

substantial fluctuations without any long-term trend,

and seasonality are consistent with other independent

satellite datasets including the AVHRR-based SST

(Reynolds et al. 2007) and the sea ice extent (Comiso

2012). Monthly SST anomalies after removing seasonal

cycles were averaged over the southeast Pacific (508–
67.58S, 1508–908W) and then 1-yr low-pass filtering was

applied to focus on the year-to-year variance. To in-

vestigate the contributions of ENSO and SAM to the

observed SST anomaly, we did a bivariate regression

analysis with 2-month preceding atmospheric indices

based on the least squares fitting approach. The 2-month

lag was selected because the correlation coefficients

between the observed and calculated SST shows its

maximum with this lag, indicating that around 2 months

are needed for the SST to fully adjust to atmospheric

changes. This delayed response is also consistent with

a 7-week lag between atmospheric changes and the ac-

companying SST responses (Vivier et al. 2010).

It is significant that the time series of SST anomalies

averaged over the southeast Pacific also showed substantial

fluctuations with a negligible trend (Fig. 13a). There, the

correlation coefficient between the observed and regressed

SST anomalies was 0.8, meaning that SAM and ENSO

together account for about 64% of the year-to-year SST

anomaly variance. This result confirms that this sector is

largely sensitive to atmospheric changes, as depicted above

in the relationship between the fronts and atmospheric

indices. Consistent with the SST, the time series of the

September sea ice extent in this sector (1508–908W) has

also showed a substantial fluctuation without any signifi-

cant trend during the last three decades (Fig. 13c).

FIG. 12. Mean location of the ACC fronts for particular periods categorized into 61 of the

SAM and ENSO indices. The black arrow indicates a longitude of 1178W with substantial

fluctuations investigated in Fig. 3c. Areas shallower than 2500m are shaded in gray.
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One mechanism controlling these characteristic oce-

anic variabilities within this sector might be an anoma-

lous Ekman transport, as suggested by Sallée et al.
(2008). The Ekman anomaly associated with SAM and

ENSO shows a localized structure characterized by a

meridionally elongated distribution to midlatitudes in

the Pacific; this spatial distribution is out-of-phase for

SAMandENSO. For instance, during positive SAMorLa

Niña periods, a prominent northward Ekman transport
could steer the ACC to the north and bring cold subpolar
waters up to midlatitudes. The spatially out-of-phase pat-
tern in Ekman transport anomalies between SAM and
ENSO hints that a concurrence of opposite sign com-
binations (i.e., 1SAM/2ENSO and 2SAM/1ENSO)

would reinforce oceanic responses as partially proved

in Fig. 12. When a La Niña (ENSO , 21) event occurs

with a positive SAM (SAM . 1), positive overlapping

Ekman transport anomalies could push fronts farther

north, supplying more cold subpolar waters to mid-

latitudes and finally resulting in abnormal cooling in this

sector. This process seems to account for the substantial

cooling recorded during April 1998 and March 2000

(these periods are indicated as dashed lines in Fig. 13a),

when one of the strongest recorded La Niña events oc-
curred during positive SAM periods.

b. Southeast Indian: Poleward expansion of the
Indian subtropical gyre

In contrast to the southeast Pacific, atmospheric var-

iabilities through anomalous Ekman transport seem to

fail to explain the basin-scale poleward drift of the ACC

observed in the southeast Indian. As shown by Sallée
et al. (2008), a positive SAM tends to cause the SAF to

move toward the pole in this sector; however, it is in-

significant or too localized around 958E to explain this

basin-scale drift. A similar situation is found for the

averaged SST anomalies over this sector (458–62.58S and
758–1508E; see Fig. 13b). Here, both the SAM and

ENSO indices account for only 18% (0.422) of SST in-

terannual variance. However, when considering the

long-term warming trend of 0.108Cdecade21, a correla-

tion coefficient between the observed (the red line in

Fig. 13b) and the regressed SST anomalies (the green

line) reaches up to 0.71. In agreement with this warming

FIG. 13. Time series of (a),(b) SST anomalies and (c),(d) September sea ice extents (sumof areas containing at least

15%of sea ice concentration) over the (top) southeast Pacific (508–67.58S, 1508–908W) and (bottom) southeast Indian

(458–62.58S, 758–1508E) oceans. SST anomalies are regionally averaged and filtered with a 1-yr low-pass window (red

lines). Regressed SST anomalies are based on least squares fitting using 2-month-preceded atmospheric indices (blue

lines). A regressed SST anomaly including the long-term linear trend is illustrated as a green line (and corresponding

equation). Values of r are the correlation coefficients between the observed and regressed time series. The long-term

linear trends in SST anomalies and September sea ice concentration are indicated as dashed lines in (b) and (d),

respectively. The vertical lines in (a) indicate the period between April 1998 and March 2000, when La Niña case
(ENSO , 21) coincidently happened with a positive SAM (SAM . 11).
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trend, the winter sea ice extent within this sector (758–
1508E) has experienced considerable shrinking of

around 9.1% (28.3 3 103 km2 yr21) over the past

3 decades (Fig. 13d), which may be an indication that the

ACC in this sector has moved poleward. This shrinking

is sharply contrasted with the slight but significant in-

creasing sea ice trend of 2.03 104 km2 yr21 (a total 3.1%

increase over three decades) throughout the Southern

Ocean (not shown), suggesting that there might be lo-

calized ocean dynamics controlling this sector.

An alternative dynamic that could potentially contrib-

ute to the observed oceanic changes is the intensification

and poleward expansion of the Indian subtropical gyre, as

suggested by previous studies (Biastoch et al. 2009;

Rouault et al. 2009; Wang et al. 2011; Graham et al. 2012;

Wuet al. 2012).According toWuet al. (2012), theAgulhas

system region has warmed, which is associated with the

intensification of the western boundary current during

multiple decades. The enhanced inertia of the Agulhas

Current works in tandem with the concurrent poleward

shift of a zero wind stress curl over the Indian Ocean

(Biastoch et al. 2009) and then constitutes a favorable

condition for the poleward expansion of the gyre

(de Ruijter et al. 1999). Bottom topographies seem to

play an important role in limiting a sector (de Boer et al.

2013). In the case of the western Indian, complex

topographies with ridges and rises likely delimit the

southern boundary of the subtropical gyre by steering

the Agulhas Return Current. The eastern sector, how-

ever, has relatively weak topographical constraints on

this current, allowing the subtropical gyre to expand

easily. Through this gate, the persistent expansion of the

subtropical gyre seems to dynamically push the ACC

system toward the south, resulting in the poleward drift

of the ACC, SST warming, and sea ice shrinking in this

sector. Note that the localized frontal seasonality in

analogy with long-term drifts in this sector allows us

to deduce that the same mechanism might be applicable

to understanding this seasonality; that the gyre tends to

expand to the south during the austral summer and then

retreat to the north during the winter (Ffield et al. 1997)

might relate to the observed frontal seasonality in this

sector. However, a refined mechanism controlling the

seasonality of fronts needs further study.

6. Conclusions

While ACC frontal distributions in areas with complex

bathymetry are mainly topographically controlled, this

study reveals a highly contrasting variability pattern over

large abyssal plains; a substantial year-to-year fluctuation

is indicated in the southeast Pacific, whereas long-term

poleward drifts and seasonality are apparent in the

southeast Indian. This fluctuation in the Pacific is largely

explained by dominant atmospheric variabilities through

anomalous Ekman transport, suggesting that this sector

could have experienced a northward (southward) shift of

theACC during2ENSO or1SAM (1ENSO or2SAM)

periods with major contribution from ENSO. Elsewhere

along most of the circumpolar regime, the correlation

between ACC frontal variability and the westerlies is

statistically insignificant—opposite the previous reports

attributing the southward shifts of the ACC system to

intensified westerly winds. Indian frontal variability is

driven by regional changes in oceanic circulation. We

believe that the poleward drift of the ACC in this sector

may be a dynamical response to the observed expansion

and intensification of the Indian subtropical gyre.

Such contrasting frontal variabilities would make it

difficult to detect a climate signal in the Southern Ocean

on a circumpolar-averaged framework. Thus, we suggest

that analyses on regional ocean circulation could help

a comprehensive understanding of ACC frontal vari-

abilities and the underlying mechanisms. Prominent

regional contrasts in ACC frontal variability warrant

further studies of localized responses to climate signals

and smaller-scale forcing.
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