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ABSTRACT

The location of the Southern Ocean polar front (PF) is mapped from the first 3 yr of remotely sensed
Advanced Microwave Scanning Radiometer for the Earth Observing System (AMSR-E) sea surface tem-
perature (SST) measurements. In agreement with previous studies, the mean path of the Antarctic PF and
its standard deviation are strongly influenced by bottom topography. However, the mean PF path diverges
slightly from previous studies in several regions where there is high mesoscale variability. Although the SST
and SST gradient at the PF show spatially coherent seasonal variations, with the highest temperature and
the lowest temperature gradient during summer, the seasonal variations in the location of the PF are not
spatially coherent. The temporal mean SST at the PF corresponds well to the mean PF path: the tempera-
ture is high in the Atlantic and Indian Ocean sections and is low in the Pacific Ocean section where the PF
has a more southerly position. The relationship of the wind field with the Antarctic PF location and proxies
for the zonal and meridional PF transports are examined statistically. Coherence analysis suggests that the
zonal wind stress accelerates the zonal transport of the PF. The analysis presented herein also suggests that
the meridional shifts of the Antarctic PF path correspond to the meridional shifts of the wind field.

1. Introduction

The Southern Ocean is distinguished from other
oceans by the fact that it is the only oceanic region that
circles the globe without being blocked by land. It ex-
periences the strongest surface wind of any global
open-ocean area. The main feature of the Southern
Ocean is the strong eastward flow in the zonally con-
nected Antarctic Circumpolar Current (ACC). The
ACC connects the major world oceans and redistrib-
utes oceanic properties, such as heat, salt, and nutrients.
The ACC consists of three major circumpolar fronts,
which are, from north to south, the sub-Antarctic front
(SAF), the Antarctic polar front (PF), and the southern
Antarctic circumpolar front (SACCF). The fronts sepa-
rate distinct surface water masses and are associated
with strong currents and strong lateral gradients in tem-
perature, salinity, and biological productivity (Nowlin
et al. 1977; Boyd et al. 1995; Pollard et al. 1995, 2002;

Moore et al. 1999b; Moore and Abbott 2000, 2002;
Barth et al. 2001).

The frontal structure in the ACC is complex, with the
fronts splitting into multiple filaments or merging to
form one single front (Read et al. 1995; Belkin and
Gordon 1996; Sparrow et al. 1996; Holliday and Read
1997; Moore et al. 1999a; Sokolov and Rintoul 2002).
The determination of the correct frontal position is im-
portant for studies of eddy–mean flow interaction
(Hughes and Ash 2001), since slight shifts in frontal
position can reverse the eddy–mean flow relationship.
Previous studies (Botnikov 1963; Lutjeharms and Val-
entine 1984; Moore et al. 1997, 1999a) suggested that
the Antarctic PF has both surface and subsurface ex-
pressions. The climatological mean surface and subsur-
face locations of the Antarctic PF have been examined
in a number of studies (Orsi et al. 1995; Belkin and
Gordon 1996; Moore et al. 1999a; Gille 1994, 1999),
which are in relatively good agreement. Some of these
studies (e.g., Gille 1994, 1999; Moore et al. 1999a) have
also examined the time-varying PF locations on a global
scale. However, the spatial and temporal resolutions of
the altimetric sea surface height (SSH) measurements
used by Gille (1994) and Gille (1999) were compara-
tively coarse. Moore et al. (1999a) determined the sur-
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face PF location from weekly composites of the daily
images of SST measured from infrared sensors. While
the spatial resolution of the SST maps was high (9 km),
the infrared SST measurements that Moore et al.
(1999a) used are strongly influenced by water vapor
and cloud cover, and about 45% of the data during their
study period were missing. Moore et al. (1999a) sug-
gested that both the Antarctic PF path and its proper-
ties show seasonal variability, although they also men-
tioned that the cloud cover itself has seasonal variabil-
ity. Cloud cover leaves a number of open questions in
the Moore et al. (1999a) analysis, suggesting that the
topic merits revisiting using a dataset that is unimpeded
by clouds.

The recently launched Advanced Microwave Scan-
ning Radiometer for the Earth Observing System
(AMSR-E) now provides global all-weather SST mea-
surements. The AMSR-E microwave radiometer mea-
surements are the first data to show SSTs for the entire
Southern Ocean with twice-daily temporal resolution.
With its cloud-penetrating ability, AMSR-E provides a
unique dataset to determine the Antarctic PF location
and to examine its spatial and temporal variations.
Comparison of the PF from AMSR-E SST maps with
that based on infrared SSTs can provide a measure of
the effectiveness of infrared SSTs in determining the PF
location and an evaluation of the influence of the sea-
sonally biased cloud cover on the Antarctic PF path
variability.

Many studies (Deacon 1937; Gordon et al. 1978;
Chelton et al. 1990; Gille 1994; Moore et al. 1999a) have
suggested that topography plays an important role in
the Antarctic PF path and its variability. Analyses of
both hydrographic data (Gordon et al. 1978) and satel-
lite altimeter measurements (Chelton et al. 1990; Gille
1994) indicated that the fronts are steered by bottom
topography. Moore et al. (1999a) argued that the bot-
tom topography and corresponding planetary potential
vorticity field ( f/H) strongly influence the variability of
the location and dynamics of the Antarctic PF, where f
is the planetary vorticity and H is ocean depth.

The dynamics of the ACC have been a subject of
debate mainly because of the presence of uninterrupted
potential vorticity contours around the globe, which
means free, unforced flow is possible. What determines
the ACC transport? Several hypotheses have been pro-
posed. Munk and Palmén (1951) suggested that the
ACC transport should be directly proportional to wind
stress, which is balanced by topographic form stress due
to pressure gradients across ocean ridges. In contrast,
Hidaka and Tsuchiya (1953), Stommel (1957), and
Warren et al. (1996) suggested that the ACC transport
is controlled by a Sverdrup balance. Thus, the strong

wind stress curl in the Southern Ocean is the primary
forcing for the ACC. Fofonoff (1955) and Barcilon
(1967) studied the buoyancy forcing in driving the ACC
and argued that the buoyancy loss would enhance the
ACC transport. Johnson and Bryden (1989) and Straub
(1993) have suggested that the ACC transport is con-
trolled by the angular momentum budget. Tansley and
Marshall (2001) concluded that the ACC transport is
determined by an integral momentum balance with a
combined forcing from wind, buoyancy, eddy fluxes,
and friction. Modeling studies (Gnanadesikan and
Hallberg 2000; Gent et al. 2001) suggested that neither
Sverdrup balance nor the mean wind stress at the lati-
tudes of Drake Passage determines the ACC transport,
and the ACC transport can be altered by the transfor-
mation of dense water to light water in the Southern
Ocean. Using the AMSR-E measurements, we will ex-
amine the possible response of the time-varying Ant-
arctic PF transport to wind forcing in the Southern
Ocean in a statistical sense.

In this study, we use the first 3 yr of the AMSR-E
SST measurements to map the Antarctic PF locations
and study the PF variability. The data used in this study
and the technique used to determine the Antarctic PF
location from the SST measurements are described in
section 2, which also provides an evaluation of the tech-
nique using XBT observations along two Southern
Ocean transects. Section 3 describes the mean PF path
and the mean SST and SST gradient at the PF, and their
temporal and spatial variations. The relationship be-
tween the Antarctic PF transport and wind are exam-
ined in section 4. The conclusions are given in section 5.

2. Data and method

a. AMSR-E SST

AMSR-E is a multichannel passive microwave radi-
ometer that was launched on the National Aeronautics
and Space Administration (NASA) Aqua satellite on 4
May 2002. The Aqua satellite is in a sun-synchronous
polar orbit, so observations occur at the same local time
each day with equator crossings at 1230 and 0130 LT.
Southern Ocean crossings at 55°S are around 1500 and
0100 LT. AMSR-E measures a wide range of geophysi-
cal parameters, including SST, wind speed, columnar
water vapor, and columnar cloud water. Three years
(June 2002–June 2005) of daily and weekly SST ob-
servations from version-4 AMSR-E ocean products
(obtained online at http://www.ssmi.com) are used in
this study to determine the Antarctic PF location. Both
daily and weekly AMSR-E data are on a 0.25° lati-
tude � 0.25° longitude grid. An assessment of the ac-
curacy of the AMSR-E SST measurements in the
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Southern Ocean is given by Dong et al. (2006). They
found that, when compared with Moderate Resolution
Imaging Spectroradiometer (MODIS) and Reynolds
optimal interpolation (OI) SSTs, AMSR-E SSTs have
less bias relative to in situ observations and also have
better temporal coverage.

b. Criteria to determine the surface expression of
the Antarctic PF

Like many fronts, the surface Antarctic PF is char-
acterized by strong gradients in oceanic properties.
Moore et al. (1999a) used the strong SST gradient
across the PF to determine its location from Advanced
Very High Resolution Radiometer (AVHRR) maps.
They defined a strong gradient as a temperature change
of �1.35°C over a distance of 45–65 km (depending on
latitude and PF orientation) from weekly composites of
the daily AVHRR SST maps with 9-km resolution. In
this study, we tested several different methods to de-
termine the PF location from AMSR-E SST measure-
ments including the maximum SST gradient within a
certain temperature range, the southern bound of the
SST gradient above a certain limit, or a fixed isotherm.
Like Moore et al. (1999a), we found that a criterion
based on the southern bound of the SST gradient above
a certain limit gives a more stable result, although we
use a lower limit because of the relatively coarse reso-
lution of the AMSR-E maps compared to the AVHRR
data. The PF path is determined following three steps.

1) Instead of defining the temperature gradient as the
largest gradient in four directions (N–S, E–W, NE–
SW, NW–SE) as in Moore et al. (1999a), the SST
gradient at each AMSR-E grid is computed as the
absolute gradient, |�T | � �(�T/�x)2 � (�T/�y)2.

2) At each longitude the Antarctic PF location is de-
termined to be the southernmost location at which
the SST gradient exceeds 1.5 � 10�2 °C km�1. Small
patches (less than 3° longitude) of high SST gradient
are removed to avoid incorrectly identifying eddies
as the PF location.

3) The PF location and the SST at the PF from step 2
above occasionally show large difference at adjacent
locations. In regions where the PF location and the
SST at the PF differ from adjacent values by more
than two standard deviations of the difference, the
PF location is automatically corrected to the south-
ern bound of the high SST gradient that is closest.
This ensures the spatial and thermal continuity of
the PF path. In this correction, we relax the SST
gradient limit to 1 � 10�2 °C km�1.

In a few cases the Antarctic PF location cannot be
determined using the above three steps because of a

weak SST gradient. In these cases we further relax the
SST gradient limit to 0.8 � 10�2 °C km�1 in step 3, and
locate the PF based on spatial and thermal continuity.
Thus, a unique PF is designated at all longitudes. In
regions with relatively low SST gradients, such as the
southeast Pacific Ocean, the determination of the PF
location will rely on the spatial and thermal continuity
of the PF path (the third step in our technique). We will
mainly present the results from weekly AMSR-E SST
maps, which give more spatially continuous results. The
daily SST maps have gaps between ground tracks that
influence the continuity of the Antarctic PF path both
in space and time. To examine the effect of the smooth-
ness of the weekly SST field on the results, we com-
pared the location of the PF from the weekly AMSR-E
SST maps with that determined from the daily maps.
The results from daily and weekly maps are consistent
in terms of the spatial and temporal variability. We also
examined the effect of errors in the AMSR-E SST mea-
surements on the Antarctic PF. A Monte Carlo simu-
lation was performed: random errors with a standard
deviation of 0.3°C, based on the accuracy of the
AMSR-E SST measurements, were added to the
weekly SST maps, and the location of the PF was de-
termined from these maps. The process was repeated
1000 times. The standard deviation of the mean PF path
from each repeated process is small (�50 km) relative
to the temporal variations of the PF path, indicating
that our results are not strongly sensitive to errors in
the AMSR-E SST measurements.

Figure 1 shows an example of the SST and the cor-
responding SST gradient from a weekly AMSR-E map.
The PF determined using the above technique is indi-
cated by the black curve, which departs from the 2°C
isotherm. The 2°C isotherm is a good approximation of
the northern limit of the subsurface minimum tempera-
ture, which is used traditionally to identify the subsur-
face PF (e.g., Botnikov 1963). Multiple filaments of the
Antarctic PF have been found at several regions: Drake
Passage (Sievers and Nowlin 1984), the southern Indian
Ocean (Belkin and Gordon 1996; Sparrow et al. 1996;
Holliday and Read 1997), the South Pacific (Read et al.
1995; Moore et al. 1999a), and south of Tasmania
(Sokolov and Rintoul 2002). However, our technique
only picks one location at each longitude. This unique-
ness of the PF also means that we cannot resolve the
meanders in the PF when the PF loops across the same
longitude more than once.

c. Verification of the Antarctic PF criterion

To verify our technique for determining the location
of the Antarctic PF, we apply the method to the in situ
temperature measurements from high-resolution ex-
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pendable bathythermograph (XBT) profiles collected
along two repeat lines, one across Drake Passage and
the other extending between Hobart, Australia, and the
French Antarctic base at Dumont d’Urville. Detailed
descriptions of the XBT data can be found in Sprintall
(2003) for Drake Passage and Rintoul et al. (1997) and
Morrow et al. (2003) for south of Australia. There are
17 transects south of Australia during the AMSR-E
period. All of the transects were carried out during
summer (October–March). In Drake Passage, where
the observations are year-round, there are 11 XBT
transects available during summer and 10 XBT
transects during winter. The northern extent of the 2°C
isotherm at 200-m depth is used to determine the sub-
surface PF (Botnikov 1963). The surface PF locations
determined from the XBT measurements at 4-m depth
and those from AMSR-E SST measurements are com-
pared with the subsurface PF locations. The compari-

son will not only give an assessment of the criteria used
to determine the PF location in this study, but also show
the differences between the surface and subsurface ex-
pressions of the PF.

To determine the Antarctic PF location from the
daily AMSR-E fields and XBT SSTs, we first average
the XBT SSTs along each transect to match the 0.25°
grid resolution of the AMSR-E SST maps. The
AMSR-E SSTs from daily gridded maps are then inter-
polated to the XBT locations. Figure 2 shows examples
of the SST and SST gradient from both XBT and
AMSR-E SSTs for the two transects, Drake Passage
and south of Australia. The AMSR-E SST measure-
ments show relatively good agreement with the XBT
SST observations, with the main structures of the XBT
SST captured well by the AMSR-E SST. Similarly, all
the major peaks in the XBT SST gradient are shown in
the AMSR-E SST gradient. Our technique consistently

FIG. 1. (a) Example of the weekly AMSR-E SST map on 3 Nov 2004, and (b) the corresponding SST gradient. The black curve is
the PF location, and the white curve is the 2°C isotherm.
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picks out the same peak as the surface PF location from
the AMSR-E and XBT observations. This peak is close
to the subsurface PF location determined from the
XBT temperature observations. In Drake Passage (Fig.
2a) the SST jumps from below �1° to above 3°C across
the PF. The PF is between 58° and 59°S, identified by
the strongest SST gradient (�5 � 10�2°C km�1). The
SAF can also be seen as the relatively smaller peak in
SST gradient north of the PF at 56°S. For the transect
south of Australia (Fig. 2c), the PF is identified as a
relatively weak SST gradient (�2.5 � 10�2°C km�1) at
54.5°S. The change in SST across the PF is less than
2°C. The strongest SST gradient at 52°S is the SAF.
Figures 2b and 2d show the plan view of the SST gra-
dient from the AMSR-E and the locations of the sur-
face and subsurface PFs. The SST gradient in the Drake
Passage is generally strong and has better zonal conti-

nuity in comparison with that south of Australia, where
the PF may have multiple filaments (Belkin and Gor-
don 1996; Sokolov and Rintoul 2002).

Time series of the collocated surface and subsurface
PF locations from in situ XBT temperature observa-
tions and the surface PF locations from daily and
weekly AMSR-E SST maps are shown in Fig. 3. The
temporal variations in the surface PF from both XBT
and AMSR-E and the subsurface PF are consistent.
The surface PF location tends to be south of the sub-
surface PF location, although the differences between
the two are usually less than 1° latitude. The PF loca-
tion from the weekly AMSR-E maps also captures the
variability of the subsurface PF location. Overall, the
comparison suggests that our method gives a reason-
able PF location and can be applied to the AMSR-E
SST maps.

FIG. 2. (a) SST (red lines) and SST gradient (black) from XBT observations (thick lines) and AMSR-E mea-
surements (thin) for a transect across Drake Passage in September 2003. (b) The corresponding spatial distribution
of the SST gradient from AMSR-E, and the PF location (white line) from AMSR-E SST and the XBT transect
(black line). The open circle is the surface PF location from AMSR-E and the dots are the surface (black) and
subsurface (green) PF locations from XBT observations. (c), (d) Similar to (a) and (b) but for a transect south of
Australia in October 2003.
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The year-round XBT observations from Drake Pas-
sage (Fig. 3a) indicate a seasonal cycle in the Antarctic
PF locations. Over the 3-yr time series, the PF is farther
to the south during austral winter and to the north dur-
ing summer. Moore et al. (1999a) found that the global
mean latitude of the Antarctic PF was farthest south in
winter and at the northernmost position in fall; how-
ever, there was no discernible seasonal cycle across the
Drake Passage. Sprintall (2003) did not find a seasonal
cycle in the PF from the longer 7-yr XBT record along
this transect. Thus, the apparent seasonal cycle that we
find may be the result of the short duration of this
study. The seasonal variations in the PF location south
of Australia cannot be examined from the summer-only
XBT observations. However, the PF locations from the
weekly AMSR-E data can be used for a detailed ex-
amination of the seasonal variations, which will be per-
formed in section 3.

3. Results

a. Mean Antarctic PF location

The mean PF paths from different studies (Orsi et al.
1995; Belkin and Gordon 1996; Moore et al. 1999a;

Gille 1999) are shown in Fig. 4a. Using historical hy-
drographic data, Orsi et al. (1995) defined the Antarctic
PF as the position where the temperature minimum of
the Antarctic Surface Water starts to descend north-
ward. Belkin and Gordon (1996), also using historical
hydrographic data, determined the PF as the northern
extent of the subsurface minimum temperature layer
bounded by the 2°C isotherm at 100–300-m depth. The
PF path of Gille (1999) was determined from altimetric
SSH measurements using a synthetic jet method (Gille
1994), designed to locate a surface geostrophic jet that
is expected to coincide with the subsurface PF. Moore
et al. (1999a) mapped the PF from remotely sensed
infrared SST measurements based on a strong SST gra-
dient at the front. Despite the differences in defining
the PF, the mean PF path from each study shows rela-
tively good agreement, particularly in the vicinity of
strong topographic features, such as occur at the Agul-
has Retroflection (15°–25°E), Kerguelen Plateau (75°–
90°E), Pacific–Antarctic Ridge (150°–130°W), and
Drake Passage (70°–50°W). Relatively large differences
are seen in the southern Indian Ocean between 50° and
70°E, where the surface and subsurface PFs may differ
(Sparrow et al. 1996) and the 2°C temperature mini-

FIG. 3. Collocated subsurface PF location from XBT observations (triangle) and surface PF
location from daily AMSR-E SST measurements (open circle) and XBT SSTs (plus sign) for
the transects (a) near Drake Passage and (b) south of Australia. The dots are the time series
of the surface PF location from the weekly AMSR-E SST maps at the mean longitude of the
PF from the XBT profiles.
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FIG. 4. (a) Mean PF paths from AMSR-E (black), Moore et al. (1999a) (gray), Orsi et al.
(1995) (blue), Belkin and Gordon (1996) (green), and Gille (1999) (red). The light-shaded
regions indicate where the bottom depth is shallower than 3000 m. (b) Seasonal-mean PF path
for summer (red), autumn (green), winter (black), and spring (blue). Spatial distribution of (c)
the anomalous location of the PF and (d) the SST at the PF.
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mum that generally defines the subsurface PF may not
be associated with an ACC jet (Park et al. 1993; Pollard
et al. 2002).

The Antarctic PF path varies spatially in its mean
position (Fig. 4a). The mean PF path is farther south in
the South Pacific sector relative to the Atlantic Ocean
and Indian Ocean sectors. The north–south range of
the mean PF path is about 20° latitude, which is greater
than the temporal variations at each location (Fig. 4c).

Like the PF criterion of Moore et al. (1999a), our
criterion preferentially selects the southern boundary
of the surface PF. The mean PF path from AMSR-E
follows that from Moore et al. (1999a) over most re-
gions. However, the two mean surface PF paths differ
by about 2°–8° latitude in some regions, such as 35°–
75°E, 100°–140°E, and 25°–5°W. The regions that show
a large difference between our PF path and that of
Moore et al. (1999a) coincide with the areas where the
AVHRR data are heavily contaminated by cloud and
so the PF was mapped infrequently over their 7-yr
study period (Moore et al. 1999a, their Fig. 3). Those
regions also coincide with where PF variability is strong
(Fig. 5). In those regions our mean path agrees more
closely with that of Gille (1999) and Belkin and Gordon
(1996).

Previous studies of the Antarctic PF suggested that
the surface expression is generally to the south of the
subsurface expression (Botnikov 1963; Lutjeharms and
Valentine 1984; Moore et al. 1999a). Indeed, the sur-
face PF location from AMSR-E measurements tends to
be south of the subsurface PF location from XBT ob-
servations (Fig. 3). Moore et al. (1999a) explained the
difference of their mean PF from other studies as being
due to the difference between surface and subsurface
expressions of the PF. However, this does not explain
the difference between the mean PF paths (Fig. 4a) in
some areas where our surface PF path differs from that
of Moore et al. (1999a) and others by a few degrees of
latitude. The difference in mean PF paths could be at-
tributed to a number of factors, including differences in
the study period, the dataset (SSH, hydrographic data,
SST), and the criteria (strong current, northern extent
of the 2°C isotherm at 100–300-m depth, strong SST
gradient) used to define the PF. The hydrographic data
in the Southern Ocean are sparse in space and time,
and so may not give as good a representation of the
mean PF as those from the evenly distributed SSH
and SST maps. The PF paths determined from SST
maps were constrained by the continuity of the SST at
the PF, whereas no thermal constraint was applied
in determining the PF from SSH. Because of these dif-
ferences, the surface geostrophic jet determined from
the SSH (Gille 1999), the boundary of water masses

marked by the 2°C isotherm at 200 m (Orsi et al. 1995;
Belkin and Gordon 1996), and the location of strong
SST gradient (Moore et al. 1999a) are likely to be dis-
placed from each other. Another potential factor for
the differences in the mean PF paths is the multiple-
filament feature of the PF. For example, Holliday and
Read (1997) found two surface PF paths south and
east of South Africa (45°–80°E). The northern branch is
encountered around 45°–50°S and the southern branch
around 55°–57°S at the Kerguelen Plateau. They
pointed out that the temperature gradient of the south-
ern branch was low. Our mean PF path is closer to their
northern branch, whereas the mean PF path of Moore
et al. (1999a) is closer to their southern branch. It is
possible that the southern branch is too weak to be
identified from our technique. Indeed, Moore et al.
(1999a) found that the SST gradient across the front
was weak and they often found two fronts in this region,
of which they chose the southernmost (K. Moore 2006,
personal communication). An alternative explanation
is that the northern branch may lie in a cloudy region,
so it cannot be detected from AVHRR data. This mul-
tiple filament feature may also explain differences in
the mean PF paths in other regions, such as the south-
east Pacific (120°–80°W) noted by Read et al. (1995)
and Moore et al. (1999a), and south of Australia (100°–
140°E) noted by Belkin and Gordon (1996) and
Sokolov and Rintoul (2002).

Many studies (Gordon et al. 1978; Chelton et al.
1990; Gille 1994; Moore et al. 1999a) have found that

FIG. 5. Mean PF (black line) from the 3 yr of AMSR-E SST
measurements and bottom topography (colors). The shaded area
shows one std dev of the PF location.
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the fronts are closely steered by bottom topography.
Figure 5 shows the mean PF path and its standard de-
viation (in cross-stream direction) as determined from
AMSR-E measurements overlain on bottom topogra-
phy. The topographic influence on the PF is apparent.
The PF closely follows the topography in regions (65°–
85°E, 140°–165°E, 15°W–5°E, 150°–140°W) with strong
topographic features. In regions with steeply sloped
bottom topography (65°–85°E, 140°–165°E, 150°–
130°W), the variability of the front is weak and the
different mean PF paths (Fig. 4a) are in close agree-
ment. Over the deep ocean basin regions (90°–115°E,
175°E–160°W, and 120°–80°W) with weak topographic
constraint, the separation of the various mean PF paths
(Fig. 4a) widens, and the PF experiences strong vari-
ability (Fig. 5).

To better examine the spatial distribution of the Ant-
arctic PF variability and its relation with bottom topog-
raphy, we show the standard deviation of the PF loca-
tion (	PF, Fig. 6a), the bottom depth (Fig. 6c), and the
bottom slope of the topography (Fig. 6d) at the mean
location of the PF. The bottom slope is calculated in the
cross-stream direction. Figures 6a, 6c, and 6d suggest
that the spatial displacement of the PF path is largely
constrained by the bottom topography. Large variabil-
ity of the PF path (Fig. 6a) occurs near 105°E, 130°E,
175°W, 110°W, 25°W, and 15°W, where the ocean bot-
tom is deep (Fig. 6c) and the bottom slope is weak (Fig.
6d) indicating weak topographic influence. Conversely,
regions (65°–80°E, 150°–130°W, 65°–55°W) with weak
variability of the PF coincide with shallow and steeply
sloped regions. The standard deviation of the PF loca-
tion is up to 2° of latitude over the deep-basin regions
and less than 0.5° of latitude in strong bottom topo-
graphically constrained regions. The correlations of the
PF location variability with the bottom depth and the
bottom slope are �0.25 and �0.32, respectively. Both
exceed the 95% significance level of 0.16, computed to
account for the autocorrelation length scale of the PF
path. The spatial displacement of the PF from
AMSR-E maps is comparable to that of Moore et al.
(1999a; Fig. 3c) in the Pacific and western Atlantic sec-
tors (150°E–30°W), whereas the displacement of
Moore et al. (1999a) in the eastern Atlantic and Indian
sectors was relatively high, which might be related to
the high percentage of cloud cover over those regions.
However, the weak variability of the PF was apparent
from their study in regions with strong topographic fea-
tures.

The temporally averaged SST gradient at the PF (�T/
�y, Fig. 6b) shows good correspondence with 	PF

and ocean depth at the front: �T/�y is weak over the
regions with large variability of the PF path and greater

ocean depth, and vice versa. �T/�y is correlated with
both bottom depth and slope; the correlation coeffi-
cients are 0.17 and 0.30, respectively. Both exceed the
95% significance level of 0.16. One possible explana-
tion for the relationship is that �T/�y from weekly SST
maps is smeared out in places where the front meanders
a lot on time scales shorter than 1 week. However,
temporal mean �T/�y from the daily AMSR-E maps
shows a similar zonal distribution, suggesting that the
low �T/�y in regions with high 	PF does not result
from weekly averaging of the SST maps. The corre-
spondence between 	PF and �T/�y may simply result
from topographic effects on both the PF and SST gra-
dient.

b. Spatial and temporal variability of the Antarctic
PF path

The seasonal mean PF paths (Fig. 4b) do not show
consistent spatial variation. The spatial distribution of
seasonal variability of the PF location is similar to the
spatial variability discussed in section 3a: low seasonal
variability occurs in regions where topographic steering

FIG. 6. Zonal distribution of the (a) std dev of the location of the
PF, (b) temporally averaged absolute value of the SST gradient at
the PF, (c) bottom depth at the mean location of the PF, and (d)
absolute value of cross-stream bottom slope at the mean location
of the PF.
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is strong, and high seasonal variability occurs over the
deep ocean basins where the bottom slope is weak.
During summer (January–March), the PF has a more
southerly position in most regions except in the eastern
Pacific (140°–120°W) and southwest of Australia (110°–
145°E). Over the Pacific (170°E–120°W) and eastern
Indian (90°–140°E) sectors, the springtime (October–
December) PF shifts to the south. The PF tends to
move equatorward during winter except in the eastern
Indian sector (90°–140°E). However, overall the sea-
sonal variability of the mean PF is relatively small in
comparison with the differences in the mean PF paths
from different studies (Figs. 4a and 4b).

The temporal variations of the Antarctic PF location
(
PF) are shown more clearly in the global spatial dis-
tribution of the anomalous 
PF (Fig. 4c). Although Fig.
4c shows a regular southward shift of the PF path in
spring and summer in the western Pacific region
(170°E–160°W), other regions do not show persistent
seasonal variations over the study period. Large tem-
poral variations are found in regions (30°W–10°E,
100°–130°E, 170°E–160°W, 120°–110°W) with weak to-
pographic constraints. The location of the PF in the
western Pacific region (170°E–160°W) appears to
switch rapidly from a northerly position to a southerly
position rather than gradually moving from north to
south. Although the zonally averaged anomalous PF
location (not shown) is small, the anomalies at any par-
ticular location can be larger than 5° of latitude.

c. SST and SST gradient at the Antarctic PF

The mean SST at the PF location (TPF, Fig. 7a) varies
with longitude from 1° to 6°C. The value of TPF is high
in the Atlantic and Indian sectors and is low in the
Pacific sector. This zonal distribution of the mean SST
corresponds well to the longitudinal variations in the
mean PF path (Fig. 4a). The TPF is high where the PF
has an equatorward location and is low where the PF
has a poleward location. The lowest temperature is
seen just west of Drake Passage around 75°W. Low
temperatures are also seen east of the Kerguelen Pla-
teau (80°E) and south of Australia (150°E).

Unlike 
PF (Fig. 4c), TPF has a spatially coherent
seasonal cycle (Fig. 4d) with amplitude shown in Fig.
7b. On average, the seasonal cycle explains 60% of the
total variance in TPF. The seasonal cycle of TPF is strong
at Drake Passage (60°–40°W) and southwest of Austra-
lia (125°–145°E) (Fig. 7b). The PF southwest of Africa
(5°–12°E) experiences the lowest seasonal variation in
the SST. Like the PF path itself, the seasonal variations
in TPF (Fig. 7b) are relatively small in comparison with
the spatial variability (Fig. 7a). However, the 3°C sea-
sonal cycle (Fig. 7b) in TPF is relatively high in com-

parison with its standard deviation (	T, Fig. 7c). The
regions (180°–160°W, 65°–40°W, 125°–150°E) where 	T

exceeds 1.5°C correspond well to the regions with high
seasonal variability in TPF (Fig. 7b), suggesting that the
seasonal variability accounts for part of the spatial dis-
tribution of 	T. In addition to undergoing a seasonal
cycle, TPF also varies in concert with meridional fluc-
tuations of the 
PF. This will be examined in the next
section. The temporal variability of zonally averaged
TPF (Fig. 8) is dominated by the seasonal cycle, with
high SST (�4.5°C) during summer and low SST during
winter (�1.5°C). This seasonal cycle is consistent both
in timing and amplitude with that from the XBT SSTs
at the location of the subsurface PF in Drake Passage
(not shown), although TPF is more than 1°C colder than
the SST at the location of the subsurface PF, because
the surface PF is farther south (Fig. 3a). The mean TPF

is about 3°C, which is warmer than the 2°C criterion
used traditionally to identify the subsurface PF loca-
tion. If, as suggested in Drake Passage, the surface PF
is farther south than the subsurface PF, we would ex-
pect that TPF should be colder than 2°C. The warmer
mean TPF can be attributed to the warm TPF in the
Atlantic and Indian sectors (Fig. 3a) where our PF path
is farther north than the PF paths from other studies
(Fig. 4a).

FIG. 7. Zonal distribution of the (a) temporal-mean SST at the
PF location, (b) amplitude of the annual cycle of the SST at the
PF, and (c) std deviation of the SST at the PF.
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Previous studies (White and Tai 1995; Ferry et al.
2000) found that the SSH and the upper-ocean heat
content agree well, suggesting that changes in upper-
ocean thermal structure may reflect changes in the
SSH. Examination of the mean maps of SSH and SST
shows that gradients of the SSH and SST have similar
spatial structure: high SST gradients coincide with high
SSH gradients. Thus, the SST gradient at the Antarctic
PF (�T/�y) can be thought of as a proxy for the zonal
velocity of the PF. The zonally averaged �T/�y (Fig. 9)
clearly shows the seasonal cycle: �T/�y is high during
winter/spring and low during summer/autumn, which is
consistent with the results of Moore et al. (1999a). This
seasonal cycle is spatially coherent (not shown). The
mean �T/�y is about 1.8 � 10�5 °C m�1 with a seasonal
amplitude of 0.2 � 10�5 °C m�1. The seasonal ampli-
tude only explains 8% of the total variance in �T/�y in
the global average. In the Pacific sector the seasonal
cycle is relatively strong and explains 20% of the total
variance, suggesting that the velocity of the PF experi-
ences relatively large seasonal variability in the Pacific
sector. In the Atlantic and Indian sectors, seasonal vari-
ability only explains 5% of the total variance. This
weak seasonal variability in �T/�y may be related to the
weak seasonal cycle in the wind field, which will be
discussed in the next section.

4. Discussion

Both TPF and 
PF change spatially and temporally.
Zonal variations in the temporal mean TPF (Fig. 7a)
covary with zonal variations in mean 
PF (Fig. 4a).
Temporal variations in TPF can be attributed to two
factors: 1) if the Antarctic PF path were invariant, then
variations in TPF would be due to the temporal varia-
tions in the SST field; 2) alternatively, if the SST field
were invariant, then variations in TPF would come from
the temporal variations in 
PF. Variations in TPF are

dominated by the spatially coherent seasonal cycle,
while 
PF does not show a coherent seasonal cycle. Our
analysis shows that more than 80% of the seasonal
cycle in TPF can be explained by the seasonal cycle in
SST, while only 10% of the TPF seasonal cycle can be
explained by the seasonal fluctuations in 
PF. Here, we
denote variables that have had a seasonal cycle re-
moved with a prime, we find that 
�PF and T�PF have a
correlation coefficient of 0.74, exceeding the 95% sig-
nificance level of 0.15. This suggests that a negative T�PF

corresponds to a southward shift of the PF path. If we
assume that T�PF is due exclusively to the variations in

�PF, then we would expect that T�PF should equal the
product of 
�PF and the meridional SST gradient (
�PF�T/
�y). We computed this product using either a zonally
and temporally varying or a constant SST gradient but
found that the difference between the two products was
small, suggesting that variations in 
�PF�T/�y are con-
trolled by 
�PF. Although the correlation between T�PF

and 
�PF�T/�y is high (�0.7), the magnitude of T�PF is less
than one-half that of 
�PF�T/�y. The relatively weak T�PF

in comparison with the 
�PF�T/�y suggests that the dis-
placements of the PF move the temperature field,
which can also be seen from the correspondence be-
tween the standard deviation of T�PF and that of the 
�PF

(Fig. 10).
The SST variations along the Antarctic PF path are

consistent with those of Sun and Watts (2002) who
found that the ACC warms in the South Atlantic and
Indian Oceans (equatorward segments) and cools in the
South Pacific (poleward segments). Sun and Watts
(2002) suggested that the mean flow of the ACC trans-
ports heat from warm subtropical regions to cold sub-
polar regions. O’Neill et al. (2003) investigated the cou-
pling between the near-surface wind field and the un-
derlying SST field over the Southern Ocean and found
that the wind stress curl and divergence are linearly
related to the crosswind and downwind components of

FIG. 8. Time series of zonally averaged SST at the location of
the PF.

FIG. 9. Time series of the zonally averaged SST gradient at the
location of the PF.
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the SST gradient, respectively. The SST field not only
responds to meridional shifts of the fronts, it should
also change with variations in the heat transport of the
ACC, which is mostly accomplished by its major fronts
(the SAF, PF, and SACCF). The response of winds to
SST may feed back into the ocean and modify the
ocean current system. Thus, the variability of the
strength and location of the fronts are important to the
coupling of winds and upper-ocean processes.

The detailed time series of 
PF and �T/�y provided by
AMSR-E allow us to probe the mechanism governing
PF variations. Previous studies (Baker 1982; Warren et
al. 1996; Wearn and Baker 1980, Peterson 1988, Hughes
et al. 1999, Gille et al. 2001) suggest that the ACC is
strongly wind forced. These studies were mostly based
on localized observations with coarse temporal sam-
pling. Here, we examine the response of the variability
of the PF properties to wind, using surface PF proper-
ties from continuous AMSR-E measurements and wind
fields from the Center for Ocean–Atmospheric Predic-
tion Studies (COAPS). The COAPS gridded pseudo-
stress fields are objectively mapped from Quick Scat-
terometer (QuikSCAT) measurements onto a 1° � 1°
grid (Pegion et al. 2000). We convert the 6-hourly
COAPS fields to wind stress using the drag coefficient
from Yelland and Taylor (1996), and average to pro-
duce the daily wind stress and wind stress curl.

The SST gradient at the Antarctic PF (�T/�y) and the
time derivative of the PF location (�
PF/�t) are used as
indices for the zonal (u) and meridional (�) ACC trans-
port in the PF, respectively. Coherence analysis tech-
niques are used to examine their relationship with the
wind stress and wind stress curl, which are averaged in
a 5° latitude band centered at the time-varying PF lo-
cation at each longitude. Coherence analysis allows us
to examine both the correlation and phase lag between
the wind and PF transport as a function of frequency.
Full time series at each longitude are Fourier trans-
formed and results are zonally averaged to increase the

degrees of freedom for the coherence and phase calcu-
lations.

The zonal nature of the ACC suggests that we first
need to understand the zonal momentum balance in
order to understand the mechanisms governing the
Antarctic PF variations. Studies based on bottom pres-
sure data (e.g., Peterson 1988; Gille et al. 2001) have
suggested that changes in wind stress should accelerate
and decelerate ocean transport:

�u

�t
� �x.

This relationship implies that u and x should be coher-
ent with a 90° phase lag. To examine their relationship,
we “prewhiten” the oceanic record u, by employing its
tendency �u/�t, because ocean variables tend to be
“red,” but we keep the atmospheric record x, as atmo-
spheric variables tend to be “white.” Prewhitening re-
duces the bias of the poorly resolved low-frequency
components of time series and improves the reliability
of the spectral analysis (Emery and Thomson 2001).
The spectrum of u is flattened through prewhitening,
thus making the examination of weak spectral compo-
nents more effective. Although the coherence (Fig.
11a) between the zonal wind stress (x) and �u/�t is not
high, except near the annual and semiannual frequen-
cies, it is statistically significant at the 95% level in over
70% of the resolved frequencies. The phase between x

and �u/�t (Fig. 11b) is typically near zero, but with a
slight shift to the negative phase, more clearly shown in
the histogram of the phase lag (Fig. 11c). The single
peak in phase lag suggests that the zonal wind stress
accelerates the zonal PF transport (�u/�t � x), and the
negative phase lag suggests that the zonal wind stress
slightly leads the zonal PF transport. This contrasts with
the study of O’Neill et al. (2005) who found that per-
turbations in the SST gradient lead to perturbations in
the wind field. The different result could be due to
different air–sea interactions over different spatial
scales. O’Neill et al. (2005) focused on the short-scale
processes, whereas our results are based on zonal av-
erages. The low coherence indicates that other mecha-
nisms, such as baroclinic instability and bottom friction,
are possibly important in determining the PF transport.
Another scenario corresponding to the relationship be-
tween x and �T/�y is that the wind-forced upwelling
and/or northward Ekman flux of light water strength-
ens the meridional SST gradient (Gnanadesikan and
Hallberg 2000). Drawing on the results for the zonal
momentum balance, we might imagine that changes in
meridional wind stress (y) accelerate meridional ocean
transport. However, neither the meridional transport of

FIG. 10. Std deviation of the PF location (black) and the SST at
the PF (gray). The seasonal cycle has been removed before com-
puting the std dev.
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the PF nor its tendency shows a statistically significant
relationship with y, implying either that they are un-
related or that our data do not capture the time scale on
which the meridional transport of the PF responds to
the wind stress.

The meridional movement of 
PF may simply corre-
spond to meridional shifts in the wind field (
). For
example, a northward shift of the maximum zonal wind
stress may also force the Antarctic PF to move to the
north. Here, both 
PF and 
 have red spectra, and we
prewhiten both records by using their derivatives. The
coherence analysis of �
PF/�t and �
 /�t shows that in
over 64% of the frequency domain, the coherence ex-
ceeds the 95% significance level, and the phase lag
peaks at negative 10°s (Fig. 12). This suggests that the
PF location responds to shifts in the wind field (�
PF/�t
� �
 /�t), with variations in the wind field leading varia-
tions in the PF.

Whether the Sverdrup balance holds in the ACC has
also been the subject of much debate (Stommel 1957;
Warren et al. 1996; Gnanadesikan and Hallberg 2000;
Gent et al. 2001). Again, we examine the Sverdrup bal-

ance (�V � � � ) in a statistical sense using coherence
analysis. Although the coherence between the wind
stress curl and the Antarctic PF displacement in the
meridional direction exceeds the 95% significance level
at over 60% of the frequencies, no consistent phase
relationship is found. This suggests that the Sverdrup
balance does not hold, at least in our analysis. Our
analysis shows that the location and the SST gradient of
the PF and their time derivatives all show high coher-
ence with the wind stress and wind stress curl at the
annual frequency. However, without a more accurate
estimate of the meridional transport and further analy-
sis of the vorticity balance, we cannot conclude that the
Sverdrup balance holds or that wind stress forces the
transport of the PF on the seasonal time scale. The
observed coherence may simply be due to the coinci-
dence of the seasonal cycle in both fields.

5. Conclusions

The Antarctic PF location and its variability have
been determined using 3 yr (June 2002–June 2005) of

FIG. 11. (a) Coherence between the zonal wind stress and time
derivative of the SST gradient at the PF (95% significance level
given by the gray line) and (b) the corresponding phase. (c) His-
togram of the phase.

FIG. 12. (a) Coherence between the time derivative of the PF
location and the time derivative of the location of the maximum
zonal wind stress (95% significance level given by the gray line)
and (b) the corresponding phase. (c) Histogram of the phase.
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SST measurements from the AMSR-E. The main ad-
vantage of the AMSR-E is that it provides all-weather
SST measurements, though with lower spatial resolu-
tion than more traditional infrared SSTs. The PF is
associated with a strong SST gradient, which is used to
determine its location in this study. We define the PF as
the southernmost location of the SST gradient above
1.5 � 10�2°C km�1. The surface PF from our technique
compares well with the subsurface PF determined from
XBT temperatures, which suggests that our method is
sensible. Consistent with previous studies, our results
indicate that the surface PF location tends to be south
of the subsurface PF location.

The mean PF path from AMSR-E is comparable with
those from previous studies that use different datasets,
especially over regions with steeply sloped bottom to-
pography where the topographic constraint is strong.
Bottom topography also plays an important role in the
variability of the PF location and the SST gradient at
the front. Over deep ocean basin regions with weak
topographic variations, the PF meanders substantially,
and the SST gradient is weak (Moore et al. 1999a; this
study).

Both the PF location and SST at the PF show varia-
tions with longitude. The PF has a more southerly po-
sition and low temperature over the South Pacific sec-
tion. In contrast, over the Atlantic and Indian Oceans,
the PF has a more northerly position and higher tem-
perature. The spatial distribution of the anomalous PF
location does not show a zonally coherent seasonal
cycle. The zonally averaged SST at the PF is dominated
by seasonal variation. Unlike the PF path itself, the
seasonal cycle of the SST at the PF is spatially coherent.

We have examined the statistical relationship of the
wind field with the Antarctic PF location and with prox-
ies for the zonal and meridional PF transports, repre-
sented by the SST gradient at the PF (u � �T/�y) and
the time derivative of the PF location (� � �
PF/�t),
respectively. Coherence analysis shows that the ten-
dency of the SST gradient at the PF corresponds to the
zonal wind stress: an enhancement of the SST gradient
corresponds to a stronger zonal wind stress. This sug-
gests that the zonal wind stress may play a role in the
variability of the zonal PF transport. Our analysis also
suggests a correspondence between the tendency of the
PF location and the meridional shift of the wind field.
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