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[1] A 7 year time series of austral summer expendable bathythermograph (XBT) sections
between Tasmania and Antarctica is used to describe the subsurface structure of Southern
Ocean interannual temperature anomalies. Comparison of the discontinuous XBT
record with a continuous (weekly average) satellite-based SST data set confirms that the
XBT sampling is adequate to resolve interannual variability. Significant correlations are
found between changes in surface and subsurface temperature along much of the section.
In the Subantarctic zone, surface and subsurface changes are coherent because deep
convection in winter homogenizes the upper 600 m, and the summer mixed layer
temperature reflects the preconditioning of the previous winter. At other latitudes the
regions of high correlation generally extend well beyond the depth of direct atmospheric
influence (i.e., the depth of the winter mixed layer). Negative (positive) temperature
anomalies at interannual timescales are coherent with poleward (equatorward)
displacements of fronts. The simplest explanation for the correspondence between deep,
vertically coherent temperature anomalies and the location of ACC fronts is that the
observed features reflect meridional shifts of temperature gradients associated with the
fronts. The link between temperature anomalies and front displacements suggests
Southern Ocean sea surface temperature (SST) anomalies primarily reflect a dynamical
response of the ocean to wind or other forcing rather than surface-trapped features
produced by anomalous air-sea heat flux. The XBT record contains both interannual and
longer (unresolved) period signals, which cannot be isolated in the short discontinuous
XBT time series. Spectral analysis of the 17 year SST data set reveals roughly equal
variability in 2—7 year and >7 year bands.  INDEX TERMS: 4207 Oceanography: General: Arctic
and Antarctic oceanography; 4215 Oceanography: General: Climate and interannual variability (3309); 4528
Oceanography: Physical: Fronts and jets; 4572 Oceanography: Physical: Upper ocean processes; KEYWORDS:
Antarctic circumpolar wave, Southern Ocean, Antarctic circumpolar current, interannual variability, decadal

variability, sea surface temperature anomaly
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1. Introduction

[2] In recent years, the availability of relatively long data
sets has revealed variability in the atmosphere-ocean-sea ice
system at high southern latitudes at a variety of temporal
and spatial scales. Examples include the decadal variability
of the semiannual oscillation in mean sea level pressure
[Meehl et al., 1998], the southern annular mode or Antarctic
Oscillation [Thompson et al., 2000], the Antarctic Dipole
[Yuan and Martinson, 2000], and changes in Southern
Ocean water masses [e.g., Bindoff and McDougall, 2000;
Gille, 2002].

[3] The Antarctic Circumpolar Wave (ACW) [White and
Peterson, 1996] has attracted particular interest. The ACW
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is a zonal wave number two pattern of anomalies in sea
surface temperature (SST), sea ice extent, sea level pressure,
and meridional wind stress that propagates around Antarc-
tica with a period of about eight years. Various hypotheses
have been proposed to explain how the ACW is initiated
and maintained. Some authors maintain the ACW is gener-
ated in response to atmospheric teleconnections driven by
SST anomalies in the tropical Pacific [Peterson and White,
1998; Baines and Cai, 2000], while others conclude the
ACW results from an instability of the coupled atmosphere-
ocean system which is independent of tropical forcing [Qiu
and Jin, 1997; Goodman and Marshall, 1999]. White et al.
[1998] and Talley [1999] present simple coupled ocean-
atmosphere models which explain many of the character-
istics of the ACW. In particular, White et al. [1998] show
that the modeled ACW propagates too slowly and dissipates
when no coupling between the ocean and atmosphere is
allowed. However, other studies suggest the ACW reflects a
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passive ocean response to atmospheric forcing, with no
feedback from ocean to atmosphere [Weisse et al., 1999;
Christoph et al., 1998; Bonekamp et al., 1999]. While the
dynamics of the ACW are of interest in their own right, the
ACW has also attracted attention because the anomalies
appear to be related to rainfall variability in southern
hemisphere continents, and so may form the basis of a
statistical climate prediction system [White and Cherry,
1998; White, 2000].

[4] The description of Southern Ocean variability has
relied heavily on satellite measurements of SST, which
now extend over almost two decades. Measurements of
subsurface temperature are comparatively scarce. As a
result, the dynamics and impacts of variability of the
atmosphere-ocean-ice system in the Southern Ocean region
remain obscure. In particular, the lack of subsurface data
means that we have not been able to determine if the ocean
response is limited to the surface layer or if the ocean
temperature anomalies extend to depth. The former might
be expected if the ocean is responding directly to changes in
air-sea heat flux; the latter might reflect, for example, a
dynamical response to changes in wind stress curl through
the vorticity balance. Most studies to date have modeled the
ocean expression of the ACW as SST anomalies advected
eastward around the Southern Ocean by the Antarctic
Circumpolar Current. If the temperature anomalies penetrate
to depth, different physics are likely required to explain the
ACW.

[s] Previous studies of subsurface temperature variability
in the Southern Ocean have been limited to particular
locations or to a few repeat sections occupied over a number
of years [e.g., Aoki, 1997]. Here we use a 7 year time series
of XBT sections south of Australia to examine the subsur-
face structure of Southern Ocean temperature anomalies.
While our data set is limited to a short period at a single
longitude, it is the first with sufficient temporal and spatial
resolution to begin to examine interannual temperature
anomalies in the upper 800 m across the full width of the
Southern Ocean. We find significant correlations between
surface and subsurface temperature variability and relate the
vertically coherent changes to displacements of the major
Southern Ocean fronts. We conclude that Southern Ocean
interannual temperature anomalies likely reflect a dynamical
response to changes in wind-forcing rather than air-sea heat
flux anomalies.

2. Data

[(] XBT data were collected along a repeat section
between Tasmania and Antarctica near 145°E (Figure 1)
as part of the joint Australia-France-USA SURVOSTRAL
experiment [Rintoul et al., 1997]. The section is typically
occupied six times each season between late winter/early
spring (October) and autumn (March). A total of 45
sections have been obtained between 1992 and 1999. The
SURVOSTRAL program is conducted from the French
Antarctic supply ship Astrolabe, and the sampling schedule
is set by requirements to resupply the Antarctic base
Dumont d’Urville. The typical station spacing is 37 km,
with 19 km spacing across the ACC fronts. Temperature is
measured to 800 m. Extreme weather occasionally causes
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Figure 1. Cruise track of Astrolabe, the SURVOSTRAL
section (diamonds). Depths less than 3500 m are indicated
by light shading. Modal path of the major fronts in the
Australian sector are estimated from altimetry data for the
period between 1992 and 2000 [Sokolov and Rintoul, 2002].
SAF, Subantarctic Front; PF, Polar Front; SF, southern ACC
front; SB, southern boundary of the ACC. Northern, middle,
and southern branches of each front, where applicable, are
indicated by —N, —M, and —S.

gaps in the sections, and some of the sections deviate
significantly from the mean cruise track. To reduce error
owing to differences in spatial sampling, data from seven
sections that deviated from the mean cruise track by more
than 1° of longitude were not used.

[7] The XBT time series is both short and discontinuous.
To test whether the temporal sampling is adequate to
describe the variability on interannual timescales, we com-
pare the surface temperatures measured by XBTs to weekly
mean SST from Reynolds and Marsico [1993], which is
largely based on satellite data. Our focus here is on
interannual variability. Higher frequency variability was
removed from the XBT temperatures by averaging together
data from each austral summer; the data were also averaged
in latitude bands. To derive the interannual signal from
weekly SST data, the data were bandpassed with a 2 to
7 year period admittance window, as in the work of White
et al. [1998]. For the period where the two time series
overlap, the agreement is very good (see below).

[8] Interannual and longer period signals cannot be sep-
arated in the short XBT record. We therefore use the longer
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satellite-derived SST data set to examine the SST variability
in different frequency bands.

3. Results

[¢] To orient the reader in the following discussion of the
relationship between temperature anomalies and the loca-
tion of fronts, Figure 1 shows the modal path of the main
fronts of the Antarctic Circumpolar Current (ACC) south of
Tasmania [from Sokolov and Rintoul, 2002]. Sokolov and
Rintoul use repeat hydrographic sections to demonstrate
that the Subantarctic Front (SAF), Polar Front (PF) and
southern ACC front (SF) all consist of multiple branches in
this region. They further showed that each branch coincides
with a narrow range of surface dynamic height, allowing the
fronts to be identified in maps of sea surface height (SSH)
prepared by adding satellite-measured height anomalies to a
mean field [from Olbers et al., 1992]. The paths in Figure 1
represent the modal position of each frontal branch over the
period between 1992 and 2000. The Subtropical Front
(STF) is not shown in Figure 1 because its signature in
SSH is weak and it cannot be traced in this way. Repeat
XBT and hydrographic sections show the STF is found
between 45°S and 47°S, in the deep saddle between
Tasmania and the South Tasman Rise [Rintoul et al.,
1997; Sokolov Rintoul, 2002]. In common with meridional
sections across the Southern Ocean at other longitudes,
temperature changes across the fronts make the dominant
contribution to north-south changes in the thermal field
throughout the full ocean depth (as illustrated below).

3.1. Temporal Evolution of SST Anomalies
and Adequacy of Sampling

[10] The irregular sampling of the XBT data may alias
variability at unresolved frequencies. To verify the XBT
sampling is sufficient to capture the interannual signals of
interest, we compare three filtered records of SST: XBT
measurements of SST averaged in 1° latitude bins for each
austral summer season (SSTyz7), Reynolds SST sampled at
the time of each XBT section and averaged in the same
latitude bins (SSTg.umer), and low-pass filtering of the
complete annual cycle of Reynolds SST to retain signals
with a period longer than 2 years (SST,,,.,).

[11] XBT and satellite measurements of SST result in a
similar distribution of mean temperature as a function of
latitude, when averaged in a similar way (Figure 2a). The
summer-average curves are biased high (by about 1.2°C)
relative to the low-pass filtered continuous satellite SST
data, as expected since the latter includes winter data. The
distribution of SST gradient is also similar between SSTyz7
and SST,,,.mer» With maximum gradients near the fronts, but
the satellite data underestimates the strong gradients near
the SAF (50° to 53°S, Figure 2b). The weaker gradients
in the Reynolds SST likely reflect spatial smoothing of the
high gradient regions in the mapping of the satellite data.
This is supported by Figure 2c, which shows how the
differences between the three SST records depend on
latitude. The greatest differences between SSTyzr and
SSTmmer are found between 50°S and 55°S, in the vicinity
of the SAF and PF-N. Differences greater than 0.2°C also
occur near the STF at 46°S, and south of 63°S, where the
quality of the satellite data is poor owing to ice cover. The
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RMS difference is about 0.3°C. The hypothesis that the
Reynolds SST data are overly smoothed is further supported
by the fact that a 9 km resolution satellite SST product
[Walker and Wilkin, 1998] shows a similar offset from the
Reynolds SST data near the SAF (Figure 2c¢). Figure 2d
shows the number of XBT casts in each 1° latitude bin
average, indicating the poor sampling in the 1992—1993
austral summer season.

[12] Figure 2 demonstrates that the XBT and satellite
measurements of SST are consistent in terms of mean
temperature and gradient, with the exception of a bias
owing to excessive smoothing of the SAF in the satellite
data. We now compare the interannual variability signal in
each of the three filtered time series, averaged in 2° latitude
bins (Figure 3). SSTypr (thin solid line) and SST,mer
(thick solid line) generally track each other closely across
the entire section. Although the filtered continuous record is
offset from those based on summer data only, SST,.,,, (thick
dashed line) shows similar year-to-year changes to the other
two records.

[13] The meridional structure of the interannual variabil-
ity in SST is more clearly illustrated in the time-latitude plot
of low-passed SST anomalies in Figure 4. The pattern of
positive and negative anomalies from the two records is
very similar across the width of the Southern Ocean. The
major discrepancies occur in 1993, when few XBT sections
were occupied at the start of the program. Interannual
anomalies derived from continuous satellite SST are smaller
in amplitude and smoother relative to the signal derived
from XBT measurements, reflecting smoothing of high
gradient regions in the satellite SST maps. We conclude
from this comparison that the XBT sampling is adequate to
capture the interannual variability in SST.

3.2. Subsurface Structure of Southern Ocean
Temperature Anomalies

[14] The year-to-year variability in summer average tem-
peratures at six depths is shown in Figure 5 for selected
latitudes (the surface temperature line is repeated from
Figure 3). The summer mixed layer is generally about
100 m thick and so we expect temperature anomalies at
50 m to track those at the sea surface, as observed. At 63°S,
the summer mixed layer is shallower than 50 m and
temperature at 0 m and 50 m is uncorrelated. At some
latitudes, high correlation between surface and subsurface
temperature extends well below the mixed layer. For exam-
ple, at 47°S the interannual variations are similar from 0 m
to at least 200 m depth. At 49°S temperature changes are
well-correlated between 200 m and 600 m depth, but are not
correlated with changes in the mixed layer. Temperature
changes are coherent at all depths from 0—600 m at 51°S,
with high temperatures in 1993 and 1999 and a minimum in
1997. South of 55°S, the interannual variability is very
weak at 400 m and 600 m depth and the surface and
subsurface layers are not correlated.

[15] Figure 5 indicates that changes in surface tempera-
ture are reflected at depth in some, but not all, parts of the
section. The connection between surface and subsurface
temperature anomalies is more clearly illustrated in Figure 6.
The upper panel shows the mean temperature in the upper
700 m and the location of the major fronts. The lower panel
shows the correlation between surface and subsurface
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Figure 2. Distribution of (a) mean temperature and (b) median temperature gradients derived from XBT
and satellite SST measurements. (¢) Mean XBT estimates (SST,,,) are compared with those derived from
continues Reynolds SST data (SST,,,,), averaged in a similar to XBT way Reynolds SST data
(SSTummer) and high-resolution SST data mapped on 9-km grid (WSST). (d) Number of XBT data
averaged in 1° latitude bands each austral summer is shown. Also, mean major front locations derived
from individual XBT sections are given in Figure 2b. Latitudinal ranges of individual fronts’ locations are

indicated by horizontal bars.

temperature variability over the 7 year XBT record. Corre-
lations were calculated between the SST and deep XBT
temperatures on a 1° latitude grid with 10 dbar vertical
resolution. Regions with correlations higher than the 80%
confidence level are indicated by shading.

[16] Temperature changes at and north of the STF, near
46°S, are highly correlated from the sea surface down to
400 m depth which corresponds to the vertical extent of the
STF. The interannual temperature variations extend even
deeper in the water column in the Subantarctic zone (SAZ)
south of the STF (46—48°S), within the pool of Subantarctic
Mode Water (SAMW). Surface and subsurface temperature
changes are also vertically coherent throughout the upper
ocean in the vicinity of the SAF and PF (50 to 54°S).

[17] The only latitude band on the northern half of the
section where the subsurface changes in temperature do not
track those at the surface is the part of the SAZ between
48 and 50°S. In this band, the interannual variability is
dominated by the presence or absence of a cold core ring
or meander pinched off from the SAF. Cold core features
are often, but not always, observed in this location: of
32 sections with sufficient resolution to say whether the
cold core feature is present, 28 (88%) have at least a weak
eddy/meander; 19 of the 32 (59%) have a strong feature
[Rintoul et al., 2002; Sokolov and Rintoul, 2002]. The
strong temperature and salinity anomalies associated with
the eddy extend throughout the water column, but are
rapidly removed by mixing and air-sea exchange above
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Figure 3. Interannual temperature changes across the SURVOSTRAL section. Casts within a 2° latitude
band have been averaged for each austral summer. XBT measurements of SST (SST,,;, thin solid line)
can be compared to the continuous SST data retaining longer than 2 year variations (SST,,,,,, thick dashed
line), and to the austral summer averaged SST (SSTq,me- thick solid line). Standard deviations of sea
surface XBT temperature estimated for each austral summer are indicated by vertical bars.

the seasonal thermocline [Rintoul et al., 1997]. Hence
changes in summer mixed layer temperature are not corre-
lated with deeper temperature changes in this latitude band.

[18] South of the northern branch of the PF at 54°S, the
vertical correlation structure becomes more complex. Inter-
annual changes in SST are generally coherent with subsur-
face temperature changes only within the summer mixed
layer (upper 50 m), and do not appear in the underlying
remnant winter mixed layer (or WW) which lies between 50
and 250 m. Although interannual temperature changes in
the WW are independent from those in the surface layer,
they are horizontally coherent between 55°S and 63°S (not
shown).

[19] The lack of correlation between temperature varia-
tions at the surface and below the WW layer reflects the

temperature distribution at these depths. The Upper Cir-
cumpolar Deep Water (UCDW) coincides with the subsur-
face temperature maximum layer below the WW. Within the
UCDW, horizontal and vertical temperature gradients are
very small. The nearly isothermal nature of the UCDW
means that meridional or vertical translations result in little
change in temperature. As a result, interannual variations in
the UCDW do not exceed 0.05°C.

[20] Temperature gradients increase at greater depth (near
the transition from UCDW to Lower Circumpolar Deep
Water (LCDW), which shoals from about 700 m at 56°S to
200 m at 64°S). Meridional shifts of the temperature field at
these depths therefore result in larger temperature changes
and significant correlations with surface anomalies at the
front positions. The regions of high correlation coincide
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Figure 4. Long-period SST anomalies derived from continues Reynolds (left) SST data and from (right)

XBT. Positive anomalies are indicated by shading.

with the locations of major fronts: near the southern branch
of the PF at 60—61°S and the SF at 64°S. The higher
correlations found near 56°S reflect the path of the PF-S in
the vicinity of the XBT section. The PF-S first crosses the
section at 60—61°S (Figure 1). As the front encounters the
shoaling topography of the Southeast Indian Ridge, it is
deflected equatorward, so the front runs more or less
parallel to the section between 60 and 56°S. After crossing
the ridge, the front shifts back to the south, completing the
S-shaped turn, and continues to the east. The mean temper-
ature field shown in the top panel of Figure 6 reflects the
path of the PF-S: changes in thickness of the subsurface
temperature maximum layer indicated by the 2.22°C con-
tour coincide with changes of the PF-S position relative to
the section.

[21] Figure 6 shows that temperature anomalies at depth
are significantly correlated with SST anomalies in the
vicinity of each of the major fronts. This suggests that
meridional shifts of the fronts are the dominant driver of
temperature anomalies in this region. The depth range over
which the correlations extend depends on the temperature
structure associated with each front. For example, the
meridional temperature gradients associated with the STF
are limited to the upper 400 m and likewise significant
correlations are also found only in the upper 400 m. The
ACC fronts extend throughout the water column, and the
high correlations between surface and subsurface anomalies

are found throughout the upper 700 m at the SAF, PF-N,
and SF/SB. At the PF-S, high correlations are found in the
surface mixed layer and below the UCDW; as mentioned
above, the lack of meridional temperature gradients in the
WW and upper part of the UCDW means that meridional
translations of the PF-S do not result in temperature
anomalies in this depth range.

[22] Surface and subsurface anomalies are also highly
correlated in the Subantarctic zone (46° to 51°S), where
deep convection in winter homogenizes the upper 600 m of
the water column. The high correlation between temperature
anomalies in the summer mixed layer and those in the
underlying remnant winter mixed layer suggests a cool
winter preconditions the water column for cool conditions
in the following summer. This is the only latitude band
where the correlation between surface and subsurface tem-
perature anomalies can be attributed to direct exchange with
the atmosphere. (As noted above, the “hole” in the corre-
lation pattern near 49°S reflects the presence or absence of a
cold core ring that dominates the interannual variability at
depth, but has little signature in the surface layer.) The other
correlation maxima observed at depth extend below the
depth of the winter mixed layer, and so are not in commu-
nication with the atmosphere during the annual cycle.

[23] The hypothesis that displacements of the fronts are
responsible for the observed temperature anomalies is
further supported by Figure 4. Negative (positive) SST
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Figure 5. Vertical structure of interannual temperature changes across the SURVOSTRAL section.
Casts within a 2° latitude band have been averaged for each austral summer. Temperature at six depths is
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summer are indicated by vertical bars.

anomalies generally coincide with northward (southward)
deviations of the fronts from their mean position. While the
meridional displacements are relatively modest (1 to 2° of
latitude), the SST gradients associated with the fronts are as
large as 3°C/° latitude and small meridional shifts can result
in significant SST anomalies. The large positive anomaly in
1997 near 58°S is not clearly related to a particular front.
However, as noted above, the PF-S runs roughly from south
to north along the section in this latitude band and the
temperature anomaly may reflect zonal shifts of the merid-
ional portion of the PF-S.

3.3. Low-Frequency Variability

[24] The XBT temperature changes discussed so far have
included variations in both the interannual band (periods of
2—7 years) and longer period signals. While the XBT record

is too short and discontinuous to allow these signals to be
distinguished, the satellite-based SST record can be filtered
to examine the relative contribution of different frequency
bands (Figure 7).

[25] The spectrum of SST along the XBT line is shown in
Figure 8. The strongest peaks are at semiannual and annual
periods, as expected. The semiannual peak is larger south of
52°S, while the annual cycle is of roughly the same
magnitude across the full width of the section. A broad
peak at periods of 3 to 4 years, the signal of the ACW, is
somewhat stronger north of 54°S than to the south. There is
significant energy at periods of a decade and longer, but
these periods are not resolved by the 17 year SST data set.

[26] The interannual signal along the section is highly
regular with a nominal 4 year period (the ACW), but the
amplitude of the signal in the 1990s is about 2—3 times



1-38

SAF  PF-N

SOKOLOV AND RINTOUL: SOUTHERN OCEAN INTERANNUAL TEMPERATURE ANOMALIES

PF-S
|

SF/SB ASF
1 1

Pressure, dbar

(]

o

o
I

Pressure, dbar

T
54
Latitude, °S

56 66
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smaller than in the 1980s (Figure 7a). The south-north phase
lag varies from 1 to 2 years, with changes in the south
generally leading those in the north. The dominant period of
the “quasi-decadal” (period >7 years) variations appears to
be shorter near the northern end of the section than near
Antarctica, but the period of both signals is comparable
to the duration of the observations and so not resolved
(Figure 7b). The amplitude of the “quasi-decadal” and
interannual signals is comparable (meridional mean stan-
dard deviations of 0.19°C and 0.25°C, respectively). While
the band-passed SST on the SURVOSTRAL line is similar
in period and phase to the ACW described by White and
Peterson [1996], the significant lower frequency anomalies
alter the total signal with periods >2 years.

[27] A similar long period signal was detected using XBT
measurements in the Indian sector of the Southern Ocean
south of 60°S by Aoki [1997]. He found that the temperature
at depths of 200—400 m rose by about 0.5°C between 1983
and 1994. This “trend” in the central Indian Ocean is
similar in magnitude and phase to the “quasi-decadal”
changes in SST at 60°S on the SURVOSTRAL section

(Figure 7b). Aoki et al. [2003] extended the earlier analysis
to cover the period to 1998 and depths down to 1000 m.
These authors found that the temperature tendency in the
Indian Ocean reversed after 1994, as also seen at the
SURVOSTRAL section (Figure 7b). Aoki et al. [2003] also
noted that the amplitude of the temperature rise increased
with depth between 200 and 1000 m, but did not offer an
explanation of this observation. If temperature anomalies
primarily reflect displacements of fronts, as argued here, we
would expect the signal to increase with depth in this
latitude band because the horizontal and vertical tempera-
ture gradients are very small between 200 and 400 m. At
greater depth, the temperature gradients increase and a
larger temperature anomaly results from a given meridional
translation of the temperature field.

4. Conclusions

[28] We have used a 7 year time series of XBT sections to
explore the vertical structure of Southern Ocean temperature
anomalies. We find significant correlations between changes
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Figure 7. Long-period variation of SST (°C) for the SURVOSTRAL section: (top) the interannual
signal (periods of 2—7 years), (middle) the “decadal” variability (periods longer than 7 years), and
(bottom) the total long-period variations (periods longer than 2 years). Also, period of “decadal” changes
in SST described by Aoki [1997] is shown in middle panel.

in surface and subsurface temperature across the width of
the Southern Ocean. In particular, temperature changes are
coherent throughout much of the upper 800 m near each of
the major fronts and within the thick pool of SAMW. With
the exception of the SAZ, parts of the section where the
temperature gradients are small are characterized by low
correlation between surface and subsurface temperature
changes. Interannual SST anomalies have been shown to
be related to meridional displacements of the major fronts,
with equatorward shifts resulting in negative anomalies, and
vice versa.

[29] Meridional shifts of the ACC fronts occur at a range
of timescales and are likely driven by a variety of processes.
For example, Rintoul et al. [2002] showed that SSH
variability near the SAF was of roughly equal magnitude
at mesoscale (periods less than 4 months), quasi-annual and

interannual periods (with standard deviations of 8.5-10 cm
in each band). At short periods, the movement of the fronts
is likely to be dominated by internal dynamical processes
such as baroclinic instability of the ACC [e.g., Phillips and
Rintoul, 2002]. At longer periods, local or remote forcing is
likely to play a role. From the linear vorticity balance we
expect variations in wind stress curl will drive meridional
displacements of fluid columns and hence fronts. Rintoul et
al. [2002] found that south of Australia at the WOCE
SR3 line both wind stress and wind stress curl over a broad
span of latitudes are correlated with variations in deep
(2500 dbar) net baroclinic transport at interannual time-
scales, consistent with the idea that the upper ocean density
field responds to changes in wind-forcing. The extent to
which the deep-reaching fronts of the ACC can translate
meridionally in response to forcing is also regulated by
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Figure 8. Power spectrum of SST along the SURVOSTRAL line.

interaction with bathymetry, with less (more) variability
observed near steep (flat) topography [Sokolov and Rintoul,
2002]. The variety of processes capable of driving trans-
lations of the fronts and the short XBT time series make it
difficult to quantify the connection between wind-forcing
and frontal shifts and temperature anomalies.

[30] We anticipate that since the ACC fronts extend from
the surface to the seafloor [Rinfoul and Sokolov, 2001],
similar temperature anomalies associated with frontal shifts
would be found below 700 m depth as well. The large
amplitude (0.1 m, [Rintoul et al., 2002]) of interannual
variations in SSH observed at the SAF supports the view
that frontal shifts are vertically coherent throughout the
water column. (For comparison, a 1°C temperature anomaly
in a 100 m thick mixed layer changes the SSH by only
0.01 m, an order of magnitude smaller than the SSH
variability in the frontal zones.)

[31] This is the first attempt to estimate the vertical
structure of interannual temperature anomalies across the
full width of the Southern Ocean using in situ data. While
our conclusions are based on observations from a single
longitude, the circumpolar nature of Southern Ocean fronts
suggests the results are likely to hold for the Southern
Ocean as a whole. Therefore this study has implications
for attempts to understand the dynamics of temperature
anomalies in the Southern Ocean, as well as perhaps other
regions of the World Ocean where significant fronts occur.
For example, the temperature anomalies associated with the
ACW are often interpreted as surface-trapped features
advected eastward by the ACC. Our results show that
Southern Ocean temperature anomalies in fact extend to
depth. The main driving factors for such anomalies are

likely to be processes capable of causing shifts of fronts
(e.g., wind stress curl anomalies rather than air-sea heat flux
anomalies). Models of Southern Ocean phenomena which
involve SST anomalies (e.g., the ACW) may need to resolve
the frontal structure of the ACC if the simulations are to
capture the fundamental dynamics. Coarse resolution mod-
els in which the fronts are unrealistically broad and weak
may underestimate the SST response to changes in wind-
forcing, and hence the potential for feedback on the atmo-
sphere. More definitive conclusions regarding the link
between wind-forcing, frontal shifts, and temperature
anomalies will require longer time series of subsurface
temperature observations from this and other Southern
Ocean locations.
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