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Observed long-term warming trends in the Southern
Ocean have been interpreted as a sign of increased
poleward eddy heat transport or of a poleward
displacement of the entire Antarctic Circumpolar
Current (ACC) frontal system. The two-decade-
long record from satellite altimetry is an important
source of information for evaluating the mechanisms
governing these trends. While several recent studies
have used sea surface height contours to index ACC
frontal displacements, here altimeter data are instead
used to track the latitude of mean ACC transport.
Altimetric height contours indicate a poleward trend,
regardless of whether they are associated with
ACC fronts. The zonally-averaged transport latitude
index shows no long-term trend, implying that ACC
meridional shifts determined from sea surface height
might be associated with large-scale changes in sea
surface height more than with localized shifts in
frontal positions. The transport latitude index is
weakly sensitive to the Southern Annular Mode
(SAM) but is uncorrelated with El Nifio Southern
Oscillation (ENSO).

1. Introduction

The Southern Ocean, the winds that force it, and the
cryosphere to its south have experienced distinct patterns
of change over the past five to six decades. In the ocean,
evidence from historic hydrographic data and newer
temperature profiles indicates rising temperatures over
a broad range of depths extending well below the ocean
surface [1-5]. Southern Ocean warming is concentrated
in the circumpolar band corresponding to the Antarctic
Circumpolar Current (ACC). In the top 1000 m of the
ocean approximately 80% of the net heat content increase
in the Southern Hemisphere oceans appears to have
occurred south of 30°S, largely within the ACC[2]. A
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number of studies have noted that the warming trend identified in the ACC region has been
characterized as being consistent with displacing the ACC poleward by about 1° latitude every 35
years [2,6,7], although poleward displacement of the current would not be expected to be uniform,
since the ACC is topographically constrained in some locations and more free to migrate in other
areas [8,9].

In the cryosphere, the most rapid melting of glaciers on the Antarctic continent has occurred
in West Antarctica, particular for glaciers with outlets in the Amundsen Sea Embayment, though
also near 80°E and 120°E [10]. Regions of rapid glacial melting share a common trait: they are
all at locations where the ACC flows near the Antarctic continent. This has led to speculation
that changes in the ACC could be responsible for delivering supplemental warm Circumpolar
Deep Water to the Antarctic marginal seas, thus contributing to basal melting of the Antarctic ice
shelves, and reducing the efficacy of the ice shelves in buttressing the continental glaciers [11,12].

Finally, winds that drive the ACC, as indexed by the Southern Annular Mode (SAM), have
increased over the past several decades [13,14]. The SAM is a measure of the pressure difference
between Antarctic and mid-latitudes, and increases in the SAM translate into winds that are
both stronger and further poleward. Modeling studies indicate that both ozone depletion and
greenhouse warming can strengthen the SAM [15-18], thus implying that SAM trends may
change in the future, as ozone begins to recover while greenhouse forcing continues.

Taken together, these observations suggest a hypothesis that the long-term strengthening of
the SAM has resulted in a poleward shift in the ACC, which in turn has perhaps brought more
warm Circumpolar Deep Water south to the periphery of the Antarctic continent. One of the goals
of this paper is to explore whether this hypothesis is consistent with available observations.

The SAM is not the only mode of variability at work in the Southern Ocean [19]. In particular, E1
Nifio/Southern Oscillation (ENSO)-related temperature variability in the central tropical Pacific
correlates with sea-ice extent and sea surface temperature (SST) [20], wth mixed-layer depth in
the Pacific sector of the Southern Ocean [21], with warming in West Antarctica [22], and with
upper-ocean heat content in Drake Passage [23].

This study specifically focuses on the ACC component of Southern Ocean climate processes.
Other recent studies have explored the ocean-cryosphere links in greater detail by asking how
heat traverses the ACC to influence ocean heat content in Antarctic marginal seas in a way that
might influence glacial stability [24-27]. Heat transport from mid-latitudes into the Southern
Ocean is also potentially important as an oceanic source of heat and has been explored elsewhere:
in one recent assessment of Argo float data, poleward heat transport across 32°S in the Pacific
Ocean appears more closely linked to the SAM than to ENSO [28].

The goal of this study is to focus specifically on the temporal variability of the position of the
Antarctic Circumpolar Current and its links to the SAM and ENSO. Section 2 reviews recent work
to assess variability in the ACC, Section 3 explains the data and methods used for this analysis,
Section 4 describes the results, and Section 5 summarizes the findings.

2. Frontal Displacement in the Southern Ocean

Projections from climate models have provided a clear picture of how the ACC as a whole might
be expected to respond to a changing climate. In the atmosphere, most projections indicate that
a warming climate should be accompanied by a poleward displacement in the winds [29] and
correspondingly a poleward displacement of the ACC [15,30-33]. However, these trends are not
clear in satellite-era reanalysis wind fields [33], and 20th century trends emerge largely as summer
effects associated with ozone depletion [18].

From observations, the ACC is characterized as consisting of multiple narrow frontal jets. From
north to south, these are traditionally termed the Subantarctic Front, the Polar Front, and the
Southern ACC Front [34]. Fronts typically represent sharp density or temperature gradients and
can mediate air-sea heat exchange, with significant gradients at the fronts [35,36]. However the
focus of this study is on transport and meridional migration of fronts rather than their role in heat
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fluxes. The Rossby radius in the Southern Ocean is comparatively small [37], which means that the
fronts can be less than 100 km wide. Thus efforts to understand meridional shifts in the ACC have
typically focused on identifying meridional shifts in each of the fronts. Historical hydrographic
data are sparse and inadequate for exploring how the ACC fronts have migrated over time, except
in Drake Passage [6] and south of Tasmania [7], where repeat surveys have been carried out with
eXpendable Bathythermographs (XBTs). Paleo-climate data generally suggest that ACC fronts
were further north during the Last Glacial Maximum, but evidence does not appear sufficient to
evaluate whether this was linked to a change in winds or whether other mechanisms contributed
to this [38]. Most climate models are run at relatively coarse spatial resolution and do not represent
mesoscale eddies. The models therefore cannot capture the detailed frontal structure of the ACC
or its response to wind (which can include generation of mesoscale eddies).

From satellite data, some efforts have been carried out to study frontal migration from SST
data [9,39,40], but infrared SSTs are blocked by clouds [39,40], and microwave SST observations
have only been available since 2002, so do not provide a record sufficient to examine decadal-
scale changes in the ACC fronts. Nonetheless, a 3-year analysis of Polar Frontal position from
microwave SST provides evidence that changes in the mean latitude of the winds over the
Southern Ocean lead changes in the mean latitude of the Polar Front [9].

The most extensive modern data set that can be used to assess changes in the position of the
ACC comes from satellite altimeters, which have provided consistent time series of sea surface
height (SSH) since the launches of ERS-1 in 1991 and TOPEX-Poseidon in 1992. Altimetric SSH
data are useful for studying ocean variability, but are more challenging for inferring time-mean
ocean circulation, because the Earth’s geoid accounts for the vast majority of the time-mean
SSH measured by the altimeter. The oceanographically relevant component of the mean sea
surface, the mean dynamic topography (MDT), represents approximately 1% of the spatial
variability in the mean SSH. While there are strategies available for inferring the positions of
large-scale currents from the temporal variability alone [8,41-43], these approaches are not easily
adapted to account for multiple fronts. Thus most recent studies have used an independent
estimate of the MDT [44—47] in order to evaluate the time-varying and time-mean components
of geostrophic velocities. MDT fields should be approached with caution: in the Southern Ocean
MDT fields differ substantially, the MDT fields have been developed without oceanographic
transport constraints, and they typically imply inconsistent transport changes between the “choke
points” of the ACC, at Drake Passage, south of Africa, and south of Australia [48].

Nonetheless, by using an estimate of the MDT in conjunction with altimetric variability,
oceanographic investigations have been able to characterize eddy-meanflow interactions [49] and
also the time-varying structure of the ACC fronts [21,50-52]. The time-varying dynamic ocean
topography at latitude 6 and longitude ¢ is:

h(t,0,¢) =MDT(0, $) + K (t,0, ¢), (2.1)

where b/ is the SSH anomaly from altimetry and MDT is the mean dynamic topography, estimated
by differencing the geoid and mean SSH. Zonal surface velocity is related to meridional gradients
in h through the geostrophic relationship:

Uy = —§2%73h(299’ 9, 2.2)
where g is gravity, f is the Coriolis parameter and is negative in the Southern Hemisphere, 6 is
assumed to be in radians, and L is the circumference of the Earth.

Fronts in the Southern Ocean are expected to coincide with strong gradients in h and
correspondingly with strong geostrophic velocities. A recent analysis of altimetric gradient
variability concluded that each of the three major ACC fronts has multiple branches each
associated with an elevated gradient in h [50,51]. Over time the fronts meander and vary in
strength, but they nonetheless have been assumed to be associated with fixed contours of k. This
approach implies that all of the branches of the ACC fronts appear to have trended southward
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during the first 15 years of the altimeter record, implying about a 60 km southward shift in 15
years, consistent with a long-term southward displacement of the fronts [52].

Analysis of SSH displacements on regional scales implies more nuanced variability. On time
scales less than 3 months, the SAM dominates and is positively correlated in the Pacific and anti-
correlated in the Indian Ocean [21]. In contrast, on time scales greater than a year, the fronts tend
to be anti-correlated with the Nifio 3.4 ENSO index [21]. These patterns differ from the southward
annular displacement of the ACC suggested by multi-decadal analyses [1,2].

The altimeter-based analyses of ACC frontal variability [21,50-52] leave a number of open
questions. First, as noted by [52], long-term trends in the position of SSH contours could be
explained either by dynamically driven frontal displacements or by large-scale increases in sea
level, possibly associated with steric height changes due to warming of the ocean. When fixed
height contours are used to identify frontal positions, there is not an easy way to separate
these effects. As [53] showed from eddy-resolving model output, jets can be intermittent, and
when jets dissipate, the SSH contours identified to the jets can migrate substantially. Second,
tracking temporal variations in the ACC by tracking each of the fronts is a daunting task, given
that the ACC appears to consist of eight quasi-stationary fronts [51], that vary in a spatially
inhomogeneous way in response to remote forcing in different ocean basins [21]. For example, we
might hypothesize that the ACC could respond to changing winds over the Polar Front either by
having each of the individual branches of the Polar Front meander or alternatively by having the
strength of the southern branch of the Polar Front change relative to the strength of the northern
branch of the Polar Front, with minimal meandering of either front. This suggests that if our
real goal is to know the latitude of the water that is advected eastward as part of the ACC, then
detailed tracking of the individual branches of the ACC fronts is not important, and instead we
simply need a robust method to determine the mean latitude of the eastward transport. (The
situation would be different if our primary goal were to identify the latitude of sharp temperature
gradients that locally influence air-sea fluxes.)

This study focuses on assessing changes in the latitude of mean ACC transport, in order to
minimize the sensitivity of the results to the details of the jet position and strength or dynamic
ocean topography labels. The mean latitude of the eastward surface transport is computed as:

(N
ot - 0 0l 23)
Jon ugdd
In essence, 0 represents the transport weighted average latitude, and it is computed by using
surface geostrophic velocity u4 as a weight. Thus if the northern and southern integration limits
(0 and Og) are in relatively low velocity regions, (2.3) provides a simple measure of meridional
variation in ACC transport that will be independent of large-scale steric warming and cooling of
the Southern Ocean.

3. Data and Methods

Like previous altimeter-based studies of frontal variability [21,50-52], this study takes advantage
of gridded SSH anomaly data distributed by Aviso [54,55]. Sea surface height anomalies are
released on a 1/3° by 1/3° Mercator grid at weekly time intervals, and in this analysis they span
the time period extending from 14 October 1992, just after the launch of the TOPEX/Poseidon
altimeter, through 26 December 2012. This study uses the “reference” gridded data, which
nominally combine data from one satellite on the ERS/Envisat orbit and one satellite from
the TOPEX/Poseidon/Jason orbit. With this sampling pattern, the Aviso product achieves an
effective spatial resolution of about 3° and effective temporal resolution of 20 days [56].

For this study, the time-varying dynamic ocean topography h is computed by adding an MDT
to the SSH anomalies from Aviso. The time-varying dynamic ocean topography can be sensitive
to the choice of MDT [48], so for this study two products are tested. One is based on the difference
between the Danish National Space Center 2008 (DNSCO08B) mean sea surface from altimetry
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and the Earth Gravitational Model 2008 (EGMO08) geoid, which is computed from gravity data
only [46]. The second is released by Aviso and is based on gravity data and altimetry, augmented
with in situ oceanographic data to provide more high resolution structure to the dynamic ocean
topography [44,45]. For most aspects of the analysis, distinctions between MDTs prove not to be
significant, and here plotted results will be based on the Aviso MDT.

The variability of the ACC position is compared against proxies for large-scale climate
patterns based on the SAM and ENSO indices distributed by the Ocean Observations Panel for
Climate (OOPC) and the Joint World Meteorological Organization-International Oceanographic
Commission Technical Commission for Oceanography and Marine Meteorology (JCOMM)
Observations Programme. As a measure of ENSO variability, this study uses the Nifio 3.4 index,
computed from the optimum interpolation SST analysis [57] in the central tropical Pacific. As
a measure of the SAM, the National Weather Service Climate Prediction Center’s Antarctic
Oscillation index is used. This is computed from the leading empirical orthogonal function of
700-hPa height anomalies, as determined in NCEP /NCAR reanalysis data [58].

4. Results

_49 4
cm
_50 4
cm

-20c I

_52 L
s TPV
_53 4
-40 c

1995 2000 2005 2010
year

mean latitude of height contour

Figure 1. Time series of latitudes of SSH contours, computed using the Aviso mean dynamic topography [44,45] and
SSH anomalies. Circumpolar SSH contours are identified by height, and are defined following [45] so that the zero height
contour is roughly in the Subantarctic Front.

Previous studies have typically used the latitudinal positions of fixed SSH contours h as a
measure of ACC frontal variability [21,50-52] to be compared with SAM or ENSO-related climate
fluctuations. Thus as a starting point, Figure 1 shows time series of SSH contour latitudes. A range
of SSH contours are plotted, but they have not been identified with specific fronts: some of them
are likely associated with strong SSH gradients, but others may be in regions of weaker flow. In
Figure 1, all of the SSH contours shift in latitude in parallel, implying that the latitudinal shifts are
not sensitive to whether SSH contours are in fronts or between fronts. The largest effects for all
SSH contours are associated with the annual cycle in steric expansion of the ocean: a sinusoidal
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annual cycle explains between 27% and 52% of the variance, depending on the height contour
(with minor differences for the two different mean dynamic ocean topography choices). Even once
the annual signal has been removed from the time series of SSH contour latitudes, the latitudinal
variations in SSH contours have correlation coefficients that exceed 80%. This suggests that SSH
contour displacement depends on meridionally consistent changes in SSH rather than on detailed
displacements of individual fronts.

The latitudinal shifts in SSH contours vary depending on longitude, but the long-term trend
over the duration of the altimeter record generally indicates a poleward shift in SSH contours,
except in the central Pacific, as illustrated in Figure 2a. This is consistent with patterns of regional
sea level rise [59]. For the latitude range from 40 to 60°S, altimeter data indicate that a 60 km
southward shift in sea surface height contours is also consistent with a mean increase in sea
level of 2.940.1 mm yr_1 (where here the uncertainty is the standard error, computed as the
standard deviation of all pixels divided by the square root of the number of degrees of freedom,
here taken to be 1800.) This trend agrees with the observed global trend of 3.24+0.4 mm yr~! [59],
suggesting that the trend at the locations of the ACC fronts is typical of the global ocean. Thus
rather than indicating meridional displacement of strong fronts, the long-term trends in latitude
of SSH contours could be a sign of wide-spread sea-level rise (e.g. through steric expansion of
the ocean through upper ocean heating, which can raise h without necessarily reposition the
geostrophic jets defined by peaks in u4.)

The latitude of mean transport defined by (2.3) is intended to be less sensitive than SSH contour
position to steric expansion. Figure 2b shows the time mean latitude of ACC transport, based on 6,
here integrated between the mean latitudes of the -60 cm and +30 cm mean dynamic topography
contours from [45]. Also shown in Figure 2b with solid lines are the one-standard deviation
northern and southern ranges of the time varying values of 0. The central latitude varies slowly
with longitude, with the exception of one spike around 300°E, at Drake Passage. Flow is furthest
north in the Atlantic, and furthest south in the eastern Pacific.

0 30° 60° 90°  120°

150" 180° 210° 240° 270° 300° 330° O

Figure 2. (a) (Solid lines) Mean position of -30 cm and 0 cm contours (see Figure 1) as a function of longitude. Linear
trends fitted to the 20-year altimeter record are plotted as light-gray regions, here indicating the net displacement over 20
years. (Note that trends are plotted relative to the time mean position, so this does not represent the extreme latitudes
achieved after 20 years.) Other contours show similar trends. (b) (Solid lines) Mean central latitude of ACC transport as

computed from the time average of (¢, ¢) and one standard deviation ranges, computed from the temporal variability.
Here results are based on the mean dynamic topography from Aviso [44,45]. Light shaded gray indicates the one-standard

deviation range of 6(t, ¢), as obtained using a Monte Carlo simulation with variable end latitudes, as discussed in the
text. In both panels, dark shaded gray areas indicate regions with bathymetry shallower than 3000 m. The map projection
is exagerated in the meridional direction in order to highlight the latitude ranges.
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The results are sensitive to choice of integration limits #g and 6. To evaluate this, 100
realizations of a Monte Carlo simulation were performed, in which g and 65 were both
randomly perturbed using Gaussian random numbers with a standard deviation of 5° latitude.
The light gray shading round the mean 6 in Figure 2 indicates the 41 standard deviation range
of mean 6 from the 100 Monte Carlo realizations. In general the gray region is narrower than the
1-0 range in solid lines that is determined from temporal variability.

Figure 3 shows a Hovmoller diagram of temporal anomalies of the mean latitude of ACC
transport, 6(t, qﬁ)/. The results in Figure 3 show highly variable spatial and temporal variability,
without obvious long-term trends, in contrast with the equivalent plot computed based on the
latitude of a fixed SSH contour (not shown). Anomalies show some evidence of eastward or
westward propagation over distances of a few 100 km, but do not appear to propagate across
entire ocean basins.

‘135 180 225 270 315 360
longitude

Figure 3. Hovmoller diagram showing the temporal and longitudinal structure of anomalies in the latitude of mean ACC

transport 6(t, ¢). Anomalies are measured in degrees latitude. Here, the mean dynamic topography from Aviso is used
[44,45]; results are similar with the EGM08/DNSCO08B mean dynamic topography [46].

The time series in Figure 3 were cleaned by removing anomalous meridional shifts exceeding
8° latitude. In these tests, for 20 years of data at monthly temporal resolution, correlations should
exceed 0.126 to be judged statistically significant at the 95% level. As a function of longitude,
o(t, ¢)/ is significantly correlated with the Nifio 3.4 index at 22% of longitudes tested and with
the SAM index at just 11% of longitudes (not shown.) This implies the possibility of a regional
correlation between the Nifio 3.4 index and transport variability. However, correlations are not
particularly strong, and they vary substantially with longitude, with both positive and negative
correlation coefficients observed. Similarly, results based on SSH contour shifts, have also implied
significant regional differences in correlations with the SAM or Nifio 3.4 indices [21].

The zonal average of Figure 3, (@I>, is shown in blue in the upper panel of Figure 4,
normalized by the standard deviation, which is 0.049° latitude. (Here angular brackets indicate
zonal or along-stream averages.) This provides a measure of the large-scale response of the
ACC transport to the extent that it is zonally coherent. This index of ACC variability shows
no long-term trends, in striking contrast with the long-term trends in SSH contours [52] shown
in Figure 1. The lack of trend is insensitive to random variations in the northern and southern
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limits of integration by up to +20 cm. This suggests that in the aggregate, the ACC transport
has not shifted meridionally during the 20-year altimeter record. Similarly, in an eddy-resolving
model, [53] found that long-term changes in the wind resulted in no long-term displacement of
the ACC.

Also shown in the upper panel of Figure 4 are time series of the SAM (green) and Nifio 3.4 (red)
indices, here computed by interpolating monthly climate indices onto the dates of the weekly
Aviso altimetry. On monthly time scales there is no evidence of statistically significant correlation
between the ACC position variability in Figure 4 and either climate index.

In the lower panel of Figure 4 the (A(t) ) and SAM time series have been filtered using a
two-year wide triangle filter. This smoothing removes high-frequency fluctuations leaving only
interannual signals, and in this case the SAM is weakly anti-correlated with (@/L at roughly the
90% significance level. These results are sensitive to the choice of mean dynamic topography.
More anomalous spikes in transport latitude appear when EGM08/DNSC08B mean dynamic
topography is used, and in that case the signals are anti-correlated at only about the 65%
significance level. In neither case is a significant correlation found between the Nifio 3.4 index

and (0(t)).

-1+

Variability (normalized by o)

s —o0 i

—— SAM
-151 ——Nino 3.4 B

Variability (normalized by o)

1 1 1 1 1 1 1 1 1 1
1994 1996 1998 2000 2002 2004 2006 2008 2010 2012

Figure 4. (top) Unfiltered time series of the along-stream average mean latitude anomaly of ACC transport, (O(t)/) (blue
line), and the SAM (green) and Nifio 3.4 (red) indices. (bottom) Time series of (G(t)/> (blue) and SAM (green) smoothed

with a two-year wide triangle filter. For (9(1&)’), the mean dynamic topography from Aviso is used [44,45].

The results of this analysis suggest that latitudinal shifts in the circumpolarly-integrated ACC
transport are more correlated with the SAM than with the Nifio 3.4 index, implying that zonally-
averaged Southern Hemisphere winds have more impact on the mean latitude of the ACC than do
remote tropical teleconnections. The low correlation with Nifio 3.4 is not surprising since ENSO
impacts are not expected to be zonally coherent. The findings should be interpreted with caution,
since even on interannual scales, the correlation between the SAM and (%3 does not pass a
rigorous 95% statistical significance test. Coherence analysis or lagged correlations would make
it possible to assess time lags in the relationships between (@I) and climate indices, but that is
beyond the scope of this short paper.

5. Summary and Conclusions

This study has used altimeter data to examine temporal shifts in the position of the ACC.
In contrast with earlier altimeter-based studies [21,50-52], this analysis has not focused on
latitudinal shifts in SSH contours, which are potentially sensitive to large-scale steric expansion
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associated with warming of the Southern Ocean, and which therefore do not provide clear
insights into driving mechanisms. Instead, this study has explored an alternate measure of ACC
displacement, in this case based on the latitude of the mean, meridionally-averaged transport,
0(t, ¢). This transport latitude index is designed to minimize large-scale steric height signals,
though it is sensitive to the definition of end points and to some extent to the MDT.

On the basis of the position index, (6), the zonally-averaged latitude of ACC transport shows
no long-term, in contrast the SSH-contour based measures of ACC variability. This leaves open
the questions of what mechanisms account for the long term warming observed in the Southern
Ocean in recent decades and whether more warm Circumpolar Deep Water is reaching the
Antarctic ice edge. Analyses of hydrographic data suggest that the Southern Ocean warming
signal is too deep to be explained trivially through air-sea fluxes [2]. While it remains possible that
the ACC fronts have shifted poleward in a way that has not yet been convincingly diagnosed, an
alternative is that enhanced meridional heat transport, perhaps via eddy heat fluxes, may account
for the observed warming. Further analysis of the ocean heat budget will be needed to unravel
these mechanisms.

The zonally-averaged position index ((t)) is uncorrelated with the Nifo 3.4 index on any
timescales. In contrast, 0(¢, ¢) does correlate with the Nifio 3.4 index, with differing correlations
as a function of longitude. The nature of the Nifio 3.4 correlation suggests that tropical
Pacific influences on the Southern Ocean are regional and not circumpolarly coherent. The
circumpolarly-averaged value (f(t)) is weakly anti-correlated with the SAM index, implying
that changes in the latitude and strength of the wind that are represented by the increasing
SAM, might be able to displace the mean transport of the ACC poleward. Taken together, these
results are suggestive of a two-mechanism system, in which regional effects associated with upper
ocean temperatures, air-sea fluxes, and even ice melt may respond to changes in the tropical
Pacific [21-23], but the latitude at which the zonally-averaged ACC carries its mean transport
might be more dependent on the SAM-related winds than on teleconnections with the equatorial
Pacific.
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