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ABSTRACT

The variability in the Southern Ocean (SO) sea surface temperature (SST) has drawn increased attention due to its
unique physical features; therefore, the temporal characteristics of the SO SST anomalies (SSTA) and their influence on
extratropical atmospheric circulation are addressed in this study. Results from empirical orthogonal function analysis show
that the principal mode of the SO SSTA exhibits a dipole-like structure, suggesting a negative correlation between the SSTA
in the middle and high latitudes, which is referred to as the SO Dipole (SOD) in this study. The SOD features strong zonal
symmetry, and could reflect more than 50% of total zonal-mean SSTA variability. We find that stronger (weaker) Subantarctic
and Antarctic polar fronts are related to the positive (negative) phases of the SOD index, as well as the primary variability
of the large-scale SO SSTA meridional gradient. During December—January—February, the Ferrel cell and the polar jet shift
toward the Antarctic due to changes in the SSTA that could be associated with a positive phase of the SOD, and are also
accompanied by a poleward shift of the subtropical jet. During June—July—August, in association with a positive SOD, the
Ferrel cell and the polar jet are strengthened, accompanied by a strengthened subtropical jet. These seasonal differences are
linked to the differences in the configuration of the polar jet and the subtropical jet in the Southern Hemisphere.
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1. Introduction

The Southern Hemisphere (SH) extratropical ocean is the
only area on Earth where ocean waters circle all longitudes,
and it plays an important role in the global climate sys-
tem. One of the strongest ocean currents, the Antarctic cir-
cumpolar current, flows from west to east around Antarctica
and is driven by strong surface westerly winds over the SH
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extratropics. Several strong ocean fronts, such as the Antarc-
tic Polar Front (APF) and the Subantarctic Front (SAF), are
superimposed on the Antarctic circumpolar current and ori-
entated almost zonally around Antarctica (Orsi et al., 1995).
These Antarctic circumpolar current fronts are characterized
by sharp meridional gradients in sea surface temperature
(SST), salinity, and nutrients.

Increasing attention has been paid to exploring SST vari-
ability in the SH extratropics, with the leading mode of SH
extratropical SST investigated over interannual timescales.
For example, Ciasto and Thompson (2008) examined the
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dominant temporal mode of SH extratropical SST over the
period 1981-2005 by performing an empirical orthogonal
function (EOF) analysis on SST time series south of 20°S
during the warm (November—April) and cold (May—October)
seasons. They found that the areas of homogeneity of the
dominant mode (EOF1) shows a dipole-like pattern, with an
out-of-phase relationship between SST anomalies (SSTAs)
in the SH middle and high latitudes. This dipole mode is
stronger in November—April than in May—October. Liu and
Curry (2010) performed an EOF analysis of SH extratropical
SST south of 40°S using annual average SST data for the pe-
riod 1950-99, and illustrated that the EOF1 indeed shows a
dipole-like structure.

One important aspect of air—sea interaction in the SH ex-
tratropics is the driving role of SH extratropical atmospheric
circulation on SH extratropical SST. The EOF1 of atmo-
spheric circulation in the SH extratropics is the Southern An-
nular Mode (SAM), associated with a meridional temporal
oscillation in sea level pressure (SLP) between the middle
and high latitudes of the SH, accompanied by a north—south
fluctuation in the position of the midlatitude atmospheric
westerly jet (Hartmann and Lo, 1998; Gong and Wang, 1999;
Kidson and Watterson, 1999; Thompson and Wallace, 2000;
Lorenz and Hartmann, 2001; Li and Wang, 2003). The sur-
face wind anomalies related to the SAM play an important
role in influencing SH extratropical SST, through both dy-
namic and thermodynamic processes associated with the sur-
face winds. During the positive (negative) phase of the SAM,
negative (positive) SSTAs tend to occur in high latitudes,
with positive (negative) SSTAs in middle latitudes (Watter-
son, 2000; Marshall et al., 2001; Cai and Watterson, 2002;
Hall and Visbeck, 2002; Visbeck et al., 2003; Lefebvre et
al., 2004; Sen Gupta and England, 2006; Ciasto and Thomp-
son, 2008; Wu et al., 2009, 2015; Thompson et al., 2011).
This temporal dipole-like SSTA associated with the SAM in-
dex (SAMI) reflects the leading mode of SH extratropical
SST, and Ciasto and Thompson (2008) verified that the SAMI
projects onto the leading mode of SST. For brevity, we refer
to the areas of homogeneity of the principal temporal mode of
extratropical SST as the Southern Ocean (SO) Dipole (SOD),
because at the same time the centers of these areas have oppo-
site SSTA values. The dipole-like SSTA is hereafter referred
to as the SOD-like SSTA.

Although the extratropical atmosphere plays a key role
in determining the underlying SST variability, an increasing
number of studies have demonstrated that the SH extratropi-
cal ocean also provides feedback to the SH extratropical at-
mosphere (Kushnir et al., 2002; Liu et al., 2002; Kucharski
and Molteni, 2003; Liu and Yang, 2003; Zhang et al., 2005;
Li et al., 2006; Wu et al., 2007; Kang et al., 2008, 2009;
Nakamura et al., 2008; Yang and Wang, 2008, 2011; Wu et
al., 2009; Sampe et al., 2010; Wu and Zhang, 2011; Swann et
al., 2012; Hwang and Frierson, 2013; Ogawa et al., 2015,
2016; Hu et al., 2016; Xiao et al., 2016). For example,
Kushnir et al. (2002) carried out a series of atmospheric gen-
eral circulation model (AGCM) simulations and revealed that
the extratropical atmosphere does respond to the extratropi-
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cal SST over the North Pacific and North Atlantic, in spite
of the relatively small size of the response compared with
the internal variability. Yamazaki and Watanabe (2015) used
outputs from phase 5 of the Coupled Model Intercomparison
Project (CMIPS) to show that warmer SO SST gives rise to
an anomalous northward heat transport across the extratrop-
ics into the tropics caused by a weaker meridional temper-
ature gradient, which further induces an anomalous Hadley
cell with an anomalous southward moisture transport in the
lower branch (e.g., Chiang and Bitz, 2005; Kang et al., 2008).
A recent study by Ogawa et al. (2016) explored the influence
of SH midlatitude oceanic fronts on the SAM using ideal-
ized aquaplanet experiments with zonally symmetric distri-
butions of SST, and found that the characteristics of the win-
tertime SAM exhibit strong sensitivity to the position of the
SST front.

Focusing on the influence of the SOD-like SSTA on ex-
tratropical atmosphere, and by using numerical simulations
from both AGCM-slab ocean models and AGCM—full ocean
general circulation models, Watterson (2000) and Sen Gupta
and England (2007) indicated that the SOD-like SSTA in
the SH extratropics significantly affects tropospheric zonal
winds. By imposing fields of SSTA associated to each phase
of the SOD index (SODI) in AGCM simulations using the
National Center for Atmospheric Research (NCAR) Commu-
nity Atmosphere Model (CAM), version 5 (CAMS), Zheng et
al. (2015) and Liu et al. (2015) showed that the response of
the SH extratropical circulation to the SOD-like SSTA during
austral summer (December—January—February; DJF) and au-
tumn (March—April-May; MAM) is an anomalous clockwise
and anticlockwise meridional circulation south and north of
50°S, respectively. A physical explanation based on momen-
tum balance was proposed to explain the formation of these
two anomalous meridional cells in response to the SOD-like
SSTA during DJF and MAM (Zheng et al., 2015).

Although previous studies have advanced our understand-
ing of the dominant mode of SH extratropical SST and
its teleconnection with the atmospheric circulation, there
are several characteristics of this mode that remain unclear.
Firstly, several aspects of the spatial and temporal character-
istics of the dominant mode have not been well addressed.
For example, previous work selected SSTs over different re-
gions, e.g., south of 20°S (Ciasto and Thompson, 2008) and
south of 40°S (Liu and Curry, 2010), for the EOF analysis,
but did not investigate the sensitivity of the leading mode to
area selection. Secondly, little is known about the teleconnec-
tions that exists between the meridional circulation and the
SOD-like SSTA for austral winter (June—July—August; JJA)
and spring (September—October—November; SON). The aim
of the present paper is to answer these questions, and the rest
of the manuscript is organized as follows: Section 2 provides
an overview of the data and methods used in this work. In
section 3, the primary characteristics of the dominant tem-
poral model of the SO SSTA are investigated, focusing on
the uniform variance among different basins. On this basis,
the feedback of the SOD-like SSTA to the atmosphere is ex-
plored in section 4, including results from CAMS simulations
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and 28 Atmospheric Model Intercomparison Project (AMIP)
models. A discussion and the conclusions are presented in
section 5.

2. Data and methods

2.1. Data

The monthly average SST datasets used in this study
are from HadISST, which is compiled by the UK Met
Office Hadley Centre and has a horizontal resolution of
1.0° x 1.0°, and version 3b of the National Oceanic and
Atmospheric Administration’s Extended Reconstructed SST
dataset (ERSST.v3b), which has a horizontal resolution of
2.5°%2.5°. The results derived from these two datasets in the
present study are in good agreement. As the HadISST dataset
has a higher resolution than ERSST.v3b, in most cases only
results from HadISST are shown.

The positions of the APF, SAF are well-documented in
Orsi et al. (1995). In brief, the APF and SAF denote the
two major belts with strongest meridional gradients appear-
ing within the Antarctic circumpolar current (Orsi et al.,
1995). The SAMI used in this study is defined according
to the method proposed by Nan and Li (2003), i.e., as the
difference in normalized zonal-mean SLP between 40°S and
70°S. The SAMI based on this definition can be found at
http://ljp.gcess.cn/dct/page/65544. The ENSO variability is
quantified by the regionally averaged SST over (5°S-5°N,
170°-120°W), i.e., the Nifio3.4 index, which is available at
http://www.cpc.ncep.noaa.gov/data/indices;/.

Herein, we use the term SO to refer to the SH extratropi-
cal ocean (south of 30°S across all longitudes), including the
southern Pacific Ocean (120°E-65°W), the southern Indian
Ocean (20°-120°E), and the southern Atlantic Ocean (65°W—
20°E).

2.2. Statistical methods

The EOF analysis treats the time series at each grid as
variables, which is referred to as the S-mode of decompo-
sition in principal component analysis (Compagnucci and
Richman, 2007). Therefore, the modes derived from EOF
analysis are spatially distributed temporal modes. The spa-
tial fields (eigenvectors) derived from EOF analysis reflect
areas of homogeneity. The areas of homogeneity of the
leading mode is referred to as EOF1, and the corresponding
time series of EOF1 is referred to as principal component 1
(PC1).

The normalized EOF analysis is performed on the SSTA
to detect the leading temporal mode of SST variability. The
term SSTA refers to the SST data after removal of the an-
nual cycle. To ensure equal areas are given equal weight, the
SSTA is weighted by multiplying by the cosine of latitude.
The criteria described in North et al. (1982) are used to eval-
uate the eigenvalue separation of the EOF analysis.

Aside from EOF analysis, the primary statistical methods
used in this study are correlation and regression analysis, and
their statistical significance is assessed using the two-tailed
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Student’s 7-test. In view of the strong autocorrelation of SST,
the effective degrees of freedom are first estimated using the
methods of Davis (1976) and Chen (1982), and this is then
used to investigate the significance of the correlation or re-
gression coefficients. Partial regression analysis is used to
estimate the linkage between two variables of concern (e.g.,
geopotential height and the SAMI) after linearly removing
the effects of a third variable (e.g., ENSO). All indices (e.g.,
the SAMI) are standardized before regression analysis. The
regression coefficients represent circulation anomalies corre-
sponding to one standard deviation of the index, and can be
used to determine the magnitude of circulation anomalies as-
sociated with the index. The Theil-Sen nonparametric esti-
mation method, which is defined as the median of the slopes
between all data pairs, is used to estimate the linear trend.
The Theil-Sen method is insensitive to outliers, more accu-
rate than simple linear regression, and a robust estimate of
linear trends (Theil, 1950; Sen, 1968). The Mann—Kendall
nonparametric test (Mann, 1945; Kendall, 1975) is used to
assess the significance of the linear trends. High-pass filter-
ing conducted in this study is based on the Lanczos filtering
method (Duchon, 1979).

The analysis period is 1980-2012, and the annual cycle is
removed prior to the statistical analysis, except for the calcu-
lation of the annual mean. The definitions used for the four
seasons are: austral summer (DJF), autumn (MAM), winter
(JJA), and spring (SON). The correlation between two vari-
ables during DJF means that monthly data during DJF are
used to conduct the correlation analysis. In other cases, re-
sults based on the seasonal or annual average datasets are
clearly illustrated.

The location of the subtropical jet is defined as the lati-
tude at which the strongest westerlies at 200 hPa occur, and
the location of the polar jet is defined as the latitude with the
strongest westerlies at 850 hPa.

2.3. Models

The framework of AGCM simulations provides a clear
way to detect the responses of the atmospheric circulation
to the oceans. CAMS, developed by NCAR, is used in this
study. This model has a 96 x 144 horizontal grid and 30 hy-
brid vertical levels. A description of CAMS is provided at
http://www.cesm.ucar.edu/models/atm-cam/docs/description/
description.pdf. The control run is performed with a pre-
scribed annual SST cycle from a standard climatology. An-
other two idealized SST sensitivity experiments are also
carried out with different imposed SSTAs, and these are
described in section 4.1. Both the control and sensitivity sim-
ulations are run for 33 years, and only the last 30 years are
analyzed to exclude the three-year spin-up period.

In addition, simulations from 28 AGCM models archived
in CMIPS5, called AMIP, covering the period 1979-2008, are
also used in this study. The AMIP runs are forced by real-
istic SST and sea-ice data from 1979 to near present, and
with external forcing as in the historical experiment, includ-
ing carbon dioxide and ozone concentrations, solar forcing,
and aerosols (Taylor et al., 2012). The AMIP runs allow the
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Table 1. List of CMIP5 models used in this study. Also shown are
the horizontal and vertical resolutions of these models.

Grid points Vertical levels
Model name (Lat X Lon) (top level, in hPa)

ACCESS1.0 145x192 17 (10)
ACCESS1.3 145x192 17 (10)
BCC_CSM1.1 64x 128 17 (10)
BCC_CSM1.1(m) 160 %320 17 (10)
BNU-ESM 64 %128 17 (10)
CanAM4 64x 128 22 (1)

CCSM4 192 x 288 17 (10)
CESM1 (CAMS) 192 x 288 17 (10)
CMCC-CM 240 x 480 17 (10)
CNRM-CM5 128 X256 17 (10)
CSIRO MK3.6.0 96x 192 18 (5)

EC-EARTH 160 %320 16 (20)
FGOALS-g2.0 60x 128 17 (10)
FGOALS-s2 108 x 128 17 (10)
GFDL CM3 90x 144 23 (1)

GFDL-HIRAM-C180 360x 576 17 (10)
GFDL-HIRAM-C360 720 1152 17 (10)
GISS-E2-R 90 x 144 17 (10)
HadGEM2-A 145x 192 17 (10)
INM-CM4.0 120x 180 17 (10)
IPSL-CMS5A-LR 96 %96 17 (10)
IPSL-CM5A-MR 143 x 144 17 (10)
IPSL-CM5B-LR 96 x 96 17 (10)
MIROCS 128 X256 17 (10)
MPI-ESM-LR 96 x 192 25(0.1)
MPI-ESM-MR 96 %192 25 (0.1)
MRI-CGCM3 160 %320 23 (0.4)
NorESM1-M 96 x 144 17 (10)

evaluation of the responses of the atmosphere to the observed
SSTs and sea ice under historical external forcing. The statis-
tics of the AMIP models used in this study are listed in Ta-
ble 1. The horizontal resolutions differ among the models.
Therefore, the outputs from these models are first interpo-
lated to the same horizontal resolution (1.0° X 1.0°) before

(a) Annual mean SST
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the multi-model mean is calculated.

3. Dominant mode of SO SST variability

The climatological annual average SST over the SO is
shown in Fig. la. SST isotherms over the SO are generally
orientated in a zonal circular pattern around the hemisphere,
indicating that the lack of landmasses creates a strong zonal
symmetry in SO SST. The positions of the APF and SAF are
marked in Fig. 1 by the position of the strongest meridional
SST gradient. The zonal-mean positions of the APF and SAF
are 55°S and 51°S, respectively. Zonal mean SST is defined
as the zonal symmetric component, and the residual is de-
fined as the zonal asymmetric component. Figures 1b and ¢
show the ratio of variance in the SSTA explained by the zon-
ally symmetric and zonally asymmetric components, respec-
tively. Areas in which the variance explained by the zonally
symmetric component is greater than 60% account for more
than 70% of the entire area south of 30°S, and this indicates
the zonally symmetric characteristic of the SSTA in the SH
extratropics.

3.1. SOD

To detect the primary mode of the SO SST temporal vari-
ability, EOF analysis is performed on the seasonally aver-
aged SO SSTA. Detrending and nine-year high-pass filtering
are conducted before the EOF analysis. As shown in Fig.
2a, a dipole structure exists across the southern middle and
high latitudes, which is characterized by an equivalent zon-
ally symmetric component. This EOF1 is generally consis-
tent with the results of Ciasto and Thompson (2008), despite
the differences in analysis periods. Areas with negative val-
ues are at high latitudes (~ 60°S) around the Antarctic, and
with positive values at middle latitudes (~ 37.5°S) across al-
most all longitudes. As mentioned, we refer to the EOF1
as the SOD, and the dipole-like SSTA is hereafter referred
to as the SOD-like SSTA. The dominant mode (EOF1) ac-
counts for 19.4% of the total variance, and the second EOF

(c) Zonal asymmetric component

60 80 20 40 60 80

Fig. 1. (a) Long-term annual mean SST (units: °C) over the SO for the period 1980-2012. (b, ¢) Ratio (units: %) of variance
in SST explained by the (b) zonally symmetric and (c) zonally asymmetric component. The solid contours mark the locations
of the SO fronts. From pole to equator these fronts are the APF and SAF. The meridional interval of the grids is 15°S.
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Fig. 2. (a) EOF1 of SO SST (units: °C) from the EOF analysis of the seasonally averaged SO SSTA. The red number
(top right) indicates the explained variance from the dominant modes. The stippling indicates statistical significance at
the 95% confidence level. The red polylines mark 37.5°S and 60°S. (b) Fractional variance (units: %) explained by the
first four EOF modes, and the associated sampling error standard deviations using the method of North et al. (1982).

(c) Corresponding standardized time series of EOF1.

(EOF2) explains 9.1%. The explained variances of the first
four eigenvectors and the associated standard deviations of
the sampling errors are shown in Fig. 2b. According to the
rule proposed by North et al. (1982), EOF1 is well sepa-
rated from the residual EOFs, as indicated by the error bars.
The spatial structure of the dominant mode derived from the
monthly SSTA (not shown) is highly consistent with that
seen at the seasonal scale (Fig. 2a), with a pattern correla-
tion greater than 0.95. This result implies that the SOD is
stable across monthly and seasonal scales.

In addition, the EOF1 derived from ERSST.v3b (not
shown) is similar to that based on the HadISST dataset. The
explained variance of the dominant mode from ERSST.v3b
is higher than that from HadISST, which may be attributable
to the relatively low resolution of ERSST.v3b compared
with HadISST. The pattern correlation between the dominant
modes from these two datasets is greater than 0.80 (signifi-
cant at the 99% confidence level). Similarly, the PCls ob-
tained from HadISST and ERSST.v3b are in strong agree-
ment, with correlation coefficients of 0.83 and 0.85 (sig-
nificant at the 99% confidence level) for monthly and sea-
sonally averaged SSTA, respectively. As the HadISST and
ERSST.v3b datasets are produced using different data sources
and analytical procedures, the consistency between them pro-
vides confidence in the analyzed leading temporal mode of
SO SSTA. The following analysis uses mainly the results de-
rived from HadISST because it has a higher horizontal reso-
lution.

3.2. Zonal symmetry of the SOD

The SO SSTA is characterized by strong zonal symmetry.
To detect the zonally symmetric component of the SOD more
clearly, the EOF analysis is performed on the monthly zonal-

mean SO SSTA (not shown). The EOF1 shows a dipole-like
structure between the southern middle and high latitudes. It
is worth noting that the variance explained by EOF1 is more
than 50%, implying that the EOF1 could explain more than
half of the total variance in zonal-mean SSTA time variabil-
ity. A similar EOF analysis is performed on the zonal-mean
SSTA time variability south of 20°S (not shown). The EOF1
derived from the SSTA south of 20°S is in good agreement
with the EOF1 derived from the SSTA south of 30°S, in-
dicating that the EOF1 is insensitive to the selection of the
midlatitude northern boundary in the EOF analysis.

Given that the EOF]1 reflects a kind of relationship be-
tween the SSTA in the southern middle and high latitudes,
and that the EOF1 accounts for a large proportion of the total
variance in the zonal-mean SSTA, a significant negative cor-
relation is expected to occur between the SSTA series from
the middle and high latitudes. To test this hypothesis, cross-
correlation coeflicients between the zonal-mean SSTA based
on the monthly SSTA are calculated (not shown). It is found
the SSTAs in the middle (30°—45°S) and high latitudes (55°—
70°S) are indeed negatively correlated, which is a manifesta-
tion of the SOD signal. The strongest negative correlations
occur at 60°S and 37.5°S, generally consistent with the re-
sults from the EOF analysis. The time series of the SSTA
at 60°S and 37.5°S are shown in Fig. 3 and reveal a clearly
opposing variance, yielding a correlation coefficient of —0.43
(significant at the 99% confidence level). Due to this, we now
define an SODI that is calculated as the difference between
the standardized time series of the SSTA at 37.5°S and 60°S,
and this reflects the negative correlation between the SSTA
in the middle and high latitudes. The SODI is shown in Fig.
3 together with PC1 from the EOF analysis of the monthly
averaged SSTA. The SODI and PCI are in good agreement,
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Fig. 3. Left vertical axis: time series (units: °C) of the zonal-mean SSTA at 37.5°S (red filled line) and 60°S
(blue filled line), with standard deviations of 0.12°C and 0.10°C, respectively. The correlation coefficient be-

tween them is —0.43 and the superscript “***” indic

ates statistical significance at the 99% confidence level.

Right vertical axis: standardized time series of the SODI (black solid line) and PC1 (black dashed line) from
the EOF analysis of SO SST. The correlation coefficient between the SODI and PC1 is 0.75.
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Fig. 4. Composite SSTA for (a) positive and (b) negative SODI with a threshold of +1.0 standard deviation
based on monthly data. Values non-significant at the 95% confidence level are masked out in white.

with a correlation coefficient of 0.75 (significant at the 99%
confidence level). This highlights the strong zonal symmetry
in the SOD, and indicates that the SODI can capture this tem-
poral signal and is simpler due it being unnecessary to per-
form an EOF analysis to calculate it. Composite SST anoma-
lies for positive and negative SODI with a threshold of +1.0
standard deviation based on monthly data are shown in Fig.
4. The positive (negative) phase of the SODI is associated
with positive (negative) SSTA values in the middle latitudes
and negative (positive) SSTA values in the high latitudes.
These changes in the meridional SST profile are expected
to lead to changes in the meridional SST gradient. The cor-
relation between the SODI and meridional SST gradient is
shown in Fig. 5a. A positive correlation occurs in the region
between 40°S and 60°S, whereas a negative correlation oc-

curs north of 35°S and south of 62°S. This correlation field
indicates that the meridional gradient is strengthened (weak-
ened) in the domain between 40°S and 60°S when the SOD
is in a positive (negative) phase, and thus both the APF and
SAF are strengthened (weakened), especially the APF. The
EOF1 of the SO SST meridional gradient, derived from the
EOF analysis of the SO SST meridional gradient, is shown in
Fig. 5b, together with the regression of the meridional gradi-
ent against the SODI. The two curves are in good agreement,
indicating that the primary variability of the large-scale SO
SST meridional gradient is related to the SODI phases.

In spite of the strong zonal symmetry, differences also ex-
ist in the distribution of the areas of homogeneity associated
to the SODI in the different basins. EOF analysis is also per-
formed on the regional zonal-mean SSTA over the southern
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Fig. 5. (a) Correlation coefficients between the meridional SST gradient and SODI (left vertical axis; gray filled
line). The black dashed lines represent the 95% confidence levels, and the green solid line represents the cli-
matological meridional SST gradient (right vertical axis; units: 107® °C m~!). Also shown are the zonal-mean
positions of the APF (red dash-dot line) and SAF (purple dash-dot line). (b) Dominant mode of the SO SST
meridional gradient (blue line; units: 107 °C m™!) and the regression of the meridional gradient of SO SST on
the SODI (red line; units: 107® °C m™!). Thick sections of the lines indicate statistical significance at the 95%

confidence level.

Pacific Ocean, southern Indian Ocean, and southern Atlantic
Ocean (not shown). It is worth noting that the correlation co-
efficients between the PC1 from the southern Pacific Ocean,
southern Indian Ocean, and SO SST are also higher than
0.6 (significant at the 99% confidence level). Furthermore,
the correlations between the PC1 from the southern Pacific
Ocean, southern Atlantic Ocean, and southern Indian Ocean
SST are significant, indicating a close connection between
the leading modes in these ocean basins, and demonstrating
the consistency in SST variability among these basins.

4. Influence of the SOD-like SSTA on SH ex-
tratropical atmospheric circulation

Idealized AGCM simulations using CAMS5

To explore the influence of the SOD-like SSTA on the SH
extratropical atmospheric circulation, two idealized SST sen-
sitivity runs corresponding to the positive (SOD_POS) and
negative (SOD_NEG) phases of the SOD, as well as one
control run (CTL), are carried out using NCAR CAMS. In
CTL, an annual SST cycle from a standard climatology is
prescribed. In the sensitivity experiments, SOD_POS and
SOD_NEG, SSTA perturbations as shown in Fig. 6a are im-
posed on the DJF SST field to evaluate the contemporaneous
responses of DJF circulation to the DJF SOD.

The response of the atmospheric circulation to the posi-
tive (negative) SOD SSTA is quantified using the differences
between SOD_POS (SOD_NEG) and CTL. As shown in Figs.
6b and c, significant changes are evident in the DJF mass
stream function in the SH extratropics in response to the DJF
SOD-like SSTA. Local atmospheric responses to the posi-
tive phase of the SOD-like SSTA consist of two opposite
meridional circulations: an anomalous clockwise cell in the
region 65°-50°S, and an anomalous counterclockwise cell

4.1.

between 50°S and 35°S (Fig. 6b). Anomalous descent oc-
curs around 50°S, accompanied by anomalous ascent around
35°S and 65°S. The meridional circulation anomalies dur-
ing the negative phase of the SOD-like SSTA (Fig. 6¢) are
quasi-symmetric to those during the positive phase (Fig. 6b).
As the climatological Ferrel cell is located between 65°S and
35°S, with its center around 50°S, the meridional circulation
anomalies related to the SOD-like SSTA imply that the Ferrel
cell shifts towards the Antarctic (tropics), when the SSTA is
negative (positive) around the Antarctic.

Figure 6d shows the response of the zonal-mean zonal
wind to the positive phase of the SOD-like SSTA. The wester-
lies strengthen around 60°S but weaken around 40°S, and this
corresponds to the positive SOD phase and implies a pole-
ward shift of the polar jet associated with the shift of the Fer-
rel cell. Meanwhile, in the upper troposphere (200 hPa), the
subtropical jet exhibits a slightly poleward shift. The zonal
wind anomalies related to the SOD feature a quasi-barotropic
structure, and strengthened and weakened westerlies develop
around 60°S and 40°S in the entire atmospheric vertical col-
umn from the surface to the upper troposphere. The zonal
wind anomalies corresponding to the negative phase of the
SOD-like SSTA (Fig. 6e) are generally opposite to those cor-
responding to the positive phase (Fig. 6d). The significant
responses of the zonal wind and meridional circulation to
the SOD-like SSTA suggest that the SO SSTA plays a non-
negligible role in affecting SH extratropical circulation dur-
ing DJF.

4.2. Results from the 28 AMIP models

To further analyze the relationship between the DJF SOD-
like SSTA and the contemporaneous SH extratropical atmo-
spheric circulation, and to cross-validate the results from
CAMS, the outputs from the 28 AMIP models listed in Table
1 are investigated. Figures 7a and b show the multi-model
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mean of the partial regression of the DJF mass stream func-
tion and zonal wind on the DJF SODI after removing the DJF
ENSO signal. Partial regression is used to exclude the influ-
ence of the ENSO-related SSTA on SH extratropical circula-
tion in the AMIP simulations. An anomalous clockwise cell
in the region 65°-50°S, and an anomalous counterclockwise
cell in the region 50°-35°S, are clearly evident in Fig. 7a,
suggesting a poleward shift of the Ferrel cell accompanied by
a significant poleward shift of the polar jet and a slight pole-
ward shift of the subtropical jet (Fig. 7b), which is consistent
with the results derived from SST sensitivity experiments us-
ing CAMS and provides multi-model evidence for the role of
the SOD-like SSTA in influencing the SH extratropical circu-
lation during DJF. The acceleration of the westerlies at high
latitudes around 60°S corresponding to one standard devia-
tion of the SODI is about 0.3-0.4 m s~

The responses of SH extratropical circulation that can be
teleconnected with changes in the SSTA associated with the
SODI in other seasons are also presented in Fig. 7. Circula-
tion anomalies related to the SOD-like SSTA during MAM
(Figs. 7c and d) are similar to those during DJF (Figs. 7a and
b). Quasi-barotropic characteristics are also evident in the
zonal wind anomalies associated with the SOD-like SSTA.
One difference is that the counterclockwise cell between 50°S
and 35°S is relatively stronger during MAM. Accordingly,
the weakening amplitude of the westerlies around 40°S is
larger during MAM.

The other panels in Fig. 7 show the circulation anomalies
related to the SOD during JJA and SON. In these two sea-
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sons, atmospheric responses to the SOD-like SSTA phases
differ obviously from those during DJF and MAM. During
DJF and MAM, an anomalous clockwise circulation devel-
ops around 65°-50°S (Figs. 7a and c¢). During JJA and SON,
this anomalous clockwise circulation is located at relatively
lower latitudes in the range 60°—40°S (Figs. 7¢ and g). As the
climatological Ferrel cell during the JJA and SON seasons is
located between 65°S and 30°S, the circulation anomalies re-
lated to the SOD imply that the Ferrel cell strengthens (weak-
ens) in a positive (negative) SOD phase. The anomalous ac-
celerated westerlies are located around 55°-50°S during JJA
and SON (Figs. 7f and h), which is farther north than the 60°S
seen in DJF and MAM (Figs. 7b and d). Taking the climato-
logical location of the polar jet into consideration, zonal wind
anomalies related to the SOD reflect mainly the strengthen-
ing (weakening) of the polar jet corresponding to the positive
(negative) SOD phase. Regarding the zonal wind anomalies
around the subtropical jet (30°S), unlike the quasi-barotropic
structure during DJF and MAM, the zonal wind anomalies
during JJA and SON are baroclinic. At 200 hPa, the west-
erlies around the subtropical jet (30°S) tend to strengthen
(weaken), in a positive (negative) SOD phase.

Figure 8 shows the zonal-mean SLP regressed onto the
contemporaneous SOD. Similar to Fig. 7, the response of
SLP to the SOD-like SSTA differs among the seasons. The
peaks of the positive anomalies in middle latitudes are lo-
cated farther north during JJA than those during DJF, which
is consistent with the response of the meridional circulation.
Variability in large-scale zonal-mean precipitation is closely
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Fig. 8. Multi-model mean of the partial regression of the zonal mean SLP (units: Pa) on the SOD (blue line) and SAM
(red line) indices after removing the ENSO signal during (a) DJF, (b) MAM, (c) JJA, and (d) SON, derived from the
AMIP models. The thick lines indicate significant values, defined as when 18 of the 28 models have the same sign as
the multi-model mean.
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correlated with atmospheric vertical motion associated with
the meridional circulation. In view of the significant relation-
ship between the SH extratropical meridional circulation and
the SODI, it is expected that it could be useful to determine
some zonal-mean precipitation anomalies in the SH extrat-
ropics related to the SODI phases. The multi-model mean
of the partial regression of zonal mean precipitation on the
SODI after removing the ENSO signal is shown in Fig. 9.
During DJF and MAM, positive precipitation anomalies tend
to occur around 35°S and 60°S corresponding to a positive
phase of SODI, while negative precipitation anomalies tend
to occur around 50°S. During JJA and SON, the response of
precipitation to the SOD around 60°S still follows an increas-
ing trend, while precipitation around 35°S decreases.

The multi-model results in Figs. 7-9 show that the sig-
nificant influence of the SOD-like SSTA on SH extratropi-
cal circulation is evident not only during DJF and MAM, as
suggested by previous studies, but also during JJA and SON.
However, influence of the SOD-like SSTA on SH extratropi-
cal circulation exhibits obvious seasonal differences. Figure
10 shows a schematic illustration of the anomalous SH ex-
tratropical zonal-mean meridional circulation related to the
SOD-like SSTA during DJF and JJA. It is known that the
configuration of the polar jet and the subtropical jet in the
SH changes with the seasons. During DJF, the polar jet and
the subtropical jet tend to merge and the latitudes of these
two jets are not clearly separated. In this season, the Ferrel
cell and the polar jet tend to shift toward the Antarctic during
the positive phase of the SODI, and this is accompanied by
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a poleward shift of the subtropical jet. During JJA, the polar
jet and the subtropical jet split into two latitudinally well-
separated jets. In this season, the Ferrel cell and the polar
jet strengthen during the positive phase of the SODI, and are
accompanied by a strengthened subtropical jet.

Also shown in Fig. 8 are the SLP anomalies associated
with the contemporaneous SAMI. Compared with the circu-
lation anomalies associated to the SODI, the SLP anomalies
related to the SAM are relatively stable among the different
seasons. The transition between the positive and negative SLP
anomalies is located around 55°S in all four seasons. The
SOD-related and SAM-related SLP anomalies are close to
each other in JJA and SON. During these periods, negative
SLP anomalies develop in high latitudes while positive SLP
anomalies develop in middle latitudes. A significant corre-
lation between the SAM and SOD indices exists during JJA,
yielding a correlation of 0.44, and this indicates the signifi-
cant influence of the SOD-like SSTA on the SAM-related cir-
culation. As the surface wind anomalies associated with the
SAMI is an important factor in the modulation of SOD-like
SSTA variability through both dynamic and thermodynamic
processes (e.g., Watterson, 2000; Marshall et al., 2001; Cai
and Watterson, 2002; Hall and Visbeck, 2002; Visbeck et al.,
2003; Lefebvre et al., 2004; Sen Gupta and England, 2006;
Ciasto and Thompson, 2008; Wu et al., 2009; Thompson et
al., 2011), the significant correlation between the SODI and
the SAMI derived from the AMIP simulations suggests that
the SOD-like SSTA could feed back to zonal wind anoma-
lies associated with the SAMI. In DJF and MAM, the SLP
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Fig. 9. As Fig. 8 but for the zonal mean precipitation (units: 10~ kg m~2 s71).
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Fig. 10. Schematic representation of the responses of SH extratropical zonal
mean circulation to the SOD-like SSTA during (a) DJF and (b) JJA. The black
lines represent the climatological circulation. The blue dashed and green dot-
ted lines represent the SOD-related meridional circulation and SLP anomalies,
respectively. The abbreviations “SJ” and “PJ” indicate the subtropical jet and
polar jet, respectively. The symbols of the sun and the cloud indicate increased
and reduced precipitation, respectively. The blue symbol of a dot (cross) cen-
tered inside a circle means west (east) wind anomalies.

anomalies related to the SOD and those related to the SAM
exhibit relatively greater differences than those in JJA and
SON (Fig. 8). The SLP anomalies related to the SOD show a
tripolar structure, with positive SLP anomalies around 50°S
accompanied by negative SLP anomalies on both sides. This
differs from those related to the SAM, which exhibit a dipole-
like structure with lower and higher SLP in high and middle
latitudes, respectively.

The multi-model mean is used in the above analysis be-
cause it reduces internal variability and concentrates on the
responses of atmospheric circulation to the corresponding
SST forcing (e.g., Bracco et al., 2004; Deser et al., 2012). It
is important to note that models show a spread in simulating
the correlation between the SODI and the SAMI. Model dif-
ferences in simulating the relationship between the SODI and
the SAMI during DJF are larger than those during JJA (not
shown), which may contribute to the fact that the multi-model
mean correlation between the SAM and the SOD indices is
weaker in DJF than that in JJA. Further work is needed if we
are to better evaluate and explain the model uncertainty as-
sociated with simulating the influence of the SOD-like SSTA

on SH extratropical circulation.

5. Discussion and conclusions

The variability in the SO SSTA has drawn increased at-
tention due to its unique physical features. The EOF1 of the
SO SSTA shows a dipole-like structure, referred to as the
SOD, which accounts for about 19% of total SSTA variance.
The SOD represents a hemispheric-wide negative correlation
of the SSTA between the middle and high latitudes, with the
strongest negative correlations occurring at 37.5°S and 60°S.
The results of this study reveal that the spatial pattern of the
SOD features strong zonal symmetry, and the SOD signal ac-
counts for more than 50% of total zonal-mean SSTA variabil-
1ty.

A simple SODI, defined as the difference between the
standardized SSTA series at 37.5°S and 60°S, captures the
SOD variability reasonably well. When the SODI is in a pos-
itive (negative) phase, the SAF and APF are strengthened
(weakened). Although there are seasonal variations in the
SOD spatial pattern, the locations of the middle- and high-
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latitude branches, where the strongest negative correlations
occur, are relatively stable.

Results from numerical simulations indicate that the
SOD-like SSTA plays a non-negligible role in affecting SH
extratropical atmospheric circulation and the influences ex-
hibit seasonal differences. During DJF, the Ferrel cell and
the polar jet shift toward the Antarctic due to changes in the
SSTA that could be associated with a positive SODI, and this
is accompanied by a poleward shift of the subtropical jet.
During JJA, the Ferrel cell and the polar jet strengthen in re-
sponse to the SSTA corresponding to the positive SODI, and
this is accompanied by a strengthened subtropical jet. These
seasonal differences are linked to the seasonal differences in
configuration of the polar jet and the subtropical jet in the SH.

Finally, the focus of the present study is the zonal mean
components, because the SOD variability shows clear zonally
symmetrical characteristics. Although the effect of the zon-
ally asymmetrical component is not explored in the present
study, this should not be taken to imply that the zonally
asymmetrical component is unimportant, and it cannot be
ruled out in reality. In particular, a subtropical dipole mode
has been identified as the prominent mode in the SH sub-
tropical ocean, manifesting itself as a global wavenumber-3
subtropical dipole SST pattern and inherently existing as a
thermodynamically coupled mode in the subtropical ocean—
atmosphere coupled system (Wang, 2010a, 2010b). In the
South Pacific, two seasonally evolving dominant modes of
SST can also be found (Li et al., 2012). Taking these impor-
tant unique features of SH extratropical SST variability into
account, further work will be needed if we are to understand
the regional differences in SH extratropical SST and its rela-
tive importance in influencing SH extratropical atmospheric
circulation.
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