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ABSTRACT
In this study, the authors apply a lagged maximum covariance analysis (MCA) to capture the cross-seasonal coupled
patterns between the Southern Ocean sea surface temperature (SOSST) and extratropical 500-hPa geopotential height
anomalies in the Southern Hemisphere, from which Niño-3.4 signals and their linear trends are removed to a certain
extent. Statistically significant results show that the dominant feature of ocean–atmosphere interaction is likely the effect
of atmosphere on SOSST anomalies, with a peak occurring when the atmosphere leads the SOSST by 1 month.
However, the most eye-capturing phenomenon is that the austral autumn atmospheric signal, characterized by a
negatively polarized Antarctic Oscillation (AAO), is significantly related to the gradual evolution of preceding
SOSST anomalies, suggesting that the SOSST anomalies tend to exert an effect on the Southern Hemisphere
atmospheric circulation. A regression analysis based on SOSST anomaly centers confirms these features. It is also
demonstrated that the gradual evolution of changes in SOSST is mainly driven by internal atmospheric variability
via surface turbulent heat flux associated with cold or warm advection and that the atmospheric circulation
experiences a change from a typical positive AAO to a negative phase in this process. These findings indicate that
such a long lead cross-seasonal covariance could contribute to a successful prediction of AAO-related atmospheric circulation in austral autumn from the perspective of SOSST anomalies, with lead times up to 6–7 months.

1. Introduction
There is a growing effort to predict the atmospheric
circulation on seasonal-to-interannual time scales related to extratropical ocean–atmosphere interaction
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[see review by Kushnir et al. (2002)]. In the Southern
Hemisphere (SH), the Antarctic Oscillation (AAO, also
called the southern annular mode; Gong and Wang
1999) is the leading mode of the empirical orthogonal
function (EOF) analysis based on the month-to-month
sea level pressure (SLP) or geopotential height south of
208S, which explains 20%–30% of the total variability
(Thompson and Wallace 2000; Sen Gupta and England
2007). It is characterized as an zonally quasi-symmetric
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pattern that spans all longitudes between high latitudes
(poleward of 508S) and middle latitudes (308–508S), with an
equivalent barotropic structure in the vertical (e.g., Kidson
1988; Karoly 1989; Thompson and Wallace 2000; Lorenz
and Hartmann 2001; Wu and Zhang 2011). Both model
experiments and observational studies have shown that the
existence of AAO results from the meridional shift or swing
in the position of the transient eddy-driven westerly jet
stream that is typically located near 508S (e.g., Hartmann
and Lo 1998; Limpasuvan and Hartmann 2000; Lorenz and
Hartmann 2001; Codron 2005, 2007; Wang et al. 2015).
The influence of AAO, however, not only is accompanied by climate anomalies in the SH (e.g., Hall and
Visbeck 2002; Gillett et al. 2006; Ciasto and Thompson
2008; Sen Gupta and England 2007; Wang et al. 2015), but
also extends well into the Northern Hemisphere (NH).
For example, a strong AAO in boreal spring is usually
accompanied by a weakened East Asian summer
monsoon, a strengthened and westward expanded western
Pacific subtropical high, and enhanced summer precipitation over the Yangtze River valley (Nan and Li 2003;
Xue et al. 2003; Nan et al. 2009), suggesting that the AAO
is another valuable precursory signal for the summer
rainfall over East Asia apart from El Niño–Southern Oscillation (ENSO). Zheng et al. (2015) demonstrated that
the boreal spring AAO could influence the summer air
temperature over northeast China. Fan and Wang (2004,
2006) revealed that the boreal winter–spring AAO was
negatively correlated with the frequency of spring dust
storms in northern China. Zheng and Li (2012) suggested
that boreal winters with a strong positive AAO were often
followed by less spring [March–May (MAM)] rainfall over
South China, and vice versa. Furthermore, Yue and Wang
(2008) found a significant positive correlation between
boreal winter AAO and the following spring North Asian
cyclone activity. The AAO also exerts great influences on
the East Asian winter monsoon (Wu et al. 2009), the North
American summer monsoon (Sun 2010), and the West
African summer monsoon (Sun et al. 2010). In spite of the
obvious potential benefits of AAO for skillful seasonal
prediction of NH climate, however, only little attention
has been paid to the predictability and prediction of seasonal AAO variations (Lim et al. 2013).
Previous studies have shown that the AAO exerts a
significant impact on the underlying sea surface temperature (SST) or sea ice concentration (SIC) (e.g., Hall
and Visbeck 2002; Lovenduski and Gruber 2005; Verdy
et al. 2006; Sen Gupta and England 2006, 2007; Ciasto
and Thompson 2008; Wu and Zhang 2011; Wang et al.
2015). Anomalous patterns of SST/SIC associated with
the AAO vary with seasons and are largely generated
via changes in anomalous surface turbulent heat fluxes, and
to a less extent the Ekman transport (Sen Gupta and
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England 2007; Ciasto and Thompson 2008). On the other
hand, there exists also evidence of feedback from the
Southern Ocean SST (SOSST) onto the overlying atmospheric circulations (e.g., Raphael 2003; Lachlan-Cope
2005; Marshall and Connolley 2006; Sen Gupta and
England 2006, 2007), although the amplitude of atmospheric response is relatively weaker than the intrinsic atmospheric variability (Watterson 2001; Raphael and
Holland 2006; Sen Gupta and England 2007). The
feedback of SST/SIC anomalies on the overlying atmospheric circulation involves nonadiabatic heating
that is due mainly to the changes in surface heat flux and
transient eddy flux.
According to Wu and Zhang (2011), statistically significant cross-seasonal covariance can be found between
austral spring AAO and preceding Antarctic dipole-like
SIC anomalies up to 4 months earlier, and the relationship is independent of ENSO signals. Relative to
the Antarctic SIC anomalies, however, few studies have
forecast the exact season and time period of the atmospheric links to preceding SOSST anomalies. The current study is aimed at investigating whether there exists
any linear covariability between preceding SOSST
anomalies and SH extratropical atmospheric circulation
during certain seasons. Motivated by Wu and Zhang
(2010, 2011), we examine the potential atmospheric
linkage to SOSST anomalies as a function of monthly
time lag by using a lagged maximum covariance analysis
(MCA). The lagged MCA analysis is an excellent climate analysis method, which has been widely used for
identifying the potential links of atmospheric signals to
external forcing (e.g., Czaja and Frankignoul 1999, 2002;
Wen et al. 2005; Liu et al. 2006; Frankignoul and
Sennéchael 2007; Wu 2008, 2010; Wu and Zhang
2010, 2011; Wu et al. 2011).
On seasonal to interannual time scales, the atmosphere primarily acts as a ‘‘white noise’’ forcing on extratropical ocean to generate a ‘‘red noise’’ SST response.
In this respect, if the SOSST only responds passively,
there should be no significant cross-seasonal covariance
in the lagged MCA between prior SOSST anomalies and
later SH atmospheric variations beyond the atmospheric
persistence. However, if the SOSST anomalies exert a
substantial impact on the SH atmosphere, significant
cross-seasonal covariance should exist when the SOSST
lead time is longer than the atmospheric persistence time
(Czaja and Frankignoul 2002). The current study seeks
such signals by applying a lagged MCA between SOSST
and SH Z500 anomalies to identify their cross-seasonal
coupled patterns and discover their geographic origins.
A significant atmospheric linkage during austral autumn
to the preceding spring SOSST anomalies with lead time
up to 6–7 months is reported.
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The remainder of this paper is structured as follows.
Section 2 describes the data sources and analysis techniques. Sections 3 and 4 present the main results obtained.
A summary and discussion are provided in section 5.

2. Data and analysis methodology
Considering the better quality of data for the satellite
era (Kistler et al. 2001; Renwick 2002) and the difference in mean climatic states related to the well-known
‘‘climate shift’’ in the mid-to-late 1970s (e.g., Trenberth
and Hurrell 1994; Mantua et al. 1997; Nakamura et al.
1997; Wang et al. 2007, 2008, 2010), we use the monthly
atmospheric data from the European Centre for
Medium-Range Weather Forecasts interim reanalysis
(ERA-Interim; Dee et al. 2011). The data used include
sea level pressure; geopotential height at 925, 700, 500,
and 200 hPa (Z925, Z700, Z500, and Z200); and winds
and temperature at 925 hPa (T925 and UV925). The
latent and sensible heat fluxes used are obtained from
the Objectively Analyzed Air–Sea Fluxes (OAFlux)
website (http://oaflux.whoi.edu), in which the OAFlux is
constructed from an optimal blending of satellite retrievals
and atmospheric reanalyses (Yu et al. 2004, 2006, 2008).
The ensemble mean of two SST datasets, obtained
from the NOAA Extended Reconstructed SST version
3b dataset (ERSSTv3b; Smith et al. 2008) and the Hadley
Centre Global Sea Ice and Sea Surface Temperature
(HadISST) analyses (Rayner et al. 2003), is used in this
study. Here the HadISST dataset is interpolated to a
regular 28 3 28 longitude/latitude grid as the ERSSTv3b.
We compute the results over the 35-yr period of 1979–
2013, and over the 30-yr period of 1979–2008 on account of the available data of OAFlux. The Niño-3.4
index is downloaded from http://www.cpc.ncep.noaa.
gov/data/indices/ and the AAO index is defined as the
leading principal component of SH extratropical Z500
anomalies as in Thompson and Wallace (2000).
We apply the lagged MCA to capture the dominant
coupled modes between Z500 (208–908S) and SOSST
(208–708S), with an equal area weight at each grid point
by multiplying the square root of the cosine of latitudes
due to the decrease in area toward the pole (North et al.
1982a,b). Each set of successive 3-month seasons [e.g.,
January–March (JFM)] is considered with SOSST
leading or lagging Z500. Note that the lagged MCA and
other analyses used in this study are all performed with
monthly data rather than seasonally averaged data
(i.e., a JFM season has 3 months, and so the JFM seasons
of 30 years have 90 months in total). The lagged MCA
patterns describe the spatial structure of each respective
field, and the corresponding squared singular values
represent the squared covariance fraction (SCF), which
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in turn reflects the relative importance of each MCA
pattern in relation to the total covariance of two fields.
To illustrate whether the lagged MCA results are
meaningful, a Monte Carlo test (Shen and Lau 1995) is
chosen to assess the statistical significance. The test is
repeated 1000 times at each lag by using the original
SOSST and randomly scrambled Z500 data. The socalled significance level indicates that the percentage of
randomized squared covariance (SC), SCF, and temporal correlation (CORR) exceeds the one being tested.
Previous studies have revealed several important
features. 1) There are different long-term trends of
AAO during austral summer, autumn, and winter over
the past decades (e.g., Thompson and Solomon 2002;
Gillett and Thompson 2003; Marshall et al. 2004; Miller
et al. 2006; Ding et al. 2011). 2) A Rossby wave train
exists as a Pacific–South American teleconnection pattern, which is a typical remote response to ENSO signals
(e.g., Karoly 1989; Cai and Baines 2001; White et al.
2002; Ding et al. 2012). 3) The skill of seasonal predictability of AAO is strongly associated with ENSO
signals (Lim et al. 2013; Wang and Cai 2013). Therefore,
to reduce the influences of long-term trends and ENSO
forcing to a certain extent, we separately remove linear
trends using the least squares method and filter out
ENSO signals using a regression against the conventional ENSO index (Niño-3.4) for each month before
applying the lagged MCA. Considering the delayed
forcing of ENSO, the removal of ENSO signals from
SOSST or Z500 should be a function of time (monthly
lag) to obtain a more objective response (Frankignoul
et al. 2014). Hence the regression coefficient for removing ENSO signals is chosen as the maximum within
the preceding 6 months as in Liu et al. (2006), which
often occurs by leading 2 months for SOSST and
0 months for Z500 (Liu et al. 2006). It should be noted
that the analysis only removes the ENSO variability
captured by Niño-3.4 but not by Niño-4 or other ENSO
flavors. It is impossible to remove the influence of ENSO
completely, at least partially because of the dramatic
changes in the face of ENSO (Capotondi et al. 2015).

3. Lagged MCA results between SOSST and Z500
Figure 1 shows the SC, SCF, and CORR of the leading
lagged MCA mode between SOSST and Z500 anomalies
for 1979–2013. The statistically significant results shown
in the figure reflect that the dominant ocean–atmosphere
interaction feature is the atmospheric forcing for SOSST
with a peak at lag(11), consistent with the results from
previous studies for other oceans (e.g., Czaja and
Frankignoul 1999, 2002; Sterl and Hazeleger 2003; Huang
and Shukla 2005; Liu et al. 2006; Frankignoul and
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FIG. 1. (a) SC, (b) SCF, and (c) correlation for the first MCA mode between extratropical Z500 (poleward of 208S)
and SST anomalies in the Southern Ocean (208–708S) for 1979–2013. Light-to-dark shading respectively indicates
those results that exceeding the 85%, 90%, and 95% confidence level in the Monte Carlo test. The abscissa is the Z500
calendar month, while the ordinate is the lagged time of SST, and the negative for SST leading Z500.

Sennéchael 2007). We also repeat the computations for
the OAFlux period of 1979–2008 and obtain results (not
shown) consistent with those presented in Fig. 1, indicating that the lagged MCA feature is robust and stable.
Because of our focus on the influence of SOSST on the
following atmosphere, we mainly examine the significant results at lags , 0 when SOSST leads MAM Z500.
One of the most eye-capturing features in Fig. 1 occurs
in austral autumn [MAM–April–June (AMJ)]; see the
gray shadings at lags , 23) when the SC, SCF, and
CORR are all significant when SOSST leads MAM
Z500 by 4–6 months [i.e., from lag(24) to lag(26)]. The
SCF (CORR) is about 45% (0.6), comparable to the
maximum SCF (CORR) that appears when Z500 leads
SOSST (Fig. 1), suggesting that the SOSST anomalies
have a potential link to the following atmospheric conditions. It is noteworthy that, when SOSST leads Z500,
the statistical significance of the results depends clearly
on season and lag time, due possibly to the higher signalto-noise ratio during particular seasons (i.e., MAM–
AMJ) and the lag time after removing ENSO signals
and linear trends to a certain extent. For example,
ENSO is often in its mature stage during boreal winter
[December–February (DJF)–Janaury–March (JFM)],
and after removing the ENSO signals, even if partially,
the residual cross-seasonal MCA values (i.e., SC, SCF,
and CORR) between the DJF–JFM SOSST and the
MAM Z500 are relatively small compared with many
other random trials, leading to the insignificances in the

Monte Carlo test (Fig. 1) when SOSST leads MAM
Z500 by 1–3 months i.e., from lag(21) to lag(23).

a. Cross-seasonal patterns coupled between SOSST
and Z500
This section is focused only on the significant coupled
modes when Z500 is fixed for MAM, which may infer the
potential link between MAM Z500 and preceding
SOSST. Figure 2 shows the coupled patterns from
lag(28) to lag(24) and from lag(20) to lag(12) when SC,
SCF, and CORR are found at the 5% or 10% significance levels (Fig. 1), except for CORR at lag(28) and
lag(27). Each coupled pattern preserves a covariant
linear relationship between MAM Z500 and SOSST at
each lagged season (Figs. 2a–h). For all lags, the MCAZ500 patterns (Fig. 2, in which Z500 is always fixed for
MAM) are similar to the first EOF mode of MAM Z500
(not shown), and the MCA-Z500 time coefficients are all
highly correlated to the MAM AAO index (r . 0.9,
exceeding the 99.9% confidence level). Thus hereafter
the atmospheric signals in MAM (Figs. 2a–h, the MCAZ500 patterns) are referred to as the AAO modes,
with large opposite Z500 anomalies reaching 20–35 gpm
over the SH midlatitudes and high latitudes. It is
therefore suggested that the MAM AAO variability is
significantly linked to the preceding SOSST anomalies
from austral spring to early summer. Similar coupled
patterns (not shown) are found at lag(24) to lag(27)
when Z500 is fixed for AMJ (see Fig. 1).
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FIG. 2. Maximum covariance regression maps for (top) homogeneous SST and (bottom) heterogeneous Z500 anomalies (Z500 is always
fixed for MAM; SST is lagged as indicated). The contour interval is 5 gpm for Z500 and the unit for SST is 0.05 K; the negative contours are
dashed; and the zero line is omitted. The time series have been normalized so that the figure shows typical amplitudes. The correlation R,
SC, and SCF are indicated at the estimated significance level of the Monte Carlo test.
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TABLE 1. Correlation matrix of MCA-SST/Z500 time series and Niño-3.4 at each lag/season (e.g., lag26 and lag0 denote SON and MAM,
respectively). Note here the Niño-3.4 is simultaneous to the MCA-SST time series at each lag.
Correlation

Lag( 28)

Lag(27)

Lag(26)

Lag(25)

Lag(24)

Lag(23)

Lag(22)

Lag(21)

Lag(0)

Lag(11)

Lag(12)

MCA-SST
MCA-Z500

20.02
20.12

20.02
20.13

0.01
20.05

0.01
0.07

0.03
0.14

0.08
0.15

20.01
20.12

20.01
0.06

0.04
0.01

0.02
0.04

0.02
0.04

In contrast to the results shown in Figs. 2a–e describing
the significant SOSST precursory signals of MAM AAO,
the dominant relationships depicted in Figs. 2f–h are the
effect of atmosphere on the SOSST at lag(0), lag(11),
and lag(12). The spatial structure (Figs. 2c–e) of the
MCA-SST is approximately quadrupole, exhibiting an
out-of-phase relationship among the SST anomalies in
the Indian Ocean, Pacific, and Atlantic sectors of the
Southern Ocean. Furthermore, the adjacent MCA-SST
time coefficients are significantly correlated with each
other (r . 0.6, over the 99.9% confidence level of the
Student’s t test), indicating that the progression of the
SOSST anomalies is well coordinated both spatially and
temporally.
Such robust signals may provide useful information
for predicting the SH extratropical atmospheric circulation in austral autumn from the perspective of the crossseasonal relationship established above. Two more points
should be emphasized. First, such significant links between the SOSST anomalies and the MAM AAO are not
significantly affected by the ENSO signals represented by
Niño-3.4 (see Tables 1 and 2) and linear trends, which
have been removed to a certain extent before performing
the lagged MCA. Second, the atmospheric response in
austral autumn not only may reflect the simultaneous or
preceding SOSST forcing, but also can indicate that the
establishment of the atmospheric response process may
take a longer time than that commonly assumed (see
Ferreira and Frankignoul 2005; Francis et al. 2009).

b. Persistence of SOSST patterns
As shown in Fig. 2, the significant lagged MCA results
(say, the SC, SCF, and CORR in Fig. 1) between MAM
Z500 and preceding SOSST seem to be related to the
gradual evolution of continuous SOSST anomalies. If this
is the case, such a signal in the gradual evolution of
MCA-SST patterns may also be found implicitly in the
SOSST due to the persistence of SOSST anomalies induced by the ‘‘oceanic memory’’ and the thermal inertia

of ocean mixed layer (e.g., Frankignoul and Hasselmann
1977; Ciasto et al. 2011). Regressing the SOSST fields
of July–September (JAS), August–October (ASO),
September–November (SON), October–December
(OND), November–January (NDJ), DJF, JFM, February–
April (FMA), MAM, and April–June (AMJ) onto the
normalized SON MCA-SST time series at lag(26)
(Fig. 3), which mirrors the memory modes of SOSST
anomalies, yields features similar to those shown in
Fig. 2. These memory modes imply that the SOSST
anomalies are persistent and partly explain why such
cross-seasonal covariability, which presumably takes
place between the preceding SOSST anomalies from
austral spring to early autumn and the atmospheric
circulation in austral autumn, can be captured clearly
by the lagged MCA.

c. Possible cause of the gradual evolution of
MCA-SST anomalies
The persistence of SST anomalies varies with seasons
(e.g., Frankignoul 1985), which reflects not only the
changes in the thermal inertia of ocean mixed layer
(Frankignoul and Hasselmann 1977) but also other feedback processes such as the response of oceanic surface
layer to atmospheric forcing (Hasselmann 1976), especially
the surface heat flux exchange in the air–sea interface (e.g.,
Frankignoul et al. 1998; Wen et al. 2005; Frankignoul
and Sennéchael 2007). Surface heat flux as an important
quantity in ocean–atmosphere interaction plays an important role in regulating climate variations. Specifically, it comprises turbulent heat flux (LQSQ, latent
heat flux plus sensible heat flux) and radiative flux.
LQSQ is proportional to wind speed and air–sea temperature or humidity difference, while radiative flux is a
function of air temperature, humidity, and cloudiness
(Peixoto and Oort 1992). Previous studies have shown
that the influence of atmospheric internal variability on
LQSQ is much stronger than on SST (Houghton 1991;
Cayan 1992; Yu et al. 2006). Moreover, both modeling

TABLE 2. As in Table 1, but here the Niño-3.4 leads MCA-SST time series by 2 months and MCA-Z500 time series by 0 month at
each lag.
Correlation

Lag( 28)

Lag(27)

Lag(26)

Lag(25)

Lag(24)

Lag(23)

Lag(22)

Lag(21)

Lag(0)

Lag(11)

Lag(12)

MCA-SST
MCA-Z500

20.01
0.00

0.00
0.00

0.01
0.01

0.00
20.01

0.00
0.00

0.04
0.00

20.01
0.01

0.01
20.01

20.02
0.01

20.03
0.01

20.02
0.01
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FIG. 3. Regression maps of SST anomalies in (a) JAS, (b) ASO,
(c) SON, (d) OND, (e) NDJ, (f) DJF, (g) JFM, (h) FMA, (i) MAM,
and (j) AMJ onto the MCA-SST time series at lag(26). The unit for
SST is 0.05 K; the negative contours are dashed; and the zero line is
omitted. The thick lines indicate correlation at the estimated 1%
significance level.
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FIG. 4. Regression maps of (top) Z500, (middle) UV925, and (bottom) T925 anomalies in (a) ASO, (b) SON,
(c) OND, and (d) FMA onto the normalized MCA-SST time series one month later correspondingly. For example,
(a) at (top) is for the regressed map of ASO Z500 onto the SON MCA-SST time series. The contour interval is
2.5 gpm for Z500; the negative contours are dashed; and the zero line is omitted. Only vectors with a significant u or
y component over the estimated 5% significance level are plotted. The thick lines indicate correlation at the estimated 5% significance level for Z500 and T925, respectively.

and observational studies have suggested that the SOSST
anomalies associated with AAO are largely generated via
the changes in LQSQ (e.g., Hall and Visbeck 2002; Verdy
et al. 2006; Sen Gupta and England 2006; Ciasto and
Thompson 2008). Thus, the SOSST patterns may be
caused by the intrinsic modes of atmospheric variability
that imprint themselves upon the SOSST field, mainly via
LQSQ associated with cold or warm advection.
Accordingly, to determine how the MCA-SST evolution is linked to the changes in atmospheric circulation
and LQSQ, we plot the patterns of lagged regressions of
Z500, winds, T925, SLP, and LQSQ onto the normalized
MCA-SST time series one month later (Figs. 4 and 5),
because the effect of atmosphere on SOSST is the
dominant feature of air–sea interaction that often appears when Z500 leads SOSST by one month (Fig. 1).
The Z500-UV925-SLP patterns are first dominated by a
positive AAO-like mode (Figs. 4a and 5a) with a strong
anomalous low or cyclone over the Antarctic Peninsula
and opposite-sign anomalies around it over the Southern Ocean. However, this AAO mode becomes narrower and weaker gradually (Figs. 4a–c). In early austral
autumn (FMA–MAM), the AAO features an opposite

phase (Figs. 4d, 5b, and 2) with a robust anomalous
anticyclone over the Antarctic Peninsula, suggesting
that the change in the phase of the AAO is directly
linked to the change in the SOSST pattern (Figs. 2 and
3). The corresponding spatial structures of cold or warm
advection (UV925 and T925) in ASO (Fig. 4a) and FMA
(Fig. 4d), as well as LQSQ in ASO (Fig. 5a, top) and
FMA (Fig. 5b, top), contribute to the generations of
SOSST anomalies one month later in SON (Fig. 5a,
bottom) and MAM (Fig. 5b, bottom), respectively. The
positive LQSQ shown in Figs. 5a and 5b indicates that
heat flux is transferred from oceans to the atmosphere,
which is accompanied by cold advection (UV925 and
T925 in Figs. 4a,d), corresponding to the negative
SOSST anomalies one month later (Figs. 5a,b), and
vice versa, although with some excursion due possibly to
the effects of the Antarctic sea ice (Wu and Zhang 2011)
and to a less extent the Ekman transport (e.g., Sen
Gupta and England 2007; Ciasto and Thompson 2008).
In other words, the intrinsic mode of atmospheric
variability modulates SOSST mainly via LQSQ and thus
it acts as a generation forcing on the SOSST later, suggesting that air–sea heat exchange controls the seasonal
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FIG. 5. Regressions (a) of (top) LQSQ and (middle) SLP (contour) anomalies in SON, and (bottom) SST
anomalies in OND onto the normalized MCA-SST time series in OND. Also shown is the correlation between the
SON surface wind anomalies (middle; arrow) and the OND MCA-SST time series. (b) As in (a), but for LQSQ,
SLP, surface wind in FMA and SST in MAM, and the MCA-SST time series in MAM. The contour interval is
0.3 hPa for SLP; and the zero line is omitted. The unit for LQSQ is W m22 and the unit for SST is 0.05 K. The thick
lines (for LQSQ and SST) and yellow shading (for SLP) indicate correlation at the estimated 5% significance level,
respectively. Only vectors with a significant u or y component over the 5% significance level are plotted.
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FIG. 6. Regressions of (a) SLP, (b) Z925, (c) Z700, (d) Z500, and (e) Z200 anomalies (after removing ENSO signals
and long-term trends) in MAM onto the normalized MCA-SST time series at lag(26). The contour interval is 0.5 hPa
for SLP and 5 gpm for Z925, Z700, Z500, and Z200; the negative contours are dashed; and the zero line is omitted.
The thick lines indicate correlation at the estimated 5% significance level.

variations of SOSST and in turn the seasonal to interannual climate variability (e.g., Houghton 1991; Cayan
1992; Yu et al. 2006). Such a phenomenon implies that
SOSST anomalies are at least partly generated by the
LQSQ forcing associated with atmospheric cold or warm
advection.

related to the AAO collaboratively. Therefore, a new and
more straightforward way to foresee SH climate anomalies can be expected from the lagged relationships established. Note that these box-based calculations are
independent of the MCA, except for the choice of box
locations and lagged seasons, indicating that the above
lagged MCA results are robust and reliable.

4. Verifications of cross-seasonal MCA results with
regression analyses

5. Summary and discussion

To enable a more comprehensive examination of the
atmospheric circulation anomalies that follow persistent
SOSST anomalies, we further conduct a regression
reanalysis (Fig. 6) of the MAM anomaly fields of SLP,
Z925, Z700, Z500, and Z200, after removing ENSO
signals and linear trends, onto the normalized MCASST time series at lag(26) when SC, SCF, and CORR
are all significant. The main finding from the regression
analysis is that the negative AAO-like signals are largely
quasi-barotropic throughout the troposphere, consistent
with the barotropic atmospheric response to reduced
Antarctic SIC as shown by Wu and Zhang (2011).
Furthermore, we attempt to detect which part of the
SON SOSST anomalies at lag(26), chosen because the
SC, SCF, and CORR are all significant and with lead time
up to two seasons, possesses a strongest link with the
following autumn AAO. Based on the area-averaged SST
anomalies in four main centers of the MCA-SST pattern
at lag(26), namely, box 1 (258–458S, 258–758E), box 2
(358–558S, 1408–1958E), box 3 (458–658S, 1458–958W), and
box 4 (328–528S, 708–308W), we construct four indices,
plus a fifth index referred to as ‘‘box1–4’’ computed as
(box 1 1 box 2 2 box 3 1 box 4)/4. Then, by projecting
the MAM Z500 anomalies onto the five indices, we obtain the Z500 anomaly patterns (Fig. 7). It turns out that
these patterns resemble the pattern obtained from the
lagged MCA in Fig. 2c, with the most robust link to MAM
AAO when all four centers are considered together
(Fig. 7e), suggesting that all centers of action seem to be

Using the lagged MCA, we have investigated the crossseasonal relationship between SOSST and Z500 in the
Southern Hemisphere based on the climate variability
observed in the recent decades. It is demonstrated that
large-scale atmospheric circulation plays a dominant role
in forcing SOSST with a peak at lag(11) but the austral
autumn AAO variability is associated with the preceding
austral spring-to-summer SST anomalies of the Southern
Ocean. Our results are in agreement with those from the
previous modeling studies by Watterson (2001), Marshall
and Connolley (2006), and Sen Gupta and England (2006,
2007), who found that the atmosphere was sensitive to
Southern Ocean SST anomalies. The link between MAM
AAO and preceding SOSST anomalies seems to stem
from the large persistence and the gradual evolution of
SOSST anomalies. Nevertheless, such persistence and
evolution could be explained by dynamical and thermodynamic processes in which the gradual evolution of
SOSST anomalies is due mainly to the complex air–sea
interaction (e.g., surface heat flux exchange and cold/
warm advection). The significant link between preceding
SOSST and SH atmospheric circulation may have an
implication for skillful prediction of MAM AAO from
the perspective of SOSST anomalies with lead time up to
6–7 months.
It is important to note that the significant lagged MCA
results are only detected in certain calendar months after removing ENSO signals due possibly to the high
signal-to-noise ratio on seasonal to interannual time
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FIG. 7. Regression maps of the SON SOSST and the MAM Z500 anomaly fields against the five box-based SST
indices in SON (after removing ENSO signals and long-term trends). These indices are separately defined as the areaaveraged SST anomalies in the sky-blue (a) box 1 (258–458S, 258–758E), (b) box 2 (358–558S, 1408–1958E), (c) box 3
(458–658S, 1458–958W) and (d) box 4 (328–528S, 708–308W); (e) ‘‘box1–4’’ represents (box 1 1 box 2 2 box 3 1 box 4)/4.
The contour interval is 2.5 gpm for Z500 and the unit for SST is 0.05 K; the negative contours are dashed; and the zero
line is omitted. The thick lines indicate correlation exceeding the 0.1 significance level for Z500 and SST.

scales, indicating that there exists a remarkable sensitivity in terms of lagged time and seasonality. Our results
support previous GCM sensitivity studies in that the
atmospheric response to midlatitude SST anomalies
strongly depends on the background circulation state,
which can change substantially from one month to the
next (Peng et al. 1997; Peng and Whitaker 1999; Peng
and Robinson 2001). This feature has been seen for the
North Atlantic (Czaja and Frankignoul 1999, 2002) and
the North Pacific (Frankignoul and Sennéchael 2007;
Liu et al. 2006).
It should be cautioned that although we have focused
on detecting the impact of SOSST anomalies on SH
large-scale atmospheric circulation and the regression
analysis based on SOSST anomaly centers confirms our
findings, it is also possible that the relationship between
the austral autumn AAO and early-season SOSST
anomalies is affected by a third external forcing (e.g.,
Antarctic sea ice, other ENSO flavors, the India Ocean
dipole, North Atlantic SST, etc.), even though the influences of long-term trend and Niño-3.4 signals have
been removed to a certain extent. Finally, it should be
pointed out that the results obtained in this study are
based on analyses of the climate in the period of 1979–
2013 or 1979–2008 when satellite observations are
available. It is also important if the relationships among
SOSST, surface turbulent heat flux exchange, cold/warm
advection, and atmospheric circulation can be further
confirmed by longer data records.
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