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ABSTRACT

There is increasing evidence of the possible role of extratropical forcing in the evolution of ENSO. The Southern Hemi-
sphere Annular Mode (SAM) is the dominant mode of atmospheric circulation in the Southern Hemisphere extratropics. This
study shows that the austral summer (December—January—February; DJF) SAM may also influence the amplitude of ENSO
decay during austral autumn (March—April-May; MAM). The mechanisms associated with this SAM-ENSO relationship
can be briefly summarized as follows: The SAM is positively (negatively) correlated with SST in the Southern Hemisphere
middle (high) latitudes. This dipole-like SST anomaly pattern is referred to as the Southern Ocean Dipole (SOD). The DJF
SOD, caused by the DJF SAM, could persist until MAM and then influence atmospheric circulation, including trade winds,
over the Nifio3.4 area. Anomalous trade winds and SST anomalies over the Nifio3.4 area related to the DJF SAM are further
developed through the Bjerkness feedback, which eventually results in a cooling (warming) over the Nifio3.4 area followed
by the positive (negative) DJF SAM.
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1. Introduction contribute to SAM variability (Watterson, 2000; Gupta and
England, 2007).

The SAM is observed to vary in response to El Nifio—
Southern Oscillation (ENSO) during austral spring and sum-
mer. Positive (negative) SAM phases dominate during La
Nifa (El Nifo) events. Support for the role of ENSO in shap-
ing the SAM has been obtained from both observations (Fogt
and Bromwich, 2006; L'Heureux and Thompson, 2006) and
model simulations (Zhou and Yu, 2004). These studies found
that tropical forcing can influence SAM variability through
physical processes such as modulating Rossby wave activ-
ity. For example, Gong et al. (2010) proposed that the back-
ground zonal-mean flow related to La Nifia (El Nifio) is a
precondition for strong (weak) anticyclonic wave breaking
on the equatorward side of the eddy-driven jet, which tends

In the Southern Hemisphere extratropics, the dominant
mode of atmospheric circulation is a large-scale oscillation
referred to as the Southern Hemisphere annular mode (SAM,;
Hartmann and Lo, 1998; Gong and Wang, 1999; Thompson
and Wallace, 2000; Li and Wang, 2003). The SAM is char-
acterized by a seesaw pattern in sea level pressure between
the middle and high southern latitudes, and is accompanied
by a meridional shift of in the midlatitude westerlies. When
the SAM is in a positive (negative) phase, the westerly jet
shifts towards the Antarctic (tropics). The SAM is an inter-
nal atmospheric mode and is excited and maintained by the
feedbacks between eddy activity and zonal mean flow (e.g.,
Feldstein and Lee, 1998; Lorenz and Hartmann, 2001; Luo

et al., 2007; Zhang et al., 2012), and air—sea interactions may
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to drive positive (negative) SAM events. Ding et al. (2012)
pointed out that long-term changes in tropical Pacific sea sur-
face temperature (SST) contribute to the positive trend in the
SAM. Furthermore, Ciasto et al. (2015) found that SST in
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different regions of tropical Pacific play different role in influ-
encing the SAM. Specifically, eastern Pacific SST variability
has a strong influence on the SAM, whereas central Pacific
SST has only a weak correlation with the SAM.

Given that studies have found that ENSO may modulate
the SAM, it is natural to also question whether the SAM
might play a role in influencing ENSO or, more generally,
tropical Pacific SST. It is commonly assumed that tropical
SSTs are controlled by tropical mechanisms, including the
surface heat flux and subsurface horizontal and vertical ad-
vection (e.g., Jin, 1997; Latif et al., 1998; Xie, 2004), but in-
creasing evidence indicates that extratropical forcings, both
from the Southern and Northern Hemisphere, play a non-
negligible role in altering tropical SST variability (e.g., van
Loon and Shea, 1985; Vimont et al., 2001, 2003; Chiang and
Vimont, 2004; Kang et al., 2008; Terray, 2011; Chen et al.,
2014; Zhang et al., 2014a, 2014b; Ding et al., 2015; Ham-
lington et al., 2015; Yamazaki and Watanabe, 2015; Shi et
al., 2016).

Factors in the Southern Hemisphere extratropics that may
influence ENSO include the atmospheric circulation, such as
the westerly trough (e.g., van Loon and Shea, 1985), a trans-
verse circulation between the tropics and Australia (Hong
et al., 2014), extratropical sea level pressure (Hamlington
et al., 2015), and extratropical SST (Terray, 2011; Ding et
al., 2015; Yamazaki and Watanabe, 2015). Specifically, the
strength of the westerly trough over the South Pacific sev-
eral months before the onset of ENSO plays a role in shaping
extreme ENSO events (van Loon and Shea, 1985). A trans-
verse circulation, characterized by a low-level equatorward
flow spinning off from a high-pressure anomaly around Aus-
tralia and an upper-level southward divergent flow branching
off from the convection center over the central Pacific, serves
as an effective booster during the developing stage of a su-
per El Nifo by intensifying tropical Pacific low-level west-
erly winds (Hong et al., 2014). Southern Hemisphere extra-
tropical sea level pressure variations over the May—July pe-
riod are excellent predictors of peak ENSO events between
November and January (Hamlington et al., 2015). Terray
(2011) found that atmospheric variability in the Southern
Hemisphere midlatitudes influences ENSO evolution by trig-
gering subtropical SST anomalies in both the Southern In-
dian and Atlantic oceans. In addition, SST anomalies in the
extratropical South Pacific may also have an influence on
ENSO (Ding et al., 2015). The corresponding mechanism for
Southern Hemisphere extratropical SST to influence ENSO
involves the propagation of subtropical SST anomalies into
the deep tropics (Terray, 2011; Ding et al., 2015). Recently,
Zhang et al. (2014a) pointed out that a robust SST mode ex-
ists in the South Pacific, which is named the South Pacific
Meridional Mode (SPMM). The SPMM is found to play an
important role in triggering ENSO-like variability by regulat-
ing the zonal gradients of SST and sea level pressure along
the equator (Zhang et al., 2014a). These results are robust in
multiple atmospheric general circulation models (AGCMs)
coupled with slab ocean models (AGCM-slab models), and
are further verified by results from fully coupled models and
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observations. In addition, Zhang et al. (2014b, 2016) showed
that the regulating role of the SPMM on ENSO is dependent
on the mean climate state.

Yamazaki and Watanabe (2015) used outputs from the
Coupled Model Intercomparison Project, Phase 5, to show
that Southern Hemisphere extratropical SST can influence the
strength of ENSO. They found that a stronger ENSO, quan-
tified by a larger standard deviation of Nifio3 index during a
specific period, corresponds to warmer Southern Ocean SSTs
during the same period. The mechanism can be generally
summarized as: Anomalous Southern Ocean warming can
remotely modulate ENSO strength via influencing mean pre-
cipitation in the eastern-equatorial Pacific, which is known
to affect ENSO strength due to mutual interaction (Watan-
abe and Wittenberg, 2012). Specifically, warmer Southern
Ocean SSTs give rise to an anomalous northward heat trans-
port across the extratropics into the tropics due to a weaker
meridional temperature gradient. This 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), which further reduces equatorial Pacific precipitation.

Factors that influence ENSO in the Northern Hemi-
sphere extratropics include atmospheric modes such as the
North Pacific Oscillation (NPO), North Pacific Meridional
Mode (NPMM), and Arctic Oscillation (AO)/Northern An-
nular Mode (NAM). A possible NPO forcing on ENSO was
identified in several pioneering studies (Vimont et al., 2001,
2003; Chiang and Vimont, 2004), and the corresponding
mechanism involves the influence of the NPO on subtropi-
cal SST and the propagation of subtropical SST anomalies
into the deep tropics through wind—evaporation—SST feed-
backs. Observational and modeling studies have revealed that
the NPMM, which is a counterpart of the SPMM, often acts
as a precursor to ENSO events (Chiang and Vimont, 2004;
Larson and Kirtman, 2013), and this relationship has been
further examined within a forecast framework using a suite
of SST hindcasts from the North American multimodel en-
semble prediction experiment (Larson and Kirtman, 2014).
The AO/NAM can influence winter ENSO through the spring
AO/NAM modulation of western tropical Pacific westerlies
and its propagation eastwards via Kelvin waves (Chen et al.,
2014).

In view of the similarity between the SAM and NAM,
it seems reasonable to expect that the SAM may also influ-
ence ENSO. In fact, there is increasing evidence to show
that the influence of the SAM could impinge on the trop-
ics (e.g., Baldwin, 2001; Thompson and Lorenz, 2004).
Specifically, the SAM has been observed to affect tropi-
cal meridional circulation and trade winds. For example,
Thompson and Wallace (2000) demonstrated that the SAM
is characterized by fluctuations in the strength of the trade
winds throughout the subtropics in the Southern Hemisphere.
Zheng and Li (2012) and Zheng et al. (2015a) pointed out
that the December—January—February (DJF) SAM can mod-
ulate the March—April-May (MAM) Hadley circulation and
trade winds. When the DJF SAM is in a positive phase, coun-
terclockwise and clockwise meridional cells alternately occur
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between the Southern Hemisphere midlatitudes and Northern
Hemisphere subtropics in MAM. In the tropics, a counter-
clockwise circulation exists between 10°S and 10°N, along-
side anomalous descent and ascent at around 10°N and 10°S,
respectively (Zheng and Li, 2012; Zheng et al., 2015a). The
present study is motivated by this influence of the DJF SAM
on MAM tropical atmospheric circulation (which is known to
be closely linked to the evolution of ENSO) and attempts to
explore the possible modulation of the DJF SAM on the am-
plitude of ENSO decay, which usually appears during MAM.

The influences of the above-mentioned extratropical
factors on ENSO as revealed by previous studies (e.g.,
AO/NAM, southern extratropical SST) can be divided into
two types. The first type is that extratropical factors play
a role in triggering ENSO events through processes such as
westerly bursts in the tropical Pacific (e.g., Chen et al., 2014;
Ding et al., 2015). The second type is that extratropical fac-
tors modulate the amplitude of ENSO by producing addi-
tional perturbations on tropical Pacific SST anomalies (e.g.,
Yamazaki and Watanabe, 2015). This paper focuses on the
second type of influence. In short, the aim of this study is
to explore the influence of the DJF SAM on the amplitude of
ENSO decay.

The remainder of the paper is organized as follows: In
section 2, we briefly describe the datasets and methodology
used in the study. In section 3, the observed leading corre-
lation between the DJF SAM and amplitude of ENSO decay
is presented, and in section 4 the mechanism for this leading
correlation is discussed. Finally, a discussion and conclusions
are presented in section 5.

2. Data and methodology

2.1. Reanalysis data

The atmospheric circulation data used in this study are
from the National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-NCAR)
reanalysis (Kalnay et al., 1996), with a horizontal resolution
of 2.5°x2.5°, and the National Oceanic and Atmospheric Ad-
ministration (NOAA) 20th century reanalysis (20CR), with
a resolution of 2.0° X 2.0°. The variables used are horizon-
tal wind, vertical velocity, sea level pressure, geopotential
height, and outgoing longwave radiation (OLR). The results
from these two datasets are generally consistent, and thus we
mainly present the results from NCEP-NCAR in this study.
For SST, we use the NOAA Extended Reconstructed SST,
version 3b dataset (ERSST.v3b), with a horizontal resolu-
tion of 2.5° X 2.5°, and HadISST, developed at the Met Of-
fice Hadley Centre, with a resolution of 1.0°x 1.0°. Two
global precipitation datasets are used to cross-validate the
corresponding results: version 2.2 of the Global Precipita-
tion Climatology Project (GPCP), and the Climate Predic-
tion Center Merged Analysis of Precipitation (CMAP). The
horizontal resolution of both these precipitation datasets is
2.5°%2.5°.

This study concentrates on the DJF and MAM seasons.
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All meteorological variables are converted to seasonal means
before statistical analysis. Unless otherwise stated, the analy-
sis period in this study is from 1950/51 to 2015/16, except for
the GPCP and CMAP precipitation datasets, which start from
1979, and for the 20CR OLR dataset, which is now available
till 2014. Statistical analyses for the period 1979/80-2015/16
are also conducted in some cases to provide additional evi-
dence for the observed relationship.

2.2. Model simulation

Simulations from the “slab ocean control experiment” of
13 AGCM-slab models archived in Phase 3 of the Coupled
Model Intercomparison Project (CMIP3) are employed in this
study. The details of the CMIP3 models employed are listed
in Table 1. Considering that the horizontal resolutions are
different among the models, simulations from these AGCM—
slab models are interpolated to the same horizontal resolu-
tion (2.0° x2.0°) before calculating the multi-model mean.
In the framework of AGCM-slab models, SST variability is
determined by the thermodynamic equation, without ocean
dynamical processes. Since ocean dynamics play an essen-
tial role in controlling ENSO events (Jin, 1997), using re-
sults from AGCM-slab models is assumed to provide a con-
venient way to remove the climatic influence of ENSO and
investigate the role extratropical factors in modulating trop-
ical Pacific SST (Zhang et al., 2014a, 2014b, 2016). How-
ever, it is important to note that ENSO-type SST variability
is shown to exist even without ocean dynamics, under the cir-
cumstance of a strong equatorial Pacific cold tongue support-
ing atmospheric feedback between circulation changes and
clouds (Dommenget, 2010). Therefore, before using outputs
from a specific set of AGCM-slab models as an approach
to exclude ENSO effects, it is important to investigate the
strength of ENSO-type variability in the models.

Table 1. List of AGCM-slab models used in this study from the
archive of CMIP3. The abbreviations “nLon” and “nLat” mean the
number of grids in the zonal and meridional directions, respectively;
“nLev” means the number of levels in the vertical direction.

Simulation Resolution
length
Model names (years) nLon X nLat nLev
CCCma_-CGCM3.1_t47 30 96 x 48 17
CCCma_CGCM3.1_t63 30 128 x 64 17
CSIRO MKk3.0 60 192 x 96 17
GFDL CM2.0 50 144 x 90 17
GFDL CM2.1 100 144 x 90 17
GISS-ER 120 72 x 46 17
INM-CM3.0 60 72 x 45 17
MIROC3.2 (hires) 20 320 x 160 17
MIROC3.2 (medres) 60 128 x 64 17
MPI_ECHAMS 100 192 x 96 16
MRI-CGCM2.3.2a 150 128 x 64 17
CCSM3 51 256 x 128 17
HadGEM1 70 192 x 145 16
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2.3. Methodology

The SAM variability reflects an oscillation in sea level
pressure between the middle and high southern latitudes (Fig.
la). Its variability can be quantified using the SAM index
(SAMI; Nan and Li, 2003), which is defined as the differ-
ence in normalized zonal-mean sea level pressure between
40°S and 70°S. This SAMI is available at http://ljp.gcess.cn/
dct/page/65544. The other measure of SAMI is defined as the
leading principal component in the EOF analysis of sea level
pressure south of 30°S. Since the standardized time series of
these two SAMIs are highly correlated (Fig. 1b), only the re-
sults based on the definition reported by Nan and Li (2003)
are shown in the following analyses.

Furthermore, to examine the reliability of reanalysis-
based SAMI before the satellite era, the station-based SAMI
reported by Marshall (2003) is also employed, referred to
as SAMI-Marshall. The SAMI-Marshall index can be ob-
tained from https://climatedataguide.ucar.edu/climate-data/
marshall-southern-annular-mode-sam-index-station-based.

It is based on observational records of sea level pressure from
six stations at roughly 65°S and six stations at roughly 40°S,
and extends back to 1957. As shown in Fig. 1b, the station-
based SAMI-Marshall and the reanalysis-based SAMI are
highly consistent, with a correlation coefficient higher than
0.9. Therefore, it is inferred that the reanalysis-based SAMI
is relatively reliable. Although the data quality of reanalysis
in the Southern Hemisphere extratropics is usually thought to
be poor before 1979, the reanalysis data can generally cap-
ture the SAMI variability, possibly attributable to the fact that

ZHENG ET AL.

1361

the SAM is a large-scale phenomenon and the calculation of
the SAMI only needs large-scale circulation information.

It is clear in Fig. 1b that significant linear trends exist in
the SAMI [0.27 (10 yr)~'], which is mainly attributable to ex-
ternal forcings such as ozone depletion over Antarctica or in-
creasing concentrations of greenhouse gases (e.g., Gillett and
Thompson, 2003; Fogt et al., 2009a; Thompson et al., 2011).
Since the linear trend in SAMI is generally beyond the scope
of natural variability, detrended SAMI (Fig. 1c) is employed
and all other climatic variables used in this study (e.g., SST,
atmospheric circulation, precipitation) are detrended prior to
statistical analysis.

The Nifio3.4 index, defined as the regionally averaged
SST over (5°S-5°N, 170°-120°W), is used to represent
ENSO variability. The primary statistical methods employed
are regression, composite analysis, and correlation analy-
sis. The Student’s #-test is used to assess the statistical sig-
nificance of the correlation/regression coefficients and the
composite differences. Singular value decomposition (SVD)
analysis can determine the coupled modes of orthogonal sin-
gular vectors, as well as expansion coefficient correlations
from the covariance matrix of two geophysical fields. Here,
SVD analysis is used to reveal coupled spatial patterns be-
tween DJF sea level pressure over the Southern Hemisphere
extratropics and MAM SST over the tropics.

Partial correlation/regression analysis is one of the most
commonly used methods to detect the relationship between
two variables after removing the effect of the third one. In
this study, partial regression is adopted to estimate the con-
nection between two variables after linearly removing the ef-
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Fig. 1. (a) Spatial pattern of the DJF SAM shown by regressing sea level pressure (units: hPa) on the leading principal com-
ponent of the EOF analysis of sea level pressure south of 30°S. The red number (top right) indicates the explained variance
of the leading mode (41.0%). Stippling represents significance at the 90% confidence level. (b) Normalized time series of the
leading principal component (blue), the SAMI (red), and the SAMI-Marshall index (black), in DJF. The corresponding linear
trends are noted in the bottom-right corner. The black straight lines indicate the values of —1 and 1, and circles mark positive
(negative) SAM years with a threshold of +1.0 standard deviation. (c) As in (a), but for the detrended time series. The green
line in (c) denotes the inverted DJF Nifio3.4 index, and the green crosses mark El Nifio and La Nifia years with a threshold of

+1.0 standard deviation.
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fect of DJF ENSO. Note that completely removing variations
related to a specific variable from the observations is always
challenging, due to ambiguities arising from nonlinear influ-
ences (e.g., Compo and Sardeshmukh, 2010; Zhang et al.,
2014a, 2014b, 2016), and partial regression may not com-
pletely exclude the signal of the third variable in the presence
of nonlinear effects.

2.4. Momentum balance

The momentum balance is used to understand the vari-
ability of mean meridional circulation (MMC). Walker and
Schneider (2006) introduced a local Rossby number (herein
R,) that measures the importance of eddies driving the MMC.
It is expressed as

R, 7 ey
where the overbar represents a zonal mean, ¢ is the relative
vorticity, and f is the Coriolis parameter. The smaller (larger)
the value of R, is, the larger (smaller) the role of eddy stress.
The red contours in Fig. 2a show the climatological mean
R, in MAM. It is below 0.5 in most regions of the tropics,
indicating that the MAM MMC in this region is in an inter-
mediate regime between the eddy-driven and axisymmetric
(involving angular momentum conservation) limits. In con-
trast, the climatological-mean R,, in the extratropics is very
small, indicating the MMC is almost eddy-driven (Kang et
al., 2011; Kang and Lu, 2012).

The zonal-mean zonal wind equation is written as

o _ -
Ezv(f+§)—5, 2
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where f +/ is the absolute vorticity of the zonal-mean flow,
v is the meridional wind, and S is the horizontal eddy mo-
mentum flux divergence (S = 1/(cos> ¢)d/(0p)u’V’ cos’ ¢), in
which ¢ represents latitude and a prime means zonal devia-
tion. The first term on the right-hand side of Eq. (2) reflects
the meridional transport of vorticity by the zonal-mean flow.
The second term reflects the eddy stress. The climatology of
MAM § is shown in Fig. 2a (shading), from which it can be
seen that divergence occurs in the upper troposphere in the
low and high latitudes, and convergence occurs in the midlat-
itudes.

Setting the tendency term in Eq. (2) equal to zero and us-
ing the definition of R, as expressed in Eq. (1), the momen-
tum balance is obtained:

(1-Ry))fr=S . 3)

To verify the applicability of the momentum balance shown
in Eq. (3), the long-term average values of different terms in
Eq. (3) are presented in Fig. 2b. Although biases exist, the
upper-level momentum balance is captured relatively well by
Eq. (3) at most latitudes. The eddy stress S in Eq. (3) can be
divided into the contributions from transient eddies and sta-
tionary eddies, referred to as S and S, respectively. Figure
2b also shows the allocation of the eddy stress to stationary
S s and transient S, components. The contributions from sta-
tionary and transient eddies are of comparable magnitude in
the Northern Hemisphere, whereas the transient eddy stress
is larger in the Southern Hemisphere (Fig. 2b).

In the tropics, it is reasonable to linearize the momen-
tum budget because the interannual variability of the tropical
MMC is small compared with the climatological mean (Ca-

(b) Momentum Balance
IR I S NS S !

3.0

Fig. 2. (a) Zonal-mean mass streamfunction (¥, black contours; units: 10° kg s7h, eddy momentum flux di-
vergence (S'; color shading; units: 1075 m s_z), and the Rossby number R, (red contours; interval: 0.3), in
MAM. The two gray dashed lines mark the 300 and 100 hPa levels. (b) Momentum budget in Eq. (3), averaged
between 300 and 100 hPa: (1 —R,)f? (black dashed line); S (black solid line); and contributions of stationary

(orange) and transient (blue) components of S. The units for the above terms in (b) are 105 ms

_2.
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ballero, 2007). By doing this, it is possible to distinguish
the relative roles of R, and S in the changes in the MMC.
As introduced in Caballero (2007), the linearized momentum
budget in the tropics can be expressed as

1
T SYaal

where ¢ indicates an interannual fluctuation around the clima-
tological mean. Thus, the increased mass flux of the MMC
can be balanced by an increased R, term, or by an increased
eddy stress S term.

In the extratropics, where R, is smaller than in the tropics
(Fig. 2a), the MMC can be considered as determined solely
by the eddy stress:

YR
1-R, o

[

“

57~ %55 . ®)

Therefore, the increased mass flux of the MMC is mainly bal-
anced by increased eddy stress S.
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Momentum balance is most applicable above the lower-
troposphere layer because of weak friction dissipation. Ac-
cording to the law of mass conservation, changes in upper-
tropospheric circulation will result in changes in lower-
tropospheric circulation. For example, convergence in the
upper troposphere tends to lead to descending motion and di-
vergence in the lower troposphere, and thus the occurrence of
an anomalous meridional circulation.

3. Link between the DJF SAM and amplitude
of ENSO decay

To facilitate the investigation of interannual variability,
some of the basic aspects of the climatology in MAM are
shown in Fig. 3. Figure 3a shows that the warmest SST in
MAM is located in the western Pacific. Accordingly, the main
center of horizontal wind divergence in the upper troposphere
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Fig. 3. Climatological mean field of MAM (a) SST derived from HadISST (shading; units: °C), divergent wind at 200 hPa

(arrows; units: m s~!), and velocity potential (contours; units:

106 m? sfl), with green/red lines for positive/negative values;

and (b) zonal-mean mass streamfunction (black contours; units: 10° kg s_l) and zonal wind (red contours; units: m s_l). (©)
CMAP precipitation (shading; units: mm d~1) and surface wind (streamlines; units: m s~!); and (d) meridional zonal circula-
tion (arrows; units: m s~') averaged between 30°S and 30°N. In (d), the vertical velocity was amplified by 10* times, and the
red lines qualitatively indicate the zonal deviation of surface pressure and geopotential height at 200 hPa.
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(200 hPa) is located in the western Pacific (Fig. 3a). The dis-
tribution of velocity potential in the lower troposphere (not
shown) is opposite to that in the upper troposphere, where
the divergence center over the western Pacific is replaced by
a convergence center. As shown in Fig. 3b, The Hadley Cell
has a clear equatorial symmetry that is roughly bounded by
30°S and 30°N, with ascending air close to the equatorial belt
and descending air between 15°N (S) and 30°N (S), in both
hemispheres. Tropical meridional winds diverge in the up-
per troposphere and converge in the lower troposphere. The
lower-tropospheric convergence corresponds to the position
of the Intertropical Convergence Zone (ITCZ), and is accom-
panied by strong precipitation along the equator (Fig. 3c). As
shown in Fig. 3d, the geopotential height in the lower (up-
per) troposphere over the western Pacific is lower (higher)
than that over the eastern Pacific. Strong ascending air oc-
curs over the warm pool and descending air occurs over the
eastern tropical Pacific (Fig. 3d), which is a manifestation of
the Walker circulation.

3.1. Correlation between the DJF SAM and MAM tropi-

cal Pacific SST

Figure 4a shows the correlation between the DJF SAM
and MAM SST for the period 1950/51-2015/16 derived from
HadISST. A significant negative correlation exists in the cen-
tral tropical Pacific (Nifio3.4 region). This negative corre-
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lation also exists for the period 1978/79-2015/16 (Fig. 4b).
In addition, Figs. 4c and d show the correlation coeflicients
derived from ERSST.v3b. The negative correlation over the
Nifio3.4 region from ERSST.v3b is in good agreement with
that from HadISST. The following analyses mainly show re-
sults from HadISST, which is characterized by a higher hori-
zontal resolution. Besides, Fig. 4 shows that the DJF SAM is
positively correlated with MAM SST over the western North
Pacific, which has also been found to be associated with
ENSO (Wang et al., 2000; Feng and Li, 2011; Wang et al.,
2012a, 2012b) but is not the focus of the present study.
Figure 5 shows the results from the SVD analysis applied
to the DJF sea level pressure south of 20°S and MAM SST
fields between 30°S and 30°N to reveal their coupled spatial
pattern. The first coupled mode between the DJF extratropi-
cal sea level pressure and MAM tropical SST is responsible
for 60% of the squared covariance fraction. As shown in Fig.
5a, the associated time series of DJF sea level pressure and
MAM SST exhibit strong covariability, yielding a correlation
coefficient of 0.74 (significant at the 99% confidence level).
Figure 5a also shows the time series of the DJF SAMI, from
which it is apparent that the DJF SAM is in strong agree-
ment with the expansion coefficient of the first coupled mode
of DJF sea level pressure, with a correlation coefficient of
0.74 (significant at the 99% confidence level). The distribu-
tion of DJF sea level pressure in the first coupled mode from

HadISST: Corr—dt (DJF SAM, MAM SST)
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0 90E 180 90W O
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Fig. 4. Correlation coefficients between the DJF SAM and MAM SST for the periods (a, ¢) 1950/51-2015/16
and (b, d) 1978/79-2015/16, derived from (a, b) HadISST and (c, d) ERSST.v3b. Values not significant at the
90% confidence level are masked out as white shading. Solid (dashed) contours represent positive (negative)
values with an interval of 0.2. The Nifio3.4 region is indicated by the purple box.
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The dominant coupled mode for DJF SLP and MAM SST
(a) SAMI and the Expension Coefficients
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Fig. 5. (a) The normalized expansion coeflicients of the DJF sea level pressure (solid orange
line) and MAM SST (solid green line) for the first dominant coupled mode of the SVD. Also
shown are the normalized time series of SAMI (dotted black line). (b) The heterogeneous cor-
relation pattern for the first dominant coupled mode of DJF sea level pressure south of 20°S
(contours with interval of 0.2) and MAM tropical SST between 30°S and 30°N (shading) in the
SVD analysis. The purple line indicates the position of the equator.
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the SVD analysis corresponds to the typical positive SAM
polarity, which is characterized by positive sea level pres-
sure anomalies over the midlatitudes and negative anomalies
over high latitudes (Fig. 5b). The first coupled mode of the
MAM SST appears as a negative correlation in the central and
eastern tropical Pacific, with the strongest correlation in the
Nifno3.4 region (Fig. 5b). Therefore, it is expected that when
the DJF SAM is in a positive (negative) phase, there tends to
be cooler (warmer) SST in the Nifio3.4 region, which is con-
sistent with the results from the correlation analysis shown in
Fig. 4.

3.2. Link between the DJF SAM and MAM ENSO

The above results reveal a negative correlation between
the DJF SAM and MAM tropical Pacific SST, and the spatial
distributions of the negative correlation in the tropical Pacific
cover most of the regions used to define typical ENSO in-
dices (Nifio3.4, 3, 4, and 1+2). Given that the strongest neg-
ative correlation between the DJF SAM and MAM tropical
Pacific SST exists in the Nifio3.4 region (Figs. 4 and 5), the
Nifo3.4 index is used to represent the ENSO variability in
the following analysis.

Figures 6a and b show the composite DJF SST anomalies
for El Nifio and La Nifia years with an absolute value of the
DIJF Nifio3.4 index greater than a standard deviation of 0.5,
respectively. Warmer and colder SST anomalies are clearly
evident over the Nifio3.4 region, respectively. The autocor-
relation between the DJF and MAM Nifio3.4 index is 0.76,
illustrating the strong persistence of the DJF ENSO signal.
Figures 6¢ and d show the composite MAM SST anomalies
for positive and negative DJF Nifio3.4 index with a thresh-
old of +0.5 standard deviation, respectively. It is found that
El Nifio-like and La Nifia-like SST anomalies are still signif-
icant during MAM, which is mainly attributable to the per-
sistence of the DJF ENSO signal. When there is an El Nifio
(La Nifia) condition in DJF, there tends to be warmer (cooler)
SST anomalies over the tropical Pacific during the following
MAM, with the strength weaker than those during DJF, which
is a manifestation of ENSO decay.

Figures 6e and g are similar to Fig. 6¢ except the compos-
ite analysis consists of positive Nifio3.4 index, with positive
and negative DJF SAMI with a threshold of +0.5 standard
deviation, respectively. Comparing Figs. 6e and g illustrates
that the El Nifio—like SST anomalies over the central Pacific
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Fig. 6. Composite DJF SST anomalies for (a) positive and (b) negative DJF Nifio3.4 years with
a threshold of +0.5 standard deviation. The contour interval is 0.1°C, and values not significant
at the 90% confidence level are masked out as white shading. The Nifio3.4 region is indicated
by the purple dashed box. The sample size of the composite analysis is labeled in the top-right
corner of the panel. (c, d) As in (a, b) but for MAM SST anomalies. (e) Composite MAM
SST anomalies for positive DJF Nifio3.4 with positive DJF SAM years and with a threshold
of +0.5 standard deviation. (f-h) As in (e) using the threshold of +0.5 standard deviation, but
for (f) negative Niflo3.4 with positive SAM, (g) positive Nifio3.4 with negative SAM, and (h)
negative Nifio3.4 with negative SAM, respectively. (i) The difference between (e) and (g). (j)

The difference between (f) and (h).

during MAM corresponding to the positive DJF SAM are
cooler than those corresponding to the negative DJF SAM.
The differences between the positive and negative DJF SAM
are shown in Fig. 6i, in which cooling exists in the central and
eastern tropical Pacific with maximum anomalies in the east-

ern tropical Pacific. Similarly, the La Nifia-like SST pattern
in MAM corresponding to the positive DJF SAM (Fig. 6f) is
cooler in the central tropical Pacific than the corresponding
negative DJF SAM (Fig. 6h). The differences between the
positive and negative DJF SAM show a cooling in the central
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tropical Pacific (Fig. 6j), despite the cooling being relatively
weaker and extending farther west than that in Fig. 6i. Al-
though differences exist between the warm and cold phases
(Figs. 6i and j), the Nifio3.4 region being characterized by
cooler SST anomalies is a common feature in both phases.
But how can the correlation between the DJF SAM and
MAM ENSO be understood? As mentioned in the introduc-
tion of this paper, the influences of extratropical factors on
ENSO reported in previous studies can be divided into two
types, including triggering ENSO events or modulating the
amplitude of ENSO. Figure 6 suggests that the DJF SAM
may influence the amplitude of ENSO decay during MAM
by producing additional SST anomalies over the Nifio3.4 re-
gion. Although the variances of MAM ENSO/tropical Pacific
SST explained by the DJF SAM are smaller than those by the
DJF ENSO, influences of the DJF SAM on MAM tropical
Pacific SST may overlay on the influence of the DJF ENSO.
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Hence, the negative correlation between the DJF SAM and
MAM tropical Pacific SST reflects the possible influence of
the DJF SAM on the amplitude of ENSO decay.

3.3. Removing the DJF ENSO effects

As the tropical SST is closely linked to local precipitation
and convection, the connection between climate in the central
tropical Pacific and the DJF SAM is further explored using
tropical OLR and precipitation, which reflects the strength of
tropical convection. There are 13 (14) years in which SAMI
values are more (less) than one standard deviation above (be-
low) the mean during the period 1950/51-2015/16 (Fig. 1c¢),
referred to as high and low SAM years, respectively. The
composite differences in the MAM OLR from 20CR between
the positive and negative DJF SAM years are shown in Fig.
7a. Positive anomalies exist over the Nifio3.4 region and the
adjacent area to the west of the Nifo3.4 region, indicating

Composite difference of MAM OLR based on the DJF SAM
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Fig. 7. (a) Composite difference in MAM OLR from 20CR between high and low DJF SAM years (contour interval: 8
W m™2). The definitions of high and low SAM years are described in section 3.3. The shading shows significance at
the 90% confidence level. The Nifio3.4 region is indicated by the purple dashed box. (b) As in (a), except the typical
ENSO years have been excluded when conducting the composite analysis, and the contour interval is 4 W m~2. (c, d)
As in (a) but for MAM (c) CMAP and (d) GPCP precipitation (contour interval: 2 mm d=1. (e, f) Partial correlation
(contour interval: 0.2) between the DJF SAM and MAM (e) CMAP and (f) GPCP precipitation after removing the DJF

ENSO signals.
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that convection in these regions is reduced (enhanced) when
the DJF SAM is in a positive (negative) phase, which is con-
sistent with a cooler (warmer) SST over the Nifio3.4 region.
The westward shift of the center of convection anomalies
(Fig. 7a) compared with the center of SST anomalies (Fig.
4a) agrees with the typical spatial configuration between SST
anomalies and convection anomalies in the tropical Pacific,
in which the convection anomalies center tends to exist to the
west of the SST anomalies center.

It can be seen in Fig. lc that the SAM years used to
conduct the composite analysis in Fig. 7a include typical El
Nifo/La Nifa years, which are defined by the Nifio3.4 index
exceeding one standard deviation, and are marked by green
crosses in Fig. 1c. Previous studies have revealed that the DJF
ENSO plays a significant role in shaping the contemporane-
ous DJF SAM (e.g., Zhou and Yu, 2004; Fogt and Bromwich,
2006; L’Heureux and Thompson, 2006; Gong et al., 2010;
Ding et al., 2012; Ciasto et al., 2015). As a result, the influ-
ence of the DJF SAM on MAM ENSO needs to be further
verified by removing the DJF ENSO effects. To exclude the
influence of DJF ENSO, similar composite analyses as in Fig.
7a are carried out after filtering out the typical ENSO years,
and the results are shown in Fig. 7b. What we find is that,
in the absence of ENSO events, the MAM OLR anomalies
related to the DJF SAM are still obvious.

The composite differences in MAM precipitation from
CMAP and GPCP between the positive and negative DJF
SAM years are shown in Figs. 7c and d, respectively. These
two datasets generate similar results; i.e., tropical precipita-
tion shows some decreases (increases) over the Nifio3.4 re-
gion and its adjacent area when the DJF SAM is in a positive
(negative) phase, which is in accordance with the decreases
(increases) in tropical convection over this region (Figs. 7a
and b). To exclude the influence of DJF ENSO, partial cor-
relation coefficients between the DJF SAM and MAM pre-
cipitation from CMAP and GPCP are shown in Figs. 7e and
f. The results show consistency with those in Figs. 7c and d,
illustrating the link between tropical Pacific precipitation in
MAM and the DJF SAM still exists in the absence of ENSO
effects. The reason for using partial correlation is that the two
precipitation datasets start from 1979. If employing compos-
ite analysis after excluding the typical ENSO years as in Fig.
7b, there are only five low SAM years and three high SAM
years, and the sample size is not large enough to obtain ro-
bust conclusions. Since the atmospheric circulation, precipi-
tation and SST in the tropics are closely connected, the links
between MAM tropical OLR/precipitation and the DJF SAM
provide additional evidence for the influence of the DJF SAM
on the MAM tropical Pacific SST.

A variety of methods have been proposed for remov-
ing ENSO-related components from climate records. Aside
from partial correlation/regression, one convenient approach
is thought to be the AGCM-slab ocean model framework
(Zhang et al., 2014a, 2014b). The AGCM-slab framework
excludes dynamical couplings between the ocean and at-
mosphere, which is the key process giving rise to ENSO.
Nonetheless, in view of the existence of ENSO-type vari-
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ability without ocean dynamics and its model independence
(Dommenget, 2010), it is important to explore the strength
of ENSO-type variability in AGCM-slab model simulations.
Figure 8a shows the multi-model mean of standard deviations
of SST from all the 13 AGCM-slab models employed in this
study. There is no strong SST variability in the equatorial
Pacific in the AGCM-slab simulations (Fig. 8a) in compar-
ison with the observation (Fig. 8b). The modeled regional-
averaged standard deviation of SST over the Nifio3.4 area is
0.28°C, which in the observation is 0.97°C. Consequently,
it is reasonable to believe that ENSO-type variability in the
AGCM-slab simulations employed in this study is relatively
weaker than the observation.

The relatively weaker ENSO variability in the AGCM—
slab models employed in this study helps ensure the removal
of the influence of the DJF ENSO on DJF SAM. The multi-
model mean of regressed DJF sea level pressure and surface
wind on the DJF SAMI is shown in Fig. 9a. One of the dom-
inant features in Fig. 9a is lower (higher) geopotential height
in high (mid) latitudes, accompanied by strengthened (weak-
ened) westerlies at around 60°S (40°S), which reflects a typ-
ical SAM signal. This implies that the multi-model mean of
these AGCM-slab models can capture the SAM activity. In
addition, there is no obvious sea level pressure and surface
wind anomalies in the tropical Pacific, suggesting that SAM
variability in these AGCM-slab models is not influenced by
tropical Pacific variability.

To investigate link between the DJF SAM and MAM
tropical Pacific SST simulated by the AGCM-slab models,
the multi-model mean of regressed MAM SST on DJF SAMI
is shown in Fig. 9b. There are cooler SST anomalies in the
Nifo3.4 region during MAM, implying a negative correla-
tion between MAM central tropical Pacific SST and the DJF
SAM, which agrees with observations (Figs. 4-6). Although
responses of tropical SST during MAM to the preceding DJF
SAM in the AGCM-slab simulations tend to be weaker than
observed, which is due to less of an amplification mecha-
nism for tropical SST (e.g., feedback processes related to
air—sea dynamical coupling) in the AGCM-slab models, SST
anomalies over the Nifio3.4 region provide evidence for the
connection between MAM tropical Pacific SST and the pre-
ceding DJF SAM. Since the DJF SAM is not affected by
DJF ENSO in the AGCM-slab models (Fig. 9a), the model-
simulated negative correlation between DJF SAM and MAM
central tropical Pacific SST is independent of DJF ENSO ef-
fects. Furthermore, regressed DJF sea level pressure on re-
gionally averaged SST over the Nifio3.4 area in MAM is also
shown in Fig. 9b. In the southern extratropics, the regres-
sion pattern is characterized by higher pressure in high lati-
tudes but lower pressure in middle latitudes, which represents
a negative SAM phase. The pattern correlation between sea
level pressure anomalies in Figs. 9a and b is —0.94. This re-
sult suggests that when warmer SST anomalies occur in the
Nifio3.4 region during MAM, there tends to be a negative
SAM in the preceding winter, thus further verifying the neg-
ative correlation between the DJF SAM and MAM central
tropical Pacific SST.
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Fig. 8. Standard deviations of DJF SST derived from (a) the multi-model mean
of 13 AGCM-slab models, as listed in Table 1, and from (b) observations.
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Fig. 9. Multi-model mean of 13 AGCM-slab models. (a) Regression of DJF
sea level pressure (contours; interval: 0.8 hPa) and surface wind (vectors units:
m s~1) on the DJF SAMLI. Solid red (dashed blue) contours represent positive
(negative) values. The vectors are displayed every 18 grids in the zonal direc-
tion, and every 3 grids in the meridional direction. (b) Regression of MAM SST
(shading; units: °C) on the DJF SAMI, and regression of DJF sea level pressure
(contours; interval: 0.1 hPa) on regionally averaged SST over the Nifio3.4 area
in MAM. Solid red (dashed blue) contours represent positive (negative) values.
Hatched areas mean the multi-model mean is significant, which is defined as
when at least 10 out of 13 models have the same sign as the multi-model mean.
The Nifio3.4 region is indicated by the purple dashed box.

1369



1370 INFLUENCE OF THE SAM ON AMPLITUDE OF ENSO VOLUME 34

Similar analysis as in Fig. 6 but derived from the AGCM- than those corresponding to negative DJF SAM, and that the
slab simulations is shown in Fig. 10. The results show that La Nifia-like SST anomalies over the Nifio3.4 region dur-
El Nifio-like SST anomalies over the Nifio3.4 region dur- ing MAM corresponding to positive DJF SAM are cooler
ing MAM corresponding to positive DJF SAM are cooler than those corresponding to negative DJF SAM. Although
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Fig. 10. As in Fig. 6, but for the multi-model mean of 13 AGCM-slab models. The sample
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the strength of tropical SST anomalies in the AGCM-slab
simulations (Fig. 10) tend to be weaker than observed (Fig.
6), a basic agreement between the observation and simulation
exists over the Nifio3.4 region, verifying the role of the DJF
SAM in influencing the amplitude of ENSO decay.

4. Mechanisms

4.1. Role of the Southern Ocean Dipole

What mechanisms drive the cross-seasonal influence of
the DJF SAM on MAM central tropical Pacific SST? Previ-
ous studies have suggested that the persistence of Southern
Hemisphere extratropical SST anomalies caused by the SAM
plays an important role in transmitting the SAM signals to the
following season (Watterson, 2000; Deser et al., 2003, 2010;
Gupta and England, 2006; Wu et al., 2009; Thompson et al.,
2011; Zheng and Li, 2012; Li et al., 2013; Li, 2016; Zheng et
al., 2015a, 2015b). Therefore, it is expected that SST anoma-
lies over the Southern Hemisphere extratropics caused by the
DJF SAM may play a role in the cross-seasonal influence of
the DJF SAM on the amplitude of MAM ENSO.

Figure 11a shows the partial regression of DJF SST on the
DJF SAM after excluding the DJF ENSO signal derived from
reanalysis datasets. The DJF SAM is correlated with a dipole-
like SST anomaly pattern in the Southern Hemisphere extra-
tropics, with generally warmer (cooler) and cooler (warmer)
SST anomalies in the middle and high latitudes when the
SAM is in a positive (negative) phase. This SAM-related SST
anomaly pattern is referred to as the Southern Ocean Dipole
(SOD), and an SOD index is defined as the difference in
zonal-mean SST anomalies between 40°S and 60°S (Liu et
al., 2015; Zheng et al., 2015a, 2015b). The correlation be-
tween the DJF SAM and DJF SOD is 0.61, suggesting an in-
fluence of the DJF SAM on the contemporaneous DJF SOD.

The mechanism for the formation of the SAM-SOD re-
lationship has been well documented in previous studies,
and can be summarized as follows: Surface wind anoma-
lies caused by the SAM alter local SST through both dy-
namic and thermodynamic processes, such as Ekman currents
and the perturbation of ocean temperature below the surface.
Specifically, when the SAM is in a positive phase, strength-
ened westerlies occur in high latitudes, and thus SST is cooler
because of increased loss of heat by turbulent heat flux and
cooler Ekman heat transport. In contrast, westerlies in mid-
latitudes are weakened when the SAM is in a positive phase,
and thus SST is warmer because of a decreased loss of heat
and warmer Ekman heat transport (Watterson, 2000; Cai and
Watterson, 2002; Lefebvre et al., 2004; Gupta and England,
2006; Wu et al., 2009; Thompson et al., 2011; Zheng and Li,
2012).

Owing to the large heat capacity of the ocean, the DJF
SOD caused by the DJF SAM extends to the following MAM
(Wu et al., 2009; Zheng and Li, 2012; Li et al., 2013; Zheng
et al., 2015a, 2015b; Li, 2016; Fig. 11b). The correlation be-
tween the DJF and MAM SOD indices is 0.81 and the pattern
correlation between Figs. 11a and bis 0.91, implying a strong
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persistence of the DJF SOD signal. In view of the strong per-
sistence of the SOD, the DJF SAM is significantly correlated
with the MAM SOD, with a correlation coefficient of 0.55.
The persistence of the DJF SAM-induced SOD provides a
mechanism for the transmission of the DJF SAM signal to
the following MAM.

The correlation between the MAM SOD and MAM
ENSO is —0.42, implying a potential role of the MAM SOD
in influencing tropical Pacific SST during MAM. To remove
the influence of DJF ENSO, partial regressions of South-
ern Hemisphere extratropical SST during DJF and MAM on
MAM Nifio3.4 index are shown in Figs. 11c and d, respec-
tively. Analogously, the signal of the DJF Nifio3.4 index are
also removed by the partial regression analyses. What we
find is that the MAM Nifio3.4 index is closely related to both
the MAM and the preceding-DJF Southern Hemisphere ex-
tratropical SST. The distribution of partial regression coef-
ficients during DJF and MAM are highly consistent, with a
pattern correlation coefficient as 0.74, suggesting MAM SST
anomalies related to MAM Nifo3.4 index (Fig. 11d) tend to
originate from the preceding DJF (Fig. 11c). The pattern cor-
relation between Figs. 11a and c, and Figs. 11b and d, are
0.80 and 0.82, respectively, implying the SST anomaly pat-
tern related to MAM Nifio3.4 index manifests as an SOD
structure. The consistency between the SOD pattern and the
SST anomaly pattern related to the MAM Nifio3.4 index il-
lustrates the potential role of the SOD in influencing MAM
ENSO.

Note that Fig. 11 suggests that there may be some key re-
gions in which SST may play a stronger role in influencing
MAM ENSO than in other extratropical regions. The focus
of the present study is the role of the zonal-mean component,
since the zonal homogeneity of the SOD is relatively clear
and the SOD is indeed correlated with the DJF SAM. The cor-
relation coeflicient between the SAM and SOD is about 0.6,
which is stronger than the correlation coefficients between
the SAM and SST in most of specific regions in the southern
extratropics, implying that the larger-scale SOD index is bet-
ter at storing the SAM signal than SST anomalies in specific
regions. The effect of the zonal asymmetrical component is
not explored in the present study but cannot be ruled out in
reality. In particular, a subtropical dipole mode is identified
as the prominent mode in the Southern Hemisphere subtrop-
ical ocean, manifesting as a global wavenumber-3 subtropi-
cal dipole SST pattern and inherently existing as a thermody-
namical coupled mode in the subtropical ocean—atmosphere
coupled system (Wang, 2010a, 2010b). In view of these im-
portant and unique features of Southern Hemisphere SST
variability, more future work is needed to understand regional
differences of the Southern Hemisphere extratropical SST in
influencing tropical Pacific SST.

4.2. Influence of the MAM SOD on MAM tropical circu-
lation

The MAM SOD has been found to affect the MAM MMC
and zonal wind from the Southern Hemisphere extratropics
to the Northern Hemisphere subtropics, and has been veri-
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Fig. 11. Partial regression of (a, ¢) DJF and (b, d) MAM SST (units: °C) on the
(a, b) DJF SAMI and (c, d) inverted MAM Nifio3.4 index derived from reanal-
ysis datasets. The DJF Nifio3.4 signal has been removed from the DJF SAMI,
MAM Nifio3.4 index, and the SST field. Values not significant at the 90% confi-
dence level are masked out by white shading. Solid (dashed) contours represent

positive (negative) values.

fied using both observations and AGCM simulations (Wu et
al., 2009; Zheng and Li, 2012; Zheng et al., 2015a). The
partial regressions of the MAM MMC and zonal wind on the
MAM SOD after removing the DJF ENSO are shown in Figs.
12a and b, respectively. An anomalous counterclockwise and
clockwise circulation exist between 45°S and 30°S and south
of 45°S, respectively. Besides, counterclockwise circulation
occurs in the tropics (10°S—-10°N) alongside anomalous de-
scent and ascent at around 10°S and 10°N, respectively. Ac-
cordingly, it is clear in Fig. 12b that there are stronger wester-
lies at southern high latitudes, weaker westerlies at southern
midlatitudes, anomalous westerlies in the southern subtrop-
ics, and anomalous easterlies in the tropics. Similar partial
regression analyses as in Figs. 12a and b, except for region-
ally zonal-averaged meridional wind and zonal wind over the
Pacific (100°E-60°W), are shown in Figs. 13a and b. Ex-

cept for meridional circulation over the polar region (south
of 60°S), the regionally zonal-averaged meridional circula-
tion and zonal wind over the Pacific show similarity to the
results of the zonal mean along the entire longitudinal circle.
Specifically, easterly wind anomalies exist in the lower trop-
ical troposphere.

A schematic diagram produced on the basis of the ex-
tratropical momentum budget, as expressed in Eq. (5), is
proposed to explain the connections between the southern
extratropical MMC/zonal wind and the MAM SOD (Zheng
et al., 2015a). The momentum budget analysis is one ef-
fective way to understand the MMC variability. A positive
MAM SOD leads to increased (decreased) baroclinicity and
anomalous vertical eddy heat flux convergence (divergence)
south (north) of 50°S, which is further compensated by the
anomalous eddy momentum flux divergence (convergence)
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Fig. 12. Partial regression of MAM (a, ¢) meridional circulation (vectors) and (b, d) zonal mean wind (units:

ms™!

; shading) on the (a, b) MAM SOD and (c, d) DJF SAMI after removing the DJF ENSO signal. In (a,
¢), the units for the vertical and horizontal velocity are 1072 Pa s~

and m s™!, respectively, and the shading

represents the climatological vertical velocity (units: 1072 Pa s~1). The blue contours in (b, d) represent the
climatological mean zonal wind (units: m s~!), and the stippling represents significance at the 90% confidence
level. The purple dashed line indicates the position of the equator.

south (north) of 50°S. According to Eq. (5), anomalous eddy
momentum flux divergence/convergence leads to anomalous
northerly flow south of 50°S and anomalous southerly flow
between 50°S and 30°S, thus resulting in anomalous descent
and ascent at around 45°S and 30°S, respectively. Conse-
quently, anomalous clockwise and counterclockwise cells de-
velop in the Southern Hemisphere extratropics.

Here, we further use the momentum budget to understand
the relationship between the tropical MMC and the MAM
SOD. The momentum budget in the tropics is different from
that in the extratropics. A comparison between Eqs. (4) and
(5) shows that the momentum budget in the tropics is not only
affected by divergence/convergence of eddy momentum flux,
but also is determined by the meridional transport of vorticity
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Fig. 13. As in Fig. 12, but for zonally averaged circulations over the Pacific region (100°E-60°W).

by the zonal mean flow.

Figure 14a shows the partial regression of meridional
wind onto the MAM SOD after the DJF ENSO signals have
been removed. There are clear northerly wind anomalies in
the tropical upper troposphere (15°S—10°N), corresponding
to the anomalous counterclockwise cell straddling the equa-
tor. This anomalous northerly wind indicates that the clima-
tological poleward flow in the Northern Hemisphere tropical
upper troposphere (0°~10°N) is weakened, whereas that in
the Southern Hemisphere tropics (15°S—0°) is strengthened.
It is known from Eq. (4) that northerly wind anomalies can be
balanced by decreases in the vorticity transport term 6R,, or
in the eddy stress term 65 . To quantitatively explore the con-

tributions of vorticity transport and eddy stress, the regres-
sion of the R, and 6S terms onto the MAM SOD is shown
in Figs. 14c and d, respectively. Analogously, the DJF ENSO
signals have been removed by the partial regression analysis.
In Fig. 14c, the 6R, term in the upper tropical (15°S—10°N)
troposphere is reduced. In the Northern Hemisphere, the de-
creased OR,, term indicates that the poleward vorticity trans-
port is reduced, mainly as a result of the easterly anomalies
in the northern subtropics (Fig. 14b). In contrast, the reduced
OR, term in the Southern Hemisphere indicates that the pole-
ward vorticity transport is strengthened, due mainly to the
westerly anomalies in the southern subtropics. A comparison
suggests that the anomalous northerly wind in the upper trop-
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ical troposphere is mainly balanced by the reductions in the
OR, term. The eddy stress generally plays a secondary role in
balancing the northerly wind anomalies in the upper tropical
troposphere, compensating in part for the reduced 0R, term.
Similar regression analyses as in Figs. 12a and b, Figs.
13a and b, and Figs. 14a—d are conducted for the DJF SAM,
and the results are shown in Figs. 12¢ and d, Figs. 13c and
d, and Figs. 14e-h. The regression patterns are generally in
agreement with those regressed on the MAM SOD. The con-
sistency suggests again that a bridging role of the MAM SOD
in the influence of the DJF SAM on MAM ENSO.
Furthermore, to clearly show the differences between the
DJF SAM and DJF ENSO from the aspect of influencing the
MAM MMC/zonal wind, a similar analysis to Figs. 14a—d is

provided for the DJF ENSO, the results of which are shown
in Figs. 14i-1. The SAM signal is linearly excluded in the
analysis for ENSO to detect the influence of ENSO without
SAM variability. In view of the negative correlation between
ENSO and the SAM, the Nifo3.4 index is inverted to enable
a more convenient comparison with the SAM.

The meridional wind regressed onto the DJF ENSO is
shown in Fig. 14i. A cursory comparison of Figs. 14i and e
suggests that the anomalous meridional wind associated with
the DJF ENSO and DJF SAM show some degree of simi-
larity. Northerly wind anomalies exist in the tropical upper
troposphere. An obvious difference between the SAM-related
and ENSO-related tropical circulation anomalies emerges in
the subtropical zonal wind, as shown in Figs. 14f and j. The
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ENSO-related zonal wind anomalies are strongly symmet-
ric about the equator. The subtropical westerlies in the two
hemispheres both weaken (strengthen) corresponding to the
cold (warm) phase of ENSO. In contrast, the SAM-related
zonal wind anomalies in the tropics show a degree of equa-
torial asymmetry, with strengthened westerlies in the South-
ern Hemisphere subtropics and weakened westerlies in the
Northern Hemisphere subtropics.

Figure 14k shows that the R, term reduces in the north-
ern tropics (0°~10°N), but increases in the southern tropics
(10°S-0°). Therefore, the 6R, term in the northern tropics
(0°~10°N) makes a same-sign contribution to the anomalous
northerly wind in the upper tropical troposphere, which is
similar to the case for the SAM (Fig. 14g). However, the R,
term in the southern tropics (10°S—0°) makes an opposite-
sign contribution to the anomalous northerly wind, which is
opposite to the case for the SAM. The anomalous northerly
wind in the upper tropical troposphere in the southern tropics
(10°S-0°) is mainly balanced by changes in the eddy stress.
The momentum budget in the Southern Hemisphere tropics
for the ENSO case is markedly different to the SOD case.

In short, although the DJF SAM- and DJF ENSO-related
tropical circulations in MAM have some common features,
significant differences also exist. Especially in the Southern
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Hemisphere tropics (10°S—0°), the roles of vorticity transport
(the OR, term) are totally different, mainly due to differences
in Southern Hemisphere subtropical westerlies related to the
SAM and ENSO. Therefore, although the DJF SAM and DJF
ENSO are closely linked, their influence on the MAM tropi-
cal MMC/zonal wind and the corresponding mechanisms are
different, which provides further evidence that the influence
of the DJF SAM on the MAM tropical circulation is not sim-
ply a reflection of DJF ENSO variability.

4.3. Tropical coupled responses

The composite differences in atmospheric circulation
over the tropical Pacific during MAM between the high and
low MAM SOD years are shown in Fig. 15a, which refer to
years with SOD index more (less) than one standard deviation
above (below) the mean during the period 1950/51-2015/16.
To exclude ENSO effects, the composite analyses are carried
out after filtering out the typical ENSO years, as illustrated in
section 3.3. As shown in Fig. 15a, anomalous easterly winds
occur over the equatorial Pacific, implying that MAM trade
winds in that region are enhanced (reduced) when the MAM
SOD is in a positive (negative) phase. A pair of anticyclonic
circulation anomalies occurs on the south and north sides of
the anomalous easterly wind over the central tropical Pacific.

Composite Diff. of MAM Tropical Circu. based on the MAM SOD

(a) Wind and vorticity at 850hPa :Remove ENSO 2

(b) Wind and vorticity at 850hPa :Remove ENSO

30N T——
|’ -

:‘%/\\Ejf/fy
=

Fig. 15. (a) Composite difference in MAM horizontal wind (arrows; units: m
s71) and vorticity (contours; 10° m? s~1) at 850 hPa between high and low
MAM SOD years. The definitions of the high and low SOD years are described
in section 4.3. Typical ENSO years have been excluded when calculating the
composite differences. The shading and green vectors represent significance at
the 90% confidence level. The Nifio3.4 region is indicated by the purple dashed
box. (b) As in (a), but for the composite difference between the high and low

DJF SAM years.
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Similar composite analyses as in Fig. 15a are conducted for
the DJF SAM, and the results are shown in Fig. 15b. A large-
scale agreement exists between Figs. 15a and b, suggesting a
role of the MAM SOD in the influence of the DJF SAM on
MAM circulation.

The above circulation anomalies are associated with pos-
itive Bjerkness feedback (Bjerknes, 1969) in the tropics,
in which easterly surface wind stress enhances cooler SST,
which in turns amplifies wind stress. Consequently, pertur-
bation of the atmospheric circulation and SST anomalies in
association with the DJF SAM are amplified by the Bjerk-
ness feedback, thus causing a cooler (warmer) MAM SST in
the central tropical Pacific when the DJF SAM is in a positive
(negative) phase.

5. Discussion and conclusions

ENSO has a remarkable influence on global climate, and
considerable effort has been devoted to detecting the factors
that influence ENSO. Despite the large consensus in the liter-
ature regarding the fundamental role that the interaction be-
tween the atmosphere and ocean in the tropical Pacific plays
in determining the characteristics of ENSO, there is growing
evidence for the role of extratropical forcings in triggering
ENSO events or influencing the amplitude of ENSO. This
paper investigates the influence of the DJF SAM on the am-
plitude of ENSO decay during MAM, and sheds additional
light on extratropical forcings of ENSO.

This study highlights the influence of the DJF SAM on
MAM SST over the Nifo3.4 region. The mechanisms asso-
ciated with this influence can be briefly summarized as fol-
lows: The SAM is positively correlated with SST at southern
high latitudes, but negatively correlated in the southern mid-
latitudes. Dipole-like SST anomalies caused by the SAM are
referred to as the SOD. The DJF SAM-induced DJF SOD
can persist until MAM, and then influence the MAM MMC
and zonal wind. Specifically, a positive (negative) DJF SAM
commonly results in a positive (negative) phase of the MAM
SOD, which tends to strengthen (weaken) trade winds in
the central tropical Pacific. Strengthened (weakened) trade
wind anomalies produce cooler (warmer) SST. Accordingly,
anomalous trade winds and SST related to the DJF SAM fur-
ther sustain and develop via Bjerkness feedback, which even-
tually results in a cooling (warming) in the central tropical
Pacific. Specifically, El Nifio-like warm SST anomalies over
the central Pacific during MAM corresponding to the positive
DJF SAM are weaker than those corresponding to the nega-
tive DJF SAM; meanwhile, La Nifia-like cooler SST anoma-
lies over the central Pacific during MAM corresponding to
the positive DJF SAM are stronger than those corresponding
to the negative DJF SAM.

Previous studies have found that Southern Hemisphere
extratropical SSTs can regulate ENSO activity (Terray, 2011;
Zhang et al., 2014a, 2014b; Ding et al., 2015; Yamazaki and
Watanabe, 2015) through processes such as the propagation
of subtropical SST anomalies (Zhang et al., 2014a, 2014b;
Ding et al., 2015) into the tropics or energy transport caused
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by extratropical warming (Yamazaki and Watanabe, 2015).
This study provides further evidence for the influences of the
Southern Hemisphere extratropical SST on ENSO through
the responses of the MMC and subsequent coupled air—sea
responses in the tropics. Yamazaki and Watanabe (2015) also
pointed out responses of the Hadley cell to Southern Hemi-
sphere extratropical SST (see also Chiang and Bitz, 2005;
Kang et al., 2008). Note that SST anomalies are uniformly
warm south of 30°S in Yamazaki and Watanabe (2015). How-
ever, SST anomalies in this study exhibit a dipole-like struc-
ture, with warmer (colder) SST in the midlatitudes but colder
(warmer) SST in the high latitudes, and vice versa. The focus
of the present study is the role of the zonal-mean component
of Southern Hemisphere extratropical SST. There are several
clues in this study to suggest there may be some key regions
in which SST plays a stronger role in influencing the am-
plitude of MAM ENSO than in other extratropical regions.
More work is needed in the future to understand the regional
differences in the influence of Southern Hemisphere extrat-
ropical SST on tropical Pacific SST.
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