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ABSTRACT

Previous studies suggest that the atmospheric precurder Mifilo—Southern Oscillation (ENSO) in the extratropical
Southern Hemisphere (SH) might trigger a quadrapole sdacgutemperature anomaly (SSTA) in the South Pacific and
subsequently influence the following ENSO. Such a quadeaB8ITA is referred to as the South Pacific quadrapole (SPQ).
The present study investigated the relationships betwee@timospheric precursor signal of ENSO and leading modes of
atmospheric variability in the extratropical SH [includithe SH annular mode (SAM), the first Pacific-South America
(PSA1) mode, and the second Pacific—South America (PSA2gmndthe results showed that the atmospheric precursor
signal in the extratropical SH basically exhibits a barpitavavenumber-3 structure over the South Pacific and isfeigntly
correlated with the SAM and the PSA2 mode during austral semidevertheless, only the PSA2 mode was found to be a
precursor for the following ENSO. It leads the SPQ-like SSWAaround one month, while the SAM and the PSA1 mode
do not show any obvious linkage with either ENSO or the SPQs $hggests that the PSA2 mode may provide a bridge
between the preceding circulation anomalies over the teapi@al SH and the following ENSO through the SPQ-like SSTA
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1. Introduction The Pacific—North American (PNA) teleconnection pattern

not only has an impact on the climate conditions and weather

The El Nifio-Southern Oscillation (ENSO) is the ObVlougver the North Pacific and North America, but it also influ-

climate mode of interannual Pacific sea surface temperature o .

. ; ences the Asian jet, Aleutian low, and the storm track ower th
(SST) variability in the tropics (e.g., McPhaden et al., 200 acific in the Northern Hemisphere (NH) (e Straus and
Deser et al., 2010). ENSO events that develop in a particua P 9.

. . . . rukla, 2002; Compo and Sardeshmukh, 2004). The other
year generally reach amaximum during the following wmte{- ical wave train response to ENSO is in the Southern Hemi-
time, leading to negative (La Nind) or positive (EI Nind3B yp P

anomalies (SSTAs) in the eastern and central tropical Baci Iphere (SH), identified as the Pacific-South American (PSA)

o . o eleconnection pattern (Mo and Ghil, 1987; Karoly, 1989).
Despite displaying the strongest anomalies in the eastetn . P
X o . . he PSA pattern extends from the tropical Pacific into South
central tropical Pacific, ENSO can also induce divergen

anomalies at the top of the troposphere over the western éz{le”ca' and has an influence on the weather and climate
P Posp In_the SH, such as precipitation over New Zealand, the fre-

cific and the eastern Indian Ocean, which may act as poten- L ) .
tial Rossby wave sources (€.g., DeWeaver and Nigam, 20 ency of blocking in the high latitudes of the SH (Kwok and

)miso, 2002; Yuan, 2004), and the Southern Annular Mode
(SAM) (e.g., L'Heureux and Thompson, 2006; Ding et al.,

’ Corrgspopdmg author: Zhiwei WU 2012, 2015c). Thus, the energy of ENSO is transmitted from
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the low latitudes to the mid and high latitudes of the NH anlfic extratropical forcing is relatively independent of o
the SH by PNA and PSA wave trains, allowing the influendeacific extratropical forcing, and they may influence thesbns
of ENSO to extend from the tropics to the extratropics.  of ENSO events either separately or together.

In addition to the influences of ENSO in extratropical re- A number of studies have investigated the atmospheric
gions, several previous studies have found a teleconmecti@riability pattern in the mid—high latitudes in the Sout P
between the onset of ENSO and mid-to-high latitude atmoific. Kidson and Renwick (2002) found two wavenumber-3
spheric variability (Vimont et al., 2003a, 2003b; Alexandanodes over the South Pacific using ECMWF reanalysis data.
etal., 2010; Ding et al., 2015a, 2015b). The dominant mode® (2000) applied empirical orthogonal function (EOF) anal
of extratropical atmospheric variability in the Pacificimy ysis to monthly mean 500 hPa height anomalies. Results
are the North Pacific Oscillation mode in the NH (Walker anshow that the first EOF mode of the austral winter (June—
Bliss, 1932; Rogers, 1981) and the PSA mode in the SH (Maigust) 500 hPa geopotential height is the SAM (Gong and
and Ghil, 1987), and are characterized by large-scale gel |&Vang, 1999; Thompson and Wallace, 2000), and it resem-
pressure (SLP) oscillations. Vimont et al. (2003a) idesdifs bles the second rotated EOF (REOF2) mode obtained by
mechanism to explain this connection between boreal wint&aroly (1989) using station data. Furthermore, both the sec
time intrinsic atmospheric variability in the NH and ENSOgpnd and third EOF modes (Mo, 2000) show a wavenumber-3
which they termed the seasonal footprint mechanism (SFNpattern in quadrature with each other and a wave train with
The SFM suggests that NH wintertime extratropical SLRrge amplitude in the PSA sector from the tropical Pacific
variability can impart a footprint onto the SST by changintp Argentina. In addition, Mo (2000) found that both PSA1
surface heat flux, and this SST footprint persists until tte f and PSA2 are associated with ENSO variability: the PSA1
lowing summer and can force the atmosphere in the tropiosode is associated with a period of 40—48 months, and the
subsequently leading to zonal wind stress anomalies aldA§A2 mode is associated with a period of 26 months. A re-
the equator. The westerly wind anomalies are conducivedent study examined the austral winter atmospheric védriabi
generating and maintaining the intraseasonal oceanidrKelity using observations and an ensemble of atmospheric model
wave structure necessary for an ENSO event during the fekperiments (Ding et al., 2016). This study obtained three
lowing boreal winter. major modes by using REOF analysis. Results showed that

For the SH, Jin and Kirtman (2009) found that &®EOF1 is linked to the SAM. In contrast, REOF2 shows a
wavenumber-3 structure in the extratropical South Pacifiave train associated with the concurrent western North Pa-
leads the maximum peak of ENSO by around three montlefic monsoon; REOF3 is similar to the PSA pattern. Ding et
Ding et al. (2015a, 2015b) further analyzed the process tlaht (2015a, 2015b) showed the spatial pattern of the avdrage
finally leads to an ENSO event driven by extratropical aBLP anomalies in the South and North Pacific during aus-
mospheric variability during austral summer over the Soutral summer (November—April) regressed against the dustra
Pacific. They reported that SLP variability over the Soutstummertime cold tongue index. They found that an obvious
Pacific with wavenumber-3 structure may precede the maxavenumber-3 structure pattern precedes ENSO by one year
imum peak of ENSO by around one year. They suggesteder the South Pacific.
that this wavenumber-3 structural pattern in the South Pa- These previous studies motivated us to further investigate
cific plays a significant role in the onset of ENSO events lifie structure of the ENSO atmospheric precursor signal over
forcing quadrapole SST variability, resembling the SFMeThthe South Pacific and its relationships with leading modes
discharge—recharge oscillator theory proposed by Jinqd99of atmospheric variability in the extratropical SH. Specifi
1997b) emphasizes the role of warm water volume anontally, we set out to discover whether the atmospheric pre-
lies, which results in a self-sustained ocean—atmosploere ccursor signal has analogous spatial and temporal pattérns a
pled oscillation. Ding (2015a, 2015b) further indicatedstth different atmospheric levels, which leading modes have rela-
the evolution of the tropical subsurface ocean temperatuienships with the ENSO atmospheric precursor signal, and
anomaly also has an impact on developing ENSO, resewhether the canonical SAM or PSA pattern may be an atmo-
bling the trade wind feedback mechanism (Anderson et apheric precursor signal of ENSO. Following this introduc-
2013). During austral summer the atmospheric variabilition, section 2 describes the data; in section 3 we investiga
over the extratropical South Pacific imparts onto the ocetire ENSO atmospheric precursor signal in the SH; section 4
a quadrapole SST anomaly (SSTA) pattern, referred to as #iwws the dierence between the ENSO atmospheric precur-
South Pacific quadrapole (SPQ). This SPQ-like SSTA foater signal and the three leading modes of atmospheric vari-
print persists until austral winter and extends into thepdeability; and section 5 summarizes and discusses the major
tropical regions, and later forces a zonal wind anomaly@lonesults of the study.
the equator. Meanwhile, trade wind variability over the thou
Pacific induced by the wavenumber-3 structure may result in
concurrent subsurface temperature and heat content anogha- Datasets
lies in the central and eastern tropical Pacific. These two
processes involving surface atmosphere—ocean coupling fa The SST data used in this study are from the Hadley
vor the triggering of ENSO events during the following auscentre Sea Ice and SST (HadISST) dataset for the period
tral summer. Ding et al. (2015b) demonstrated that South F&50-2010, which has a horizontal resolution 6fx11°
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(Rayner et al.,, 2006). We used the National Centers foable 1. Correlation between the SVD leading normalized expan-
Environmental Prediction—National Center for Atmospberfion codficients of the austral summer 200 hPa, 500 hPa, 700 hPa,
Research (NCEP-NCAR) atmospheric circulation reanaly$@0 hPa geopotential height field and SLP (not shown). Als¢he
(Kalnay et al., 1996), including SLP, 200-850 hPa geopote(‘rgrrelations are significant at or above the 99% level.

tial height and_ surface winds for the period 1950—2_010 on 200 hPa 500 hPa 700 hPa 850 hPa _ SLP
a 25°x2.5° grid. We calculated the monthly anomalies by
subtracting the climatological mean annual cycle. Note th 00 hPa - 0.78 0.78 0.74 0.69

we define austral summer as December—January—Febr Og EE: : : 0i35 g '586 8 'gf

(DJF), although when referring to the results of Ding et agsg hpa _ _ _ _ 0.98
(2015b), austral summer covers November—April. RelativeLP - - - - -
to a given year (0) we refer to preceding and following years
as (1) and (1), respectively. - )
In this study, ENSO is indicated by the Nifo-3, Nifo3.4"€ shown in Fig. 1. The. leading SVD mode [bepmeep aus-
and Nifio4 indices, derived from SSTA estimates in the Rifidr@ Summer (0) extratropical 500 hPa geopotential height i
region (SN-5°S, 150-90°W), Nifio3.4 region (SN-5°S, thg SH and the foII(_)Wlng austral summe_rlo tropical Pa-
170—120W) and Nifio4 region (AN-5"S, 160—150W), cific SST] forth_e period 1950-2010 explalns_56% ofthe_total
respectively. The Nifio indices were extracted from the cfpquared covariance. These two corresponding expansion co-

mate Prediction Center of the National Oceanic and Atmgﬁicient time series are shown in Fig. 1c, and the correlation
spheric Administration (NOAA) codficient between the two time series is 0.67 for the pe-

riod 1950-2010, which is significant at the 0.001 level. The
leading pair of heterogeneous patterns is shown in Fig. 1a
. . . and b, obtained by calculating the correlation of the hetero
3. Atmospheric precursor signal preceding geneous 500 hPa geopotential height and SST with the two
ENSO by one year SVD leading normalized time series, respectively. The aus-

. ) tral summer (0) South Pacific 500 hPa geopotential height has
Ding et al. (2015b) showed the regressed spatial SUUCIY G arked wave train with a wavenumber-3 pattern from the

of the November—ApriI austral summe#:()-averaggd cold midlatitude southwestern Pacific to Argentina. A “seesaw”
tongue index on the austral summer SLP anomalies (0) dl‘H'the SST is shown in Fig. 1b, which is dominated by neg-

ng tr]:e prer?edlr?gl y_ea; in thehPacmc. ;he_);_ foung a Walftive anomalies in the western tropical Pacific and positive
train from the midlatitude southwestern Pacific to the seuth,, sjies in the eastern tropical Pacific during the follow-

west coast of Argentina with three centers of SLP anomali

which means the ENSO atmospheric precursor signal has an

tween the positive center (752'S, 177-130W) and the equivalent barotropic structure over the South Pacificrayri

sum of the two negative centers [(425S, 155E-145W) austral summer

andT(57_”—33’$, 110;75]\/\/)]'. | and | ¢ Next, a simple index that measures the variability in the
ENS(())lnvestlgz;:te the spatial an ‘elmp‘;;? pf;ltterlrls of ]BRiso atmospheric precursor 500 hPa geopotential height
atmospheric precursor signal affefient levels, we ;4 jjeg pattern over the South Pacific (hereafter referre

followed Vimont et al. (2003a, 2003b) by performing a Sint'o as the South Pacific index, SPI) was constructed by tak-

gular .value declonjp05|t|orr]1 [SVD; allso I;gc;wn as max'{““fﬂg the diference between the normalized 500 hPa heteroge-
covariance analysis (Bretherton et al.,, 1992)] on austaks o\ geopotential height anomalies averaged over the posi

mer (0) South Pacific extratropical geopotential heigh®)(8 tive center (175-140W, 70°—60°S) and the sum of the nor-

hPa, 700 hPa, 500 hPa, and 20(.) hPa) for the period 195?9@ized 500 hPa heterogeneous geopotential height anoma-
2010, and SLP (south of 28) against austral summerX)

) . ; lies averaged over the two negative centers of{8@°S,
tropical Pacific SST (DJF) (i.e., one year later than theaex”lS(PE—mO) and (50-30°S, 120-9C°W), as shown in Fig

tropical geopotential heights and SLP), respectively.iaim 1la. We note that the correlation ¢heient of the SPI based

results were obtained when we consideretedént pressure on 500 hPa geopotential height and the index defined by Ding

levels (see Table 1). The time series of heterogeneous geoRo, | (2015b) based on SLP is strong (0.88) for the period
tential height and SLP fields at the fiveffdrent levels are ;954 501 during austral summer

similar and the correlations between th&elient levels are
significant at the 99% level, and the correlations vary betwetial height anomalies during austral summer (DJF-avergged

O.ﬁisnd 0'9.8'| q | mod ¢ the 500 hP on the concurrent austral summer SPI for the period 1950—
The spatial and temporal modes of the a 9€ORRy10. We note that this 500 hPa geopotential height pattern
tential height data and SST data used to generate the SY. 1 \bies the PSA2 pattern shown in Fig. 1 of Mo (2000).

Figure 2a shows the regression of the 500 hPa geopoten-
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Fig. 1. Spatial properties of the leading SVD mode for (a) the previaustral summer (0) (DJF-averaged) South-
ern Hemisphere (98-20°S) 500 hPa geopotential height anomalies and (b) the awsstnamer ¢1) (DJF-averaged)
tropical Pacific (20S—20N, 125E-75W) SSTAs, shown as correlation maps of the respective hgtespus 500
hPa geopotential height anomalies and SST fields with the B¥8ing expansion céécients. (c) The SVD leading
normalized expansion cfiizients of the austral summer (0) 500 hPa geopotential héggtt(black line) and the fol-
lowing austral summer+l) tropical Pacific SST field (red line). In (a) and (b), areathworrelation significant at or
above the 90% level are shaded. In (a), three green boxdsifpasgression box: (78-60°S, 175-140 W); negative
regression boxes: (8837 S, 150E-180) and (50-30°S, 120-90°W)] indicate the locations of three action centers
of the ENSO precursor.

Furthermore, Seager et al. (2003) and L'Heureux and Thon§euth Pacific, we compare the atmospheric precursor signal
son (2006) demonstrated that the extratropical atmosphenith the three leading modes of atmospheric variabilityhie t
variability response in the SH to tropical SST forcing praSH. The canonical SAM and PSA patterns are usually ob-
duces a PSA-like wave train but with a strong zonal meaained from EOF analysis of the SH monthly 500 hPa geopo-
structure during austral summer. This 500 hPa geopoteantial height anomalies (Mo, 2000). The first three lead-
tial height pattern is regarded as the PSA2 pattern. Thesg EOF modes of the monthly 500 hPa geopotential height
results are also consistent with Jin and Kirtman (2009) aadomalies in the SH poleward of 2B (after removing the
Ding et al. (2015a, 2005b). Both Fig. 1a and Fig. 2a showonthly mean global average geopotential height anomalies
that the ENSO atmospheric precursor signal in the SH hasathe period 1950-2010 are presented in Figs. 3a—c. EOF1,
wavenumber-3 pattern over the South Pacific. EOF2, and EOF3 account for 21.6%, 12.2%, and 10.5% of
the extratropical SH 500 hPa geopotential height varigbili
) ) respectively. The EOF1 pattern (Fig. 3a) is the SAM, which
4. Relationships is a dominant mode of atmospheric variability in the SH. The

41. Relationships between the ENSO atmospheric pre EOF2 and EOF3 patterns are respectively referred to as PSA1

nd PSA2. Moreover, their phases are almost in quadrature,
cursor signal and leading modes of atmospheric vari2
ability and display a zonal wavenumber-3 structure from the trépica

Pacific to Argentina (Figs. 3b and c).
To further explore the spatial structure and temporal vari- Correlations between the austral summer SPI and the time
ation of the ENSO atmospheric precursor signal over tReries of the three leading modes are shown in Figs. 3d—f.
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Fig. 2. () Regression of the austral summer (DJF-averaged) 500gb8@otential
height anomalies on the austral summer SPI for the perio@-185.0. Positive (red)
and negative (blue) 500 hPa geopotential height anomaligsificant at the 90% level,
are shaded. (b) Céigients of index obtained by SVD (red line) and SPI (blue line)

The time series of the three leading modes are known as tith the SAM, PSAL and PSA2, ands uncorrelated noise.
SAM index, the PSAL index, and the PSA2 index, respec-
tively. The correlation of the SPI with the PSA2 index is 0.56 SPI=aSAM+SPSAL+yPSAZE 1 . (1)
(significant at the 99.9% confidence level, Fig. 3f), whichis The codficientsa = 0.36, 8 = 0.39, andy = 0.75 were
slightly greater than the correlatioR € 0.47; also significant obtained from observations by regressing the SPI against
at the 99.9% confidence level) of the SPI with the SAM indetke values of SAM, PSA1, and PSA2 for the same months,
during austral summer (Fig. 3d). In contrast, the correfati respectively. The regression of reconstructed austrat sum
of the SPI and the PSA1 index is only 0.13 (not significamber (DJF-averaged) SPI obtained from Eq. (1) against 500
even at the 90% confidence level) during austral summer taPa geopotential height anomalies during austral summer is
the period 1950-2010. This result means that the SPI ls&®wn in Fig. 4. Both the spatial mode of the reconstructed
the strongest relationship with the PSA2 index, but it i® alpattern and the raw ENSO atmospheric precursor signal pat-
significantly correlated with the SAM index during austraern (Figs. 1a and 2a) have a wavenumber-3 structure over the
summer. South Pacific. In addition, the reconstructed SPI has agtron
To quantify the linkage between the ENSO atmospheriorrelation with the SPIR = 0.7).
precursor signal and the three leading modes during austral
summer, we followed the approach that can be referred torf- Lead-lag relationships with ENSO
Newman et al. (2003) and Schneider and Cornuelle (2005), In section 4.1 we found that the ENSO atmospheric pre-
and assumed that the change in the austral summer EN&@sor signal mainly has obvious correlations with the SAM
atmospheric precursor signal depends on an autoregresaiveé PSA2 modes during austral summer. But do these two
model of order 1: Eqg. (1) shows that the first, second atehding modes play an important role as an atmospheric pre-
third terms on the right-hand side mean the terms associatedsor signal in triggering ENSO? To address this question,
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Fig. 3. Spatial patterns of (a) EOF1, (b) EOF2, and (c) EOF3 of thethip00 hPa geopotential height field over the
SH poleward of 20S for the period 1950-2010 (after removing the monthly mdabaj average geopotential height
anomalies). Time series of the austral summer (DJF) SP¢ (ohe) overlaid with (d) the PC1 (red line), (e) the PC2

(red line), and (f) the PC3 (red line).
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Fig. 4. The regression of reconstructed austral summer (DJF-gedys5P1 obtained
from Eq. (1) against 500 hPa geopotential height anomdHesitive (red) and negative
(blue) 500 hPa geopotential height anomalies, significatitea90% level, are shaded.
(b) Observed (blue line) and reconstructed (red line) SPigen autoregressive model
consisting of the EOFs. The correlation fibgent (R) between the monthly values of

observed and reconstructed PSA indices is given in the I@ftecorner.
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we show in Fig. 5 the lead—lag correlations of the SPI, SAMemoved. With the SAM and PSA1 indices removed, regres-
PSA1 and PSA2 indices with the three-month running Nifgions are not substantially reduced in most areas of theerop
indices (including the Nifio#2, Nifio3, Nifilo4 and Nifio3.4 and an obvious El Nifio pattern remains. In contrast, regres
indices). The results show that the peak correlati®s(@.25 sions are remarkably reduced in most areas of the tropical
and 0.28; both significant at the 0.1 level) of the SAM anBacific and the El Nifio pattern becomes indistinct after the
PSAL1 indices with all Nifio indices occur at the 0 time la@SA2 signal is removed from the SPI. These results indicate
(Figs. 5a and b). For lead times, the SAM and PSAL1 indicdsat the PSA2 (not the SAM and PSAL1) plays an important
exhibit weak correlations with the Nifio indices from a fewole in linking the ENSO extratropical atmospheric precur-
months to around one year. In contrast, the peak correlati@or signal to the following austral summer ENSO. Therefore,
(R=0.35 and 0.29; both significant at the 0.01 level) of thee should investigate the role of the PSA2 in the process by
SPI and PSA2 index with all Nifio indices occur when thehich the extratropical atmospheric precursor sighatieig
SPI and PSA2 index lead the Nifio indices by 12—15 montBNSO events.
(Figs. 5¢c and d). These results suggest that only the PSA2 } i .
pattern tends to have a close connection with ENSO mdhé: Lead—lag relationships with the SPQ
than one year later (similar to the SPI). According to Ding et al. (2015a, 2015b), surface heat
To further illustrate the relationships between the thrdleix anomalies display a quadrapole-like pattern forced by
leading modes and ENSO, we carried out regression analymi®malous surface winds, which is linked to the atmospheric
of the austral summer (0) (DJF) SSTA on the austral suwariability in the SH, and this quadrapole-like patternumt
mer (-1) SPI, SAM, PSA1, and PSA2 indices, separatelyotivates an quadrapole SST pattern (SPQ) onto the ocean;
(Figs. 6a—d). It is evident that the PSA2-related SST pattehe SPQ, as an ocean bridge, subsequently has an influence
one year later is similar to the SST pattern associated with the onset of ENSO via atmosphere—ocean coupling in the
the SPI one year later. Figures 6a and d show that positagbtropical South Pacific. Ding et al. (2015a, 2015b) fur-
SSTAs exist in the central and eastern tropical Pacific atiter found that the ENSO atmospheric precursor signal in
negative SSTAs exist in the western tropical Pacific, thgrethe SH leads the SPQ pattern by one month, and the atmo-
representing a pronounced ENSO-like pattern in the trépicgheric variability with wavenumber-3 structure forces ap
Pacific. However, during the following austral summer, thgroximately 50% of the SPQ variability.
SSTAs (especially the positive SSTAS) linked to the pregiou  To examine the relationship between the PSA2 mode and
austral summer<1) SAM and PSA1 are weakest in the tropSPQ, we regressed the PSA2 index onto the January—March
ical Pacific, resulting in negligible SSTAs there (Figs. @lda (JFM)-averaged SSTAs (Fig. 8a). The one-month lag SST
c). pattern shows an SPQ-like SSTA pattern in the extratropical
Figure 7 shows a partial regression analysis of the austButh Pacific. Furthermore, Fig. 8b shows the lead-lag cor-
summer SPI on the following austral summer SSTAs wittelations between the DJF-averaged PSA2 and the monthly
the DJF-averaged SAM index, PSAL index, and PSA2 ind&PQ index. The SPQ index was obtained from Ding et al.
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Fig. 5. Lead—lag correlation cdiécients between the monthly Nifio indices, including NifibRie line), Nifio4 (black
line), and Nifio3.4 (red line), and the austral summer (RJéraged) (a) SAM index, (b) PSAL index, (c) PSA2 index,
and (d) SPI. The horizontal dashed line shows the 0.1 signifie level.
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Fig. 6. Regression of the following austral summer (DJF-avera@&il) anomalies on the austral summer (a) SPI, (b)

SAM index (obtained from Fig. 4d), (c) PSA1 index (obtaineah Fig. 4d), and (d) PSA2 index (obtained from Fig.
4e). Positive (red) and negative (blue) SST anomaliesifgignt at the 90% level, are shaded.

(2015b), who defined the SPQI as the averaged normalizgthospheric precursor signal and the leading modes of at-
SST anomaly dference between the sum of the two posmospheric variability in the SH, we obtained the canonical
tive centers [(58-36°S, 173-145W) and (37-17°S, 103— SAM and PSA patterns based on an EOF analysis of the SH
76°W)] and the sum of the two negative centers f425°S, monthly 500 hPa geopotential height anomalies (Mo, 2000).
142E-179W) and (59-40°S, 113-81°W)]. The highest The three EOF leading modes correspond to the SAM and
correlation R = 0.54, significant at the 0.001 level) occurdwo PSA patterns. The results suggest that the spatial pat-
when the PSA2 index leads the SPQI by one month, indicéd+n of the ENSO atmospheric precursor signal during austra
ing a significant influence of the atmosphere on the ocemummer is similar to a PSA2-type wave train over the South
The above results suggest that the PSA2 may be an importatific but with a zonal mean structure. The correlations of
part of the atmospheric signal in forcing the SPQ patterd, athe ENSO atmospheric precursor signal with SAM and PSA2
the latter forces the equatorial westerly wind anomali@s$ thare important at or above the 99% confidence level, but the
finally trigger an ENSO event. correlation between the ENSO atmospheric precursor signal
and PSAZ2 is higher than that between the ENSO atmospheric
precursor signal and SAM during austral summer for the pe-
5. Summary and discussion riod 1950-2010.
To further investigate the role of atmospheric variability
In this study, we examined the connection between ex-triggering the onset of ENSO, we calculated lead—lag cor-
tratropical South Pacific atmospheric variability and ENS€lations between all austral summer Nifio indices and the
to discover the spatial patterns of atmospheric circutati®AM, PSA1, and PSA2 indices. The results indicated that
anomaly patterns over the SH preceding ENSO by one yeRB8A2 displays stronger correlations with the Nifio indices
We conclude that a wavenumber-3 structure of atmosphettian do the SAM and PSA1 for lead times of 12—15 months.
circulation anomalies over the South Pacific may be considegression analysis of the following austral summer SST
ered as the atmospheric precursor signal of ENSO in the SHriability on the SAM, PSA1, and PSA2 indices showed
The results are consistent with those of Ding et al. (2015lhat only PSA2 may be associated with the ENSO-like SST
who confirmed a lagged relationship between ENSO and pattern during the following austral summer. Partial regre
mospheric variability in the SH. sion analysis showed similar conclusions; that is, the PSA2
To further elucidate the relationship between the ENS&¥sociated with ENSO, while the SAM and PSA1 do not have
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Fig. 8. (a) Regression of the JFM-averaged SST anomalies on
the austral summer PSA2 index (obtained from Fig. 4e). Posi-
tive (red) and negative (blue) SST anomalies, significatiiet

90E 120E 150E 180 150W 120W 90W 60W 90% level, are shaded. (b) Lead-lag correlatiorfiotients of
the austral summer (DJF-averaged) PSA2 index and 3-month
(C) running SPQI. In (a), the four green boxes [positive regres-
6ON-{———— == .&2 ) sion boxes: (58-36’S, 173-145W) and (37-17S, 103—

76°W); negative regression boxes: (425’ S, 142E-179W)

6

30N; ~ and (59-4C°S, 113-81°W)] defined the SPQI. In (b), the hor-
i | izontal dashed lines show the 0.1, 0.05 and 0.01 significance
L levels.
305 ; ‘ J L PSAZ2 is associated with a quadrapole-like SST pattern gurin
TaoF ; ! Tt JFM.
BOS;' ] ; '° : e =] The findings of this study emphasize the role played by

South Pacific extratropical forcing in ENSO variability. wWo
- e ever, a few studies have indicated that tropical variabilit
90E 120E 150E 180 150W 120W 90W 60W has an influence on extratropical atmospheric variabitity i
the SH. Mo and Paegle (2001) found that both PSA modes
Fig. 7. Regression of austral summer (DJF-averaged) SST(including the PSA1 and the PSA2 modes) are influenced
anomalies on the austral summer SPI, (a) with SAM index re-by the Madden—Julian Oscillation. Ding et al. (2012) found
moved, (b) with PSA1 index removed, and (c) with PSA2 index that, although the SAM is an intrinsic pattern of atmospheri

removed. variability in the SH, the SAM index represents the combi-
o _ _ _ nation of both tropically forced variability and high-latde
a significant leading correlation with ENSO. atmospheric variability. It remains to be explained whethe

Previous studies suggest that anomalous surface wirlé atmospheric precursor signal is an intrinsic mode of at-
linked to the atmospheric variability in the SH can force mospheric variability in the SH or tropically forced vari-
quadrapole SST pattern by forcing a quadrapole-like pattetbility. Further study is required in this regard. In addi-
on the surface heat flux anomalies in the South Pacific (Difign, the present study did not consider the reasons why the
et al., 2016); the SPQ, as an ocean bridge, subsequently BRSO atmospheric precursor signal has a high correlation
an influence on the onset of ENSO via atmosphere-oce&gith the SAM during austral summer. Pursuit of this ques-
coupling in the subtropical South Pacific. To confirm thafon will require further analysis of the influence of the SAM
PSA2 plays a role in the onset of ENSO, we examined th@ the linkage between the atmospheric precursor signal and
relationship between PSA2 and SPQ. The analysis indicaledSO. The present research is an empirical study based on
that the austral summer PSA2 leads SPQ by one month, @idervational data; modeling studies are essential tchreac
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more definite conclusions on the process that triggers ENSO  surface temperature variability: Patterns and mechanisms

events. Additional analysis founded on simulations in cou-  Annual Review of Marine Science, 2, 115-143.

pled atmosphere—ocean models is necessary to elucidate fe\Weaver, E., and S. Nigam, 2004: On the forcing of ENSO tele-

process by which the extratropical forcings over the South ~ connections by anomalous heating and coolihgClimate,

Pacific influence ENSO. . 17,3225-3235. o
Boschat et al. (2013) demonstrated that extratropical SST"9: H-» R. J. Greatbatch, and G. Gollan, 2015¢: Tropical im

. . - - . pact on the interannual variability and long-term trend of
(including the North Pacific, South Atlantic, and South brdi the Southern Annular Mode during austral summer from

qceans) may fber some significant ipformatic_m on the predic- 19601961 to 20012002, Climate Dyn., 44, 2215-2258.
tion of ENSO during late boreal winter. This new precursolpjing, H., R. J. Greatbatch, H. Lin, F. Hansen, G. Gollan, and T
signal (named “combined” SST) is most significantly con- jung, 2016: Austral winter external and internal atmosipher
sistent with the Nifio3.4 SST time series and provides some  variability between 1980 and 201@eophys. Res. Lett., 43,
potential value in the forecast of ENSO events. In addition, 2234-2239, doi: 10.1002016GL067862.
Ding et al. (2015b) proposed an empirical forecast model dPing, Q. H., E. J. Steig, D. S. Battisti, and J. M. Wallace, 201
the Nifio3.4 index during boreal winter{) by using a linear Influence of the tropics on the Southern Annular Mode.
regression method based on both SPQ and VM indices dur-  Climate, 25(18), 6330-6348.
ing the boreal winter (0) [Victoria mode, the ENSO precur-2ing: R- Q.. J. P. Li, Y. H. Tseng, C. Sun, and Y. P. Guo, 2015a:
sor signal in North Pacific SST (Vimont et al., 2003a, 2003b: The Victoria mode in t_he_ North Pacific linking extratropical

. . sea level pressure variations to ENSOGeophys. Res., 120,
Alexander et al., 2010; .Yu anld Kim, 2011)]. The resuljcs 27-45. doi: 10.1002014JD022221.
showed that the correllat|.on skill can reach 0.65 V\{hen USiNGing R.Q., J. P. Li, and Y. H. Tseng, 2015b: The impact of Sout
both the SPQ and VM indices to forecast the following boreal  “pagific extratropical forcing on ENSO and comparisons with
winter Nifio3.4 index, and this correlation is higher thha t the North PacificClimate Dyn., 44, 2017—2034.
correlation achieved by using only the SPQ or VM to hind-Gong, D. Y., and S. W. Wang, 1999: Definition of Antarc-
cast the following Nifio3.4 index. These studies suggest th tic oscillation index.Geophys. Res. Lett., 26, 459-462, doi:
these South or North Pacific extratropical SST precurser sig ~ 10.10291999GL900003.
nals do indeed provide useful information for the prediatio Jin, D., and B. P. Kirtman, 2009: Why the Southern Hemisphere
of subsequent ENSO events. Further analysis of the skill of ENSO responses lead ENSDGeophys. Res., 114, D23101.

ENSO prediction with the influence of the South Pacific ig?in: F- F.. 1997a: An equatorial ocean recharge paradigm for
needed in future research. ENSO. Part I: Conceptual modél.Atmos. ci., 54, 811-829.

Jin, F. F., 1997b: An equatorial ocean recharge paradigm for

. L ENSO. Part II: A stripped-down coupled modél. Atmos.
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