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ABSTRACT

Despite the fact that great efforts have been made to improve the prediction of El Niño events, it remains

challenging because of limited understanding of El Niño and its precursors. This research focuses on the

influence of South Pacific atmospheric variability on the development of the sea surface temperature anomaly

(SSTA) in the tropical Pacific. It is found that as early as in the boreal spring of El Niño years, the sea level

pressure anomaly (SLPA) shows a configuration characterized by two significant negative anomaly centers in

the north and a positive anomaly center in the south between the subtropics and high latitudes in South

Pacific. Such an anomalous SLPA pattern becomes stronger in the following late boreal spring and summer

associated with the strengthening of westerly anomalies in the tropical Pacific, weakening the southeasterly

trade winds and promoting the warming of tropical eastern Pacific, which is conducive to the development of

El Niño events. It is demonstrated that the SLPA pattern in boreal spring revealed in this study is closely

associated with boreal summer South Pacific Oscillation (SPO) and South Pacific meridional mode (SPMM).

As a precursor in boreal spring, the prediction skill of the South Pacific SLPA in boreal spring for the SSTA in

the eastern equatorial Pacific is better than that of the SPMM. This study is helpful to deepen our under-

standing of the contribution of South Pacific extratropical atmospheric variability to El Niño occurrence.

1. Introduction

El Niño is a phenomenon with significant impacts on

the climate of many regions over the world and is of

great significance to the short-term climate prediction.

For El Niño occurrence, previous studies have found

many important precursors, such as the westerly burst

(e.g., Fedorov 2002) and warm water volume (e.g.,

Meinen and McPhaden 2000; McPhaden 2012) in the

tropical Pacific, the North and South Pacific meridional

modes (e.g., Chiang and Vimont 2004; Chang et al. 2007;

Zhang et al. 2014; Min et al. 2017), and North and South

Pacific Oscillations (e.g., Walker and Bliss 1932; Linkin

and Nigam 2008; You and Furtado 2017). It has been

recognized that there are different types of El Niños that
occur in the tropical Pacific (Wang and Weisberg 2000;

Trenberth and Stepaniak 2001), and some studies di-

vided El Niños into two types, the central Pacific and

eastern Pacific El Niños (Ashok et al. 2007; Kao and Yu

2009; Kug et al. 2009). More and more studies have

focused on investigating different precursors for El Niño
diversity in recent years (e.g., Min et al. 2017; You and

Furtado 2017, 2018).

In the past two decades, many studies have demon-

strated that the evolution and amplitude of El Niño are

closely associated with the extratropical atmospheric

variability (e.g., Pierce et al. 2000; Sun et al. 2004; Zheng

et al. 2014; Min et al. 2015; Su et al. 2018). Zhang et al.

(2001) showed that El Niño is significantly related to the

meridional wind stress over subtropical central Pacific as

early as half a year prior to El Niño occurrence. A few

investigators have also proposed a physical relationship

between the northern Pacific atmospheric internal var-

iability and El Niño in boreal winter (Vimont et al. 2001,

2003a,b; Alexander et al. 2010; Yu and Kim 2011).

Vimont et al. (2001) first proposed the seasonal foot-

print mechanism to explain the relationship between the

northern Pacific atmospheric internal variability and El

Niño evolution in boreal winter. Vimont et al. (2003a)

suggested that during boreal winter season, intrinsic

atmospheric variability in North Pacific midlatitudes

has a spatial structure that closely resembles the NorthCorresponding author: Renhe Zhang, rhzhang@fudan.edu.cn
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Pacific oscillation (NPO) (Walker and Bliss 1932; Rogers

1981) and imparts a sea surface temperature (SST)

‘‘footprint’’ onto the ocean via changing the net surface

heat flux. This footprint can persist into the late boreal

spring and summer. The subtropical portion of the SST

footprint, in turn, forces a pattern of atmospheric circu-

lation anomalies including zonal wind stress anoma-

lies around the equator. Finally, the coupled tropical

atmosphere–ocean system responds to the summer zonal

wind stress anomalies through coupled dynamics, pro-

ducing an equatorially symmetric, ENSO-like variability.

The anomalous circulation associated with the southern

pole of NPO can also effectivelymodulate the intensity of

the trade winds outside the equator and then change the

ocean heat content in central Pacific Ocean (Anderson

et al. 2013; Anderson and Perez 2015), and finally trigger

El Niño events. Moreover, the North Pacific meridional

mode (NPMM), which is a low-frequency atmosphere–

ocean coupled variability first discussed by Chiang and

Vimont (2004), is found to be independent of ENSO, and

has a robust relationship with ENSO in the multimodel

ensemble retrospective forecasts (e.g., Larson and Kirtman

2014). Both NPO and NPMM are important precursors for

El Niño events (Chang et al. 2007). However, it is still con-

troversial whetherNPOorNPMMismore conducive to the

occurrence and development of a specific type of El Niño
events (e.g., Yu et al. 2010; Yu and Kim 2011; Vimont et al.

2014; Ding et al. 2015; Di Lorenzo et al. 2015; Ding

et al. 2017a).

Compared to the impact of North Pacific precursors,

the influence of South Pacific precursors on the evolu-

tion of El Niño is relatively lacking. Zhang et al. (2001)

found that the meridional wind stress from extra-

equatorial eastern South Pacific converges with that

from extra-equatorial eastern North Pacific in about half a

year before El Niño onset, which is favorable for El Niño
occurrence (Zhang and Zhao 2001). McGregor et al.

(2009a,b) indicated that the extra-equatorial wind stress in

South Pacific can affect the thermocline depth in the

tropical Pacific, and is of great significance for the extended

range forecast of El Niño. Ding et al. (2015) argued that a

quadrupole sea surface temperature anomaly (SSTA)

caused by the atmospheric variations in the middle lati-

tudes of the South Pacific may affect the development and

evolution of El Niño. They found a significant correlation

of El Niño with the Pacific–South America (PSA) pattern

prior to about 10–12 months. Their analysis showed that

PSA and NPO have the same effect on the initiation of El

Niño, both of which have significant influence on El Niño
events in later boreal winter. Ding et al. (2017b) also in-

vestigated the relationship between the evolution of El

Niño and the subtropical sea level pressure anomaly

(SLPA) in the South and North Pacific prior to the

occurrence of El Niño events. They found that the syner-

gistic effect of both the North and South Pacific SLPA

could effectively affect the development of subsequent El

Niño events. Although the source of the South Pacific

meridional mode (SPMM) is not clear, Zhang et al. (2014)

andMin et al. (2017) pointed out the importance of SPMM

in the development of eastern Pacific El Niño events. You

and Furtado (2017) pointed out that in boreal summer, the

positive phase of the first empirical orthogonal function

(EOF) mode of South Pacific SLPA (108–458S, 1608E–
708W), the so-called South Pacific Oscillation (SPO), is of

great significance for the prediction of different type of El

Niño events. They believed that the SPO also plays an

important role in the formation and development of

SPMM, and further discussed the synergistic effect of the

NPMM and SPMM as precursors in El Niño prediction

(You and Furtado 2018, 2019).

Although the influence of North Pacific precursors on

the development of two types of El Niño has been re-

ported by previous research work, the influence of South

Pacific precursors remains unclear. As mentioned

above, there is no consistent conclusion for the impact of

the Southern Hemisphere atmospheric variability on the

occurrence of El Niño. Previous studies have emphasized

the role of different types of atmospheric circulation

anomalies, such as the PSA and the so-called SPO on El

Niño, but the relative role of these factors in the occur-

rence of El Niño is not clear. At present, the relationship

between the atmospheric variability in the South Pacific

and El Niño is still an open research issue. In this study, we
will focus on the influence of boreal spring South Pacific

atmospheric variability on the occurrence of conventional

El Niño events, which has not been fully revealed. The

remainder of this paper is organized as follows: data and

analysis methods are described in section 2, results are

presented in section 3, and a summary and discussion are

given in section 4.

2. Data and methods

Monthly mean atmospheric fields (SLP, zonal com-

ponent of momentum flux, SST) from 1948 to 2018 are

from the National Centers for Environmental Prediction–

NationalCenter forAtmosphericResearch (NCEP–NCAR)

Reanalysis-1 product (NCEP/NCARR1;Kalnay et al. 1996).

The SST data are the skin temperature data from https://

psl.noaa.gov/data/gridded/data.ncep.reanalysis.derived.

surfaceflux.html. Monthly anomalies of all variables are

derived by subtracting the monthly climatology in 1948–

2018. Linear regression, composite, empirical orthogo-

nal function (EOF), and maximum covariance analysis

(MCA; Bretherton et al. 1992) are the main statistical

methods used in this study. The two-tailed Student’s
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t test is applied to check the significance of correlation

and regression coefficients. All data are linearly de-

trended before conducting analyses. The SPMM index

used in the study is the same as that used in You and

Furtado (2018), which is the leadingMCAmode (MCA-1)

of the cross-covariance matrix between SST and 10-m

wind anomalies in the subtropical South Pacific (358–
108S, 1808–708W). The contemporaneous cold tongue

index (Deser and Wallace 1990) is used to remove the

local internal variability.

To understand the physical mechanisms responsible

for the influence of extratropical precursor on the oc-

currence of El Niño, the mixed layer heat budget is di-

agnosed. The mixed layer temperature tendency equation

can be written as

›T 0

›t
52(V0 � =T1V � =T 0)2 (V0 � =T 0)1

Q0
net

rC
p
H

1R ,

(1)

where V 5 (u, y, w) represents the 3D ocean current,

= 5 [(›/›x), (›/›y), (›/›z)] denotes the 3D gradient

operator, a prime (0) represents the variable anomaly, an

overbar (�) represents the variable’s climatological an-

nual cycle, 2 (V0 � =T1V � =T 0) is the sum of linear

temperature advection terms, 2(V0 � =T0) denotes 3D

nonlinear anomalous temperature advection terms,Qnet

represents the net heat flux at the ocean surface, R

represents the residual term, r 5 103 kgm23 represents

the density of water, Cp 5 4000 J kg21K21 represents

the specific heat of water, and H denotes the climato-

logical mixed layer depth. The mixed layer depth data in

1948–2010 are from the French Research Institute for

Exploration of the Sea (de Boyer Montégut et al. 2004),
which are used to determine the climatological mixed

layer depth. Anomalies of all these variables are derived

by subtracting their long-term climatology (1948–2010).

The heat budget terms are calculated based on the

Simple Ocean Data Assimilation 2.2.4 (SODA; Carton

and Giese 2008) and NCEP–NCAR R1 heat flux data-

sets (Kalnay et al. 1996).

ENSO events are defined based on a threshold

of 10.58C for the 3-month running mean of NCEP–

NCAR R1 SST anomalies in the Niño-3.4 region (58N–

58S, 1708–1208W), and an El Niño year is defined when

the threshold is met for a minimum of 5 consecutive

overlapping seasons. According to such criteria, there

are 18 El Niño years during 1948–2018, occurring in

1957, 1963, 1965, 1968, 1969, 1972, 1976, 1977, 1982,

1986, 1987, 1991, 1994, 1997, 2002, 2004, 2009, and 2015.

It is worth noting that here we use two sets of re-

analysis data, NCEP–NCAR R1 (Kalnay et al. 1996)

and ERA-20C (Poli et al. 2013), for checking the

robustness of our analyses. Because the results are

nearly the same, we only give the results from NCEP–

NCAR R1 data in section 3. Additionally, Zhu et al.

(2012) pointed out that there exist significant uncer-

tainties in the thermal states in different ocean data as-

similations. In our present study the data from the

Global Ocean Data Assimilation System (GODAS;

Saha et al. 2006) from 1980 to 2018 are also used to check

FIG. 1. Composites of sea level pressure anomaly (SLPA) in El

Niño years (contours, with intervals of 0.4 hPa). Blue and red lines

are negative and positive values, respectively. The green and or-

ange shading are negative and positive SLPA, respectively, ex-

ceeding the 95% significance level.

1 OCTOBER 2020 M IN AND ZHANG 8303

D
ow

nloaded from
 http://journals.am

etsoc.org/jcli/article-pdf/33/19/8301/4993283/jclid200122.pdf by guest on 30 August 2020



the results from the SODA data. The results from the

GODAS data are quite similar to those from the

SODA data.

3. Results

a. The South Pacific precursor and its influence on
El Niño

Figure 1 presents the composite of SLPA in El Niño
years. In the previous boreal winter of El Niño years,

there is an obvious negative SLPA center (Figs. 1a,b) in

the subtropical region of the North Pacific Ocean, which

is the southern pole of NPO and has been studied in

detail by Vimont et al. (2001, 2003a,b) for its influence

on the development of El Niño. However, such signal is

getting weaker. We can find that at the beginning of El

Niño years, the SLPA field in the Southern Hemisphere

presents a distribution pattern of two negative anomaly

centers at around 408S, 1658W and 408S, 1108W in the

north, and one positive anomaly center at around 658S,
1408W in the south (Figs. 1c,d). Such SLPA pattern re-

sembles the PSA precursor pattern preceding El Niños

identified by Ding et al. (2015). During the boreal spring

(March–May) of El Niño years, there are more signifi-

cant SLPA in the South Pacific than in the North Pacific

(Fig. 1e). In the following boreal late spring and sum-

mer, the negative SLPA centers at around 408S, 1658W
and 408S, 1108Win the north gradually strengthened and

merged into one negative anomaly center (Figs. 1f–h),

which is a typical SLPA pattern of the SPO (You and

Furtado 2017). It can be seen that the significant signal

associated with the SPO can appear in the South Pacific

in boreal spring of El Niño years, which is almost one

season earlier than the appearance of the SPO in boreal

summer as pointed out by You and Furtado (2017).

Meanwhile, it seems that the signals of SLPA in the

South Pacific are much stronger than those in the North

Pacific prior to El Niño events from boreal spring to

summer of El Niño years, indicating possibly a more

important role of preceding South Pacific SLPA signals

in the occurrence of El Niño events.

The SLPA associated with SPO appears in boreal

spring of El Niño years. Nevertheless, is this SLPA

pattern an independent EOFmode as suggested by You

and Furtado (2017)? Here we perform an EOF analysis

FIG. 2. Regressed normalized SLPAfield against PCs of first four EOFmodes over the South Pacific in the region

158–758S, 1608E–708W in boreal spring (MAM) for the period 1948–2018. The solid and dashed lines indicate

positive and negative anomalies, respectively.
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for the South Pacific SLPA (158–758S, 1608E–708W) in

boreal spring (Fig. 2). Although the four leading inde-

pendent EOF modes account for about 80% of the total

variance, none of them can fully reflect the composite

South Pacific SLPA during boreal spring of El Niño
years. It is not difficult to find that the position of the

SLPA centers in the first and fourth modes is similar to

that in Fig. 1e. Here we calculate the spatial correlation

coefficients between the four leading EOF modes and

the South Pacific (158–758S, 1608E–708W) SLPA in bo-

real spring, which are 0.90, 0.21, 0.09, and 0.43, respec-

tively. The spatial correlation coefficients between the

SLPA field and the first and fourth EOF mode shown in

Fig. 2 are significantly higher than those of other two

EOFmodes. Further, we also perform the EOF analysis

for the South Pacific (158–758S, 1608E–708W) SLPA

during boreal summer (Fig. 3). The results of the four

leading EOF modes accounting for about 80% of the

total variance are very similar to those in Fig. 2. It means

that the SLPA associated with SPO appeared in boreal

spring of El Niño years is not an independent EOF

mode, but related to two EOF modes (the first and

fourth EOF modes), both of which may be related with

El Niño occurrence.

How can the South Pacific (158–758S, 1608E–708W)

SLPA in boreal spring affect the development of SSTA

in equatorial Pacific? Here we use the principal com-

ponent time series of the first EOF mode for the South

Pacific (158–758S, 1608E–708W) SLPA during boreal

spring (PC1) to regress the SLP, the zonal wind stress,

and the SST anomalies over Pacific in boreal spring, the

following boreal summer, autumn, and winter. The re-

sults are shown in Fig. 4. It can be seen that this EOF

mode is associated with the development of SPO around

the region 208–408S, 1608–1008W in boreal summer. And

at the same time, it also contributes to the enhancement

of the westerly wind anomaly near the date line to some

extent. The westerly wind anomaly can activate the

eastward propagation ofKelvin waves, and contribute to

the increase of the eastern equatorial Pacific SST in the

following boreal autumn and winter. However, although

this EOF mode captures 41.2% of the total variance, its

impact on SSTA in the equatorial Pacific is limited. The

highest SSTA regressed in the equatorial eastern Pacific

in boreal autumn and winter can only reach 0.48C.
Considering the importance of the fourth EOF mode

in El Niño occurrence, we use the sum of the PC1 and

the fourth EOF principal component time series (PC4)

FIG. 3. As in Fig. 2, but in boreal summer.
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to regress the SLP, zonal wind stress, and SST anomalies

over Pacific in boreal spring, and the following boreal

summer, autumn, and winter. As shown in Fig. 5, the

regressed South Pacific SLPA in boreal spring is very

similar to that of the composite results (Fig. 1e). When

the PC4 is additionally incorporated (Fig. 5), the SLPA

pattern of two negative anomaly centers at around 408S,
1658W and 408S, 1108W in the north and the positive

anomaly center at around 658S, 1408W in the south in

boreal spring is more significant. The westerly wind

anomaly becomes much stronger, which can excite an

eastward Kelvin wave and results in the SST warming in

equatorial Pacific, especially in the eastern equatorial

Pacific. The SST warming is more significant during

boreal autumn and winter of El Niño years, and the

maximum SSTA can exceed 0.78C, which is much larger

than the 0.48C when only the PC1 is considered (Fig. 4).

The SLPA in boreal spring develops into a typical SPO

pattern in the following boreal summer. In response to

the anomalous southwesterlies associated with the SPO,

the southeasterly trade winds become weaker and sub-

sequently weaken the upward latent heat flux, which

warm the local ocean and lead to a negative wind–

evaporation–SST feedback there (Xie and Philander

1994). As a result, the signal of stronger westerly wind

anomaly can gradually propagate to the equator from

the extratropical region.

Generally, although the fourth EOF mode of South

Pacific (158–758S, 1608E–708W) SLPA in boreal spring

only captures 6.7% of the total variance, it serves as an

important precursor for both the evolution of SPO in the

southeast Pacific during boreal summer and the devel-

opment of equatorial Pacific SSTA during boreal au-

tumn and winter. According to North et al. (1982), this

EOF mode is well separated from the remaining EOF

modes. It seems that the impact of preceding SLPA on

the succeeding El Niño events may depend not only on

the intensity of the SLPA, but also on its spatial distri-

bution. In spite of the small variance explained by the

fourth EOF mode, its spatial pattern (Fig. 2) is signifi-

cantly correlated with that of the SLPA associated with

El Niño occurrence (Fig. 1) in boreal spring, with the

spatial correlation coefficient as high as 0.43. Therefore,

the sum of the first and fourth EOF modes in boreal

spring exhibits a much greater contribution to the oc-

currence of succeeding El Niño events. It should be

FIG. 4. Regressed anomalies of (top) SLP (units: hPa; contours with 0.4-hPa interval), (middle) zonal wind stress (units: Nm22; contours

with 5 3 1023 Nm22 interval), and (bottom) SST (units: 8C; contours with 0.18C interval) from boreal spring (MAM) to winter (DJF)

against the PC of the first EOF mode for normalized MAM SLPA over South Pacific in the region 158–758S, 1608E–708W for the period

1948–2018. Blue and red lines are negative and positive values, respectively. The shaded areas in all panels are significant above the 95%

confidence level.
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noted that very strong SST anomalies appear around the

Antarctic polar region in both Figs. 4 and 5. These large

SST anomalies may not be true. They may be caused by

the data error around the Antarctic polar region.

We further perform the mixed layer heat budget

analysis in the equatorial eastern Pacific region (1308–
808W) to investigate the physical mechanisms respon-

sible for the influence of the precursors outside the

equatorial Pacific on the development of the equatorial

eastern Pacific SSTA. Here we use the sum of PC1 and

PC4 to regress each term in Eq. (1). The results are

displayed in Fig. 6. In boreal autumn of El Niño years,

there is a significant SST warming (Fig. 6a) in the

equatorial Pacific, which is consistent with the results of

regression analysis (Fig. 5). The surface heat flux mainly

plays a role inhibiting the increase of mixed layer tem-

perature (Fig. 6b). Among the advection terms, the

contributions of 2wdT 0/dz (Fig. 6c), 2u0dT/dx (Fig. 6d),

2y0dT/dy (Fig. 6e), and2ydT 0/dy (Fig. 6f) to the variation
of SST tendency are relatively significant. Our results are

same as those revealed by Zhu and Kumar (2018) that

the zonal advective feedback (2u0dT/dx, 2y0dT/dy), the
mean current effect (2ydT 0/dy), and the thermocline

feedback (2wdT 0/dz) aremost important factors affecting

El Niño evolution. As seen in Fig. 5, the anomalous

westerly winds along the equator cause the anomalous

eastward currents near the equatorial Pacific (u0 . 0) and

an oceanic convergence (y0 , 0 and y0 . 0 to the north and

south of the equator respectively). Considering the cli-

matological SST distribution around the eastern equatorial

Pacific (dT/dx, 0; dT/dy. 0 and dT/dy, 0 to the north

and south of equator, respectively), therefore both the

contributions of 2u0dT/dx and 2y0dT/dy are positive,

which increases the SST in the equatorial eastern Pacific.

Therefore, the advection of climatological temperature by

the anomalous ocean currents contributes to the occur-

rence of El Niño events. Moreover, near the eastern

equatorial region in the South Pacific, the SSTA increases

toward the equator (dT0/dy . 0) and climatological

southward currents prevail (y, 0), which make the

term 2ydT 0/dy. 0, indicating the advection of anom-

alous temperature by the climatological meridional

current is also an important factor for the persistence

of the positive SSTA in the eastern equatorial Pacific in

boreal autumn and winter. Ding et al. (2015) reported

that the South Pacific extratropical influence on ENSO

involves the propagating process of subsurface tempera-

ture anomalies along the equator. ThedownwellingKelvin

wave excited by the anomalous westerly winds near the

equator leads to a positive thermocline feedback.

b. Origin of the boreal spring South Pacific precursor

Another important question to ask is what the origin is

of the first and the fourth EOF modes of South Pacific

FIG. 5. As in Fig. 4, but against the sum of PCs of the first and fourth EOF modes.
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SLPA in boreal spring. Here we examine the EOFs of

the 500-hPa geopotential height anomaly field in the

Southern Hemisphere for the whole year (Fig. 7). The

first mode is the southern annular mode (SAM), and the

second and thirdmodes represent the twomodes of PSA

pattern (i.e., PSA1 and PSA2, respectively) (Mo and

Higgins 1998). However, the fourth EOF mode is well

separated from the remaining EOF modes according to

the criterion proposed byNorth et al. (1982), and has not

been mentioned in previous studies possibly because of

its relatively small explained variance. Here we defined

it as PSA3.

We use the principal component time series of each

EOF mode for the 500-hPa geopotential height field in

the Southern Hemisphere to characterize the evolution

of each mode. The simultaneous correlation coefficients

between PC1 and PC4 of SLPA EOF modes shown in

Fig. 3 and the PCs of EOFmodes for South Hemisphere

500-hPa geopotential height anomaly in boreal spring

are shown in Table 1. It can be seen that the first and

fourth EOF modes of SLPA in the 158–758S, 1608E–
708W region have the largest correlation coefficients,

0.84 and 0.64, with PSA1 and PSA3, respectively. We

further calculated the lead–lag correlations of the first

and fourth EOF modes of SLPA in the 158–758S,
1608E–708Wregion with PSA1 and PSA3, respectively,

and the results are shown in Fig. 8. It is obvious that

PSA1 (Fig. 8a) and PSA3 (Fig. 8b) have a significant

leading and lagging correlations with the first and

fourth EOF modes of SLPA, respectively, but the

highest correlation occurs simultaneously. That is to

say, the SLPA signal associated with the SPO in boreal

spring may be closely related to PSA1 and PSA3 in the

Southern Hemisphere.

Considering the important role played by the SPO in

the formation of the SPMM (You and Furtado 2018)

and the influence of the SPMM on the SSTA in the

eastern equatorial Pacific (Zhang et al. 2014; Min et al.

2017), we further investigate the relationship between

the first/fourth EOF modes of SLPA in the 158–758S,

FIG. 6. Regressed (a) SST tendency, (b) the sum of surface heat flux terms, (c)2wdT 0/dz, (d)2u0dT/dx, (e)2y0dT/dy, and (f)2ydT 0/dy
against the sum of PCs of the first and fourth EOF modes for the MAM normalized SLPA field over South Pacific in the region 158–758S,
1608E–708W.The heat budget is the average over the longitudes 1308–808W.Contour intervals are 0.038Cmonth21 8C21. The shaded areas

are significant abve the 95% confidence level.
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1608E–708W region and the SPMM. The lead–lag cor-

relation coefficients between the PCs of the first/fourth

EOF modes of SLPA and the SPMM index show that

the first mode has no significant correlation with the

SPMM in Sothern Hemisphere (Fig. 9a), but the fourth

mode is significantly correlated with SPMM, with a si-

multaneous correlation coefficient of 0.74 (Fig. 9b). That

is to say, only part of the boreal spring SLPA (PSA3)

associated with the SPO can exert a significant impact on

the development of the SPMM, and the impact of the

SPMM on the SSTA in eastern equatorial Pacific seems

to occur only through the part of PSA3. Here we dem-

onstrated that the PSA3, revealed in this study, may be

an important anomalous atmospheric circulation pat-

tern in the formation of the SPMM, in addition to its

impact on El Niño events.

c. A simple statistical model for predicting eastern
equatorial Pacific SSTA in boreal winter

In the previous sections, we have presented evidence

of the relationship between the South Pacific SLPA in

boreal spring of El Niño years and the evolution of El

Niño. However, can the South Pacific SLPA in boreal

spring be used as a reasonable precursor to predict the

development of SSTA in equatorial Pacific?We now put

these findings to the test in a simple predictive exercise

to check its ability in long-lead El Niño prediction. Here,

we try to construct a simple statistical model, and in-

troduce the South Pacific SLPA in boreal spring as a

precursor and compare the prediction skill predicted by

the SPMM in the same period. We construct the simple

multivariate statistical models in the following forms:

SSTA
DJF

(x, t)5 a(x)3 SLPA
PC1

MAM(t)

1 b(x)3 SLPA
PC4

MAM(t)
1 « ,

(2)

SSTA
DJF

(x, t)5 c(x)3 SPMM
MAM(t)

1 « , (3)

where x is the spatial coordinate, t is time, and a, b, and c

are the regression coefficients determined by least squares

fitting; SLPAPC1
MAM(t)

and SLPAPC4
MAM(t)

are the principal

component time series of the first and the fourth mode of

SLPA in the 158–758S, 1608E–708W region during boreal

spring, respectively; and SPMMMAM(t) is the boreal spring

FIG. 7. The first four EOF modes of 500-hPa geopotential height anomaly in the Southern Hemisphere for the

whole year. The solid and dashed lines indicate positive and negative anomalies, respectively.

TABLE 1. Simultaneous correlation coefficients between the PC1

(PC4) of the first (fourth) EOF modes for SLPA over 158–758S,
1608E–708W and the PCs for the Southern Hemisphere 500-hPa

geopotential height anomaly in boreal spring. An asterisk (*) in-

dicates that the correlation coefficient exceeds the 95% signifi-

cant level.

SLPA PC1 SLPA PC4

SH Z500 PC1 0.45* 20.50*

SH Z500 PC2 0.84* 0.22

SH Z500 PC3 20.34* 0.10

SH Z500 PC4 20.05 0.64*
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SPMM index. To score the skill of this simple model in

predictingElNiño intensity and related SSTAdistribution,

the target variable is set as the SSTA over the Pacific basin

in boreal winter (December–February). The anomaly

correlation coefficient (ACC;Miyakoda et al.1972) is used

to quantify the forecast skills of the statistical models. The

ACC can be expressed as

ACC5
�
T

t51

f
t
y
tffiffiffiffiffiffiffiffiffiffiffi

�
T

t51

f 2t

s ffiffiffiffiffiffiffiffiffiffiffi
�
T

t51

y2t

s , (4)

where ft is the forecast value and yt is the observed value at

time t. The leave-one-out cross-validation scheme is applied

to reduce overfitting (Elsner and Schmertmann 1994).

The performance of the statistical models is summa-

rized in Fig. 10. When using the South Pacific (158–758S,
1608E–708W) SLPA in boreal spring as a precursor, high

ACC values prevail in the tropical eastern and central

Pacific (Fig. 10a). The ACC values of the eastern

equatorial Pacific to the east of the date line are gener-

ally higher than 0.4, and the ACC values in the eastern

and southeastern equatorial Pacific region are higher

than 0.5. If we only use SPMMMAM(t) as precursor, all

the ACC values near the equator are lower than 0.4

FIG. 8. Lead–lag correlation coefficients of (a) PSA1 and (b) PSA3 with the PCs of the first and fourth EOF

modes, respectively, for the MAM normalized SLPA field over South Pacific in the region 158–758S, 1608E–708W.

The black bar shows simultaneous correlations, and yellow (red) shaded bars represent PSA leading (lagging) the

PCs. The dashed lines indicate significance at the 99% confidence level. The PSA1 and PSA3 are obtained by

performing the EOF analysis separately on different seasons and then the lead–lag correlation withMAMSLPA is

calculated.

FIG. 9. As in Fig. 8, but for correlation coefficients of SPMM with the PCs of the (a) first and (b) fourth EOF

modes. Yellow (red) shaded bars represent SPMM leading (lagging) the PCs. The SPMM-wind indices on different

seasons are obtained by performingMCAanalysis on corresponding seasons, and then the lead–lag correlationwith

MAM SLPA is calculated.
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(Fig. 10b). Compared to Fig. 10a, ACC values higher

than 0.4 in Fig. 10b only appear in amuch smaller area of

the eastern equatorial Pacific. Such results indicate that

the precursor of South Pacific SLPA in boreal spring has

the ability to predict the evolution of SSTA in eastern

equatorial Pacific, and its prediction skill is better than

that of SPMM during the same period. It is also further

demonstrated that the SLPA founded in our present

study plays a more important role in El Niño occurrence

than the SPMM. In fact, a recent study by Ding et al.

(2020) also revealed that, compared to other South

Pacific precursors, the SPMM may not be a reliable

precursor for ENSO.

4. Summary and discussion

The composites of SLPA field in El Niño years indi-

cate that in South Pacific there are two significant neg-

ative SLPA centers at around 408S, 1658W and 408S,
1108W in the north and one significant positive SLPA

center at around 658S, 1408W in the south during boreal

spring of El Niño years. It is found that this SLPA pat-

tern is essentially a precursory signal of SPO in boreal

spring. The SPO signal is strongest in boreal summer,

effectively weakens the intensity of trade winds near

equatorial Pacific, and further promotes the warming of

SST in the eastern equatorial Pacific, which is conducive

to the development of El Niño events. You and Furtado

(2017) pointed out that the strong SPO signals in boreal

summer may provide a reasonable index for the pre-

diction of the development of specific types of El Niño,
which can better predict the type of El Niño in 6 months

before El Niño reaches its peak. However, results in this

study indicate that the early sign of SLPA in boreal

spring may be a good precursor for the occurrence of El

Niño events. In addition, we find that the fourth EOF

mode of the 500-hPa geopotential height anomaly field

in the Southern Hemisphere in boreal spring of El Niño
years, named as PSA3 in our present study, has an im-

portant influence on the evolution of the SPO and the

development of SPMM in the southeastern Pacific. It is

revealed that the SLPA in boreal spring of El Niño years
related to the SPO is not a single EOF mode, but the

result of an interaction of two independent EOF modes

of PSA1 and PSA3 in the same period. The variation of

SPMM in boreal spring is only highly correlated with the

part of PSA3 that is related with the SPO in the south-

eastern Pacific. However, both the two independent

modes of PSA1 and PSA3 contribute to the develop-

ment of SSTA in the equatorial eastern Pacific. This may

provide a physical explanation as to why the prediction

skill with the boreal spring SLPA as a precursor is better

to some extent in predicting El Niño occurrence than

that with the boreal spring SPMM.

This study investigates and discusses the significance

of the South Pacific SLPA during boreal spring as a

precursor for the evolution of SSTA in eastern equato-

rial Pacific, and emphasizes the contribution of the

South Pacific atmospheric variability to El Niño occur-

rence. Many studies have proposed the importance of

precursor signals over the Northern Hemisphere, such

as NPO and NPMM, in El Niño occurrence. Ding et al.

(2019) proposed that North and South Pacific SST pre-

cursors make comparable contributions to ENSO.

However, as seen in Fig. 1, the signals of precursor SLPA

are very weak prior to El Niño occurrence from early

FIG. 10. ACC of SSTADJF predicted by simple linear regression models in considering (a) both the South Pacific

SLPA_PC1MAM and SLPA_PC4MAM, and (b) the SPMMMAM. The shaded areas are significant above the 95%

confidence level per a Monte Carlo test.
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boreal spring to summer in theNorthernHemisphere. The

relative importance of the signals from the Northern and

Southern Hemispheres in El Niño occurrence is an inter-

esting topic for further investigation. Meanwhile, in this

study the anomalous features of SLPA as well as the at-

mospheric circulations in middle troposphere during bo-

real spring prior to El Niño occurrence are revealed.

However, it is still not clear how these anomalies are

formed, and especially what the physical meanings are

of the PSA3 we introduced. Further research is needed

for solving such issues. Additionally, in this study we

focused on conventional El Niño events. How the

precursor signals revealed in our present study impact

central Pacific and eastern Pacific El Niños is worthy of
further investigation.
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