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Abstract
The El Niño-Southern Oscillation (ENSO) pendulum swings back and forth between the El Niño and
La Niña phenomena. To monitor the relative phase changes of the ENSO pendulum, 13 clusters are
obtained based on the pattern of sea surface temperature anomalies (SSTAs) along the equatorial
Pacific. The historical ENSO evolution can be effectively described by the alternation among those
clusters. The zonal movement of SSTA loading during the ENSO evolution can also be captured by
the changes in the clusters. One scheme was designed to monitor the ENSO pendulum based on those
clusters as well the SSTAs in the Niño-3.4 region. When applied in practice to monitor historical
ENSO events, including the 1997 El Niño and 2015 El Niño phenomena, the scheme tends be suitable
for describing the ENSO pendulum between El Niño and La Niña, and it has the advantage of
presenting both the ENSO amplitude and SSTA pattern.

1. Introduction

As the most significant interannual variability over
the tropical Pacific, the El Niño-Southern Oscillation
(ENSO) exerts dramatic impacts on the global climate
Philander (1990). The warm ENSO phase is termed
as El Niño, and the cold ENSO phase is termed as
La Niña. ENSO swings back and forth between the
two phases, which is referred to as the ENSO pendu-
lum. The ENSO pendulum is usually represented by
an index of regionally averaged sea surface temperature
anomalies (SSTAs) in the Niño-3.4 region (5◦N–5◦S,
120◦W–170◦W). However, the ENSO cycle is not a
standard pendulum but rather shows many irregu-
lar evolution features. The irregularity in the ENSO
strongly challenges the ability to generate real-time
ENSO predictions with a leading time of approximately
two seasons or more (McPhaden et al 1998, Barnston
et al 2012).

Extensive efforts have been made to discover the
hidden regularity of the ENSO pendulum (Monahan

and Dai 2004). In general, the El Niño phenomenon
exhibits much more irregularity than the La Niña
phenomenon (Kug and Ham 2011, Johnson 2013,
Capotondi et al 2015). El Niño events can be classi-
fied into two types: the eastern-Pacific (EP) type, in
which the maximum SSTA is in the cold tongue; and
the central-Pacific (CP) type, in which the maximum
SSTA is found near the equatorial date-line (Ashok
et al 2007, Capotondi et al 2015). Studies have fur-
ther proposed that extreme El Niño events should also
be grouped into a specific type (Takahashi et al 2011,
Chen et al 2015). However, such spatial diversity can-
not be depicted by a single index, such as the Niño-3.4
index. Although many other indices have been pro-
posed to scale the irregularity of the ENSO (Ashok et al
2007, Takahashi et al 2011, Ren and Jin 2011, Lian and
Chen 2012, Capotondi et al 2015), determining the rel-
ative phase of certain SSTAs during the ongoing ENSO
pendulum is difficult.

This study describes the evolution of the ENSO
cycle by defining several empirical ENSO phases. As
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will be shown, these ENSO phases can be naturally
used to monitor both the ENSO pendulum and the
zonal displacementof SSTAsassociatedwith theENSO.
The dataset and methods are given in section 2. The
results are shown in section 3. A summary and discus-
sion are provided in section 4.

2. Dataset and method

SST data are obtained from the Extended Recon-
structed Sea Surface Temperature version 5 (ERSSTv5)
with a resolution of 2◦ × 2◦ (Huang et al 2017). The
period of interest is 1950–2017, and the seasonal cli-
matological mean was calculated based on the monthly
SST data over the period from 1981–2010. Then, the
entire monthly SSTA data of the whole period from
1950–2016 were used to conduct the clustering analysis
without any detrending or filtering.

A method known as K-means clustering (Jain et al
1999) is applied to the equatorial Pacific SSTAs to
derive the empirical phases of SSTAs. The strongest
SSTA variabilities during the ENSO cycle are observed
in the central-eastern equatorial Pacific; thus, the K-
means clustering method is applied to the equatorial
averaged SSTAs (5◦N–5◦S) within 170◦E–90◦W. The
one-dimensional SSTAs are first smoothed with a
moving window of 5 degrees along the equator. The
K-means clustering is conducted with a measurement
of the root-mean-squared Euclidean distance. The
grouping number is set to 13 so that the positive and
negative ENSO phases can be roughly divided into six
phases and the neutral ENSO phase is represented by
one prescribed phase. In practice, the neutral ENSO
phase events are first selected with a restriction that all
the amplitudes of SSTAs in the several Niño regions
must be within one half of their standard deviation.
The Niño regions include Niño-3 (5◦N–5◦S, 150◦W–
90◦W), Niño-3.4, Niño-4 (5◦N–5◦S, 160◦E–150◦W),
and equatorial Niño-1+2 (5◦N–5◦S, 90◦W–80◦W).
Then, the warming ENSO phases are grouped into
six clusters while the cold ENSO phases are grouped
into another six clusters. The 13 clusters are sorted
in ascending order based on their longitudinal aver-
age (170◦E–90◦W). Then the cluster index for each
month is identified as the one with the minimum
Euclidean distance between the 13 clusters and the one-
dimensional equatorial SSTA of that given month. Our
results arenot sensitive to theSSTdatasets, clusternum-
ber, or longitudinal domains used (figures S15–S20;
see the discussion in the supplementary information
available at stacks.iop.org/ERL/13/074001/mmedia).

3. Results

3.1. Spatial pattern of the clusters
The longitudinal patterns of the 13 clusters are derived
(figure 1(n)). The cluster with the largest label (C13)
matches the peak of the super El Niño in which the

longitudinal average is the maximum, etc. The lon-
gitudinal averages of the clusters from C1–C6 are
negative and represent the negative phases of the ENSO
pendulum. The clusters from C8–C13 represent the
positive ENSO phases, in which the longitudinal aver-
age is positive. The longitudinal average of cluster C7
is approximately 0.02 ◦C. Therefore, cluster C7 can be
interpreted as the neutral state.

Figures 1(a)–(m) show the SSTA patterns asso-
ciated with the 13 clusters. Cluster C1 matches the
strong La Niña patterns, and the centre of the mini-
mum SSTA (approximately –1.7 ◦C) is located in the
central equatorial Pacific (near 160◦W). The negative
centre of cluster C2 is located much further eastward
in the eastern equatorial Pacific (around 110◦W) and
presents a weaker value of approximately –1.6 ◦C. For
the negative clusters C3 and C5, the minimum centre
is located in the central equatorial Pacific, whereas the
centres of clusters C4 and C6 are located in the eastern
equatorial Pacific.

The pattern of cluster C13 shows the prominent
characteristics of super El Niños, which have strong
SSTAs of approximately 3 ◦C located in the eastern
equatorial Pacific. For cluster C12, although the SSTA
reduces to approximately 2.4 ◦C, the maximum SSTA
centre is still located in the eastern equatorial Pacific
along with cluster C9. The maximum SSTA associated
with cluster C11 is located in the central equatorial
Pacific and has an amplitude of approximately 1.5 ◦C.
The SSTA pattern associated with cluster C11 reflects
the CP-type El Niño pattern, in which the maximum
SSTA is located around 160◦W. Such a CP-type El Niño
pattern is also found in clusters C10 and C8 but with
the centre of the maximum SSTA located further west
(near the equatorial date-line).

3.2. Phase relationship of the clusters
The time series of the cluster index are compared
with those of the SSTAs in Niño-3.4 (figure 2). Gen-
erally, the evolution of the cluster index is consistent
with that of the Niño-3.4 index, and it has a correlation
coefficient of 0.95. All the peaks of the Niño-3.4 index
are precisely captured by the consistent cluster index,
indicating that all the El Niño/La Niña events can be
described by the cluster index. For example, the cluster
C13 was observed during the peak phase of the super El
Niño events of 1972, 1982, 1997, and 2015. For the CP
El Niño events (1965, 1987, 1991, 1992, 1994, 2002,
2006, and 2009), their peak phases were consistent
with that of cluster C11.

The cluster phases switch from one to another
following the evolution of the ENSO cycle. The rela-
tionship of these clusters when they evolve from one
to another within two consecutive months should
be explored. The phase transition of these clusters can
be clarified by the lead-lag relationship diagram (fig-
ures 3(a)–(b)). For example, the uppermost row of
figure 3(a) indicates that one status of cluster C13 can
only result from the one-month-leading cluster of C12
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Figure 1. Composited SSTA pattern for each cluster ((a)–(m)) and equatorial average (5◦N–5◦S) of SSTA along the central-eastern
equatorial Pacific for the 13 clusters (n). The 13 clusters are sorted in ascending order based on their longitudinal average.
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Figure 2. Time series of the cluster index (red line) and Niño-3.4 SST index (grey line).

(19%) or C13 (81%). The number in the parentheses
indicates the transition probability. Inferred from the
rightmost column of figure 3(b), one phase of cluster
C13 may transfer into cluster C13 (81%), C12 (14%),
or C11 (5%) in the next month.

Although cluster C11 may evolve into cluster C10
(21%), the transition from cluster C11 to C9 (EP-type)
has seldom been observed (2%; the 11th column in
figure 3(b)). Cluster C11 usually matches the peak
of a CP-type El Niño (figure 2). During the decay-

ing phase of the CP-type El Niño, the positive SSTAs
associated with the CP-type El Niño generally persist
locally in the central Pacific and decay westward (Kug
et al 2009). Therefore, cluster C11 may readily evolve
into a weaker CP-type El Niño phase of cluster C10
(figure 1). However, cluster C11 rarely transitions to
cluster C9, in which the maximum SSTA is located in
the eastern equatorial Pacific. On the other hand, clus-
ter C11 may be transformed from a leading cluster of
C12 (4%) or C9 (10%) centred in the eastern Pacific
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Figure 3. ((a)–(b)) Phase transition of the clusters between two consecutive months. (c) Number of clusters as the function of the
calendar month. (d) Relative occurrence frequency (%) of clusters during each decade. In (a) and (b), the shading indicates the number
of occurrences for each cluster. From the horizontal view of a row for certain cluster in (a), the origins of that cluster can be inferred,
and their relative occurrence frequencies are indicated by grey bars. From the vertical view in (b), the column indicates the successor
after each cluster, and their relative occurrence frequencies are indicated by grey bars. The events of the two consecutive months with
a Niño-3.4 index within ±0.5◦C are marked by grey-white bars, indicating that those events may be sensitive to classification due to
the weak SSTA signals.

(the 11th row in figure 3(a)). The transformation from
C12/C9 to C11 represents the westward movement of
the SSTA centre from the eastern equatorial Pacific to
the central equatorial Pacific, which will be further dis-
cussed in section 3.5. The CP-type cluster C11 mostly
arises from a leading CP-type cluster of C10 at a relative
probability of approximately 15%.

Generally, one cluster tends to keep its present
phase with a larger relative probability (near or above
50%) than that in other cases to evolve into its neigh-
bour clusters (figure 3(b)). Large uncertainties are
found for clusters with lower longitudinal averages,
such as cluster C6, C7 and C8, during which the Niño-
3.4 index often falls within ±0.5 ◦C. A large diversity
of ENSO evolution can emerge from this weak/neutral
status.

3.3. Occurrence over seasonal and decadal time
scales
Because the ENSO events tend to mature during the
boreal winter, a few clusters show phase-locking fea-
tures (figure 3(c)). Cluster C13 represents the peak

of the super El Niño and tends to occur during the
boreal autumn-winter, and it does not occur during
the period from March to July. This phase-locking
characteristic is consistent with the results of many
previous studies (e.g. Rasmusson and Carpenter 1982,
Tziperman et al 1997). Similarly, cluster C1, which rep-
resents the strong La Niña, also reaches a maximum in
the boreal winter season.

On a decadal time scale, no strong El Niño events
were observed during the 1950s, 1960s, and 2000s
as indicated by the absence of cluster C12 and C13
over these periods (figure 3(d)). However, the 1982/83,
1997/98, 2015/16 El Niños and to a lesser extent the
1972/73 super El Niños explain the occurrence of
C12 and C13 in the 1980s, 1990s, 2010s, and 1970s,
respectively. Previous studies postulated that the ratio
between the CP and EP El Niño increased in the 1990s
and 2000s (Lee and McPhaden 2010, Newman et al
2011). This decadal variation can also be seen in figure
3(d). For example, the occurrence percentage of C8
and C10, which denote the CP El Niño type, is much
higher in the 1990s and 2000s than in the other decades.
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Figure 4. The ENSO pendulum monitored by cluster indexes for (a) 1997, (b) 1998, (c) 1957, (d) 2002, (e) 2014, and (f) 2015 ENSO
events. The polar axis indicates the amplitude of the Niño-3.4 index, the polar angle indicates the cluster index. The time of those
points are indicated by dots in different color for each month, and the seasons are indicated by lines in different color.

The occurrence of C11 after the 1990s corresponded to
the CP-type El Niño of 1991/1992 and 1994 events
and the three CP-type El Niños in 2002, 2006, and
2009/2010. The low frequency of C11 during the 2010s
was caused by the 2015/2016 El Niño, which pre-
sented some CP-type patterns during its developing
and decaying phase (Santoso et al 2017).

One notable feature is that the C8 cluster occurred
during the 1990s with a higher frequency (figure 3(d)).
From 1990–1994, several weak/moderate CP-type El
Niño events occurred in the equatorial Pacific. As a
result, the C8 cluster, which is featured in the weak CP-
typeElNiño,was frequently found in this period (figure
2; figure 3(d)). The high frequency of occurrence of
the C8 cluster in this period also explains the strong
self-persistence of the C8 cluster (more than 56%)
in the phase transition diagram (figures 3(a)–(b)).

3.4. Pendulum of ENSO phases
To monitor the evolution of the ENSO, the cluster
phases are plotted in polar coordinates (figure 4). The
polar axis indicates the amplitude of Niño-3.4, and
the polar angle indicates the cluster index. Hence, the
left panel corresponds to cold phases while the right
panel indicates warm phases. When the phase moves
anticlockwise (from left to right), it may correspond
with the developing phase of an El Niño in the right
panel or the decaying phase of a La Niña in the left
panel. Otherwise, if the phase moves clockwise, then
one El Niño is decaying in the right panel or one La
Niña is developing in the left panel.

The evolution of the 1997 El Niño event can be
effectively described by the cluster phases in the ENSO
pendulum (figure 4(a); figure S1). The Niño-3.4 index
began to increase above 0.8 ◦C in May 1997, and the
ENSO phase transferred into cluster C10 after April
from the previous cluster of C7. As the Niño-3.4 index
increased above 1.2 ◦C after June, the ENSO phase
changed to C12 from June–July. The ENSO phase per-
sisted in cluster C13 after August 1997 as the Niño-3.4
index increased above 2.0 ◦C afterwards.

The decay of the 1997 super El Niño began after
February 1998. The ENSO pendulum began to turn
clockwise after March 1998 (figure 4(b); figure S2)
and was directed to cluster C12 during the spring
of 1998. Then, the ENSO pendulum collapsed to
cluster C9 in June 1998, with the Niño-3.4 index drop-
ping to below zero. As the Niño-3.4 index quickly
declined below approximately –0.7 ◦C after June 1998,
the ENSO pendulum continued to turn clockwise and
persisted in a phase of cluster C3 during September–
December 1998. Finally, the ENSO pendulum turned
to cluster C1, indicating an extreme La Niña event in
1998/1999. Thus, the developing and decaying features
of the 1997/1998 El Niño can be well captured by the
phase changes of the ENSO cluster as a pendulum.

3.5. Application of the ENSO pendulum
The clusters proposed here can also be used to show
the zonal shift of the SSTA loading. During the ENSO
evolution, the centre of the strong SSTAs may not
be fixed locally to a certain region but may instead
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move zonally. Such a zonal movement of SSTA load-
ing, which is related with the intrinsic dynamics of
ocean-atmosphere interactions, is an important feature
of ENSO evolution.

The zonal shift of SSTA loading can be observed in
the evolution of most El Niño events. For example, in
the boreal spring of 1957, warm SSTAs first emerged
in the far eastern Pacific along the west coast of South
America (figure S3). The ENSO pendulum switched to
cluster C9 (EP-type) in March 1957 (figure 4(c); fig-
ure S4) as the regional averaged SSTA warmed up to
approximately 0.5 ◦C in the Niño-3 region (5◦N–5◦S,
90◦W–150◦W), and the Niño-3.4 index was approxi-
mately 0.4 ◦C. March to October, the SSTAs in Niño-3
were consistently warmer than those in the Niño-
3.4 region, and the ENSO pendulum was fixed on a
phase of C9. Concurrently, the warm SSTAs began to
extend westward to the central equatorial Pacific dur-
ing the boreal summer. The SSTAs in Niño-3.4 rose to
above 1.0 ◦C in November 1957, and the SSTAs in the
eastern equatorial Pacific remained at approximately
1.0 ◦C. Then, the ENSO pendulum shifted to cluster
C11 (CP-type) from its previous phase of C9 (EP-
type). The shift from cluster C9–C11 is evidence of the
westward movement of SSTA loading from the eastern
equatorial Pacific to the central equatorial Pacific. A
similar shift from cluster C9–C11 also occurred in the
development of the 1965 El Niño (figures S5 and S6),
which is consistent with the westward movement of the
SSTA loading from the eastern equatorial Pacific to the
central equatorial Pacific.

The 1957 and 1965 El Niños can be classified
as CP-type events, based on the SSTA patterns during
their peak phase occurred in the boreal winter (figures
S3 and S5). Compared with the westward movement
of SSTAs during these CP-type El Niños, other CP-
type El Niños, such as the 1994 (Su et al 2014) or
the 2002, 2004, and 2006 El Niños, tended to develop
locally in the central equatorial Pacific from their ini-
tiation to peak phase (figure 4(d); figures S7–S10). As
the centre of SSTAs persisted in the central equatorial
Pacific during the 2002 El Niño, the ENSO pendu-
lum was locked in a phase of CP-type cluster C10
during the period from April to August 2002. As the
SSTAs increased to approximately 1.2 ◦C in the Niño-
3.4 regionafterOctober2002, and theENSOpendulum
switched to cluster C11. Clusters C10 and C11 depict
the CP-type El Niño (figure 1), and this swinging
of the ENSO pendulum demonstrates that the 2002
CP-type El Niño was developed locally in the central
equatorial Pacific. Similar swinging of ENSO pen-
dulum can also be found during the 2006 El Niño
(figures S9 and S10). Hence, the ENSO pendulum can
present information about SSTA spatial patterns as well
their changes during ENSO evolution.

3.6. ENSO pendulum of the 2014–2015 El Niño
Perhaps the most interesting application of the ENSO
pendulum is associated with the evolution of the

2014–2015 El Niño (figures 4(e)–(f); figures S11–S13).
The development of an anticipated strong El Niño
event was hindered in the boreal summer of 2014
(Menkes et al 2014, Min et al 2015, Chen et al 2015,
Hu and Fedorov 2016, Su et al 2018). The SSTAs in the
Niño-3 region warmed up to above 0.5 ◦C, the SSTAs
in the Niño-3.4 were approximately 0.5 ◦C after May
2014, and the ENSO pendulum turned anticlockwise
from its former phase of C7–C10 in May 2014 (fig-
ure 4(e); figure S11). However, the warming in the
central-eastern equatorial Pacific was hindered during
the boreal summer of 2014. The SSTAs in Niño-3.4
dropped below 0.5 ◦C during the period of July–
September 2014. This un-anticipated stalled warming
event is argued to be caused by the lack of the westerly
wind bursts in the western-central equatorial Pacific
(Chen et al 2015, Hu and Fedorov 2016, Lian et al
2017) and the occurrence of a strong easterly wind
surge in the central equatorial Pacific (Min et al 2015,
Hu and Fedorov 2016). The stalling of the 2014 El Niño
can be demonstrated by the ENSO pendulum, which
was locked in a static phase of C10 during May–June
and held back to C9, or C7 during the period of July–
August. Although the ENSO pendulum rose up to C10
since September 2014, it fell back again to C8 after
January 2015.

After March 2015, the SSTA warmed quickly in
both the Niño-3 and Niño-3.4 regions (Lian et al 2017,
Chen et al 2017, Paek et al 2017, Su et al 2018). The
ENSO pendulum began to turn anticlockwise in March
2015 to become a CP-type C10 and then a Cluster C11
in May 2015. Then ENSO pendulum reached a high
phase of C12 after June 2015, with warm SSTAs above
1.2 ◦C in the Niño-3.4 region (figure 4(f); figure S12).
As the Niño-3.4 SSTAs warmed up to approximately
2.0 ◦C after August 2015, the ENSO pendulum jumped
to a phase of C13.

The 2015 El Niño started to decay in January
2016, and the SSTA in Niño-3.4 dropped quickly to
below 2.0 ◦C in March 2016. Following its almost lin-
ear reduction, the Niño-3.4 SSTAs reached close to
zero in June 2016, and the ENSO pendulum turned
consistently clockwise from a phase of C13 in Jan-
uary 2016 to a CP-type C11 in February-March 2016,
a CP-type C10 in April 2016, and then a CP-type
C8 in May–June 2016 (figure 4(f); figure S13). The
evolution of the 2015/16 El Niño with a CP-type pat-
tern during its developmental and decaying phases is
consistent with the results of (Santoso et al 2017).

4. Conclusions and discussion

Based on the 13 cluster groups derived from the equa-
torial Pacific SSTAs, the relative phases of the ENSO
pendulum are described. Those clusters reflect the dif-
ferent ENSO flavors of the SSTA spatial patterns, and
they can capture the phase changes during the ENSO
evolution. In practice, the one-dimensional SSTAs
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along the equatorial Pacific can be obtained for a
certain period (e.g. monthly in this study). Then, the
present equatorial SSTAs can be classified as one of
the 13 clusters by finding the minimum distance
between the one-dimensional SSTA and those clus-
ters. The empirical clusters should be determined in
advance with a standard reference, which was derived
based on the values over the period from 1981–2010 in
this study.

Compared with the conventional index of ENSO
monitoring, the one-dimensional clusters contain fea-
tures of the SSTA spatial pattern along the equator.
These patterns provide valuable information about
the ENSO evolution. Particularly, the zonal move-
ment of the SSTA loading along the equator is strictly
related to the intrinsic dynamic processes of the ENSO.
Hence, the ENSO pendulum, in a frame of equatorial
SSTA clusters, has an advantage of showing the spatial
evolution of the ENSO as well as its amplitude.

The clusters describe both the pattern and mag-
nitude of SSTA associated with the ENSO; thus, the
phase-relationship of the ENSO pendulum based on
these clusters may provide some potential techniques
for ENSO prediction. For example, we have found a
similar year (2005/2006) to the present 2017/18 La
Niña event (figure S14). The clusters remained in
a weak warming state (cluster C8/C10) during the
boreal spring of 2005, and a similar warming state
was observed during the boreal spring of 2016. Then,
the ENSO pendulum gradually switched to the neutral
phase and then the negative phase after the summer,
with clusters falling between C2 and C5 during the
boreal autumn and winter in both cases. Since the
ENSO turned out to be an El Niño event after the sum-
merof2006(figuresS9andS10), onemayspeculate that
the present 2017/18 La Niña status could continue to
decay during the following summer and could per-
haps develop into a warming phase of the ENSO
pendulum. However, several key factors can influence
the ENSO formation, such as westerly wind bursts
(Chen et al 2015, Lian et al 2017) and subtropi-
cal Pacific SSTAs (Su et al 2018) in the late spring
and early summer seasons. Hence, the final evolution
of the present 2017/18 La Niña status in the future
presents many uncertainties. Further investigations are
also necessary to explore the intrinsic ENSO evolution
dynamics from the perspective of the ENSO pendu-
lum, and the underlying dynamics will undoubtedly
benefit the prediction models.
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