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1 | INTRODUCTION

Lin Mu®*? | Linhao Zhong*

Abstract

El Nino and Southern Oscillation (ENSO) events are usually monitored by
tropical Pacific sea surface temperature anomaly (SSTA) patterns with dra-
matic impacts on the global climate. To explore the diversity of the tropical
Pacific SSTA, a novel method combined empirical orthogonal function analysis
and the K-means clustering algorithm is carried out to classify SSTA patterns
during 1950-2016. Meanwhile, the total distance variance and total silhouette
value are introduced to determine an optimal number of distinguishable repre-
sentative SSTA patterns. Ten SSTA patterns are obtained, which shows fre-
quent basin-wide warming and extreme cold ENSO events in recent decades.
It may be attributed to the changes in composition of the intrinsic modes along
with the background mode of slowly increasing east-west SST gradient. The
comparative analysis between periods 1950-1969 and 1997-2016 suggests that
the two regimes of tropical Pacific SSTA, featured as extreme warm and mod-
erate warm/extreme cold patterns respectively, become more distinct under

recent global warming.
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to identify, describe, and understand the different spatial
patterns of SSTA, especially for the central Pacific (CP)

El Nifio and Southern Oscillation (ENSO) is the dominant
interannual mode of sea surface temperature anomalies
(SSTA) in the equatorial eastern Pacific (EP). However, an
unusual mode of ENSO with maximum warming in the
central equatorial Pacific during the summer of 2004 was
observed and named by El Nifio Modoki (Ashok et
al., 2012). Since then, a number of studies have conducted

and the EP El Nifio (e.g., Leloup et al., 2007; Takahashi et
al., 2011; Johnson, 2013; Capotondi et al., 2015).

With the accumulated CP El Nifio events, it has been
regarded as a possible harbinger of changes in tropical
Pacific SSTA patterns under global warming (Yeh et
al., 2009). Yeh et al. (2009) reported that the increasing
ratio of CP- to EP-type El Nifio can be observed in both
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CMIP3 and CMIP5 simulations under global warming
scenarios. However, a great uncertainty still exists in
their recent study (Power et al., 2013; Yeh et al., 2014).
Generally, the tropical Pacific SSTA spatial patterns of
ENSO are neither only EP nor CP types, but rather many
different flavours (Capotondi et al., 2015). Besides the CP
warming events, large basin-wide warming events are
also expected to occur under global warming (Ashok et
al., 2012). In addition, extreme cold and warm ENSO
events with CP cooling centre and EP warming centre
respectively are also predicted to increase in frequency
under global warming (Cai et al., 2014, 2015a). Although
many studies have been devoted to the SSTA patterns,
especially the ENSO flavours. The impact of global
warming on the tropical Pacific SSTA patterns is still dif-
ficult to evaluate. For instance, the SSTA spatial patterns
could be intrinsically modulated even if there is no exter-
nal forcing (Zebiak and Cane, 1987; Wittenberg, 2009).
Furthermore, as various datasets show different signs of
their trend in the EP and CP, the sea surface anomaly
trends in the equatorial Pacific are particularly controver-
sial (L'Heureux et al., 2013).

Hence, two questions arise: How many flavours of the
tropical Pacific SSTA pattern can be objectively derived?
Is there any change in the SSTA flavours under recent
global warming?

To address the two questions, a novel method which
combines the empirical orthogonal function (EOF) analy-
sis and K-means clustering algorithm is applied to clas-
sify the SSTA spatial patterns objectively. This method
allows us to connect the changes in SSTA spatial patterns
to the tropical Pacific modes. The remainder of the paper
is organized as follows. Section 2 provides the descrip-
tions of the datasets and the methods. The dominant
modes are illustrated in Section 3. The SSTA flavours and
their changes are shown in Section 4. The regime
changes as well as the possible reasons are discussed in
Section 5. Finally, conclusions and discussions are
highlighted.

2 | DATA AND METHODS

We firstly examined the monthly Met Office Hadley Sea
Ice and SST dataset (HadISST1; Rayner et al., 2003). Then
the Centennial Observation-Based Estimates (COBE) of
SST (Ishii et al., 2005) and Extended Reconstructed Sea
Surface Temperature (ERSST) v4 (Huang et al., 2015)
were also supplemental to confirm our results. The global
surface air temperature anomalies were obtained from
the third Met Office Hadley Centre and Climatic
Research Unit Global Land and Sea Surface Temperature
Data Set (HadCRUT3) (Brohan et al., 2006).

of Climatology

With the widespread attention on the different SSTA
flavours, some cluster methods have been proposed to
identify the ENSO and related convection flavours.
Among these related studies, EOF seems to be the most
popular method. However, because of its orthogonality
constraint, EOF analysis has a tendency to produce
unphysical modes. To overcome the limitation of EOF,
some clustering methods are also introduced. For exam-
ple, Johnson (2013) introduced a self-organizing map
(SOM) classification method with a statistical distinguish-
ability test based on the September-February mean SST
data during 1950-2011 to identify the tropical Pacific SST
anomaly patterns. Su et al. (2018) obtained 13 clusters by
applying K-means clustering to equatorial Pacific aver-
aged SSTA. Despite the limitations of EOF, EOF is still a
widely used and powerful downscaling method for tropi-
cal SSTA issues. The physical interpretation of the lead-
ing modes of the tropical Pacific SSTA are also deeply
analysed and widely accepted. Therefore, there are also
some studies by the combinations of EOF modes. Taka-
hashi et al. (2011) pointed that the complexity of the trop-
ical Pacific SSTA can be depicted by two EOF modes into
two regimes: extreme warm events and ordinary cold and
moderately warm events. Ding et al. (2018) performed
the EOF analysis on the OLR dataset and distinguished
different patterns by combining the first two EOFs with
their phases.

Inspired by their studies, a novel method is proposed
combining the EOF method and the K-means clustering
method. An EOF analysis was carried out to decompose
the dominant modes of the tropical Pacific SST anomaly
over the region of 30°S-30°N, 110°E-70°W for downscal-
ing. The three leading EOFs with the particular charac-
teristics of special SSTA patterns which has been widely
studied by many previous researchers are selected for fol-
lowing clustering. Considering the previous studies on
the three leading modes, it does favour on understanding
the cluster results. Then to overcome the disadvantages
of EOF analysis in capturing the SSTA patterns (Leloup
et al., 2007), the K-means clustering method (Jiang et
al., 2016; https://ww2.mathworks.cn/help/stats/kmeans.
html?s_tid=doc_ta) was applied on the corresponding
principal components (PCs) of the three leading EOF
modes of SSTA. K-means clustering method is a no class
label and unsupervised learning technique. It is a group
partitioning method which can reduce the high-dimen-
sional data space (in this study, three PCs over
804 months). In addition, the total distance variance
(TDV) (Jiang et al., 2016) and total silhouette value
(Kaufman and Rousseuw, 1990) were introduced to spec-
ify the optimal number of groups beforehand. In addi-
tion, composite and correlation analyses were also
carried out.


https://ww2.mathworks.cn/help/stats/kmeans.html?s_tid=doc_ta
https://ww2.mathworks.cn/help/stats/kmeans.html?s_tid=doc_ta
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FIGURE 1 The EOF analysis of tropical Pacific SSTA variability during 1950-2016. The three EOF leading modes (a-c) and their
corresponding PCs (d-f; scale on the left axis). The time series of monthly mean global air temperature anomaly is plotted in e (black line;

scale on right axis)

3 | DOMINANT MODES OF SSTA
IN THE TROPICAL PACIFIC

Figure 1 shows the three EOF normalized leading modes
of SSTA and the time series of PC based on the HadISST1
dataset during 1950-2016. These modes of SSTA are
robust and confirmed by other datasets (Takahashi et
al., 2011; L'Heureux et al., 2013). The EOF1 and EOF3
are particularly stable, and do not change with the selec-
tions of datasets and time periods, and they can also be
accurately reproduced by the CMIP5 models (Xu et al.,
2017). The first EOF mode clearly resembles the canoni-
cal El Nifo pattern, which accounts for 41.1% of total var-
iance of SSTA. The third EOF mode is similar as the El
Niflo Modoki, which explains 8.4%. Ashok et al. (2007)
uncovered this mode as the second EOF using HadISST
during 1979-2004. However, Hoerling et al. (1997)
reported that this pattern is also prone to reveal the char-
acter of spatial asymmetry between the EP El Nifio and
La Nina Patterns, so it reminds us of the Pacific

meridional mode (PMM) (L'Heureux et al, 2013).
Research suggests this particular SSTA mode is not
uniquely identified in CP ENSO events (Johnson, 2013),
but a ‘modulator’ for reflecting inter-event differences
which seldom appears without a substantial projection
onto EOF1 (Cai et al., 2015b). Most of the ENSO flavours
can be generally duplicated by the combinations of EOF1
and EOF3 modes of SSTA (Capotondi et al., 2015; Cai et
al., 2015b). In this regard, these two EOF patterns are
defined as the intrinsic modes of SSTA in this study.
EOF2 shares some characteristics with EOF1, rep-
resenting an out-of-phase relationship of SST anomaly
variability between the Pacific cold tongue region and
else in the tropical Pacific, but its existence strongly
depends on the linear trends of SST over the tropical
Pacific Ocean (L'Heureux et al., 2013). The corresponding
PC2 is highly correlated with global mean surface tem-
perature (Figure 1le). This mode, also referred as the
‘cooling mode’, has been attributed to global warming
(Zhang et al., 2010), and it possibly reflects the dynamic
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effect, such as increasing upwelling, in the eastern equa-
torial Pacific Ocean (Cane et al.,, 1997). L'Heureux et
al. (2013) pointed out that this mode merely depends on
the linear trends over the tropical Pacific Ocean. The
‘cooling mode’ still exists even when the EOF is applied
to a shorter-record of SSTA (1979-2010), where it resem-
bles the third leading mode, captured by a slowly intensi-
fying background in the zonal gradient of SSTA (Ashok
et al., 2012). Hence, the second EOF mode acts as a back-
ground mode of SSTA.

The three leading EOF modes explain about 60% of
the total variance of SSTA variability in the tropical
Pacific and reflect the diversity of SSTA patterns. The
robustness of these modes can be confirmed by different
datasets and supported by other works. For instance,
Takahashi et al. (2011) reinterpreted these intrinsic
modes of the canonical and Modoki El Nifio and attrib-
uted them to the nonlinear evolution of SSTA diversity.
Based on the linear combinations of EOF1 and EOF2
(background mode), Ashok et al. (2012) hypothesized
that more basin-wide warm SSTA events possibly due to
further global warming.

4 | CHANGESIN THE DIVERSITY
OF TROPICAL PACIFIC SSTA
PATTERNS

The three leading modes can explain most of SSTA vari-
ability over the tropical Pacific, and then the SSTA of all
the months (samples) are characterized by the three
corresponding PCs. Here we apply the K-means cluster-
ing algorithm using cosine distance measures to the three
PCs, and aim to identify the common performance of
SSTA patterns over the last 67 years. In this study, TDV
and total silhouette value were used to determine a rea-
sonable cluster number (Figure 2). The change of TDV
denotes the difference between cluster number of K and
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K + 1. The smaller change, the more stable clustering
results. And the total silhouette value represents the sep-
aration distance between the resulting clusters. It helps
to evaluate the correctness of the allocation of the data
sample in the specified cluster instead of another cluster
by measuring both inter-cluster separation and intra-
cluster cohesion (Ogbuabor and Ugwoke, 2018). That is,
determinate the maximum number of SSTA patterns
requires maximize similarity within groups while maxi-
mizing distinction between groups. According to the
principle, 10% TDV change is recommended to set (Jiang
et al., 2016), and the SSTA fields of all the months are
reasonably clustered into 10 clusters. The PC-based com-
binations of the 10 cluster centroids and their related
SSTA cluster patterns by the sample composition are
presented in Figure 3.

The different combination of leading three PCs pro-
duces various SSTA patterns. Figure 3b-k shows the
SSTA spatial differentiation associated with 10 clusters.
Three La Nifia-like SSTA patterns (cluster 4, cluster 6
and cluster 7) and three El Nifo-like patterns (cluster 2,
cluster 5 and cluster 9) are contained. Cluster 9 resembles
the so-called canonical EP El Nifio, and its opposite
phase seems like cluster 6 repressing the extreme La Nifia
with a cooling centre near the CP. Cluster 4 shows a
basin-wide cooling spatial pattern, and cluster 2 resem-
bles the basin-wide warming events (Ashok et al., 2012)
also with a CP centre. Cluster 5 expresses a typical CP El
Nifio pattern. Cluster 10 seemingly represents the PMM.
And cluster 8 denotes the called ‘cooling mode’ (Zhang et
al., 2010).

In order to depict the change of tropical Pacific SSTA
patterns diversity clearly, the 10 cluster patterns are fur-
ther grouped into warm (red boxes) and cold (blue boxes)
groups according to the mean Nino 3.4 indices of their
members (Figure 4a). The cumulative frequency
(months) of each cluster pattern is shown in Figure 4b,
where the slopes show the frequencies for each cluster
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pattern. The cumulative frequency in Figure 4b shows  cluster patterns 1, 3, 4 and 5 have never occurred again,
that warm cluster patterns (3, 5 and 9) and cold cluster =~ which can be identified by their horizontal cumulative
patterns (1 and 4), the dominant modes before 1980s, frequency lines in recent decades in Figure 4b. Cluster
have quasi-periodicity feature. Since the middle 1980s, pattern 9 occurs steadily before it reaches the inflection
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point in the late 1990s, when it exhibits a lower
frequency.

Similarly, the cold cluster pattern 6 with respect to
the extreme La Nifia shows a quasi-periodicity feature
since the early 1970s before the cluster pattern 1 displays
a lower frequency, which indicates westward of their
cooling centres. Cluster patterns 7 and 8 start to be active
since the middle 1990s, which resembles the CP La Nifia
and the ‘cooling mode’ of SSTA, respectively. Among the
10 clusters, the most significantly increasing frequency is
found in cluster 2, resembling a basin-wide warming pat-
tern, as a result of the combination of PC1 and PC2 with
the same sign. This result is consistent to the implication
of Ashok et al. (2012) who indicated that the basin-wide
warm events are expected to be increasing under any fur-
ther global warming.

Among the 10 cluster patterns some usually fail to
meet the standards of ‘ENSO events’, such as clusters
1, 3, 8 and 10 (Figure 4a). In addition to the canonical
ENSO patterns (clusters 9), extreme La Nifia events
(cluster 6), basin-wide warming events (cluster 2) and
CP La Niiia (cluster 7) events occurred more frequently
in recent decades. The dramatic changes in the tropical
Pacific SSTA seem to occur around the 1980s. As ENSO
events usually peak in winter (December-January-
February), the changes of SSTA diversity in winter
imply the changes of the ENSO events. Similarly, as
shown in Figure 5, it seems that the basin-wide cooling
ENSO events (cluster 4) occurred most frequently for
the first 20 years (1950-1969), and clusters 2, 6, 7, 8, 10
never occurred in that time. While during the last

20 years (1997-2016), except for the canonical EP El
Nifio events (cluster 9), the frequent clusters in the first
20 years never appeared. And the extreme La Nifia
events (cluster 6) display a high frequency in recent
decades. In general, considering these frequent pat-
terns, it seems that the SSTA centres for both the warm
and cold ENSO events seem to move westward since
the 1980s.

5 | TROPICAL PACIFIC SSTA
REGIMES UNDER RECENT GLOBAL
WARMING

Fedorov and Philander (2000) suggested that global
warming may alter the background of SST anomaly and
then affect ENSO diversity. Though the linear trends of
SSTA and global warming are controversial, the high cor-
relation between the background mode (‘cooling mode”)
and global warming is evident. Therefore, the linkage of
SSTA diversity with background mode is discussed.

The 10 modes are clustered to depict the change of
SSTA patterns diversity, which is mainly determined by
the combinations of the three leading modes. It seems
that the changes in the tropical Pacific SSTA diversity are
close related to the background mode of EOF2, whose
phase transition from negative to positive also takes place
around the 1980s. However, except for the basin-wide
warming events (cluster 2), most of the frequent SSTA
patterns after the 1980s cannot be simply interpreted by
the linear superposition of the ‘cooling mode’ (EOF2).
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Though EOF2, characterized by a slowly intensifying
west—east gradient of SSTA, acts as a background mode,
the change of PC2 from negative to positive phases also
implies an alteration from cluster patterns 3-8. These
two patterns usually act as the initial states of the ENSO
events and induce the change of the anomalous westerly
and easterly respectively. A recent study suggested that
the response of zonal winds to the warm SSTA is greater
than that to the cold SSTA in the central to east tropical
Pacific, which can be considered as the source of ENSO
asymmetry (Cai et al., 2015b).

To explore the possible reasons behind the change of
SSTA diversity under global warming, periods 1950-1969

(y-axis) of each sample during 1950-1969 (blue dots) and 1997-2016
(red dots) with linear regression lines

and 1997-2016 (the first and last 20 years) with negative
and positive PC2 phases are respectively selected. In pre-
vious study, Takahashi et al. (2011) defined two indices,
the (PC1 — PC3)/V2 as E index and the (PC1 + PC3)/\2
as C index, and applied them to evaluate the value of
intrinsic modes of SSTA. The C index accounts for the
cold, neutral, and moderate warm events of SSTA while
the E index quantifies the departure from the C index.
The latter is usually relative to extreme warm ENSO
events. Then the regime changes along with the phase
transition of the ‘cooling mode’ are discussed. The sam-
ples during these two periods are displayed in the scatter
plot (Figure 6). In this regard, cluster patterns 5, 6, 7 and
10 whose PC1 and PC3 are in phase (both positive or neg-
ative; Figure 3a) are close to C index, and most of them
appeared after 1980s (as shown in Figure 4b). Further-
more, the linear regression lines of 1997-2016 (red line in
Figure 6) implies that a significant positive correlation is
found between PC1 and PC3 during this time, except of
some extreme ENSO events. During 1950-1969, however,
the linear regression lines almost parallels to PC1 axis,
which indicates the relationship between PC1 and PC3
seems chaotic. A clear shift is found from the early to the
recent decades in C indices (Figure 6, Figure S1 and Fig-
ure S2 for other datasets as well as different periods).
And in recent period, more extreme warm ENSO events
away from the C index are also observed despite the lim-
ited extreme warm ENSO cases. Considering the E index
is mainly used to quantify the departure from the C index
(Takahashi et al., 2011), the regimes of C-index and E-
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index are speculated to be more distinct along with the
phase transition of the ‘cooling mode’.

In contrast to the early stage, samples (red dots) gen-
erally have large negative values in the C index, bringing
about the maximum cooling SSTA in the CP (Figure 6),
such as cluster patterns of 6 and 7. For the E index, the
blue and red dots depart from the C index in an opposite
direction. Most blue dots away from the C index are
located in the negative E index phase, resembling a weak
La Nifa pattern (cluster pattern 1). In recent two
decades, it strongly develops towards a positive E index
phase with a larger departure from C index,
corresponding to the extreme warm events in clusters 2
and 9. It seems that few extreme warm events resemble
the El Nifio Modoki pattern with a large amplitude of
PC3. But the most extreme warm events of El Nifio are
featured by the canonical El Nifio (cluster pattern 9) or
the basin-wide warm patterns (cluster pattern 2).

In the early stage of 1950-1969, the background mode
provided a favourable initial disturbance for the warm
event, so the observed warm events always originated
and developed from cluster pattern 3 in the EP. In most
cases, the cold events often originated from the cold
SSTA in the eastern tropical Pacific (cluster pattern 1).
Recently, pattern 3 is replaced by pattern 8 with a cold
tongue SSTA mode in the eastern tropical Pacific, but the
observed extreme cold events often started in the CP
(cluster pattern 7) instead of the EP, which may be
accounted for the asymmetrical responses of the cold and
warm events. The extreme La Nifia events tends to origi-
nate from the CP, which is suggested to be highly corre-
lated with the Maritime region-CP temperature gradient
through Bjerknes positive feedback (Cai et al., 2015a).

The recently observed extreme warm events often
started from cluster pattern 2 or 10 with a strong warm
subtropical SSTA, showing especially that pattern 10 is
similar to the so-called PMM (Chiang and Vimont, 2004)
and implying the important role of the subtropical forc-
ing in the CP El Nifio dynamics (Paek et al., 2017). Here
it is hypothesized that the increased frequency and
amplitude of the extreme warm events of SSTA may be
caused by the cooperative impacts of EP, CP dynamics
and the subtropical atmosphere forcing. From our result
in Figure 6, the extreme warm and extreme cold events
both increase in frequency and amplitude in recent
decades. As indicated by Cai et al. (2015b), an extreme La
Nifia event tends to evolve into following a strong El
Nifio event, which is suggested to be a possible reason for
the shift of the recent stage in both C index and E index.

To confirm the change of the relationship between
the two intrinsic modes under global warming, the 10-
year running correlation is applied to PC1 and PC3 (Fig-
ure S3). The significantly positive correlation between
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PC1 and PC3 can be detected in recent decades. This
implies that the distinction of two regimes of SSTA
defined by Takahashi et al. (2011) becomes more obvious
under global warming. In addition, the maximum slope
difference between the period of 1950-1969 and 1997-
2016 appeared in boreal spring and winter (as shown in
Figure S4), implying that the regimes of the tropical
Pacific SSTA become most distinct in these seasons.

6 | SUMMARY AND DISCUSSION
Based on the three leading EOF modes of the SSTA vari-
ability in the tropical Pacific during 1950-2016, the
ENSO-related SSTA can be classified into two SSTA
intrinsic modes (EOF1 and EOF3) and a background
mode (EOF2). The two intrinsic modes are related to the
ENSO regimes, E index and C index regimes, which
becoming more distinct, especially in boreal spring and
winter under recent global warming. While the back-
ground mode with a slowly increasing east-west SSTA
gradient is very likely associated with recent global
warming. In the framework of the combination of these
three modes, 10 cluster patterns are identified and
analysed. Results suggested that the basin-wide warm
events and CP cold events occurred more frequently
under global warming during 1950-2016.

The observed background mode changed from nega-
tive to positive phases around the middle 1980s, showing
an opposite SSTA in the early and recent decades. Before
the middle 1980s, the cooling SSTA revealed by cluster
pattern 3 covered nearly the whole tropical Pacific, with
conspicuous exceptions in the warm tongue in the EP. In
recent decades, however, it was replaced by a cooling
tongue pattern in this region. According to the asymme-
try of ENSO (Cai et al., 2015b), El Nifio and La Nifa
events prefer to develop in the eastern equatorial Pacific
in the earlier stage of global warming. However, in recent
decades, more extreme La Nifia events originate from the
CP as the enhanced background mode of SSTA. Our
results also suggested that the increasing frequency and
amplitudes of both the El Nifio and La Nifia events imply
more basin-wide warming and extreme El Nifio events as
well as more extreme central La Nifia events. In addition,
the results also showed that the distinction between the
regular and extreme warm SSTA regimes have become
more noticeable under global warming. The change of the
SSTA patterns diversity is attributed to both the back-
ground mode with enhanced east-west SST gradient and
the change in composition of intrinsic modes. From our
results, the asymmetric response to the background mode
is hypothesized to be the source of enhanced distinct SSTA
regimes resulting in the change of the ENSO diversity.
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Recently, Xu et al. (2017) investigated the future pro-
jections of EP and CP types warm ENSO events using his-
torical and RCP8.5 (representative concentration
pathway) runs in the phase of the Coupled Model
Intercomparison Project (CMIP5). In their study, the two
intrinsic modes were used to describe EP and CP modes
so they pointed out that the models have the same fre-
quencies of the two modes in the present and future cli-
mate, but robust changes in the tropical precipitation
connected with SSTA patterns can be found. Many previ-
ous studies focused on the two intrinsic modes respec-
tively as EP and CP modes. Clearly, the two intrinsic
modes of SSTA are stable under global warming. The
change of the ENSO diversity is mainly attributed to the
changing composition of the intrinsic modes rather than
the change of modes themselves. Results of this study
suggest that the change in composition of the two SSTA
intrinsic modes should be paid more attention, instead of
either of them, while studying the linkage between global
warming and SSTA patterns.
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