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ABSTRACT: The modulated annual cycle (MAC) of the Indo-Pacific warm pool (IPWP) heat centre location is investigated
using the empirical mode decomposition–ensemble empirical mode decomposition method. The MAC and its interannual
variability mainly affect the zonal and vertical locations of the heat centre; in fall and winter of El Niño years, the heat centre
moves eastward from its normal location, with very little change in its meridional position. Four patterns of the heat centre
trajectory in the IPWP are identified using the self-organizing map algorithm. Patterns 1 and 3 are both similar to a saddle, but
pattern 1 is more winding. The shapes of patterns 2 and 4 are similar, but tilt in different directions: pattern 2 tilts southwest
whereas pattern 4 tilts west. Of all the four patterns, the persistence of pattern 2 is generally relatively high. The trajectory
of the heat centre develops in the sequence of patterns: 1-2-4-3-1. Pattern 1 (pattern 4) is related to the cold (warm) phase of
the El Niño–Southern Oscillation (ENSO), while pattern 2 (pattern 3) corresponds to the negative (positive) phase of Indian
Ocean dipole (IOD). The sequence of patterns in the trajectory of the heat centre in the IPWP is related to the IOD–ENSO
interactions on a biennial timescale.
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1. Introduction

The Indo-Pacific warm pool (IPWP) is the most extensive
and warmest water mass in the world’s oceans. As such, it
is a major region of atmospheric convection and a major
source of heat for driving global atmospheric circulation
(Gadgil et al., 1984). Warm waters supply the atmosphere
with water vapour and heat and result in heavy rainfall
in excess of 2–3 m per year (Chen et al., 2004). Because
the saturation vapour pressure is an exponential func-
tion of sea surface temperature (SST), also known as the
Clausius–Clapeyron relationship, a small change in SST
results in a dramatic change in atmospheric convection.
Changes in the warm pool can alter atmospheric divergent
flow locally and affect the Walker and Hadley circulations,
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causing a globally intense climate response (Sardeshmukh
and Hoskins, 1988; Neale and Slingo, 2003; Enfield et al.,
2006). The ocean circulation in the IPWP and surround-
ing ocean is complex and changeable. There are a number
of equatorial currents and western boundary currents that
play an important part in the marine zonal and meridional
heat and mass transport, and in the exchange of Pacific
waters between the Northern and Southern Hemispheres.

In this article, the IPWP is characterized by sea tem-
peratures higher than 28 ∘C (Yan et al., 1997; Chen and
Fang, 2005; Clement et al., 2005; Zhang et al., 2007). This
is based on the fact that the depth of the 28 ∘C isotherm
makes the IPWP an enclosed water mass, and that the
onset of atmospheric deep convection occurs when tem-
peratures exceed 28 ∘C (Fu et al., 1994). During the last
few years, warm pool properties such as the surface cen-
troid (Ho et al., 1995; Yan et al., 1997, 2002; Fang, 2005),
the eastern edge (Picaut et al., 1997; McPhaden, 1999) and
the volume or area features (Meinen and McPhaden, 2000,
2001; Yan et al., 2002; Zhou et al., 2004) have been inves-
tigated. The solar irradiance variability, El Niño–Southern
Oscillation (ENSO) events and global warming possibly
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causes the SST and the size of the warm pool to fluc-
tuate (Yan et al., 1992). The movement of warm pool
and convective activity affect Walker and Hadley circu-
lations, causing a global climate response (Wang and
Enfield, 2001; Enfield et al., 2006). The continuous expan-
sion of the size of the IPWP since the 1980s represents an
increase in the total heat energy available to heat the tropo-
spheric air, which lifts the tropical cold-point tropopause
height and leads to the observed long-term cooling trend of
the tropical cold-point tropopause temperature (Xie et al.,
2014a, 2014b).

Philander (1990), Ho et al. (1995) and Yan et al. (1997)
computed and analysed the movements of the warm pool
and they found that the centroid of the warm pool is an
indicator when studying the interactions between the
ocean and atmosphere and the El Niño events because the
locations of the centroid in these El Niño periods are con-
trolled by the overall shape and position of the warm pool,
which in turn are controlled by anomalous equatorial cur-
rents driven by winds. In earlier work, some authors (Ho
et al., 1995; Yan et al., 1997, 2002; Fang, 2005) defined
the warm pool centroid as the surface ‘geometric centre’.
This definition only considers the shape of the outer
boundary of the warm pool (i.e. the 28 ∘C isotherm), while
its inner thermal structure is totally neglected. This would
not be a problem if the SST gradients within the warm
pool were all concentric. However, the SST pattern of the
warm pool is considerably asymmetric about its warm
core (Chen and Fang, 2005). A new scheme for determin-
ing the warm pool centroid which takes into account the
thermal structure of the surface water was proposed by
Chen and Fang (2005). Compared to previous work, their
definition resulted in a significant improvement in the
precise tracking of the warm pool trajectory. In particular,
Chen and Fang (2005) found that the two definitions
make a significant difference: mean biases of 5.59∘ in the
zonal direction and 0.46∘ in the meridional direction, with
maximum biases reaching 11.62∘ and 2.67∘, respectively.
The new scheme for warm pool centroid estimation is
expected to help explain the shift in convective activity
in the equatorial Pacific, and hence, improve our under-
standing of ENSO-related phenomena in this region. In
this study, we make use of measurements as a function of
all three space dimensions to define the ‘thermal centroid’
(hereafter, referred to as the heat centre) of the IPWP. Ho
et al. (1995), Yan et al. (1997) and Fang (2005) found that
the movement of the centroid of western Pacific warm
pool (WPWP) traces an ellipse-like trajectory and moves
counterclockwise in most of the years.

The mean annual cycle of a climate variable is conven-
tionally defined as the climatological monthly/daily mean
of the data for a given period, which is assumed repetitive
from year to year. Wu et al. (2008) proposed an alterna-
tive reference frame for climate anomalies, the modulated
annual cycle (MAC) using the empirical mode decom-
position (EMD) and ensemble empirical mode decom-
position (EEMD) method that allows the annual cycle
to change from year to year. The effectiveness of the
EMD–EEMD method has been recently documented in

many geophysical applications (Huang and Wu, 2008; Wu
et al., 2008; Qian et al., 2009, 2010, 2011a, 2011b, 2011c;
Ruzmaikin and Feynman, 2009; Wu and Huang, 2009;
Franzke, 2010; Breaker and Ruzmaikin, 2011; Franzke and
Woollings, 2011; Qian and Zhou, 2014; Shan et al., 2014).
In particular, the ability of EEMD and the advantage of
using it to extract the annual cycle component (which has
strong amplitude–frequency modulation) from a climate
variable have been validated using synthetic data, monthly
SST data and daily surface air temperature records (Wu
et al., 2008; Qian et al., 2011a).

The studies (Vinayachandran and Shetye, 1991; Fang,
2005) referred to the annual cycle of warm pool using
the traditional definition of annual cycle. The previous
studies (Yan et al., 1997) have defined the heat centre
as the surface centroid and studied its trajectory on the
surface. To our knowledge, there is no previous study that
investigates the patterns of the trajectory of the heat centre
in three-dimensional space. The purpose of our study is to
investigate the amplitude and phase changes of the annual
cycle of the heat centre in the IPWP. The patterns of
trajectory of MAC of heat centre in the IPWP are classified
using the self-organizing map (SOM) technique (Kohonen,
1982). The warm pool characteristics for different patterns
are also presented. In addition, the evolution of the patterns
and what is related to them are discussed in detail.

2. Data and methods

2.1. Data

The ocean dataset used in this study is obtained from the
Simple Ocean Data Assimilation (SODA) 2.2.4 (Giese
and Ray, 2011), which is available from 1871 to 2008.
The ocean model of SODA is based on Parallel Ocean
Program (POP) with an average 0.25∘ × 0.4∘ × 40-level
resolution. Horizontal mixing is biharmonic and vertical
mixing uses the K-profile parameterization. Rivers are
also included with climatological seasonal discharge. The
surface boundary conditions such as surface wind, solar
radiation, specific humidity, cloud cover, 2 m air temper-
ature, precipitation are provided from a new atmospheric
dataset (Compo et al., 2011) designated as Twentieth Cen-
tury Reanalysis version 2 (20CRv2). Observations include
virtually all available hydrographic profile data, ocean sta-
tion data, moored temperature and salinity time series,
surface temperature and salinity observations of various
types, and nighttime infrared satellite SST data. The out-
put is in monthly averaged form, mapped onto a uniform
0.5∘ × 0.5∘ × 40-level grid.

2.2. Methods

This study uses the same methodology as Shan et al.
(2014), therefore, we briefly repeat it here. It is assumed
that the IPWP is a relatively homogeneous water mass and
that the movement of the IPWP heat centre represents the
evolution of the shape and position of the IPWP itself. The
zonal, meridional and vertical locations of the IPWP heat
centre are calculated in the region enclosed by the 28 ∘C
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Figure 1. Decomposition and reconstruction of the IPWP zonal heat centre location from January 1950 to December 2007. ‘Input’ stands for the raw
monthly data.

isotherm (between 30∘S−30∘N and 30∘E–120∘W). The
heat centre Xi (i= 1, 2, 3) are defined as follows (Chen
and Fang, 2005):

Xi =

n∑

j=1

wjXij

n∑

j=1

wj

, i = 1, 2, 3 (1)

wj =
Tj − Tmin

Tmax − Tmin
(2)

where the subscripts 1, 2, and 3 denote, respectively, the
zonal, meridional and vertical directions, n is the number
of grid points in the three-dimensional warm pool, Xij
is the sea water location at point j, Tj is the temperature
of sea water at point j and wj is a normalized weighting
function. Tmax and Tmin are the maximum and minimum
sea temperature. Hence, Xi (i= 1, 2, 3) indicates the
longitude, latitude and depth of the heat centre of warm
pool, respectively.

We use an adaptive and temporally local data analysis
tool – the EMD and EEMD method (Huang and Wu,
2008; Wu and Huang, 2009) – to extract the annual cycle,
hereafter, referred to as the amplitude–frequency MAC
(Wu et al., 2008). Because linear trends are sensitive to the
analysis period or small changes at the beginning and/or
end of the selected data domain, we examine the nonlinear
and adaptive trend of a climate variable. Climate variables
are defined as an intrinsically fitted monotonic function or
a function in which there can be at most one extremum
within a given data span (Wu et al., 2007).

This classification is based on the SOM (Kohonen,
1982), which is an unsupervised artificial neural net-
work that reduces a high-dimensional dataset into a
low-dimensional one that summarizes the key aspects
of the larger dataset into a set of patterns, and it is also
known as Kohonen map. Details of the approach are given
by Cassano et al. (2006). The SOM has been shown to be
more powerful than conventional methods (e.g. the empir-
ical orthogonal functions) for the purpose of extracting
consistent features (Reusch et al., 2005; Liu et al., 2006),
and has been successfully applied in climate research
(Morioka et al., 2010; Chattopadhyay et al., 2013). The
SOM algorithm produces a one-dimensional set of pat-
terns of the heat centre trajectory. After testing several
different sizes, the final shape of the chosen Kohonen map
for our study is a 2× 2 matrix of heat centre patterns that
can cover most of the aspects of trajectory features, also
ensuring that each pattern can provide robust statistics for
the properties of the warm pool. We use the batch training
algorithm, which is more computationally efficient than
the sequential algorithm (Vesanto et al., 1999, 2000). The
neighbourhood function chosen is ‘ep’ which gives the
most accurate patterns (Liu et al., 2006).

3. Results

3.1. The basic features of the IPWP heat centre

We first reconstruct the IPWP heat centre location into
five major time-scale components (the zonal locations of
the heat centre is shown in Figure 1) using the method
introduced by Wu et al. (2008). They are (Figure 1) the
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Table 1. The contribution of the different time-scale components
of heat centre to the total variances.

Index HF MAC Interannual Decadal Trend

Zonal of heat
centre

3.91 40.03 28.32 18.93 8.79

Meridional of
heat centre

3.48 93.72 1.28 1.42 0.06

Vertical of heat
centre

6.74 24.76 51.01 11.71 5.76

Figure 2. A wavelet analysis for the MAC of heat centre in zonal direc-
tion. Wavelet power spectra and corresponding global wavelet spectra,

where dashed lines indicate a significance level at p< 0.05.

high-frequency (HF) component representing intra-annual
variability, the MAC component representing the annual
cycle, the interannual time-scale component representing
interannual variation within a period of 2–7 years, the
decadal component and the trend component. Because the
data prior to 1950 is of poor quality, and to eliminate
the minor influence of end effects on our results, the last
few years of all the decomposed results are excluded, leav-
ing the period 1950–2007 to be analysed. The contribu-
tions of the different components to the total variance of
the heat centre are also calculated (see Table 1). It can be
seen from Table 1 that the MAC and interannual variabil-
ity are more important for zonal and vertical locations of
heat centre. In particular as to the meridional location of
heat centre, the MAC component can contribute 93.72%
for the total variance. Figure 2 illustrates the wavelet power
spectra and corresponding global wavelet spectra of the
MAC of the heat centre in zonal direction, using Morlet
wavelet analysis (Torrence and Compo, 1998). It is evi-
dent that MAC contains variability of a quasi-1-year period
throughout the data span.

The different features of MAC of IPWP heat centre
during El Niño and La Niña event years are displayed in
Figure 3. The classification of the El Niño years and La
Niña follows the method of Qian et al. (2011c). Table 2
shows the ENSO events from 1950 to 2007. Although
we use different datasets, most of them are consistent
with the results of Qian et al. (2011c). As to the merid-
ional component of the heat centre, the MAC component
accounts for more than 90% of the total variance. The
difference of the meridional component of the heat centre
in different years is very small, only that in El Niño years
it is a little smaller in summer and bigger in winter. That is
to say the change of the meridional component of the heat
centre is confined to a smaller extent in the meridional
direction. On the other hand, the zonal location of the
heat centre from April to August lies to the west, while

Figure 3. Composites of the MAC of heat centre in zonal, meridional and
vertical directions in IPWP for the period 1950–2007 during El Niño

(warm), La Niña (cold) and normal years.

from July to December it lies to the east of its location
in normal years. As to the heat centre’s vertical location
in El Niño years, from March to August it is at much
shallower depths, while from September to February it is
at much deeper depths. The El Niño exhibits significant
seasonal coherence, with SST anomalies emerging in
boreal summer, peaking in early winter and decaying in
the following spring (Wang and Fiedler, 2006; Xie et al.,
2009). When an El Niño event takes place, there is an
anomalous eastward advection of warm water because of
anomalous westerly wind, which can result in the heat
centre moving eastward than in the normal years, the
relaxation of trade wind also leads to the flattering of the
thermocline, which can generate an anomalous poleward
geostrophic transport (Bosc and Delcroix, 2008). The
meridional location of the heat centre is to the north on
average. Thus, the heat centre lies to the north of its normal
location during the mature phase of an El Niño event.

Amplitude change of the MAC component of heat centre
of the IPWP together with their secular trends are illus-
trated in Figure 4. The amplitude of the MAC compo-
nent of the zonal heat centre increases before 1980s and
decreases after that. The meridional component of heat
centre has no obvious trend. The amplitude of the verti-
cal component of the IPWP heat centre decreases before
1960, increases before 1980, and then, decreases there-
after. The timing of the transition from a cold to a warm
phase for the MAC is calculated as the date when the
MAC intersects zero (estimated using linear interpolation)
(Figure 5). Because there are many years that the vertical
component of the heat centre has no intersections with zero
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Table 2. Classification of ENSO events from 1950 to 2007. Weak (W): peak strength reaches 0.5–1 ∘C, moderate (M): 1–1.5 ∘C and
strong (S): >1.5 ∘C.

El Niño La Niña

Peak Strength Duration Peak Strength Duration

1951/10 M (1.1174) 1951/5–1952/3 1950/6 W (−0.7943) 1950/1–1950/10
1953/7 W (0.8417) 1953/3–1953/11 1955/11 M (−1.1010) 1954/7–1956/8
1957/11 M (1.0722) 1957/4–1958/5 1962/6 W (−0.7041) 1962/1–1962/10
1963/8 W (0.7453) 1963/6–1963/11 1964/8 W (−0.8924) 1964/5–1964/12
1965/9 M (1.3372) 1965/4–1966/3 1967/10 W (−0.8553) 1966/11–1968/3
1969/12 M (1.1610) 1968/12–1970/3 1970/11 S (−1.8863) 1970/6–1971/3
1972/10 S (2.0661) 1972/4–1974–4 1973/11 M (−1.0425) 1973/8–1974/5
1976/11 M (1.0540) 1976/6–1977/6 1975/9 W (−0.8216) 1975/4–1975/12
1983/1 S (1.7726) 1982/6–1983/7 1981/9 W (−0.8737) 1981/5–1982/1
1987/5 S (1.5828) 1986/8–1987/12 1984/5 W (−0.9624) 1983/12–1986/1
1992/1 W (0.9265) 1991/7/1992/7 1988/10 M (−1.4079) 1988/4–1989/6
1997/11 S (2.8432) 1997/4–1998/7 1996/9 M (−1.2955) 1995/4–1997/1
2002/9 W (0.6817) 2002/6–2002/12 1999/4 M (−1.3524) 1998/10–2000/4
2004/9 W (0.5336) 2004/6–2004/12 2007/11 W (−0.8694) 2007/7–2008/5
2006/9 W (0.7390) 2006/7–2006/12

Figure 4. Amplitude change of the MAC component of heat centre in
zonal, meridional and vertical directions in IPWP together with their

secular trends (dashed lines) fitted by EEMD.

(from a positive phase to a negative phase), only the zonal
and meridional components of the heat centre trajectory
are displayed in Figure 5. As to the zonal component of
the heat centre trajectory, the date when the IPWP moves
from east to west comes earlier and earlier during the peri-
ods 1950–1965 and 1975–2007, and much later between
1965 and 1975. When it comes to the meridional compo-
nent, the date when the IPWP moves from south to north is
much later before 1960 and much earlier during the period
1960–1970, after which there is no obvious change.

3.2. Trajectory patterns of IPWP

The patterns of the trajectories for the MAC component
of the IPWP heat centre produced by the SOM algorithm,
and their frequencies of occurrence are shown in Figure 6.
Pattern 2 appears most frequently (31.1%), although all
patterns are approximately equally distributed. Patterns 1
and 3 are like a saddle, with pattern 1 being much more

Figure 5. Phase (timing of the annual cycle transition from the cold to
the warm phase) change of the MAC component of heat centre in zonal
(a), meridional (b) directions, together with their secular trends (dashed

lines) fitted by EEMD.

winding. The shapes of patterns 2 and 4 are similar, but
they tilt in different directions. Pattern 2 tilts towards the
southwest and pattern 4 tilts to the west.

Figure 7 shows the details of the likelihood of persistence
of each pattern and the transition to the other patterns.
The first value shown as a percentage inside the rectangle
is the likelihood of persistence, i.e. the first one for the
following year looks much like that for the present year

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 6. Patterns of trajectory of MAC of heat centre and their occurrence frequency (%) using SOM.

and thus, also matches best with the same pattern. The
second value adjacent to the arrows is transition likelihood,
shows the most likely change to occur when persistence
does not apply. The following year is sufficiently different
from the present year that it matches better with a different
pattern. For example, if pattern 1 is the best match for a
year, there is a 16.67% chance that it will also be the best
match for the next year, but a probability of 66.66% of
changing to pattern 2 and a 16.67% chance of changing
to pattern 3. Of all the four patterns, the persistence of
pattern 2 is generally relatively high. If the percentages
are based on the number of events left after persistence
has been removed, i.e. if three out of ten events involved
persistence, then the transition percentage shown is based
on the remaining seven events. In this case, in pattern 1
there is an 80% chance of changing to pattern 2 (and a
20% chance of changing to one of the remaining patterns).
Pattern 2 has a 54.54% likelihood of changing to pattern
4, and pattern 4 has a 49.99% probability of changing to
pattern 3. In addition, pattern 3 has a 40% probability of
transforming to patterns 1 and 4. Figure 7 suggests that
the heat centre trajectory develops along the sequence of
patterns: 1-2-4-3 and then back to 1.

To further show the mean state of the IPWP associated
with each pattern of the heat centre trajectory, Figure 8
shows the vertical structure of the ocean temperature dif-
ferences of the four patterns compared with the mean
temperature for 1950–2007 averaged between 2.5∘S and
2.5∘N. The reason for choosing the mean temperature

Figure 7. The persistence and transition likelihood (in %) of the four
patterns of MAC of heat centre in IPWP. Persistence is indicated by
percentages shown within each pattern. Percentages near arrows indicate

likelihood of transition to the other patterns.

averaged between 2.5∘S and 2.5∘N is that the IPWP has an
approximate zonal dimension near the equator (Wang and
Metha, 2008). The difference between patterns 1 (shown
in Figure 8(a)) and the climatology is that the equato-
rial eastern Pacific is much colder, especially for depths
above 200 m, and it is much warmer in the western Pacific.
The difference with climatology represented in pattern 2
(Figure 8(b)) shows that it is much warmer in the west-
ern Pacific and the Indian Ocean, whereas in pattern 3
(Figure 8(c)) it is colder in the Indian Ocean above 150 m,
and the cooling in the eastern and middle Pacific is much

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 8. The ocean temperature differences compared with the mean value (1950–2007) over 2.5∘S–2.5∘N in four patterns. Dark shadings indicate
temperature differences at the 5% significance level.

stronger. When it comes to pattern 4 (Figure 8(d)), how-
ever, the difference with climatology is much warmer in
the eastern Pacific and much colder in the western Pacific.

The IPWP has its maximum meridional extension near
150∘E. Figure 9 shows the vertical-meridional cross
section for ocean temperature along 150∘E. In pattern 1
(shown in Figure 9(a)), it is much warmer in the region
10∘S–10∘N, especially for depths between 50 and 200 m.
The state of sea temperature in pattern 4 (Figure 9(d)) is
opposite to that in pattern 1. As to pattern 3 ( Figure 9(c)),
the remarkable warming is mainly found in the region
0∘–10∘N. However, in pattern 2 (Figure 9(b)), notable
warming is located between 10∘S and 0∘N. Furthermore,
the remarkable warming in both patterns 2 and 3 is
between 100 and 200 m, while in pattern 2 (pattern 3) the
ocean is warmer (colder) above 100 m between latitudes
10∘S and 20∘N.

Figure 10 displays the different shapes of the IPWP for
the four patterns. The eastern extension of the IPWP shows
remarkable difference in the four patterns (Figure 10(a)).
In pattern 1, the eastern extension of IPWP is the small-
est but the northern expanding is the largest. In addition,
the north branch is the deepest and the southern extension
of the south branch of the IPWP is also the largest. The
condition in pattern 4 is contrary to that in pattern 1. In pat-
tern 2, the vertical extension is much deeper, especially the
south branch of IPWP. In pattern 3, the vertical extension
in the Indian Ocean is the shallowest, and the west bound-
ary extends eastward. Furthermore, the south branch is to
the south compared with pattern 2.

The shallow meridional overturning circulation, which
is also known as the subtropical cell (STC) (Liu, 1994;
McCreary and Lu, 1994), controls the transport of mass,
heat and salt between the equator and the subtropics, and
plays an important part in oceanic climate variability. The

STC is closed by upwelling at the equator, a poleward
Ekman transport at the surface, subduction in the sub-
tropics and an equatorward flow within the thermocline.
A vertical cross section of mean meridional velocity dif-
ference at 150∘–155∘E relative to the mean condition
(1950–2007) associated with the four patterns is shown
in Figure 11. The STC in both the hemispheres strength-
ens in pattern 1 (displayed in Figure 11(a)), but it weakens
in pattern 4 (Figure 11(d)). Stronger STCs may lead to a
stronger subduction and warming of the ocean temperature
under the surface. In pattern 1, for example, a stronger STC
warms the warm pool, which favours the heat centre mov-
ing to the north. The changes in pattern 4 are the opposite
of this situation. In pattern 3 (Figure 11(c)), the Northern
Hemisphere STC is weak, cooling the warm pool in the
Northern Hemisphere and causing the heat centre to move
to the south. In pattern 2 (Figure 11(b)), a stronger North-
ern Hemisphere STC warms the warm pool in the Northern
Hemisphere.

4. Discussion

Ho et al. (1995) and Yan et al. (1997) showed that the
zonal and meridional displacements of the WPWP are con-
trolled by El Niño events and the annual solar irradiance
cycle, respectively. Because the total volume of the WPWP
is on an average three times that in the Indian Ocean warm
pool (Vinayachandran and Shetye, 1991), the IPWP heat
centre is mainly controlled by the WPWP. The trajec-
tory of the heat centre MAC during El Niño and La Niña
years is shown in Figure 12. It can be seen that pattern
1 is like that during La Niña years, and pattern 4 resem-
bles the situation in El Niño years. From the cluster time
series (Figure 13), we see that the years when pattern 1
occurs are nearly consistent with La Niña years (Table 2).

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 9. As in Figure 8, but for a latitude–depth cross section at 150∘E.

Figure 10. The comparison of the shape of IPWP in the four patterns
and climatology (a) is for that over 2.5∘S–2.5∘N, and (b) is that in a

latitude–depth cross section at 150∘E.

Likewise, the years when pattern 4 occurs nearly matches
the El Niño years (Table 2). Yan et al. (1999) also indi-
cated that the WPWP centroid moves clockwise with a
northeast-southwest orientation during the year of El Niño
onset, which is similar to our results.

As mentioned above, in pattern 1, it is much colder
in the equatorial eastern Pacific and much warmer in
the western Pacific. During La Niña years, anomalous
easterly winds pile up warm water in the west, causing
the heat centre of IPWP move to the west, and expand in
the vertical dimension. In pattern 4, it is much warmer in

the eastern Pacific and much colder in the western Pacific.
The sea temperature distribution in pattern 4 is opposite
to that in pattern 1, which corresponds to El Niño years
when anomalous westerly winds permit warm water to
advect eastward.

Figure 14 shows the 5 m sea temperature differences
compared with the mean value (1950–2007) for patterns
2 and 3. For pattern 3 (pattern 2), there is a positive
(negative) SST anomaly in the western part of the Indian
Ocean and a negative (positive) anomaly in the eastern
part. This is similar to the Indian Ocean dipole (IOD)
(Saji et al., 1999; Webster et al., 1999), with pattern 3
(pattern 2) corresponding to the positive (negative) phase
of the IOD. In pattern 2, the western Pacific and the Indian
Ocean is much warmer, which expands the Indian Ocean
warm pool. While in pattern 3, the west boundary of IPWP
is to the east of Indian Ocean.

In the previous section, it was shown that the trajec-
tory of the heat centre evolves in the pattern sequence
1-2-4-3-1. An El Niño event tends to favour easterly wind
anomalies over the equatorial Indian Ocean, which can
trigger a positive IOD and Indian Ocean basin-wide warm-
ing (Annamalai et al., 2003; Luo et al., 2010). Schott et al.
(2009) has reviewed mechanisms on how ENSO exerts its
influence on the circulation and SST of the Indian Ocean
through an atmospheric bridge and triggers the IOD. In
response to wind variations in the Pacific promoted by
both IOD events (Izumo et al., 2010) and Indian Ocean
basin-wide warming (Annamalai et al., 2005; Kug et al.,
2006; Ohba and Ueda, 2007), a positive IOD in fall and
basin-wide warming in winter both promote a transition
towards a La Niña event in the following year. A negative
IOD can force equatorial Pacific easterly wind anomalies
and drive positive SST anomalies in the central Pacific
through zonal advection of the warm pool eastern edge.
The SST anomalies may be enhanced by the Bjerknes
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Figure 11. As in Figure 8, but for the meridional velocity difference at 150∘–155∘E.

Figure 12. Trajectory of mean MAC of heat centre for IPWP during El Niño (warm), La Niña (cold) years.

Figure 13. The clusters time series of MAC of heat centre in IPWP.

feedback and develop into an El Niño event (Izumo et al.,
2014). The transition of the IPWP heat centre trajectory
is related to the IOD–ENSO interactions on a biennial
timescale (Izumo et al., 2014).

5. Summary

The MAC of the IPWP heat centre (in longitudinal, lati-
tudinal and vertical directions) is first obtained based on

the EMD–EEMD method. The basic features of the heat
centre MAC are investigated. We found that both the MAC
and interannual variability are important for the zonal and
vertical locations of the heat centre, but MAC dominates
for the meridional location. The different features of the
heat centre MAC during El Niño and La Niña years were
discussed. In normal years from April to August, the zonal
component of the IPWP heat centre is located in the west,
while during July to December it moves to the east. In El
Niño years from March to August, the vertical component
is at shallower depths, while from September to February
it is much deeper. El Niño is in a mature phase in win-
ter and warm water is advected to the eastern part of the
Pacific because of the anomalous westerly winds, which
can cause the heat centre moving to the east. The relax-
ation of trade wind leads to the flattering of the thermocline
across the equatorial ocean, which can generate an anoma-
lous poleward geostrophic transport. As a result, the heat
centre lies to the north in El Niño years. Amplitude and
phase changes (from a cold phase to a warm phase) of the
heat centre MAC were also studied.
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Figure 14. The 5 m temperature differences compared with the mean value (1950–2007) in patterns 2 and 3

The IPWP heat centre MAC trajectory patterns were
classified using the SOM algorithm. Patterns 1 and 3 are
like a saddle, with pattern 1 being more winding. The
shapes of patterns 2 and 4 are similar, but they tilt in
different directions. Pattern 2 tilts towards the southwest
and pattern 4 tilts to the west. Of all four patterns, the
persistence of pattern 2 is relatively longer. The heat centre
trajectory develops in the pattern sequence: 1-2-4-3-1.
Pattern 1 (pattern 4) is related to the cold (warm) phase
of ENSO, while pattern 2 (pattern 3) corresponds to the
negative (positive) phase of IOD. The transitions of the
IPWP heat centre trajectory are related to IOD–ENSO
interactions on a biennial timescale.
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