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[1] The seasonal and interannual variabilities of warm pool properties in the Pacific and
Indian Ocean sectors are examined and contrasted. The properties examined are the
size, mean and maximum sea surface temperatures (SSTs), and central position. The
seasonal variability is more vigorous in the Indian Ocean sector, but the interannual
variability is comparable in the Pacific and Indian Ocean sectors. The variability is
associated with significant longitudinal and latitudinal displacements on seasonal time
scales but only with longitudinal displacements on interannual time scales. As for the
controlling factors, while the seasonal variability of the warm pool is controlled by the
annual march of the Sun in the Pacific sector and by the Indian summer monsoon in the
Indian Ocean sector, the interannual variability in both sectors is related mostly to El
Niño–Southern Oscillation (ENSO). ENSO is closely correlated with the size variations
and longitudinal displacements of the warm pool. Interestingly, the warm pool intensity
in both sectors is not highly correlated with ENSO until 5 to 6 months after ENSO
peaks. The possible causes of this delayed ENSO influence are discussed. Only size and
intensity (i.e., mean SST) variations in the Indian Ocean warm pool are significantly
correlated with quasi-biennial variability in the Indian monsoon, which indicates that the
Indian Ocean warm pool may be a potential predictor for Indian monsoon variations.
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1. Introduction

[2] The Indo-Pacific warm pool is an important feature of
the climate system and is typically defined as the region of
ocean enclosed by the 27.5�C or 28�C isotherm of sea sur-
face temperature (SST) [e.g., Wyrtki, 1989; Ho et al., 1995;
Fasullo and Webster, 1999] which are threshold tempera-
tures required for atmospheric deep convection [e.g.,
Graham and Barnett, 1987; Zhang, 1993; Fu et al., 1994].
Through the excitement of deep convection, the warm pool
is capable of influencing global climate via, for example, the
Walker and Hadley circulations and serves as a major source
of heat and water vapor [Sardeshmukh and Hoskins, 1988;
Webster and Lukas, 1992]. Variations in the properties of the
warm pool have been considered as a driving force to, as
well as an indication of, climate variability and changes. For
example, the warm pool size was suggested to be a key
factor regulating tropical mean SSTs by Pierrehumbert
[1995]. The extension of the warm pool is positively corre-
lated with the occurrence of westerly wind bursts in the
western Pacific, which are known to be important for the

onset of the El Niño events [Eisenman et al., 2005]. Warm
pool displacements and intensity variations are also known
to affect the onset, intensity, and period of El Niño–Southern
Oscillation (ENSO) [Picaut et al., 1996; Kessler, 2001; Sun,
2003; McPhaden, 2004]. Changes in the warm pool size
have been suggested to change the center of atmospheric
deep convection, leading to local and remote changes in
climate. Williams and Funk [2011] showed that a large
warming trend in the Indian Ocean over the past 60 years has
expanded the Indian Ocean warm pool westward and argued
that this expansion has been instrumental in a shift of the
sinking branch of the Walker circulation westward to eastern
Africa, causing rainfall deficit there. It has also been sug-
gested that warm pool SSTs may affect tropical cyclone
frequency and intensity. Webster et al. [2005] showed that
an increasing trend in the tropical cyclone number and
intensity over the past 35 years could be associated with a
warming trend in the north Indian Ocean and western Pacific
Ocean. Slow fluctuations in warm pool SSTs were suggested
to be capable of regulating decadal variability in the Hadley
and Walker circulations [Wang and Metha, 2008]. Further-
more, the warming of the Indo-Pacific warm pool in recent
decades was suggested as a contributor to a trend of inten-
sification in the Hadley circulation [Ma and Li, 2008].
[3] Previous studies have improved our understanding of

the Indo-Pacific warm pool, such as its surface energy
balance and the relative roles played by atmospheric and
oceanic processes in the balance [e.g., Ramanathan and
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Collins, 1991; Wallace, 1992; Hartmann and Michelsen,
1993; Schneider et al., 1996; Fasullo and Webster, 1999;
Clement et al., 2005]. Most of the studies focused on the
Pacific sector of the warm pool. Some of the studies that
looked into the Indian Ocean sector of the warm pool
indicated that the surface energy balance in this sector dif-
fers from that in the Pacific sector. Schneider et al. [1996]
concluded from an examination of coupled atmosphere-
ocean model simulations that on seasonal time scales, the
solar penetration process affects the vertical temperature
structure more in the Pacific than in the Indian Ocean.
Fasullo and Webster [1999] found that the warm pool SST
in the Indian Ocean is less sensitive to surface thermal
forcing than it is in the Pacific. The warm pool in the Indian
Ocean sector also has a stronger annual cycle than in the
Pacific sector [Fasullo and Webster, 1999]. The warming
trend in the warm pool since the 1970s has been about 2–
3 times larger in the Indian Ocean sector than in the Pacific
sector [Williams and Funk, 2011]. Coincident with the
warming in the Indian Ocean, the mean strength of the
Indian monsoon has weakened but its interannual variability
has increased [Goswami, 2005]. It was also noted that the
typical negative correlation between ENSO and the Indian
monsoon has weakened in recent decades [Kumar et al.,
1999; Kinter et al., 2002]. It has also been shown that the
Indian Ocean warm pool is shallower than the Pacific warm
pool [e.g., Meng and Wu, 2002]. Moreover, the Indian
Ocean exhibits a unique interannual variability, which is
called the Indian Ocean Dipole (IOD) [Saji et al., 1999;
Webster et al., 1999], that may interfere with the Indian
Ocean sector of the warm pool. These studies indicated that
the warm pool properties and their variability in the Pacific
and Indian Ocean sectors can be different and may play
different roles in the climate system.
[4] In this study, we separate the Indo-Pacific warm pool

into a Pacific sector and an Indian Ocean sector to examine
and contrast their seasonal and interannual variability. We
focus on variations in the warm pool intensity, size, and
location. The warm pool intensity is often represented by the
mean SST within the region where SSTs are greater than or
equal to a threshold (which is usually set to be 28�C).
Additionally, we also examine variations in the maximum
SST inside the warm pool to see whether it is a good indi-
cator of warm pool intensity. As for the warm pool location,
previous studies have focused on the longitudinal displace-
ment or the eastern boundary movement of the Pacific warm
pool due to its close relation with the evolution of ENSO
[e.g., Picaut et al., 1996]. In this study, we examine the
movement of the center of the warm pool by examining both
its longitudinal and latitudinal displacements. This so-called
“centroid” movement of the warm pool has been examined
by Ho et al. [1995] using a short period (1982–1992) of
satellite data, but that study focused only on the Pacific
sector of the warm pool. For the size variations of the warm
pool, we focus on its horizontal surface area, since a previ-
ous study by Meng and Wu [2002] showed that volume
variations in both the Pacific and Indian Ocean sectors of the
warm pool are similar to their surface area variations.
Therefore, five particular properties of the warm pool are
examined in this study: the horizontal size of the warm pool,

the mean and maximum SSTs inside the warm pool, and the
central longitudinal and latitudinal locations of the warm
pool.

2. Data Set and Method

[5] The SST data set used in this study is the National
Oceanic and Atmospheric Administration (NOAA)
Extended Reconstruction of Historical Sea Surface Tem-
perature version 3 (ERSST v3) [Smith et al., 2008] from the
National Climate Data Center (NCDC). The data are avail-
able from 1854 to 2011 on 2� � 2� grids and are produced
by applying statistical methods to in situ and satellite
observations. To test the sensitivity of the results to the SST
data set used, we also examine the Met Office Hadley Centre
Sea Ice and Sea Surface Temperature data set (HadISST)
[Rayner et al., 2003], which is reconstructed using an
empirical orthogonal function and reduced space optimal
interpolation [Kaplan et al., 1998] and is available on 1� �
1� grids from 1871 to 2011. We found the results to be
similar and present only those produced from the ERSST
data set here.
[6] Using SST data for the period 1950–2010, the size,

maximum and mean SSTs, and the longitudinal and latitu-
dinal locations of the center of the warm pool are calculated
in the region enclosed by the 28�C isotherm within the
region between 30�S–30�N and 30�E–130�W. We repeated
our analyses with the warm pool defined by the 27.5�C
isotherm, which has been used in some studies [e.g.,
Graham and Barnett, 1987] to define warm pool, but found
little difference. Only the results with the warm pool defined
by the 28�C isotherm are shown. In this study, the warm
pool is separated into Pacific and Indian Ocean sectors (see
Figure 2) based on the basin mask information from
NOAA’s National Oceanographic Data Center [Locarnini
et al., 2010]. The boundary (i.e., the red dashed line in
Figure 2) of the two sectors connects the Indonesian island
chain from the southern tip of the Indo-China Peninsula to
the northern tip of the Australia. For the sake of discussion,
these two sectors are referred to as the Indian Ocean warm
pool and the Pacific warm pool, respectively. The central
latitudinal and longitudinal locations of the warm pool are
calculated using the following methods:

Xcenter ¼
Xn

i¼1

xi=n and Ycenter ¼
Xn

i¼1

yi=n;

where x and y are the longitudinal and latitudinal locations,
respectively, of SST data grids inside the region enclosed
by the 28�C isotherm, and n is the total number of grid
points inside the warm pool. Latitudinal weighting (i.e., the
squared root of cos(latitude)) is considered in the calcula-
tion of the central locations.
[7] To examine the relationship between the warm pool

properties and the Indian monsoon for the period 1950–
2010, we use the All-India Rainfall (AIR) [Parthasarathy
et al., 1994] index for the period 1950–2010 to examine
the monsoon–warm pool relationships. The AIR, which is
available from 1871 onward, was compiled by the Indian
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Institute of Tropical Meteorology using an area-weighted
surface rainfall data set from 306 stations within India.

3. Seasonal Variations of the Warm Pool
Properties

[8] We first examine how the Indo-Pacific warm pool
moves between the Pacific and Indian Ocean sectors during
its seasonal evolution. Figure 1 shows the respective per-
centages of the surface area of the warm pool within each of
the sectors. It shows that the Pacific sector is always the
dominant part of the warm pool throughout the year, but the
warm pool moves more into the Pacific Ocean during boreal
summer and more into the Indian Ocean during boreal
spring. In August, the Pacific sector comprises 80% of the
Indo-Pacific warm pool while the Indian Ocean sector
comprises only 20%. In March, as much as 45% of the warm
pool is located within the Indian Ocean. The variations in the
area percentage are further examined using the monthly
climatology of the warm pool SSTs in Figure 2. In both
sectors, the warm pool moves northward during boreal
summer and southward during boreal winter, following the
annual march of the Sun. The Pacific warm pool reaches its
largest size when it is at its northernmost latitude near the
end of the boreal summer (September; Figure 2i) and its
smallest size when it is at its southernmost latitude near the
end of boreal winter (February; Figure 2b). Although similar
latitudinal excursions occur in the Indian Ocean, the size
variations in this sector are larger than those in the Pacific
sector and differ in their evolution. Instead of having a
maximum size in boreal summer as in the Pacific sector, the
warm pool in the Indian Ocean sector is smallest in August–
September. This is related to the fact that the Indian Ocean is
uniquely bounded to the north by the Asian continents,
which adds the Indian monsoon as an additional factor
controlling the Indian Ocean warm pool size. The south-
westerly monsoon during boreal summer induces coastal
upwelling and enhances surface evaporation cooling in the
western Arabian Sea, thereby shrinking the warm pool to a

small area in the northeastern corner of the Indian Ocean
(Figures 2g–2i). This is the time that the Indian Ocean sector
constitutes the smallest percentage of the Indo-Pacific warm
pool in Figure 1. It is during the two intermonsoon seasons
(i.e., boreal spring and autumn) that the Indian Ocean warm
pool has relatively large size. Particularly in boreal spring,
the warm pool covers most of the northern Indian Ocean,
and the percentage of the warm pool in the Indian Ocean
sector reaches its maximum value (Figure 1). The seasonal
variations shown in Figures 1 and 2 suggest that the seasonal
displacement of the warm pool between the Pacific and
Indian Oceans is controlled by two factors: the annual march
of the solar heating and the Indian summer monsoon.
[9] In Figures 3a–3e, we examine the seasonal variations

of five warm pool properties: horizontal size, longitudinal
and latitudinal positions, mean SST, and maximum SST.
Values shown are the deviations from the respective annual
means. Harmonic analyses are applied to the variations
(shown in Figures 3f–3j) to determine whether the variations
are dominated by the annual or semiannual harmonics.
Figures 3a and 3f indicate that the size variations of the
warm pool (as a percentage of the annual mean) in both the
Pacific and Indian Ocean sectors are dominated by the
annual harmonics, consistent with the discussion in con-
nection with Figure 2, but owing to differences in the phase
of these two annual harmonics, the size variation of the
entire Indo-Pacific warm pool is dominated by semiannual
harmonics. The Indo-Pacific warm pool expands to its
maximum size in April when the Indian Ocean sector of the
warm pool reaches its largest size and its secondary maxi-
mum in October when the Pacific sector reaches its maxi-
mum size. The Indo-Pacific warm pool contracts to its
smallest size in January when the Pacific warm pool is at its
smallest. The secondary minimum of the Indo-Pacific warm
pool occurs in August when the Indian Ocean warm pool is
at its smallest due to the summer monsoon-induced cooling,
which is partially compensated for by the expanding Pacific
warm pool. It is obvious from Figure 3a that the seasonal
size variations of the Indo-Pacific warm pool follow more
closely with the size variations in the Indian Ocean sector
than with the variations in the Pacific sector.
[10] The seasonal displacements in longitude and latitude

of the center of the warm pool are shown in Figures 3b and
3c, where positive (negative) deviations represent eastward
(westward) or northward (southward) displacements from
the annual mean locations. The most obvious feature in
Figure 3c is that the warm pool migrates northward from
boreal winter to summer and southward from boreal summer
to winter in both the Pacific and Indian Ocean sectors. The
displacements are overwhelmingly dominated by the annual
harmonics (Figure 3h) and are almost identical in amplitude
in the two sectors (about �7�), although the northward dis-
placement in the Indian Ocean during summer is limited by
the Asian continent. Figures 3b and 3g show that the lon-
gitudinal displacement of the warm pool is also dominated
by the annual harmonics in both the Pacific and Indian
Ocean sectors; however the displacements are in opposite
directions. The warm pool in the Indian Ocean displaces
westward as it expands in boreal spring and displaces east-
ward as it shrinks in boreal summer. As for the Pacific sec-
tor, the warm pool displaces eastward during boreal winter
and spring, which is related to the eastward expansion of the

Figure 1. The seasonal evolution of the percentages of the
Indo-Pacific warm pool in the Pacific and Indian Ocean
sectors.
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southern branch of the Pacific warm pool during the austral
summer as shown in Figure 2. The southern branch retreats
westward toward the Dateline by the end of austral winter
(i.e., August). Figure 3b indicates that the longitudinal dis-
placement of the warm pool is dominated by the boreal
seasonal cycle (i.e., the Indian monsoon) in the Indian Ocean
sector but by the austral seasonal cycle in the Pacific sector.
In both sectors, the center of the warm pool displaces about
�8� in longitude during the course of the year. The longi-
tudinal variations of the Indo-Pacific warm pool follow more
closely those of the Indian Ocean sector, due to the larger
size variations in this sector.
[11] Next we examine the seasonal variations in the warm

pool intensity. We focus on two quantities: the mean SST
(Figure 3d) and the maximum SST (Figure 3e) within the
warm pool. The annual mean values of the mean SST in
the Pacific (28.9�C) and Indian Ocean (28.7�C) sectors of
the warm pool are almost the same. The mean SST in the

Pacific sector varies little throughout the year (Figure 3d) and
is dominated by a weak semiannual harmonic (Figure 3i).
The peak values occur in boreal spring and autumn when the
Sun is directly overhead at the equator. In contrast, the mean
warm pool SST in the Indian Ocean sector experiences a
relatively large seasonal variation with a maximum excur-
sion of more than 0.5�C. The variation is dominated by an
annual harmonic with the largest deviation in April, which is
the time when the Indian Ocean warm pool expands to its
maximum size (see Figure 3a). The mean SST in this sector
decreases from July to December, which also coincides with
the period of time when the Indian Ocean warm pool
shrinks. Seasonal variations in the warm pool size and
intensity (i.e., mean SST) are positively correlated in the
Indian Ocean sector, with a correlation coefficient of 0.67
that is significant at a 95% level according to a Student’s t
test. No such a significant positive correlation is found in the
Pacific warm pool (the correlation coefficient is 0.43). The

Figure 2. The monthly climatology of the Indo-Pacific warm pool SSTs. Values shown are the monthly
mean SSTs greater than 28�C; the threshold used to define the Indo-Pacific warm pool. The boundary
between the Pacific and Indian Ocean sectors of the warm pool is indicated by a red dashed line.
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Figure 3. (left) The seasonal cycle and (right) its harmonics of warm pool properties: (a, f) horizontal
size, (b, g) the longitudinal displacement, (c, h) the latitudinal displacement, (d, i) mean SST, and (e, j)
maximum SST. Thick solid lines represent values for the Indo-Pacific warm pool, thin dashed lines
represent values for the Pacific warm pool, and thin solid lines represent values for the Indian Ocean
warm pool.
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seasonal variations of the mean SST in the Indo-Pacific
warm pool follow those of the Indian Ocean warm pool. As
indicated in Figure 3j, the maximum values of the warm
pool SST in both the Pacific and Indian Ocean sectors are
dominated by the semiannual harmonics, with the peak
values occurring near the boreal late spring and early winter,
which reflects the influence from the annual march of the

solar heating and indicates that the maximum SST values of
the warm pool are not well linked to the other four warm
pool properties on seasonal time scales.
[12] The analyses presented in Figure 3 together indicate

that the seasonal variability of warm pool size and intensity
is more vigorous in the Indian Ocean sector than in the
Pacific sector, while the longitudinal and latitudinal dis-
placements of the warm pool are comparable in the two
sectors. The standard deviations of the seasonal cycle shown
in Figures 4a–4e lend further support to this conclusion. The
standard deviation of the size variation is about 30% for the
Indian Ocean sector but only 11% for the Pacific sector,
which is a statistically significant difference at the 95% level
based on F test. The differences between the two sectors in
the seasonal variability of the mean SST and the maximum
SST of the warm pool are also statistically significant. The
seasonal variations in the warm pool size, intensity, and
longitudinal displacement in the Indian Ocean sector are
closely linked to each other by the monsoon: the stronger the
warm pool intensity, the larger the warm pool size, and the
greater the westward expansion of the warm pool. In con-
trast, the intensity of the Pacific warm pool varies little
throughout the year, although the center of the Pacific warm
pool undergoes seasonal variations comparable to those of
the Indian Ocean warm pool. These contrasting features
indicate the warm pool SST is more strongly regulated by
dynamical and thermodynamical processes [e.g., Clement
et al., 2005; Ramanathan and Collins, 1991] in the Pacific
sector than in the Indian Ocean sector.

4. Interannual Variations of the Warm Pool
Properties

[13] We next examine the magnitudes of the interannual
variability of the warm pool in the Pacific and Indian Ocean
sectors. Interannual anomalies are obtained by applying a
3 month running mean to the warm pool properties after
their monthly climatology and trends are removed. We first
compare the standard deviations of the interannual variations
to those of the seasonal variations in Figure 4. Figure 4a
shows that the interannual variability in the Pacific warm
pool size is comparable to the seasonal variability, but the
interannual variability in the Indian Ocean sector is less than
half of its seasonal variability. The interannual variability in
the warm pool size is now comparable in the two sectors.
Figures 4b and 4c show that the interannual variability of the
warm pool is associated with large longitudinal displace-
ments but small latitudinal displacements in both sectors.
The longitudinal displacement is particularly large in the
Pacific sector. Figure 4d shows that the interannual varia-
tions of the Pacific warm pool are accompanied by signifi-
cant variations in the mean SST, which is also different
from its seasonal variations. The interannual variability in
the mean SST of warm pool is comparable in the Pacific and
Indian Ocean sectors. Figure 4e shows that the interannual
variability of the maximum SST is also comparable in these
two sectors. The comparisons presented in Figure 4 indicate
that although the Indian Ocean sector dominates the sea-
sonal variability of the Indo-Pacific warm pool, the inter-
annual variability in the Pacific and Indian Ocean sectors
are comparable. Furthermore, while the warm pool vari-
ability is associated with both longitudinal and latitudinal

Figure 4. Standard deviations of (left) seasonal and (right)
interannual variability of (a) horizontal size, (b) the longitudi-
nal displacement, (b) the latitudinal displacement, (d) mean
SST, and (e) maximum SST for the Pacific and Indian Ocean
sectors and the total warm pool. Values of the standard
deviations are shown in parentheses on top of the bars.
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displacements on seasonal time scales, the variability is
associated predominantly with longitudinal displacements
on interannual time scales. It is important to note that for the
entire Indo-Pacific warm pool, the interannual variability is
comparable to the seasonal variability in size, longitudinal
displacement, mean SST, and maximum SST. Only for the
latitudinal displacement, is the interannual variability sig-
nificantly smaller than the seasonal variability.
[14] There are at least two possible contributors to inter-

annual variability in the Indo-Pacific warm pool: ENSO and
monsoon. We now look into their respective contributions to
warm pool variability in each of the two ocean sectors. To
investigate the relationship between the warm pool and
ENSO, in Table 1 we display the correlation coefficients
between monthly warm pool properties and the monthly
Niño3.4 SST index (SST anomalies averaged in the region
between 5�N–5�S and 170�W–120�W). Table 1 shows that
ENSO is significantly correlated (at the 95% level) with the
size variations and longitudinal displacements of the Pacific
warm pool. El Niño events increase the size of the Pacific
warm pool and shift the center of the warm pool eastward,
vice versa for La Niña events. ENSO accounts for about
63% of the interannual variability in warm pool size and
about 78% of that in longitudinal displacement. We also
calculate the correlation coefficients for boreal summer
(July–August–September; JAS) and winter (December–
January–February; DJF). As shown in Table 1, the correla-
tions between Niño3.4 and warm pool size and longitudinal
displacement are significant in both seasons. Since ENSO
typically develops in summer and peaks in winter, Table 1
indicates that the significant correlations of ENSO with the
warm pool size and longitudinal displacement persist
throughout its lifecycle.
[15] Table 1 also indicates that ENSO is not significantly

correlated with interannual variations in the Pacific warm
pool intensity (i.e., the mean and maximum SSTs). The
weak correlation with the Pacific warm pool intensity can be
understood by looking at the typical SST anomaly pattern in
the Indo-Pacific Ocean during ENSO events, as shown in
Figure 5. This pattern is obtained by regressing Indo-Pacific
SST anomalies with the Niño3.4 SST index for JAS and
DJF. It is evident from Figure 5 that while SSTs in the
eastern half of the Pacific warm pool (the outline of the
warm pool is indicated in Figures 5e–5h by black counter)
increase, there are negative SST anomalies in the western
half of the Pacific warm pool. As a result of this partial

cancellation, the warming effect of El Niño (or the cooling
effect of La Niña) is not well reflected in the mean SST and
maximum SST. It is noticed that the magnitude of the SST
anomalies in the far western Pacific does not change much
when the SST anomalies increase in the eastern to central
Pacific during the development of the El Niño or La Niña
event from JAS to DJF. Therefore, the cancellation effect is
weaker in DJF when ENSO events peak. This is consistent
with Table 1 that shows the mean SST in the warm pool has
a significant correlation with ENSO in DJF.
[16] Table 1 also shows that although ENSO’s correlation

with the latitudinal displacement of the Pacific warm pool is
not statistically significant for the entire calendar year, the
correlation is significant in boreal summer. To further
understand this correlation, we show in Figures 5e–5h the
outline of the seasonal warm pool and the outline of the
warm pool corresponding to four standard deviations (STDs)
of Niño3.4 index. The four STDs are used in Figure 5 to
amplify the ENSO influences on the warm pool displace-
ment. Figure 5 shows that while the Pacific warm pool
expands and contracts during ENSO mainly via longitudinal
displacements, the latitudinal profile of the warm pool sur-
face does change. The change is particularly obvious in JAS
during the time when the Pacific warm pool is located near
the equator and both the northern and southern branches of
the warm pool (i.e., the warm waters that coincide with the
Inter-Tropical Convergence Zone and the South Pacific
Convergence Zone, respectively) are influenced by ENSO.
Between these two branches, the southern branch contains a
larger surface area of warm water than the northern branch.
The southern branch extends eastward during El Niño and
retreats westward during La Niña. As a result, the percentage
of the surface area of the warm pool in the southern branch
increases during El Niño and decreases during La Niña.
Therefore, the latitudinal center of the Pacific warm pool
shifts southward during El Niño and northward during La
Niña. This explains why Table 1 shows a significant nega-
tive correlation between the latitudinal displacement of the
Pacific warm pool and ENSO in JAS. During DJF, the
southern branch of the Pacific warm pool moves southward
extending to 20�S and is less influenced by ENSO warming
and cooling, and thus the weak correlation with the Niño3.4
index (see Table 1).
[17] As for the Indian Ocean sector of the warm pool,

Table 1 shows that ENSO has a remote influence on the size,
intensity, and longitudinal displacement of the Indian Ocean
warm pool with the correlation coefficients significant at
95% level. Particularly, the significant correlation with the
intensity of the Indian Ocean warm pool is a distinctive
feature that is not found for the Pacific warm pool. When the
correlation is separately estimated for JAS and DJF, ENSO’s
correlations with the size and intensity of the Indian Ocean
warm pool are significant in DJF (i.e., the peak phase of
ENSO). We find from Figures 5c and 5d that the stronger
winter correlations are related to a basin-wide warming and
cooling of the Indian Ocean during the mature phase of
ENSO events. It is known that the Indian Ocean tends to
warm up (cool down) basin wide after an El Niño (La Niña)
event peaks due to the ENSO-induced heat flux anomalies
[Klein et al., 1999] and ocean Rossby wave propagation [Xie
et al., 2002]. This basin-wide warming/cooling typically
peaks in late boreal winter and early spring and this explains

Table 1. Correlation Coefficients of Warm Pool Properties in the
Pacific and Indian Ocean Sectors of the Warm Pool and the
Niño3.4 Indexa

Warm Pool
Properties

Pacific Ocean Indian Ocean

Monthly JAS DJF Monthly JAS DJF

Size 0.79 0.75 0.87 0.45 0.21 0.64
Centroid, x 0.88 0.89 0.94 �0.35 �0.33 �0.39
Centroid, y �0.15 �0.60 0.04 0.22 0.10 0.39
Mean SST 0.21 �0.18 0.44 0.38 0.18 0.58
Maximum SST 0.08 �0.16 0.00 0.12 �0.09 0.14

aThe correlation coefficients are obtained using whole monthly values
and July–August–September (JAS) and December–January–February
(DJF) seasonally averaged values. Coefficients that are significant at 95%
according to Student’s t test are bold.
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why ENSO’s correlation with the warm pool intensity is
large and significant in DJF. The basin-wide warming
(cooling) during El Niño (La Niña) expands (shrinks) the
Indian Ocean warm pool and also explains why the size of
the Indian Ocean warm pool is significantly correlated with
the ENSO during DJF (see Table 1). The correlation analysis
also indicates that the longitudinal displacement of the
Indian Ocean warm pool due to ENSO is in an opposite
direction from that of the Pacific warm pool with significant
correlation persisting from the ENSO development to its
peak. The opposite longitudinal displacement between the
two sectors during ENSO can be attributed to the opposite
directions of the Pacific and Indian Ocean branches of the
global Walker circulation.

[18] To further explore the cause-and-effect relations
between ENSO and warm pool variations, their lead-lag
correlations are calculated and shown in Figure 6. For the
Pacific warm pool (Figure 6a), the largest correlations occur
when ENSO (i.e., the Niño3.4 SST index) leads the warm
pool size by 1 month. It is also noticed that about 5 months
after ENSO reaches its mature stage the Pacific warm pool
mean SST reaches its peak value. This may be the time when
the SST anomalies in the western Pacific that are out of
phase with the ENSO SST anomalies diminish. The longi-
tudinal displacement of the Pacific warm pool occurs almost
simultaneously with the development of the ENSO. As for
the Indian Ocean sector (Figure 6b), the warm pool is dis-
placed to the west simultaneously during the ENSO

Figure 5. Spatial patterns of (left) SST anomalies (SSTA) and (right) the warm pool. They are obtained
separately for (a, c, e, g) El Niño and (b, d, f, h) La Niña phases and for JAS (Figures 5a, 5b, 5e, and 5f)
and DJF (Figures 5c, 5d, 5g, and 5h) averaged values. The SSTA spatial patterns are produced by multi-
plying a four standard deviation (SD) of the Niño3.4 index to the regression of the SSTA on the Niño3.4
SST index. The black 28�C isotherm of SST represents the JAS and DJF climatology, and the red isotherm
represents the sum of the climatology and regressed SSTA multiplied by four SD.
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development while the warm pool size reaches its peak
2 months after ENSO peaks. Figure 6b also shows that the
mean SST of the Indian Ocean warm pool is affected
remotely by ENSO with a lag time of 4 months. As men-
tioned, the enhanced warm pool mean SST during El Niño is
related to the Indian Ocean basin-wide warming, which is
known to reach its maximum about one season after El Niño
peaks [An, 2004; Yu and Lau, 2005]. The El Niño-induced
tropical Indian Ocean warming can persist through the
spring and early summer after ENSO dissipates and can
prolong ENSO’s influence on the climate of the Indian and
western Pacific region [e.g., Annamalai et al., 2005; Yang
et al., 2007; Xie et al., 2009, 2010; Du et al., 2009, 2011].
This so-called capacitor effect of the Indian Ocean may also
explain the lagged response to ENSO of the mean SST in the
Pacific and Indian Ocean sectors of the warm pool.
[19] We also examine the relationship between the Indian

monsoon and warm pool properties. Figures 7a–7e display
the lead-lag correlations between the June–July–August
(JJA) AIR index and the warm pool properties. Figure 7
shows that the Indian monsoon rainfall is more highly cor-
related with the warm pool variability in the Indian Ocean

Figure 6. Lead-lag correlations between the Niño3.4 indi-
ces and warm pool properties for (a) the Pacific sector and
(b) the Indian Ocean sector on interannual time scales. The
warm pool properties analyzed are the size (black), longitu-
dinal displacement (red), and mean SST (green). Positive
lags indicate that the ENSO leads the warm pool properties.
Correlations significant at the 95% confidence level are indi-
cated by the horizontal dashed lines.

Figure 7. Correlations of the June–July–August All-India
Rainfall (AIR) index with the warm pool properties: (a) size,
(b) longitudinal displacement, (c) latitudinal displacement,
(d) mean SST, and (e) maximum SST of the Pacific (red)
and Indian Ocean (black) warm pool. Correlations signifi-
cant at the 95% confidence level are indicated by the hori-
zontal dashed lines.

KIM ET AL.: PACIFIC AND INDIAN OCEAN WARM POOL D05128D05128

9 of 12



sector (the black curves) than with that in the Pacific sector
(the red curves). Correlations of the Indian monsoon with
the Pacific warm pool are mostly not statistically significant
at the 95% level. The size of the Indian Ocean warm pool
has a positive correlation with the monsoon variability dur-
ing the seasons preceding the summer monsoon and a neg-
ative correlation after the monsoon season (Figure 7a). A
similar lead-lag correlation is also found with the mean SST
of the Indian Ocean warm pool (Figure 7d). These relations
indicate that a stronger than normal Indian summer monsoon
is preceded by an expanding and warming Indian Ocean
warm pool in boreal spring and followed by a shrinking and
cooling Indian Ocean warm pool in boreal autumn. It is
likely that the larger size and warmer Indian Ocean warm
pool can supply more moisture into the Indian Peninsula to
produce a stronger summer monsoon, thereby producing
stronger surface winds over the Indian Ocean, enhancing
surface evaporation and acting to cool down the warm pool
afterward. These cyclic feedback processes between the
monsoon and the Indian Ocean warm pool take about
2 years, according to the interval between the largest positive
and negative correlations shown in Figure 7a and 7d. This
result indicates that the correlation between the Indian Ocean
warm pool and monsoon is strong on the biennial time scale,
which is consistent with Li et al. [2001], who argued that the
strength of the Indian monsoon is affected more by the
Indian Ocean in the 2–3 year band but by ENSO on other
interannual time scales. The cause of this strong biennial
correlation may be the local monsoon-ocean interactions
proposed as the source of the so-called Tropospheric Bien-
nial Oscillation (TBO) [Meehl, 1987, 1993] or by remote
influences from the biennial component of ENSO on both
the monsoon and the Indian Ocean [Fasullo, 2004].
[20] Figures 7b and 7c show that size variations in the

Indian Ocean warm pool are associated with both longitu-
dinal and latitudinal displacements of the center of the warm
pool although the correlations do not exceed the 95% sig-
nificance level. Preceding a stronger than normal Indian
summer monsoon, the Indian Ocean warm pool expands into
the western (Figure 7b) and northern (Figure 7c) Indian

Ocean. Conversely, after the strong monsoon, the warm pool
retracts into the eastern and southern Indian Ocean. Also,
summer monsoon rainfall is only weakly correlated with the
maximum SST (Figure 7e) in the Indian Ocean sector of the
warm pool. Therefore, it is interesting to note that the Indian
monsoon can affect the Indian Ocean warm pool intensity
(i.e., mean SST) on both seasonal and interannual time
scales. The biennial variability of the monsoon is closely
correlated with the size and mean SST of the Indian Ocean
warm pool.
[21] We also looked into the lead-lag correlations between

the warm pool properties and the IOD. Following Saji et al.
[1999], an IOD index is defined as the difference in SST
anomaly between the tropical western Indian Ocean (50�E–
70�E, 10�S–10�N) and the tropical southeastern Indian
Ocean (90�E–110�E, 10�S–0�). We found that the largest
correlation coefficients (which are significant at the 95%
level) occur when the IOD leads the size and the longitudinal
location of Indian Ocean warm pool by about 2–3 months.
The correlations (not shown) indicate that the Indian Ocean
warm pool expands toward the west after a positive phase of
the IOD and contracts toward the east after a negative phase
of the IOD. No significant correlations are found with other
properties of the Indian Ocean warm pool or properties of
the Pacific warm pool. Apparently, the influence of the
IOD is limited to the Indian Ocean warm pool despite the
global climate impacts of the IOD that have been reported
in several studies [e.g., Saji and Yamagata, 2003; Guan
and Yamagata, 2003].
[22] Last, in Figure 8 we examine the lead-lag correlations

between the Pacific and Indian Ocean sectors of the warm
pool. Figure 8 shows that these two sectors are significantly
correlated for the variations in size, longitudinal displace-
ment, and intensity (both the mean SST and the maximum
SST). The largest correlation coefficients occur when the
size and the longitudinal displacement of the Pacific warm
pool lead those of the Indian Ocean warm pool by 3 months.
These correlations are consistent with the timing of the
Pacific and Indian Ocean warm pool responses to ENSO as
discussed previously (see Figure 6). The warm pool intensity
(e.g., mean and maximum SST) in both sectors varies almost
simultaneously due to their similar delayed responses to
ENSO warming/cooling as discussed in connection with
Figure 6. Figure 8 shows that the interactions between the
Pacific and Indian Ocean sectors of the warm pool are results
of ENSO forcing.

5. Summary and Discussion

[23] This study examined the seasonal and interannual
variations of five Indo-Pacific warm pool properties (size,
mean and maximum SSTs, and latitudinal and longitudinal
center) and contrasted the variability in the Pacific and
Indian Ocean sectors. We conclude that variations in the
warm pool are dominated by the Indian Ocean sector on
seasonal time scales but that both sectors contribute signifi-
cantly to the interannual variability. On seasonal time scales,
the Pacific warm pool expands and contracts by only about
15% of its annual mean size at the most, while the Indian
Ocean warm pool varies in size by as much as 50%. The
large variations in the Indian Ocean sector are related to
strong local influences from the Indian summer monsoon.

Figure 8. Lead-lag correlations of warm pool properties
in the Pacific and Indian Ocean sectors. Correlations sig-
nificant at the 95% confidence level are indicated by the
horizontal dashed lines. Positive lags indicate that the Pacific
warm pool leads the Indian Ocean warm pool.
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The size variations in both sectors are accompanied by large
latitudinal displacements of the warm pool, which are con-
trolled by the annual march of the Sun. The longitudinal
displacements of the warm pool is not as large as the lati-
tudinal displacements and are found to be controlled by the
seasonal cycle of the monsoon in the Indian Ocean sector,
and by the austral seasonal cycle in the Pacific sector.
[24] On interannual time scales, the magnitude of the

warm pool variability in the entire Indo-Pacific warm pool is
similar to the magnitude of the seasonal variability. In con-
trast to the seasonal variability, the interannual variability is
associated with large longitudinal displacements but small
latitudinal displacements. ENSO is the primary contributor
to the interannual variability in both sectors. When an El
Niño event develops, the size of the warm pool increases as it
extends eastward in the Pacific sector and westward in the
Indian Ocean sector, and vice versa for a La Niña event. This
study finds that the response of the warm pool intensity to
ENSO does not reach its peak until about 5 months after
ENSO peaks. The delay in the Indian Ocean is due to the time
required for ENSO-induced basin-wide warming/cooling to
develop. The delay in the Pacific is due to an out-of-phase
SST anomaly that develops in the western half of the Pacific
warm pool that partially cancels out the warming (cooling)
effects associated with El Niño (La Niña) events in the east-
ern half. This cancellation effect diminishes gradually about
5–6 months after ENSO peaks. Therefore, this study finds
that the intensity of ENSO, which tends to peak in boreal
winter, may be reflected in the Pacific or Indian Ocean warm
pool intensity during the following boreal spring. Finally, the
quasi-biennial variability of the Indian monsoon, which is
known as the TBO, is also found to have strong interactions
with the Indian Ocean warm pool. The positive phase of the
TBO (i.e., stronger than normal summer monsoon) is pre-
ceded by an expanding and warming Indian Ocean warm
pool and followed by a shrinking and cooling warm pool.
The correlation implies that the interannual variations in both
size and mean SST in the Indian Ocean warm pool have the
potential to be utilized for the prediction of Indian monsoon
variations.
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