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Abstract
The present study investigates the roles of solar radiation and monsoon wind in annual and semiannual variations of size 
and intensity of the Indo-western Pacific warm pool. The Indo-western Pacific warm pool is divided into four sectors with 
the equator and 100°E (north of the equator) and 135°E (south of the equator) longitude as the demarcations. These sectors 
display different seasonal variations in size and intensity and different roles of surface heat flux and oceanic processes. The 
size of the North Indian Ocean warm pool displays a semiannual variation with two peaks in May and October, while that in 
the other three sectors shows an annual variation. These features are attributable to a dominant role of solar radiation in the 
four sectors and an additional effect of the Asian monsoon in the North Indian Ocean sector. The intensity of the warm pool 
displays semianunal variations, with two peaks in May and August in the North Indian Ocean sector, April and November in 
the South Indian Ocean sector, May–June and September in the North Pacific Ocean sector and December and April in the 
South Pacific Ocean sector. The semiannual feature is associated with two effects of monsoon winds: wind-induced ocean 
advection and convection-related cloud-radiation changes. These two changes induce a decrease of sea surface temperature 
during the monsoon period, leading to the formation of semiannual variations in the size and intensity of the warm pool.

Keywords Indo-western Pacific warm pool · Semiannual seasonal variation · Surface heat flux · Ocean advection · 
Monsoon effects

1 Introduction

The Indo-western Pacific warm pool has the warmest waters 
in the open oceans and is one of the most important heat, 
kinetic energy, and water vapor sources of the atmosphere 
(Sardeshmukh and Hoskins 1988; Graham and Barnett 
1987). The change in the size and intensity of the Indo-
western Pacific warm pool influences the ascending branch 

of the Walker circulation (Williams and Funk 2011), induces 
anomalous cyclonic or anticyclonic winds over the south-
east Indian Ocean and the western North Pacific (Li et al. 
2006), and affects the East Asian summer monsoon via a 
meridional teleconnection pattern over the western Pacific 
and East Asia (Nitta 1987; Huang and Lu 1989; Huang and 
Sun 1992; Hu 1997). The activity of tropical cyclones over 
the western Pacific is affected by the status of the warm pool 
with respect to number, intensity, genesis and landfalling 
frequency (Webster et al. 2005; Zhan et al. 2013; Wang and 
Chen 2018).

Studies have been carried out on variations of the Indo-
western Pacific warm pool on diurnal to weekly (Cronin and 
McPhaden 1997), intraseasonal (Sato et al. 2010), interan-
nual (Delcroix and McPhaden 2002; Chi et al. 2017; Hu 
et al. 2017), interdecadal (Hu 1997; Lin et al. 2013; Ren 
et al. 2017) time scales and the long-term trend (Williams 
and Funk 2011; Lin et al. 2013). Previous studies docu-
mented seasonal variations of the western Pacific warm 
pool (WPWP) and the Indian Ocean warm pool (IOWP) 
separately due to their distinct features (Kim et al. 2012). 
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Fasullo and Webster (1999) pointed out that the WPWP sea 
surface temperature (SST) exhibited a noticeable semiannual 
cycle with the peaks in spring and fall. A similar feature 
was obtained by Kim et al. (2012) and Chi et al. (2017). 
The IOWP was dominated by a strong annual cycle with the 
warmest SST in boreal spring (Fasullo and Webster 1999; 
Kim et al. 2012). The size of the IOWP reaches the maxi-
mum in April–May (Kumar et al. 2005; Kim et al. 2012). 
Kim et al. (2012) identified an opposite west–east seasonal 
movement in the central location of WPWP and IOWP.

The factors of seasonal variations of the Indo-western 
Pacific warm pool have been investigated in previous stud-
ies. Liu et al. (1994) suggested that solar radiation plays 
a major role in the seasonal variation of SST in the Indo-
western Pacific region except for the equatorial region where 
ocean dynamics may be another important factor. Webster 
et al. (1998) stressed the effect of upwelling and evaporation 
accompanying the southwest monsoon on the seasonal evo-
lution of SST in the North Indian Ocean. Rao and Sivakumar 
(2000) showed that surface heat fluxes are much larger than 
horizontal advection in the seasonal evolution of the mixed 
layer temperature over most of the tropical Indian Ocean. 
Shaji et al. (2003) noted the role of both surface heat flux 
and ocean dynamics in the heat budget in the Arabian Sea 
and only surface heat flux in the Bay of Bengal. The different 
role of ocean dynamics in the Arabian Sea and the Bay of 
Bengal is related to the strength of monsoon winds (Shenoi 
et al. 2002). Kumar et al. (2005) showed that the spatio-tem-
poral variability of the IOWP surface area is mainly related 
to incoming solar radiation except during the summer mon-
soon (June–September) when the Ekman dynamics becomes 
important. Du et al. (2005) showed the impact of the ocean 
dynamics on the seasonal SST variation in the southeastern 
tropical Indian Ocean. Kim et al. (2012) indicated that the 
seasonal displacement of the WPWP mainly follows annual 
march of the sun, while the Indian summer monsoon is an 
additional factor for the seasonal variation of the IOWP and 
thus the seasonal variability is more vigorous there.

The seasonal SST variation has an opposite tendency 
in the warm pool of the two hemispheres (Liu et al. 1994; 
Kim et al. 2012). Furthermore, the SST variations in the 
two hemispheres may be controlled by different factors. For 
example, the northern hemisphere part of the Indian Ocean 
is more affected by the summer monsoon than the southern 
hemisphere part (Webster et al. 1998). This motivates us to 
divide the Indo-western Pacific warm pool into north and 
south parts to analyze the characteristics and factors of sea-
sonal variations of the warm pool. Indeed, as will be shown 
later, the north and south parts of the warm pool display 
distinct seasonal variations.

According to previous studies, solar radiation, evapo-
ration and ocean dynamic processes are key factors in the 
seasonal variation of the Indo-western Pacific warm pool. 

Previous analysis of the factors is based on the IOWP and 
WPWP or local regions only. In the present study, we ana-
lyze the contribution of terms in the heat budget equation 
of the ocean mixed layer in seasonal variations of the Indo-
western Pacific warm pool in different sectors separately and 
compare the relative roles of various terms. Our purpose is 
to interpret the formation of distinctive seasonal variations 
of the warm pool in different sectors.

The rest of the present study is arranged as follows. Data-
sets and methods are described in Sect. 2. In Sect. 3, we 
document the seasonal variations of the size and intensity in 
the different sectors of the Indo-western Pacific warm pool. 
Heat budget analysis is presented for the different sectors of 
the Indo-western Pacific warm pool in Sect. 4. Summary and 
discussions are given in Sect. 5.

2  Datasets and methods

2.1  Datasets

The present study uses monthly mean surface heat fluxes 
(shortwave radiation, longwave radiation, latent heat flux 
and sensible heat flux), SST, specific humidity and air 
temperature at 2 m, and surface wind speed obtained from 
the TropFlux dataset (Kumar et  al. 2012) (http://www.
locea n-ipsl.upmc.fr/tropfl ux/). The TropFlux variables are 
available on a 1° × 1° grid over the global tropical ocean 
(30°N–30°S) from 1979 to 2013. We also use monthly mean 
surface heat fluxes, surface winds at 10 m, specific humidity 
and air temperature at 2 m, skin temperature, and total cloud 
cover provided by the National Centers for Environmental 
Predication-Department of Energy (NCEP-DOE) Reanaly-
sis 2 (Kanamitsu et al. 2002). These surface variables are 
on T62 Gaussian grids and available from January 1979. 
The dataset is available online at ftp://ftp.cdc.noaa.gov/. The 
surface heat fluxes from the above two dataset are compared 
for validation. By convention, downward surface heat fluxes 
are defined as positive values.

Monthly mean three-dimensional ocean water tem-
perature and currents generated by the Global Ocean Data 
Assimilation System (GODAS) from the NCEP (Ji et al. 
1995) are used in the present study, which is obtained from 
https ://www.esrl.noaa.gov/psd/data/gridd ed/data.godas 
.html. Based on the Geophysical Fluid Dynamics Laboratory 
(GFDL) Modular Ocean Model (MOM) version 3, GODAS 
extends from 74.0°S to 65.0°N with a zonal resolution of 1° 
and meridional resolution of 1/3°. It has 40 vertical levels 
with a 10-m interval in the upper 200 m. The data for the 
period from January 1980 to December 2015 is used in the 
present study. We also analyze monthly mean ocean currents 
and potential temperature obtained from the ensemble cou-
pled data assimilation (ECDA) system version 2.0 of GFDL 

http://www.locean-ipsl.upmc.fr/tropflux/
http://www.locean-ipsl.upmc.fr/tropflux/
https://www.esrl.noaa.gov/psd/data/gridded/data.godas.html
https://www.esrl.noaa.gov/psd/data/gridded/data.godas.html
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(Zhang et al. 2007). The ocean component of the system is 
MOM4 (Griffies et al. 2004) configured with 1° horizontal 
B-grid resolution, telescoping to 1/3° meridional spacing 
by 1° near the equator, and 50 vertical levels with 22 levels 
of 10-m thickness each in the top 220 m. The ECDA data 
cover the period 1980–2007. We compare the oceanic terms 
obtained from the above two datasets for validation.

Climatological monthly mixed layer depth (MLD) con-
structed by de Boyer Montégut et al. (2004) is used in the 
present study. It was calculated by processing individual 
Argo profiles of observed temperature and salinity selected 
after quality controls, with a global coverage on a 2° × 2° 
grid. The climatology of associated quantities is available 
at http://www.lodyc .jussi eu.fr/~cdblo d/mld.html.

2.2  Methods

The warm pool is usually represented by the region with 
SST exceeding a threshold of 27.5–29 °C (Graham and Bar-
nett 1987; McPhaden and Picaut 1990). In this study, the 
Indo-western Pacific warm pool is defined as the oceanic 
region within 40°E–135°W, 25°S–30°N with SST no less 
than 28.5 °C. The whole Indo-western Pacific warm pool 
is divided into four parts (Fig. 1): the North Indian Ocean 
(NIO, 0°–25°N, 40°E–100°E), the South Indian Ocean (SIO, 
25°S–0°, 40°E–135°E), the northwestern Pacific (NWP, 
0°–30°N, 100°E–150°W) and the southwestern Pacific 
(SWP, 25°S–0°, 135°E–135°W). The size index is defined 
as the number of grid points covered by the 28.5 °C isotherm 
of SST. The intensity index is defined by the mean value of 
SST within the 28.5 °C isotherm of SST.

The heat budget equation of the ocean mixed layer is used 
to diagnose the variation of SST. In view that the diffusion 
in horizontal and vertical directions and the temperature 
changes caused by static instabilities are relatively small 
(Lin et al. 2007), the equation can be simplified as:

(1)

𝜕T

𝜕t
=

(

SWR − SWpen

)

+ LHF + LWR + SHF

𝜌0cph
− ��⃗V ⋅ ∇T − w

𝜕T

𝜕z
,

where the vertical mean within the mixed layer is denoted 
by:

In the above equation, T is the ocean temperature within 
the mixed layer and it is approximated using SST well. On 
the right side, h is the mixed layer depth (MLD, m), and 
ρ0 and cp is the density and specific heat capacity of sea-
water, respectively. SWR, LHF, LWR and SHF denote net 
shortwave radiation, latent heat flux, net longwave radiation 
and sensible heat flux at the ocean surface.  SWpen is short-
wave radiation penetration at the bottom of the mixed layer. 
The ��⃗V  and w denote horizontal and vertical ocean current, 
respectively.

The  SWpen is calculated using the solar radiation scheme 
of Paulson and Simpson (1977): 

Here, the infrared radiation percentage R is set as 0.58, 
and penetration depth L1 and L2 is set to 0.35 m and 23 m, 
respectively (Lin et al. 2007). In the following, the SWR 
denotes the difference of net short wave radiation at the sur-
face minus the shortwave radiation penetration at the bottom 
of the mixed layer.

The term on the left side of Eq. (1) is the SST tendency 
(°C  month−1), which is calculated as the difference of 
monthly mean SST in the succeeding month minus that in 
the preceding month divided by 2. The terms on the right 
side of Eq. (1) denotes net surface heat flux, horizontal and 
vertical ocean advections, respectively. Departure in a spe-
cific month, calculated as the difference from the annual 
mean, is used for all the variables on the right side of the 
Eq. (1). Meanwhile, units of all terms on the right side have 
been converted to °C  month−1 for convenience of compari-
son of their magnitudes with the SST tendency.

() =
1

h ∫
0

−h

()dz.

SWpen = [R × e−h∕L1 + (1 − R) × e−h∕L2] ⋅ SWR.

Fig. 1  28.5 °C isotherm of 
climatological seasonal mean 
SST in boreal spring (March–
April–May, MAM), summer 
(June–July–August, JJA), 
autumn (September–October–
November, SON) and winter 
(December–January–February, 
DJF). Brown boxes show the 
domain of the four sectors of 
the Indo-western Pacific warm 
pool

http://www.lodyc.jussieu.fr/%7ecdblod/mld.html
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3  Seasonal variations of the Indo‑western 
Pacific warm pool

Distinct differences can be noticed in the seasonal move-
ment of the warm pool between the Indian Ocean and 
western Pacific parts of the warm pool. Figure  1 pre-
sents climatological location of seasonal mean 28.5 °C 
isotherm of SST in the Indo-western Pacific region in 
the four seasons: December–January–February (DJF), 
March–April–May (MAM), June–July–August (JJA) and 
September–October–November (SON). The WPWP dis-
plays a prominent southeast-northwest contrast between 
JJA-SON and DJF-MAM, mostly located in the northern 
hemisphere in JJA and SON, but in the southern hemi-
sphere in DJF and MAM. This indicates an impact of sea-
sonal March of the solar heating (Fasullo and Webster 
1999; Kim et al. 2012). The IOWP is mainly confined to 
the equatorial central-eastern Indian Ocean in JJA and 
SON and expands remarkably both northward and south-
ward in MAM. The covered area of the WPWP is larger 
than that of the IOWP except for MAM when the two 
appear to be comparable in size. Due to the southeast-
northwest change of the covered region of the WPWP, 
using a size index of the whole WPWP underestimates the 
seasonal variation of the WPWP. For example, Kim et al. 
(2012) noted that the whole WPWP changes less vigorous 
than the IOWP in seasonal variation. This suggests that it 
is necessary to separate the warm pool along the equator 
when documenting its seasonal variation.

The seasonal variations in the size and intensity of the 
warm pool display distinct features in different sectors. Fig-
ure 2 shows the seasonal evolution of monthly mean size and 
intensity indices of the warm pool in the four sectors along 
with the IOWP and WPWP for comparison. The size of the 
whole IOWP has a drastic seasonal variation, with a sharp 
peak in April and a minimum in August (Fig. 2a), consistent 
with Kim et al. (2012). The size of the whole WPWP has 
a peak in September and a minimum in February (Fig. 2b). 
The annual range of the size is larger in IOWP (1500) than 
WPWP (about 850), consistent with Kim et al. (2012).

Different features are revealed in seasonal variations of 
the size when the warm pools are divided into north and 
south sectors. The size of the NIO sector displays a dis-
tinctive semiannual cycle with a major peak in May and a 
secondary peak in October (Fig. 2a). The size of the SIO 
sector has a regular annual variation, with maximum in 
March–April and minimum in September. The size of the 
NWP and SWP sectors displays nearly opposite seasonal 
variations (Fig. 2b). This leads to a moderate seasonal vari-
ation in the size of whole WPWP. The annual variations of 
NWP and SWP warm pool are more vigorous individually 
than the whole WPWP (Fig. 2b).

The intensity variation displays a semiannual variation in 
the four sectors. The intensity of the NIO sector displays a 
major peak in May and a secondary peak in August (Fig. 2c). 
The intensity of the SIO sector displays a main peak in April 
and a secondary peak in November. The intensity of the 
NWP sector has a main peak in May–June and a secondary 

Fig. 2  Climatological monthly 
mean variations of a b area 
(number of grids) and c d 
intensity (°C) indices of IOWP 
(left) and WPWP (right). Blue, 
red and black lines represent the 
sectors in the Northern Hemi-
sphere, the Southern Hemi-
sphere and the whole warm 
pool, respectively
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peak in September (Fig. 2d). The intensity of the SWP sector 
has a main peak in December and a secondary peak in April.

To examine the sensitivity of the results to the partition 
of the sectors, we calculate the size and intensity when the 
dividing longitude south of the equator is shifted from 135ºE 
to 125ºE. The annual variation of size and intensity of the 
SIO and SWP sectors remain the same except for a slight 
change in the magnitude due to the change in the size of the 
domain. We also calculate the size and intensity when the 
eastern boundary of the WPWP is displaced westward by 10º 
longitude. The annual variations of size and intensity of the 
NWP and SWP sectors are nearly the same.

The different characteristics of seasonal variations of size 
and intensity in the four sectors illustrate the need to separate 
the northern and southern parts of the Indo-western Pacific 
warm pool when investigating the factors of seasonal varia-
tions of IOWP and WPWP. In particular, the seasonal vari-
ation in the size of the SWP sector is opposite that of the 
whole WPWP. Another feature is that the seasonal variation 
in the intensity displays both consistency and differences 
compared to that in the size. For example, the SIO sector 
displays an annual variation in the size, but an obvious semi-
annual variation in the intensity. So are the SWP and NWP 
sectors. This justifies the division of the whole Indo-western 
Pacific warm pool into the four sectors. The differences are 
likely because the intensity variation is contributed by SST 
changes in some regions that are associated with regional 
processes. The reason for the discrepancy between seasonal 
variations in the size and intensity will be addressed in the 
next section.

4  Factors of seasonal variations 
of the Indo‑western Pacific warm pool

In this section, we perform a diagnosis of various terms in 
Eq. (1) to understand the major factors of seasonal SST vari-
ations in the Indo-western Pacific warm pool. We first ana-
lyze the contributions of various terms based on area-mean 
evolution in the four sectors. Then, we compare the spatial 
distributions of various terms to that of the SST change in 
some key months selected based on seasonal variations of 
size and intensity of the warm pool in the four sectors. For 
the NIO sector, we select March–April and June–July when 
the size index rises before and decreases after the major 
peak of the size index (Fig. 2a). In addition, September and 
November are selected to examine the development and 
decay of the secondary peak of the size in the NIO sector. 
For the SIO sector, we choose May–June when the warm 
pool shrinks and November to the following February 
when the warm pool expands. Further, we analyze October 
and December–January corresponding to the increase and 
decrease of the intensity in the SIO sector (Fig. 2c). For the 

NWP sector, we choose April–June and October–Decem-
ber when the size index increases and decreases quickly 
(Fig. 2b). Similarly, October–December and May–June are 
selected for the SWP sector with changes of the size index 
opposite to those in the NWP sector. Additional analysis is 
conducted for July in the NWP sector and January in the 
SWP sector when the intensity decreases to understand the 
formation of the secondary peak of the intensity (Fig. 2d). 
Monthly mean variables from NCEP-DOE Reanalysis 2, 
TropFlux, GODAS, ECDA and the mixed layer depth con-
structed by de Boyer Montégut et al. (2004) are used in the 
heat budget analysis. We only show figures of SST, surface 
heat fluxes, surface wind speed and sea-air humidity and 
temperature differences from the TropFlux, cloud from the 
NCEP-DOE Reanalysis 2, ocean advection terms from the 
GODAS and the mixed layer depth of de Boyer Montégut 
et al. (2004). The results obtained based on SST, surface 
heat fluxes, surface wind speed and sea-air humidity and 
temperature differences from the NCEP-DOE Reanalysis 2 
and ocean advection terms from the ECDA lead to similar 
conclusions though there are some quantitative differences. 
We present results for the four sectors separately in the fol-
lowing subsections.

4.1  The North Indian Ocean warm pool

The area-mean SST in the NIO region displays a semian-
nual variation with a major peak in May and a secondary 
peak in October (Fig. 3a), consistent with the size index 
of the NIO warm pool (Fig. 2a). The net surface heat flux 
has a dominant contribution to the seasonal SST variation 
(Fig. 3a). The zonal ocean advection contributes to the SST 
decrease in June–July and the SST increase in February. 
The meridional and vertical ocean advection terms are small 
through the year. The net heat flux varies out of phase with 
the mixed-layer depth.

The net surface heat flux is dominated by SWR (Fig. 3b). 
LWR and LHF have a damping effect through most of the 
year with their magnitude of about one third of SWR. The 
SHF is very small. The seasonal variation of SWR and LWR 
tends to be opposite to that of cloud cover during most of 
the year, indicative of the cloud effect (Fig. 3c). The sea-
sonal variation of LHF seems to be determined by the sea-air 
humidity difference rather than by surface wind speed most 
of the months (Figs. 3b–c). Thus, the LHF departure appears 
to be mainly a response to the SST change.

From February to May, the NIO warm pool expands from 
the equatorial region to almost the whole NIO (Fig. 4a). The 
SST increase in March and April (Fig. 4a) is mainly due to 
positive net heat flux (Fig. 4b). The ocean advection terms 
have a supplementary contribution to the SST increase in 
the Arabian Sea due to northward ocean currents there 
(Fig. 4c). The positive net surface heat flux is contributed 
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by SWR increase (Fig. 4d) that is attributed to the northward 
move of the sun in boreal spring and the negative cloud 
cover departure (Fig. 4d). As the Asian summer monsoon 
has not started in March and April, both cloud cover and 
surface wind speed have negative departures (Figs. 4d, e). 
LHF departure is negative in most of the NIO except for the 
northern Bay of Bengal (Fig. 4e). As wind speed departure 
is negative, LHF is attributed to the sea-air humidity differ-
ence in most of the NIO.

The SST in the NIO starts to decrease from May–August 
(Fig. 4f). The large SST cooling in the Arabian Sea is con-
tributed by both net surface heat flux (Fig. 4g) and horizontal 
ocean advection (Fig. 4h), consistent with previous studies 
(Shenoi et al. 2002; Shaji et al. 2003). Negative heat flux 
departure has a dominant contribution from SWR decrease 
following the increase in cloud cover (Fig. 4i). Although 

wind speed increases significantly after the onset of sum-
mer monsoon, LHF departure is positive over most of the 
basin (Fig. 4j). The negative horizontal ocean advection in 
the Arabian Sea is due to eastward and southward ocean 
currents (Fig. 4h) that carry colder waters from the coastal 
regions. The Asian summer monsoon influences the NIO 
SST change in two aspects. On one hand, the summer mon-
soon increases the cloud amount and suppresses the down-
ward SWR (Fig. 4i). On the other hand, the prevailing west-
erlies and the intensified southerly Somali jet induce strong 
southward and offshore Ekman transport in the western Ara-
bian Sea, leading to cold advection (Fig. 4h).

The size of the NIO warm pool expands again around 
September (Fig.  2a). This is associated with the SST 
increase in the eastern Arabian Sea and the Bay of Bengal 
(Fig. 5a). The SST increase in the above regions is attrib-
uted to net surface heat flux (Fig. 5b). The ocean advection 
terms are mainly negative in the eastern Arabian Sea due 
to southward ocean current (Fig. 5c) that may be induced 
by surface westerly monsoon winds. The SWR departure 
is mostly negative in the concerned region, consistent with 
more cloud cover (Fig. 5d). Consequently, the expanding of 
the NIO warm pool in September is mainly resulted from 
positive LHF (Fig. 5e) and LWR (not shown). In the south-
ern Bay of Bengal and eastern Arabian Sea, however, the 
positive LHF departure cannot be explained by the wind 
speed increase there. Instead, it may be attributed to negative 
departure of the sea-air humidity difference (not shown) in 
relation to the relatively low SST after the major peak and 
the relatively high surface air specific humidity associated 
with the monsoon rainfall.

From October to December, the NIO warm pool with-
draws from the Bay of Bengal and the eastern Arabian Sea 
(Fig. 5f). The SST decrease in the Bay of Bengal and the 
Arabian Sea (Fig. 5f) is largely due to negative net heat flux 
(Fig. 5g). SWR has a larger contribution than LHF to the 
negative net surface heat flux in the northern Arabian Sea 
(Figs. 5g, i, j). Both SWR and LHF contribute to negative 
net heat flux in the Bay of Bengal. The SWR decrease north 
of 10°N in the Arabian Sea appears to be due to the decrease 
of the solar incident angle as cloud cover departure is nega-
tive there (Fig. 5i). In the Bay of Bengal, both the cloud 
cover increase and the solar angle decrease reduce SWR. 
The large negative LHF in the northern Bay of Bengal may 
be due to increase in the sea-air humidity difference, which 
is related to the easterly winter monsoon winds that bring 
drier air from the land to the northern Bay of Bengal. The 
northward ocean currents, which may be induced by east-
erly winter monsoon winds, however, induce warm ocean 
advection almost in the whole basin (Fig. 5h) that damps 
the cooling effect of net surface heat flux. We note that the 
above changes in the Bay of Bengal involve the effects of the 
Asian winter monsoon.

(a)

(b)

(c)

Fig. 3  Climatological monthly mean variations of area-mean a SST 
(°C), SST tendency (°C  month−1), net surface heat flux (°C  month−1), 
sum of horizontal and vertical ocean advection (°C  month−1), zonal 
and meridional ocean advection (°C  month−1), and the mixed-layer 
depth (m), b SWR, LWR, LHF, SHF (°C  month−1), c total cloud 
cover (%) divided by 5, surface wind speed (m/s), the sea-air temper-
ature difference (°C), and the sea-air specific humidity difference (g/
kg) in the NIO sector. All variables are in departure values
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In summary, the expansion of the NIO warm pool in 
boreal spring is mainly due to SWR increase associated with 
the solar angle increase and small cloud cover. The shrink-
age of the NIO warm pool in boreal summer is contributed 
by both SWR decrease and cold ocean advection, both of 
which are related to the Asian summer monsoon. The second 
expansion of the NIO warm pool around September is due to 
LHF increase. The second shrinkage of the NIO warm pool 
around November is due to SWR decrease associated with 
the solar angle decrease in the Arabian Sea and the solar 
angle decrease and the cloud cover increase in the Bay of 
Bengal and LHF decrease associated with the sea-air humid-
ity difference increase in the northern Bay of Bengal. The 
two shrinkages of the NIO warm pool include the effects of 
the Asian summer and winter monsoons.

4.2  The South Indian Ocean warm pool

Area-mean SST in the SIO shows an annual variation 
with maximum in March–April and minimum in August 
(Fig. 6a), which is similar to the size index of the SIO 
warm pool (Fig. 2a). The seasonal SST variation is modu-
lated mainly by net surface heat flux and the ocean advec-
tion has a small negative effect (Fig. 6a). The heat flux 
contribution tends to be out of phase with the mixed-layer 
depth. SWR dominates the seasonal variation of net sur-
face heat flux, while LWR and LHF have damping effects 
through most of the year (Fig.  6b). SHF is negligible 
through the year. While SWR tends to be opposite to cloud 
cover, there are exceptions in January, February and May 
(Figs. 6b, c), which indicates the effect of the solar angle. 

Fig. 4  Departure of a, f SST 
tendency (shaded, °C  month−1), 
b, g net surface heat flux 
(shaded, °C  month−1), c, h hori-
zontal ocean advection (shaded, 
°C  month−1) and vertical-mean 
ocean currents (cm/s) within 
the mixed layer, d, i short wave 
radiation (shaded, °C  month−1) 
and total cloud cover (contour, 
%), e, j latent heat flux (shaded, 
°C  month−1) and surface wind 
speed (contour, m/s) in March–
April (left) and June–July 
(right) in the NIO sector. Black 
and green bold lines are clima-
tological monthly mean 28.5 °C 
isotherms in the month preced-
ing and following the selected 
months, respectively

(a) (f)

(b) (g)

(c) (h)

(d) (i)

(e) (j)
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LHF tends to have the same sign as surface wind speed 
and thus its seasonal variation is determined by the sea-air 
humidity difference (Fig. 6b, c).

In austral summer, the warm pool in the SIO expands 
southward from the equatorial region across the whole basin 
following the basin-wide SST increase (Fig. 7a). Net surface 
heat flux has a dominant role in the SST increase (Fig. 7b) 
and ocean advection effect is mostly negative in association 
with northward ocean currents (Fig. 7c). SWR is a main 
factor for net surface heat flux departure and LHF has a 
negative contribution (Figs. 7d, e). Near the equator, SWR 
increase accompanies cloud cover increase (Fig. 7d) and 
thus it is attributed to the high solar angle. South of 10°S, 
cloud cover decrease contributes to SWR increase. LHF 
decrease accompanies surface wind speed decrease across 

the basin (Fig. 7e) and thus the sea-air humidity difference 
determines the LHF departure.

During May–June, the warm pool in the SIO shrinks 
across the whole basin in association with the basin-wide 
SST decrease (Fig. 7f). The SST decrease is attributed to net 
surface heat flux (Fig. 7g). Ocean advection has a negative 
effect due to southward ocean currents in most of the basin 
(Fig. 7h). SWR is a main factor for negative net surface heat 
flux south of 10°S, which is associated with more cloud 
cover (Fig. 7i). The solar angle decrease following the move 
of the sun to the northern hemisphere also contributes to the 
SWR decrease. LHF acts as a damping factor of net surface 
heat flux in most of the basin, which is attributed to the sea-
air humidity difference as surface wind speed departure is 
positive (Fig. 7j).

Fig. 5  Similar to Fig. 4 except 
for September (left) and 
November (right)

(a)

(b)

(c)

(d)

(e) (j)

(i)

(h)

(g)

(f)
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The intensity of the SIO warm pool displays a prominent 
peak in November (Fig. 2c). To understand the formation 
of this peak, we analyze the distribution of terms in Octo-
ber and December–January. From September to November, 
the 28.5 °C isotherm moves slightly southward in the near-
equatorial region (Fig. 8a). The SST north of Australia rises 
above 28.5 °C. Thus, the increase of size and intensity of 
the SIO warm pool around October is primarily due to the 
SST increase north of Australia that is mainly attributed to 
net surface heat flux (Fig. 8b). The ocean advection effect 
is small (Fig. 8c). The SWR increase associated with cloud 
cover decrease (Fig. 8d) is a main factor for the intense 
warming north of Australia. As the sun starts to March 
southward in austral spring, the solar angle increase is also 
favorable for SWR increase. LHF has a negative effect in this 
region, which may be associated with the sea-air humidity 
difference increase following the SST warming as surface 
wind speed decreases in this region (Fig. 8e).

From November to February, the SIO warm pool extends 
southward from the equatorial region west of approximately 
110°E, but the SST decreases north of Australia (Fig. 8f). 
This leads to the discrepancy between the size and intensity 

variations of the SIO warm pool (Fig. 2a, c). Across the 
SIO along 10°S, net surface heat flux contributes to the SST 
increase (Fig. 8f, g). Ocean advection is negative in associa-
tion with northward ocean currents (Fig. 8h). The large posi-
tive SWR departure plays a major role in the SST increase 
(Fig. 8f, i). LHF (Fig. 8j) and LWR (not shown) have a nega-
tive effect. The positive SWR departure is associated with 
the solar angle increase and cloud cover decrease south of 
5°S (Fig. 8i). The effect of sea-air humidity difference over-
comes that of surface wind speed, leading to negative LHF 
departure (Fig. 8j). Both net surface heat flux and ocean 
advection contributes to the SST cooling north of Australia 
during December–January (Fig.  8f–h). The cold ocean 
advection is associated with eastward ocean current (Fig. 8h) 
that may be induced by northwesterly winds following the 
onset of the Australian summer monsoon. The negative net 
surface heat flux north of Java (Fig. 8g) is contributed by 
SWR in association with positive cloud cover departure 
(Fig. 8i) associated with the Australian summer monsoon. 
Negative LHF co-locates with negative wind speed except 
along the coast of Australia (Fig. 8j). This indicates that 
the sea-air humidity difference has a larger effect than wind 
speed for LHF.

In summary, both the expansion during austral summer 
and the shrinkage during May–June of the SIO warm pool 
are dominated by SWR changes associated with solar angle 
and cloud cover variations. LHF and ocean advection have 
a damping effect in most of the regions. A distinct fea-
ture is identified in the part of the SIO warm pool north of 
Australia. In this region, SWR is still a main factor for the 
increase in size and intensity of the SIO warm pool around 
October. The effects of the Australian summer monsoon, 
including ocean advection and cloud cover changes, lead 
to a drastic decrease in size and intensity of part of SIO 
warm pool north of Australia during December–January. 
This explains the formation of semiannual variation in the 
intensity of the SIO warm pool. This feature is similar to the 
NIO warm pool. Thus, the region north of Australia is sub-
jected to a notable effect of the Australian summer monsoon.

4.3  The northwestern Pacific warm pool

The area-mean SST in the NWP shows an annual variation 
with high value in July–September and low value in Janu-
ary–March (Fig. 9a). This is similar to the seasonal varia-
tion of the size index of the NWP warm pool (Fig. 2b). The 
net surface heat flux plays a dominant role in the seasonal 
SST variation and the meridional ocean advection has a sup-
plementary contribution to the SST warming around April 
(Fig. 9a). The heat flux contribution varies out of phase with 
the mixed-layer depth. The seasonal variation of net surface 
heat flux is mainly determined by SWR (Fig. 9b). LWR and 
LHF have negative effects and SHF is negligible (Fig. 9b). 

(a)

(b)

(c)

Fig. 6  Similar to Fig. 3 except for the SIO sector
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The cloud cover displays a semiannual variation with two 
peaks in January and August (Fig. 9c). The difference in 
cloud and SWR variations indicates the effect of solar angle 
changes on SWR. Based on the area mean evolution, nei-
ther the wind speed nor the sea-air humidity difference can 
explain the LHF variation (Figs. 9b, c), which may be due 
to their inconsistent spatial distributions.

During March through July, the NWP warm pool expands 
from the equatorial region to near 30°N (Fig. 10a). The SST 
increases in the whole NWP during April–June (Fig. 10a), 
consistent with the positive net surface heat flux departure 
(Fig. 10b). Ocean advection has a supplementary contri-
bution to the SST increase in the northeastern portion in 
association with northeastward ocean currents (Fig. 10c). 
SWR has a dominant role for net surface heat flux and LHF 
is mainly negative except for the equatorial western-central 

Pacific where the effects of SWR and LHF are opposite 
(Figs. 10d, e). The SWR departure is associated with cloud 
cover except for the northwestern portion where the solar 
angle increase appears to be the reason for the SWR increase 
(Fig. 10d). The LHF departure tends to be opposite to sur-
face wind speed departure in most of the basin (Fig. 10e), 
indicative of the sea-air humidity difference effect.

From September to January, the NWP warm pool shrinks 
following the SST decrease in the whole region (Fig. 10f). 
The roles of different terms in the SST cooling are nearly 
the same as those in the SST warming except for opposite 
signs. Net surface heat flux has a dominant role for the SST 
decrease in the off-equatorial regions (Fig. 10g), which is 
mainly due to SWR decrease associated with the cloud cover 
increase (Fig. 10i). LHF departure is positive around the 
Philippines and over the subtropical western North Pacific, 

Fig. 7  Similar to Fig. 4 except 
for November to the following 
February (left) and May–June 
(right) in the SIO sector
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which appears to be due to the effect of the sea-air humidity 
difference as surface wind speed is high (Fig. 10j). In the 
equatorial western-central Pacific, SWR increase in relation 
to cloud cover decrease (Fig. 10i) tends to be cancelled by 
decreases in LHF (Fig. 10j) and LWR (not shown), lead-
ing to small positive net surface heat flux (Fig. 10g). Ocean 
advection effect appears small in most of the NWP region 
(Fig. 10h).

Different from the size variation, the intensity of the 
NWP warm pool displays a decrease around July (Fig. 2b, 
d). To understand the reason for this intensity decrease, 
we analyze the spatial distribution of different terms of 
the heat budget equation in July. The size of the NWP 
warm pool displays a northeastward expansion from June 
to August, consistent with the SST increase in the north-
eastern part of the NWP (Fig. 11a). However, the SST 

decreases in most of the South China Sea and the Philip-
pine Sea (Fig. 11a), which accounts for the decrease of 
intensity. The SST decrease in the above regions is con-
tributed by both net surface heat flux and ocean advec-
tion (Figs. 11b, c). The cold ocean advection is associated 
with southeastward ocean currents (Fig. 11c) that may 
be induced by penetration of westerly monsoon winds to 
the southwestern part of the NWP in July (Wu and Wang 
2000, 2001). The negative net surface heat flux is due to 
SWR decrease (Fig. 11d), which is partly cancelled by 
LHF (Fig. 11e) and LWR (not shown). The SWR decrease 
is consistent with cloud cover increase (Fig. 11d) follow-
ing the eastward move of the monsoon trough (Wu and 
Wang 2000, 2001). The above features indicate the effects 
of the western North Pacific summer monsoon, including 
wind-driven ocean advection and cloud-associated SWR.

Fig. 8  Similar to Fig. 4 except 
for October (left) and December 
to the following January (right) 
in the SIO sector
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In summary, the increase during April-June and the 
decrease during October–December in the size of the NWP 
warm pool are mainly determined by SWR change. LHF 
contribution is mostly negative. Ocean advection effect is 
supplementary in the northeastern part of the NWP for the 
expansion during April–June. The decrease in the inten-
sity of the NWP warm pool around July is associated with 
the western North Pacific summer monsoon that leads to 
the SST decrease via driving Ekman ocean advection and 
atmospheric convection.

4.4  The southwestern Pacific warm pool

The area-mean SST in the SWP is characterized by annual 
variation with maximum in March and minimum in August, 
similar to the seasonal variation of the size of the SWP warm 
pool. The seasonal SST variation is mainly modulated by net 
surface heat flux whose variation is opposite to the mixed-
layer depth (Fig. 12a). The meridional ocean advection has a 
supplementary contribution around October (Fig. 12a). SWR 
is a major term for net surface heat flux (Fig. 12b). LHF 
and LWR are opposite to SWR and SHF is very small. The 
cloud cover displays an obvious semiannual variation with 

peaks in February and July (Fig. 12c). During June–August 
and October–December, cloud cover contributes to SWR 
(Fig. 12b, c). In the other months, the solar angle change 
following the seasonal March of the sun is likely a main 
reason for SWR. The LHF variation cannot be explained by 
the wind speed and sea-air humidity difference (Fig. 12b, c).

Following the SST increase during October–Decem-
ber, the SWP warm pool extends southward and eastward 
from September to January (Fig. 13a). This is contributed 
mainly by net heat flux with a supplementary contribution 
of ocean advection (Fig. 13b, c). Nearly opposite changes 
are observed during May–June when the SST decreases and 
the SWP warm pool shrinks equator-ward and westward 
(Fig. 13f–h). Similar to the other sectors, SWR is a dominant 
component in net surface heat flux (Fig. 13d, i) and LHF and 
LWR have damping effects (Fig. 13e, j). SWR is related to 
both cloud cover and solar angle changes. LHF appears to be 
mainly due to the effect of the sea-air humidity difference.

The intensity of the SWP warm pool declines around 
January (Fig. 2d). This is linked to the SST decrease in the 
equatorial region (Fig. 14a) in contrast with the expansion 
of the 28.5 °C isotherm around 15°S where SST increases. 
The SST decrease north of 10°S is contributed by both net 
surface heat flux and ocean advection (Fig. 14b, c). The 
negative net surface heat flux is attributed to SWR decrease 
associated with cloud cover increase (Fig. 14d). LHF has a 
negative effect in the equatorial region (Fig. 14e). The nega-
tive ocean advection near the equator results from westward 
ocean currents (Fig. 14c) that transport colder waters from 
the eastern Pacific cold tongue. The above changes appear 
to be associated with the South Pacific Convergence Zone 
with cloud cover and easterly trade winds near the equator, 
which is a part of the monsoon domain (Wang et al. 2011).

In summary, the increase during October–December and 
the decrease during May–June in the size of the SWP warm 
pool are mainly due to SWR change. LHF contribution is 
mostly negative. Ocean advection has a supplementary con-
tribution to the SST change along 10°–15°S. The decrease in 
the intensity of the SWP warm pool around January is asso-
ciated with the monsoonal feature in the South Pacific Con-
vergence Zone that modulates the equatorial SST through 
the wind-induced Ekman ocean advection and convection-
related cloud and SWR changes.

5  Summary and discussion

The present study documents the characteristics and fac-
tors of seasonal variations of the Indo-Pacific warm pool. 
Distinct from previous studies, the present study divides 
the whole Indo-western Pacific warm pool into four sectors 
in view of distinct seasonal variations and different factors 
between north and south parts and between the Indian Ocean 

(a)

(b)

(c)

Fig. 9  Similar to Fig. 3 except for the NWP sector
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and the western Pacific Ocean. Our analysis unravels distinct 
semiannual variations in the intensity of the warm pool in 
the four sectors and the effects of monsoon in the forma-
tion of semiannual variations in the size and intensity of the 
warm pool.

The size of the NIO warm pool displays a semiannual 
variation with peaks in May and October. The size of the 
SIO warm pool shows an annual variation with the peak in 
March–April. The size of the NWP and SWP warm pools 
shows nearly opposite seasonal variations with the peak in 
August–September and March, respectively. The intensity 
of the SIO warm pool displays two peaks, one in April 
and the other in November. The intensity of the NWP and 
SWP warm pools has semiannual variation as well, with 
major peaks in June and December and minor peaks in 

September and April–May, respectively. The intensity of 
the NIO warm pool has a sharp peak in May.

Net surface heat flux plays a leading role in seasonal 
variations of size and intensity of the four sectors of the 
Indo-western Pacific warm pool. Net surface heat flux is 
dominated by SWR, LWR and LHF have damping effects, 
and SHF effect is negligible. SWR variations depend on 
the solar incident angle and the cloud cover with their 
contributions varying with region and time. LHF is deter-
mined by the sea-air humidity difference in most cases. 
Ocean advection is important during the monsoon periods, 
including the Arabian Sea in June–July, the oceanic region 
north of Australia in December–January, the South China 
Sea-Philippine Sea in July, and near equatorial region of 

Fig. 10  Similar to Fig. 4 except 
for April–June (left) and Octo-
ber–December (right) in NWP 
sector
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the SWP in January. All these correspond to the decline of 
size or intensity after one of the semiannual peaks.

Previous studies indicated that the seasonal displacement 
of the WPWP mainly follows the seasonal march of the sun 
and the seasonal variation of the IOWP is affected by the 
southwesterly Indian summer monsoon. The present study 
reveals that seasonal variations in size and intensity of both 
the Indian Ocean and western Pacific warm pools are influ-
enced by monsoon. Specifically, the size of the NIO warm 
pool declines in June–July responding to the Indian summer 
monsoon, the intensity of the SIO warm pool reduces in 
December–January following the Australian summer mon-
soon, and the intensity of the NWP warm pool decreases 
around July in response to the penetration of the westerly 
monsoon winds to the NWP, and the intensity of the SWP 
warm pool weakens around January with the development 
of lower-level wind convergence. These monsoon-induced 
changes lead to the formation of semiannual variations in 

size and intensity of the warm pool. The monsoon modulates 
the warm pool SST variations mainly through two effects. 
One is through generating convection that increases cloud 
cover and reduces SWR reaching the ocean surface. The 
other is through inducing Ekman transport that leads to cold 
ocean advection.

In the present study, a heat budget analysis is conducted 
to analyze the contributions of various terms to the SST 
changes. However, the obtained terms in the heat budget 
equation are unbalanced, which may result from the incon-
sistency among the different datasets used, the biases in the 
estimation of various terms based on monthly mean quanti-
ties, the uncertainty involved in the reanalysis surface heat 
fluxes used and the neglect of several ocean dynamic pro-
cesses. Nevertheless, the main conclusions reached in the 
present study are reasonable.

The size and intensity of the warm pool are calculated 
based on mean over different sectors with a large spatial 
coverage. As the SST change may not be uniform within a 
sector, an increase in size may occur without an accompany-
ing increase in intensity or an increase in intensity may not 
be accompanied by a change in size. It is also possible that a 

(a)

(b)

(c)

(d)

(e)

Fig. 11  Similar to Fig. 4 except for July in the NWP sector
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Fig. 12  Similar to Fig. 3 except for the SWP sector
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positive SST tendency in a sector may result from a signifi-
cant warming in a region within the sector, but with no sig-
nal in the size and intensity of the whole sector. To overcome 
this caveat, two-dimensional distributions of SST anomalies 
and related factors must be examined to help understand the 
area and intensity changes as done in the present study.

The present study focuses on the seasonal variations of 
the size and intensity of the warm pool. As some of the cli-
mate modes, such as the Indian Ocean Dipole mode and El 
Niño-Southern Oscillation can induce SST anomalies in the 
warm pool region, the size and intensity of the warm pool 
may be modulated by these climate modes (Kim et al. 2012). 
An issue is how the modulation of these climate modes 
differs among the four sectors and varies with the season. 
Our preliminary analysis of size and intensity variations 

in positive and negative Indian Ocean Dipole years and in 
developing and decaying El Niño and La Niña years indi-
cates some changes in the time of peak and the magnitude, in 
particular in the intensity in the NWP and SWP sectors. Fur-
ther investigation is needed to document the impacts of these 
climate modes on the annual variations of size and intensity 
in the four sectors of the warm pool and the specific factors.

Some previous studies have analyzed the long-term 
changes in the size of the Indian and Pacific Ocean warm 
pools and the contributions of external forcing and natural 
variability (Rao et al. 2012; Weller et al. 2016). An issue is 
whether the long-term changes differ among the four sectors 
and depend upon the season. In particular, the changes in the 
intensity have not been analyzed yet. Further analysis needs 
to be conducted to document the differences in the changes 

Fig. 13  Similar to Fig. 4 except 
for October–December (left) 
and May–June (right) in SWP 
sector
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of size and intensity of the warm pool among the four sectors 
and the plausible factors.
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