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Annual and interannual variation of Indian Ocean Warm Pool (IOWP) was studied using satellite and in
Situ ocean temperature data. IOWP surface area undergoes a strong annual cycle attaining a maximum of 24
x 10°%km? during April and minimum of 10 x 10°%km? in August. Unlike surface area, warm pool was deeper
(90m) during August than in April. Higher vertical extent was found both at eastern equatorial Indian Ocean
and south-eastern Arabian Sea. Frequency distribution of temperatures at one degree interval (28-29, 29-30,
30-31) exhibited independent seasonal variations. The interannual variation of IOWP was found to be

associated with ENSO events.
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Introduction

Warm oceanic waters are often called as warm
pools'. Researchers have used different criteria to
define warm pool based on the lower limit of
temperature. For example, Wyrtki' had used 28°C
as the lower limit whereas Chacko et al’® used
30°C. The selection of lower temperature limit
depends on the spatial scale of the warm pool of
interest. For the study of warm pools on a larger
scale, 28°C was considered as a better choice
whereas for small scale warm pools (‘mini warm
pool’), higher cut off values can be adopted. Since
the focus of our study is on a basin scale warm
pool of Indian Ocean, we follow Wyrtki’s criteria
of 28°C to define the warm pool.

Warm pools are features of tropical oceans and
are an important entity for the climate®®. Warm
pools are identified as areas of strong atmospheric
convection, convergence of surface wind, and
high precipitation’'®. Among the warm pools,
Pacific warm pool has been studied extensively
over the last two decades due to its close
association with the formation of EI Nino. Recent
studies on IOWP now confirm its role on the
climate of Indian Ocean and Indian monsoon
rainfall. Vinayachandran and Shetye'” studied the
climatological aspect of IOWP. Joseph' found
that the monsoon vortex which is essential for the
onset of summer monsoon rainfall over India,
forms over the warmest part of IOWP in Arabian
Sea. Zhang et al'’ identified the role of Indian
Ocean Dipole on IOWP variability.

Present study consists the evolution and
features of IOWP on seasonal and interannual
time scales. Climatological evolution of IOWP
studied earlier used Levitus data which had a
spatial resolution of 1° x 1°. In this study, we also
use satellite data which had a better resolution and
accuracy than Levitus data.

Material and Methods

The data used in this study consist of Sea
Surface Temperature (SST) data (monthly and
climatology) from Tropical Rainfall Measuring
Mission (TRMM) Microwave Imager (TMI) and
Levitus World Ocean Atlas subsurface
temperature data®®. TMI SST has a spatial
resolution of 0.25°%0.25°. Climatological version
of this data was used to study the annual
evolution of IOWP. IOWP surface area for a
month was obtained by computing the number of
grids having SST greater than 28°C and then
multiplying it with unit grid area (27.5 x 27.5
km?). Levitus climatology was used to estimate
the depth of warm pool by locating the 28°C
isotherm (D28) in the vertical. Monthly TMI SST
data for the period 1998 to 2009 was used to
study the interannual variations in [OWP surface
area.

Result and Discussions

Climatological variability

Figure 1 shows the climatological variation of
IOWP surface area. It showed a simple annual
cycle with one minimum and one maximum.
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Minimum area (10 x 10°km?) was observed during
the month of August and the maximum (24 x
10°km?) during April. Maximum [IOWP surface
area observed was in agreement with that
computed by Vinayachandran and Shetye'’ who
used Levitus data but was slightly higher in the
case of minimum IOWP area. It is interesting to
note that IOWP do not show a bi modal
variability in an year in response to the individual
hemispheric summer warming but rather showed
only a single peak which occurs during the
northern summer. Warm pool of Pacific Ocean
also had a similar behavior'’.
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Fig. 1—Annual variation of warm pool surface area.

The climatological evolution of IOWP SST is
shown in figure 2. Contours with SST greater
than 28°C are only shown. During January, IOWP
appears as a zonal band inclined to the equator. Its
western end extended more towards south
whereas the eastern end extended towards north
indicating zonal in-homogeneity in warming.
Warming begins to appear at western and eastern
extremities of IOWP. Also IOWP had a
discontinuity in the south-eastern Arabian Sea
with an increased warming feature. This feature
was considered as a ‘mini warm pool’ and was an
active area of study recently'**'**. The warm pool
core temperature during January was 29.0-29.5°C
(figure 2). IOWP intensified in February,
increased warming taking place on the eastern
end. Warm pool core temperature now stands
enhanced to 29.5-30.0°C. During March, warm
pool expansion continued and the core spread
across the entire width of the Indian Ocean.
During April, IOWP attains the maximum area as
well as intensity; warm pool core temperature was
30.0 - 30.5°C. Concurrently, warm pool was
developing in Bay of Bengal than in Arabian Sea.
During May, the warm pool area expanded further
north and spreads across the entire north Indian
Ocean. With the onset of summer monsoon, the

feature begins to weaken by June both in its area
and intensity. Strong winds and upwelling in the
western Indian Ocean are the reason for IOWP
weakening. As the monsoon progresses, IOWP
weakens further and attain its lowest area and
intensity by August. Notably, there are large
differences in IOWP aerial distribution between
Arabian Sea and Bay of Bengal. Warm pool fills
the entire Bay throughout the monsoon season
(June to September) whereas it stands withdrawn
almost completely from Arabian Sea due to
strong upwelling in the west. As the monsoon
further withdraws by September, [IOWP begins to
re-develop and continues through the next cycle.
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Fig. 2—Climatological evolution of IOWP

Like the variation in its surface area, IOWP
volume also undergoes seasonal variations. The
depth of IOWP was estimated by locating the
depth of 28°C isotherm (D28) using Levitus data.
Figure 3 shows the distribution of D28 during
selected months. Higher D28 values were found
to occur at the eastern equatorial regions.
However, high D28 do not occur in areas of high
SST. Highest D28 (90m) was observed during
pre-monsoon season (May) (figure 3). High
values were also observed in the southeastern
Arabian Sea (the “mini warm pool” region)
during March. The high SST and high warm pool
vertical extent is suggestive of its role in the
formation of monsoon vortex. Higher D28 (70-
80m) was noted during August though it was a
weak period in IOWP surface area.

One of the characteristics of the warm pool is
in its relatively homogenous distribution of
temperature. This is usually studied with the help
of frequency distribution of SST25. Homogeneity
of warm pool SST is due to the feedback process
operating in the warm pool that helps to maintain
similar temperatures25. Frequency distributions



SAJl et al : ON SOME ASPECTS OF INDIAN OCEAN WARM POOL 477

of three one-degree SST bands (28-29, 29-30 and
30-310C) were studied in detail (figure 4).
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Fig. 3—Vertical extent of IOWP represented as the depth of
28°C isotherm
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Fig. 4—Frequency distribution of one-degree warm pool
temperature bands.

The figure shows distinct type of variation for
each temperature band. Lower temperature band
of 28-29°C had two peaks during the year; one in
February and the other in November. Minimum
area for this temperature band was observed
during August. The mid-temperature band of 29-
30°C was having only one peak which occurred
during the peak IOWP months of April and May.
Highest temperature band of 30-31°C was
significant only during April and May and was
almost absent during other months.  Total

percentage of area for the temperature bands 28-
29, 29-30, 30-31 and 31-32°C was obtained as
50%, 39%, 10% and 1% respectively. Lowest two
bands together contribute 89% of warm pool area
and hence show its homogeneity.

Interannual Variations

Figure 5 shows the monthly variation of warm
pool area during the period 1998 to 2009. IOWP
recorded the largest surface area (29 x 10°km?) in
April 1998. It has been already confirmed that
Indian Ocean experienced warming during the El
Nifio events®. The strongest El Nifio of last
century had occurred in the year 1997 and it can
be concluded that the anomalous increase in
warm pool area during 1998 was due to the1997-
98 EIl Nifo. After the El Nifio event, IOWP area
decreased sharply by about 3 x 10°%km*. Warm
pool area then indicated a gradual increase up to
the year 2004 and then followed a smooth
decrease to 2008. A warming tendency again
evolved in 2008 which could be due to the El
Nifio of 2009-10. Hence the interannual
variability in warm pool area was found to be
associated with the El Nifio events.
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Fig. 5—Interannual variation of warm pool surface area
during the period 1998 to 2009. Solid line represents
monthly variations and dotted line represents the annual
mean.

Increase in the warm pool area occurs when
warm pool expands; obviously expansion of
warm pool occurs towards south and west'”. This
feature was studied by observing the north-south
(east-west) displacement of 28°C isotherm at the
southern (western) boundaries of the warm pool
at a given longitude. Figure 6 shows the
interannual  variation in the north-south
displacement of southern edge of IOWP observed
at 60°E longitude.

IOWP had an anomalous southward shift
(200S) during 1998. This was consistent with the
anomalous increase in its area during the same
period (figure 5). Consistent with the smooth
variation in its surface area during the period
2000 to 2008 (figure 5), the southern edge also
indicated a similar variation. The anomalous
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expansion of warm pool during 2008-09 was also
correlated well with the anomalous southward
displacement of the southern edge.
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Fig. 6—Interannual variation in the north-south movement of
IOWP.

Conclusion

In this paper, we report on some of the salient
features of IOWP. Basically, on a seasonal scale,
warm pool responds well to the seasonal forcing
from atmosphere (heating) and ocean (advection).
The combined effects of these forcing create a
maximum warm pool area during the months of
April and May and a minimum during August.
Single-mode annual cycle of warm pool area
indicates a marked response to northern
hemispheric summer heating. Increased warming
found in the southeastern Arabian Sea during the
pre-monsoon months favors the formation of
monsoon vortex. Further, deepening of warm pool
was found to occur usually on the eastern
equatorial areas and interestingly, do not coincide
with the high SST areas. About 90% of warm
pool surface area is occupied by waters in the
temperature internal of 28-30°C and this indicates
homogeneity in warm pool. Interannual variation
of warm pool was found to be associated with El
Nino events too.

Acknowledgment

Authors (SPK and ANB) are thankful to
Cochin University of Science and Technology for
providing facilities. MRR is thankful to the
Director, NIO for the support. We also
acknowledge freeware such as Generic Mapping
Tools (GMT) and Ferret for the preparation of
figures in this work and data from the web site of
Asia-Pacific Data-Research Center.

INDIAN J. MAR. SCI., VOL. 44, NO. 4 APRIL 2015

References

10

11

12

15

17

Wyrtki K, Some thoughts about the west Pacific warm
pool. Proc.Western Pacific Int. Meeting and Workshop
on TOGA / COARE. ORSTOM, Noumea (New
Caledonia) (1989) 99-109.

Chacko K V, Hareesh Kumar P V, Ramesh Kumar M R,
Basil Mathew and Vishnu M Bannur, A note on
Arabian sea warm pool and its possible relation with
monsoon onset over Kerala. Internat.J. Sci.Res.Pub., 2
(2012) 12, 1-4.

McPhaden M J, and Picaut J, El Nino Oscillation,
displacement of the western equatorial Pacific warm
pool. Science, 250 (1990) 1385-1388.

Gopinathan C K, and Sastry J, S, Relationship between
Indian summer monsoon rainfall and position of Pacific
ocean warmpool. Ind. J. Mar. Sci., 19 (1990) 246-250.
Long B S, Li B C, and Zou E M, Anomalous eastward
displacement of the western tropical Pacific warm pool
and warming of the eastern tropical Pacific. Acta
Oceanologica Sinica, 20(2) (1990) 35-42.

Yan X H, Chung R H and Zheng Q. A, Temperature
and size variabilities of the Western Pacific Warm Pool.
Science, 258 (1992) 1643—1645.

Zhang Q L, Weng X C, Hou Y J, et al,Zonal movement
of surface warm water in the western Pacific warm
pool. Acta Oceanologica Sinica, 26(1) (2004) 33-396.
(in Chinese with English abstract)

Qi Q H, Zhang Q L and Hou Y J, Zonal displacement of
the western Pacific warm pool and its effects on ENSO.
Oceanologica et Limnologica Sinica, 39(1) (2008) 66—
73.

Taylor R C, An atlas of Pacific island rainfall. Hawaii
Institute of Geophysics Report No. 25 (1973).
Rasmusson E M and Carpenter T H, Variations in
tropical sea surface temperature and surface wind fields
associated with the Southern Oscillation / El Nino. Mon.
Weather Review, 110 (1982) 354-384.

Gadgil S, Joshi N V and Joseph P V, Ocean-atmosphere
coupling over monsoon regimes. Nature, 312 (1984)
141-143.

Lau K M and Chan P H, The 40-50 day oscillation and
ENSO: a new perspective. Bull. Am. Meteorol. Soc., 67
(1986) 533-534.

Graham N, and Barnet T P, Sea surface temperature,
surface wind divergence and convection over tropical
oceans. Science, 238 (1987) 657—659.

Lindzen, R S and Nigam S, On the role of sea surface
temperature gradients in forcing low-level winds and
convergence in the tropics. J. Atm. Sci., 44 (1987)
2418-2436.

Weare B C, Strub P T and Samuel M D, Annual mean
surface heat fluxes in the tropical Pacific Ocean. J.
Phys. Oce., 11 (1981) 705-717.

Waliser D E and Graham N H, Convective cloud
systems and warm-pool sea surface temperatures:
Coupled interactions and self-regulation. J. Geophys.
Res., 98 (1993) 12881—12893.

Vinayachandran P N and Shetye S R, The warm pool in
the Indian ocean. Proc. Indian Acad. Sci. (Earth Planet
Science), 100 (1991) 165-175.

Joseph P V, Warm pool in the Indian ocean and
monsoon onset. Trop. Ocean-Atmos Newsl., 53 (1990)
1-5.



19

20

21

22

23

24

25

26

SAJl et al : ON SOME ASPECTS OF INDIAN OCEAN WARM POOL

Zhang Q, Hou Yijun, QI Qinghua and BAI Xuezhi,
Variations in the eastern Indian ocean warm pool and its
relation to the dipole in the tropical Indian ocean.
Chinese J. Oce. & Limn., 27 (2009) 3, 640—649.
Locarnini, R. A, Mishonov A V, Antonov J I, Boyer T
P and Garcia H E, World Ocean Atlas 2005, Volume 1:
Temperature. S. Levitus, Ed. NOAA Atlas NESDIS 61,
U.S. Government Printing Office, Washington, D.C.,
(2006) 182 pp.

Rao RR and Sivakumar R, On the possible mechanisms
of theevolution of a mini warm pool uring the pre-
summer monsoon season andthe genesis of onset vortex
in the southern Arabian Sea. Q.J. Royal Meteo. Soc.,
125 (1999) 787 — 809.

Sanilkumar K V, Hareesh Kumar P V, Jossia K Joseph
and PanigrahiJ K, Arabian Sea mini warm pool during
May 2000. Curr. Sci., 86 (2004)101-105.

Hareesh Kumar P V, Madhu Joshi, Sanilkumar K V,
Anand P, Rao A D, Anilkumar K and Prasada Rao C V
K, Growth and decay of Arabian Seamini warm pool
during May 2000: Observations and simulations. Deep
Sea Res., 10.1016/j.dsr.2008.12.004 (2009) 56, 528 —
540.

Neema C P, Harcesh Kumar P V and BabuC A,
Characteristics ofArabian Sea Mini Warm Pool and
Indian Summer Monsoon. Clim. Dyn., 38 (2012) 2073-
2087. DOI: 10.1007/ s00382 — 011 — 1166-2.

Clement A C, Richard Seager and Raghu Murtugudde,
Why are there tropical warm pools? J. Clim., 18 (2005)
5294-5311.

Lisan Yu and Michele M. Rienecke. Mechanisms for
the Indian Ocean warming during the 1997-98 El Niilo.
Geophys. Res. Lett., 26 (1999) 735-738.

479



