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ABSTRACT: According to current knowledge, convection over the tropical oceans increases with sea surface temperature

(SST) from 26 to 29 °C, and at SSTs above 29 °C, it sharply decreases. Our research shows that it is only over the summer

warm pool areas of Indian and west Pacific Oceans (monsoon areas) where the zone of maximum SST is away from the

equator that this kind of SST-convection relationship exists. In these areas (1) convection is related to the SST gradient

that generates low-level moisture convergence and upward vertical motion in the atmosphere. This has modelling support.

Regions of SST maxima have low SST gradients and therefore feeble convection. (2) Convection initiated by SST gradient

produces strong wind fields particularly cross-equatorial low-level jetstreams (LLJs) on the equator-ward side of the warm

pool and both the convection and LLJ grow through a positive feedback process. Thus, large values of convection are

associated with the cyclonic vorticity of the LLJ in the atmospheric boundary layer. In the inter-tropical convergence zone

(ITCZ) over the east Pacific Ocean and the south Pacific convergence zone (SPCZ) over the west Pacific Ocean, low-level

winds from north and south hemisphere converge in the zone of maximum SST, which lies close to the equator producing

there elongated bands of deep convection, where we find that convection increases with SST for the full range of SSTs

unlike in the warm pool regions. The low-level wind divergence computed using QuikSCAT winds has large and significant

linear correlation with convection in both the warm pool and ITCZ/SPCZ areas. But the linear correlation between SST

and convection is large only for the ITCZ/SPCZ. These findings have important implications for the modelling of large-

scale atmospheric circulations and the associated convective rainfall over the tropical oceans. Copyright  2012 Royal

Meteorological Society
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1. Introduction

The relationship between sea surface temperature (SST)

and large-scale convection has been studied in a variety

of contexts during the 1960s and 1970s. One important

aspect of the character of deep convection revealed

through such studies is that it generally occurs more

frequently and with more intensity as SSTs become

higher (e.g. Bjerknes, 1966, 1969). According to Gadgil

et al. (1984), organized convection over the tropical

Indian ocean occurs when SSTs exceed a threshold or

critical value (Tc), but once the threshold is crossed, the

intensity of convection is no longer dependent on the

SST. Graham and Barnett (1987) while confirming this

finding for the Pacific and Atlantic oceans found that

when SSTs are above Tc, surface wind divergence is

closely associated with convection. It was also found that

areas of persistent divergent surface flow coincide with

regions where convection appears consistently suppressed

even when SSTs are above Tc.

Studying data from the global tropics, Waliser et al.

(1993) found that the characteristic of the relationship

* Correspondence to: , Prof. P. V. Joseph, Department of Atmospheric
Sciences, Cochin University of Science and Technology, Fine Arts
Avenue, Cochin 682 016, India. E-mail: porathur@md4.vsnl.net.in

between SST and deep convection is such that at

temperatures between 26 and 29 °C, convection increases

with increasing SST, but above 29 °C, the intensity of

convection observed tends to decrease with increas-

ing SST. They found that maximum convective activ-

ity does not occur over the warmest ocean but rather

the warmest SST occurs under clear or less convective

skies. The SST–convection relation found by them (here-

after called the Waliser type) using monthly mean SST

data 2° lat × 2° lon squares of the entire global tropical

oceans and monthly mean convection in the same bins

represented by highly reflective clouds (HRCs) and out-

going longwave radiation (OLR) are given in Figure 1(a)

and (b). In our article, we have tried to understand the

SST–convection relation by studying separately four dif-

ferent regions of the global tropics.

According to Zhang (1993), deep convection in the

global tropics is weak and rarely observed where SST is

<26 °C. Deep convection tends to be more frequent and

more intense when it occurs, as SST increases from 26 °C

up to 30 °C. At the same time, variability of deep convec-

tion relative to constant SST becomes larger with increas-

ing SST. While the surface moisture convergence induced

by large-scale SST gradients (Lindzen and Nigam, 1987)

promotes large-scale lifting and thereby generation of

Copyright  2012 Royal Meteorological Society
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(a)

(b)

Figure 1. SST–convection relation in the global tropics (repro-

duced from Waliser et al., 1993) for monthly values in 2° × 2° lat-

itude–longitude squares of global tropics 25 °S to 25 °N for the period

1975–1985: (a) SST and HRC and (b) SST and OLR. The right ver-

tical axes specify the number of parameter pairs (marked by the line

graph) used. It may be noted that very high SST values also have large

numbers of the order of 102 to 103. The standard deviation of the

means is delineated by the shading.

deep convective clouds, he found that local mean SST

is also important for convection. Zang further states that

the moisture supply from surface convergence together

with fluxes of latent and sensible heat from the warm sea

surface into the atmosphere makes conditions favourable

for deep convection. He, however, has no explanation

for the decrease in convection above SST of 29 °C as

observed by Waliser et al. (1993).

In regions of large-scale ascending motions in the

atmosphere, there is reduction in OLR (increase in deep

convection) with respect to increasing SST and the rate

of OLR reduction is found to be a strong function of the

large-scale motion field (Lau et al., 1997). OLR sensi-

tivity to SST is approximately −4 to −5 W m−2 C−1 in

the SST range 27–28 °C under conditions of weak large-

scale circulation. Under the influence of strong ascending

motion in the atmosphere, this rate can increase to −15

to −20 W m−2 C−1 for the same SST range. They found

that there is no threshold of SST like 29 °C beyond which

convection decreases with increase in SST. They also

found that under the influence of strong large-scale ris-

ing motion, convection does not decrease but it increases

monotonically with SST even at SST higher than 29 °C.

The reduction in convection observed in high SST sit-

uations is likely to be caused by large-scale subsidence

forced by nearby or remotely generated deep convection.

In central Pacific where the local correlation of SST to

OLR is largest, they found that the large-scale circula-

tion has relatively stronger control than local SST on

OLR variance. On monthly to inter-annual timescale, they

found that 26% of OLR variance is due to SST and 44%

due to upper tropospheric divergence.

Deep convection has been shown by a modelling study

to be generated by SST gradient in the tropical areas

of the Pacific Ocean (Lindzen and Nigam, 1987). SST

gradient has been found to be an important forcing mech-

anism of the low-level tropical flow and convergence.

A large fraction of the total convergence in the eastern

tropical Pacific is forced by the meridional gradients in

SST, whereas in the central and western tropical Pacific,

it is the zonal gradients of SST that are the major con-

tributors. They found that the zonal gradients in SST,

although smaller than the meridional gradients, can force

a response comparable to that forced by the latter. A

recent modelling study on the same problem by Back and

Bretherton (2009) used a linear mixed layer model, which

reproduces observed surface wind and convergence over

the tropical oceans. They found that convergence is pri-

marily due to SST gradient and that SST gradient is better

regarded as a cause rather than a consequence of deep

convection in the tropics.

Shankar et al. (2007) found that the meridional gradi-

ent of SST in Bay of Bengal during the period mid May

to September of 1998–2005 was important for the onset

of convection there. They found that the lag between

the SST difference (gradient) between south and north

Bay of Bengal exceeding 0.75 °C and the onset of con-

vection was less than a week in 75% of the 28 cases

studied. Joseph and Sabin (2008) showed that a typi-

cal active–break cycle of the Asian summer monsoon

begins with maximum SST (at pentad 0 in a composite 8

pentad duration active–break cycle of the Asian summer

monsoon) over the north Bay of Bengal. They used Trop-

ical Rainfall Measuring Mission (TRMM) microwave

imager (TMI) SST and for convection Geostationary

Operational Environmental Satellite (GOES) precipita-

tion index (GPI) rain. An area of organized convection

takes genesis over central Bay of Bengal at pentad 1 in

the zone of large SST gradient and it pulls the cross-

equatorial monsoon low-level jetstream (LLJ) through

peninsular India. Convection and the LLJ westerlies then

spread to the western Pacific Ocean during the follow-

ing three pentads. Pentads 1–4 is taken as the active

phase of the monsoon during which convection and LLJ

have grown in a positive feedback process, as studied by

Joseph and Sijikumar (2004).

We have summarized in Section 1 most of the obser-

vational studies available to date on the relation between

SST and convection in the global tropics. In Section 2,

the data used in this study are described. Our observa-

tional studies on the relation among SST, surface wind

and divergence (and also vertical velocity at 500 hPa)

Copyright  2012 Royal Meteorological Society Int. J. Climatol. (2012)



SST–CONVECTION RELATION

and convection in the atmosphere on monthly and daily

scales, separately for the warm pool areas and the inter-

tropical convergence zone (ITCZ)/south Pacific conver-

gence zone (SPCZ) areas of the global tropics, are given

in Sections 3 and 4, respectively. Section 5 gives a dis-

cussion of the various aspects of SST–convection rela-

tion as found in observations. It also draws support for

the observed relation from some of the currently avail-

able coupled ocean–atmosphere global circulation model

(GCM) studies.

2. Data used

We used GPI, TMI SST and surface wind from

QuikSCAT. One distinct advantage of the TRMM

is the onboard microwave imager which gives accu-

rate and reliable SST measurements at high resolution

(0.25° × 0.25°) with accuracy of roughly 0.5 °C (Wentz,

1998; Wentz et al., 1998) even in the presence of cloud

(Wentz and Schabel, 2000). In our study, we regridded

the TMI data to 1° × 1° grid compatible to the GPI data.

Data are available from 1998. The satellite-derived GPI is

a good measure of infrared-based daily rainfall estimates

on a 1° × 1° grid of the period 1997 to the present from

the global precipitation climatology project products. The

one-degree daily precipitation estimation technique is a

complete first-generation procedure for estimating global

daily precipitation (Huffman et al., 2001).

Two-dimensional surface wind fields (10 m) that

were measured by the seawinds scatterometer on the

QuikSCAT satellite of the National Aeronautics and

Space Agency (Wentz, 1986; Patoux and Brown, 2001)

were used to estimate the low-level surface diver-

gence. These data are available only for the period

from June 1999. QuikSCAT was designed to observe

wind vectors with an accuracy of 20° in direction

and 2 ms−1 in speed and has a spatial resolution of

25 km. These data were also regridded to 1° × 1° lat-

itude–longitude to be comparable with the GPI data.

This high-resolution data set gives a good description

of the surface atmospheric circulation field and provides

valuable information about the atmospheric conditions

over the oceans. Goswami and Rajagopal (2004) made

comparisons between the QuikSCAT wind and in situ

observations and found that this data set agreed well

with the in situ observations for the area studied in our

article. We have also used the NCEP–NCAR reanal-

ysed data of vertical velocity at 500 hPa level avail-

able on a 2.5° latitude–longitude grid (Kalnay et al.,

1996).

3. Warm pool SST and the associated convection

3.1. Pre-monsoon season in north Indian ocean

(16 April to 15 May)

The warm pool over the north Indian ocean is at its

highest temperature just before the onset of the Indian

summer monsoon over Kerala when this area has the

warmest temperature in the global tropics (Joseph, 1990).

Maximum SST of the warm pool reaches 31–32 °C by

then. Figure 2(a) gives the TMI SST of the month-

long period from 16 April to 15 May averaged for the

years 1998–2005. The axis of maximum SST is a north-

eastward sloping line whose latitude is about 2 °N in

central Arabian Sea and about 12 °N in central Bay

of Bengal. The axis of maximum convection as rep-

resented by GPI rainfall intensity of the same period

(Figure 2(b)) is a few degrees of latitude south of the

(a) (c)

(b) (d)

Figure 2. Over north Indian ocean (a) mean TMI SST in °C of 16 April to 15 May of 8 years 1998 to 2005. (b) Mean GPI rain fall of the same

area and period. The SST–convection relation for data averaged over 1° lat × 1° long squares. (c) In monthly data and (d) in daily data. Length

of the vertical bars represents the standard deviation on either side of the mean. The right vertical axes specify the number of parameter pairs

used [in (c) and (d), the linear correlation coefficient and number of observational pairs are marked at top left]. This figure is available in colour

online at wileyonlinelibrary.com/journal/joc

Copyright  2012 Royal Meteorological Society Int. J. Climatol. (2012)
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axis of the warmest SST. It is in an area with large SST

gradient, SST increasing to the north. Maximum convec-

tive rainfall of 10–14 mm d−1 is over areas with SST of

29–30 °C. The warmest SST axis in the Bay of Bengal

has mean temperature of more than 30.6 °C, and over this

area, the convection is only 6–8 mm d−1. In the areas

to the north of the SST, maximum convection further

decreases. The relation between 1° latitude–longitude

square averages of monthly (16 April to 15 May) val-

ues (Figure 2(c)) and daily values (Figure 2(d)) of SST

and convection (GPI) using data of each year of 1998

to 2005 of the geographical region between latitudes

5 °S and 20 °N and longitudes 55 °E and 95 °E (excluding

land areas) is very similar to that shown in Figure 1(a)

and (b). The linear correlation between SST and con-

vection (marked in the figures), however, is very small

in view of the type of SST–convection relation (Waliser

type).

The surface (10 m asl) wind is given in Figure 3(a).

These are monsoon-type westerlies in response to the

convective heating. Joseph and Sijikumar (2004) have

shown that for this type of wind (but at 850 hPa), the

correlation between convection and wind is maximum

and highly significant for a lag of about 2 days, convec-

tion leading, showing that the wind is a delayed response

to the convective heating of the atmosphere. The diver-

gence of the surface wind is shown in Figure 3(b). It

is seen that the active convection area (Figure 2(b)) is

where the divergence is negative (convergence). This is

also the area of large SST gradient (Figure 2(a)). The

central area of the warm pool (of maximum SST) has

positive divergence. The divergence–convection relation

for monthly data is shown in Figure 3(c). The linear

correlation between them is large. Convection is found

to increase steadily with increase in convergence for

all values of divergence. Figure 3(d) gives the relation

between vertical velocity at 500 hPa and convection and

the linear correlation between them is also very high (the

vertical velocity used is taken from NCEP reanalysis,

Kalnay et al., 1996), which is on 2.5° × 2.5° grid. There-

fore, for this figure, GPI data were also reduced to this

grid.

3.2. Monsoon season in northwest Pacific Ocean (July

and August)

The SST of the warm pool over the northwest Pacific

Ocean is very high during the Asian summer monsoon

period. The SST–convection relation in this area during

July and August is analysed. SST of the warm pool

reaches 30–31 °C during these months. Figure 4(a) gives

the mean TMI SST of the period 1 July to 31 August

of the years 1998 to 2005. The axis of maximum SST

is along latitude of about 18 °N. The axis of maximum

convection as represented by GPI rainfall intensity of the

same period (Figure 4(b)) is a few degrees of latitude

south of the axis of the warmest SST. The area of

high convection (GPI) is where SST gradient is large,

SST increasing to the north. Convective rainfall of

14–20 mm/d is over areas with SST around 29.5 °C.

The warmest SST axis over the west Pacific Ocean has

temperatures of more than 30.2 °C, and over this area,

the convection is <12 mm d−1. In the areas to the north

of the SST, maximum convection decreases rapidly. The

relation between 1° latitude–longitude square averages of

monthly and daily values of SST and convection of the

period 1 July to 31 August using data of each year of

(a) (c)

(b) (d)

Figure 3. Over north Indian ocean (a) mean QuikSCAT wind ms−1 of 16 April to 15 May of 6 years 2000 to 2005. (b) Divergence of the wind

given at (a) in 10−6 s−1. (c) Divergence–convection (GPI) relation in monthly data averaged over 1° lat × 1° long squares and (d) vertical

velocity at 500 hPa–convection (GPI) relation in monthly data averaged over 2.5° lat × 2.5° long. Vertical bars are as in Figure 2 [in (c) and

(d), the linear correlation coefficient and number of observational pairs are marked at top right]. This figure is available in colour online at

wileyonlinelibrary.com/journal/joc

Copyright  2012 Royal Meteorological Society Int. J. Climatol. (2012)
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(a) (c)

(b) (d)

Figure 4. Over northwest Pacific Ocean (a) mean TMI SST in °C of July and August of 8 years 1998 to 2005. (b) Mean GPI rain fall of the

same period. (c) SST–convection relation in monthly data and (d) SST–convection relation in daily data [in (c) and (d), the linear correlation

coefficient and number of observational pairs are marked at top left. Vertical bars and number of observations are as in Figure 2. The data in

(c) and (d) are averages over 1° lat × 1° long squares]. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

1998–2005 of the geographical region between latitudes

0 °N and 25 °N and longitudes 110 °E and 160 °E are

shown in Figure 4(c) and (d), respectively. These figures

are very similar to Figure 1(a) and (b). SST data cover a

large span from 26.4 to 31.8 °C. The convection begins

to increase at SST of 27.8 °C, reaches maximum values

at 29.0–29.8 °C and decreases for higher temperatures. It

is noted that these ranges are higher for the north Indian

ocean for the period 16 April to 15 May. In the case

of north west Pacific Ocean also, the linear correlation

between SST and convection (as marked in the figure) is

small.

The surface wind (10 m asl) is given in Figure 5(a).

These are monsoon-type westerlies in the latitude belt

5 °N to 15 °N. That the convection–wind relation is as per

the Joseph and Sijikumar (2004) finding has been shown

for this area by Joseph and Sabin (2008), convection lead-

ing the wind by about 2 days. The divergence of the

surface wind is shown in Figure 5(b). It is seen that the

active convection area is where the divergence is negative

(convergence). This is also the area of large SST gradient.

As in the case of the north Indian ocean basin, the linear

correlation between divergence and convection is large

and statistically significant. The divergence–convection

relation for monthly data is shown in Figure 5(c). Con-

vection is found to increase with increase in convergence

for all divergence–convergence values. Figure 5(d) gives

the distribution of GPI as a function of vertical velocity

at 500 hPa level. The near linear increase in convection

with vertical velocity is clear from this figure. The high

linear correlation values (shown in figure) between them

is statistically significant.

4. SST and convection over ITCZ and SPCZ areas

4.1. ITCZ over the northeast Pacific Ocean (July

and August)

During the months of July and August, there is a convec-

tively active ITCZ over northeast Pacific Ocean where

the convection is particularly vigorous during El-Nino

years. The mean SST of July and August of the period

1998–2005 is given in Figure 6(a). Maximum of convec-

tion is found to be colocated with areas of maximum SST

(Figure 6(b)), unlike in the two cases discussed in Sec-

tion 3 where maxima of convection occurred in areas of

large SST gradient. The SST–convection relation using

the monthly and daily 1° latitude–longitude square aver-

ages of SST and convection of the period 1 July to

31 August using data of each year of 1998–2005 of the

geographical region between latitudes 5 °S and 25 °N and

longitudes 160 °E and 100 °W are given in Figure 6(c)

and (d), respectively. Convection is found to increase

with SST for all values of SST very much different from

the Waliser et al. (1993) model given in Figure 1(a) and

(b). SST data have varied from 22.5 to 31 °C. Convection

begins at a SST of 26.5 °C and reaches maximum values

at the maximum SST. The linear correlation between SST

and convection is high unlike for the warm pool cases.

In the case of the ITCZ, convection is found to increase

monotonically with SST even at SSTs higher than 29 °C

(non-Waliser type).

The wind at 10 m level in response to the ITCZ con-

vective heating is given in Figure 7(a) and the divergence

in Figure 7(b). Relation between monthly values of diver-

gence and convection (GPI) are shown in Figure 7(c)

Copyright  2012 Royal Meteorological Society Int. J. Climatol. (2012)
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(a) (c)

(b) (d)

Figure 5. Over northwest Pacific Ocean (a) mean QuikSCAT wind ms−1 of July and August of 6 years 2000 to 2005. (b) Divergence of the

wind given at (a) in 10−6 s−1. (c) Divergence–convection relation in monthly data and (d) vertical velocity at 500 hPa-convection relation in

monthly data. Vertical bars are as in Figure 2 [in (c) and (d), the linear correlation coefficient and number of observational pairs are marked at

top right. The data in (c) are averages over 1° lat × 1° long squares and those in (d) are averages over 2.5° lat × 2.5° long squares]. This figure

is available in colour online at wileyonlinelibrary.com/journal/joc

(a) (c)

(b) (d)

Figure 6. Over the ITCZ area of east Pacific Ocean (a) mean TMI SST in °C of July and August of 8 years 1998 to 2005. (b) Mean GPI rainfall

of the same period. (c) SST–convection relation in monthly data and (d) SST–convection relation in daily data. Vertical bars and number of

observations are as in Figure 2 [in (c) and (d), the linear correlation coefficient and number of observational pairs are marked at top left. The

data in (c) and (d) are averages over 1° lat × 1° long squares]. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

(data in 1° × 1° grid) and the relation between vertical

velocity at 500 hPa and convection in Figure 7(d) (data

in 2.5° × 2.5° grid). In the ITCZ case, the linear cor-

relations between convection and SST, convection and

divergence and convection and 500 hPa vertical velocity

are all high and statistically significant (correlation values

are marked in the figures).

Examination of Figure 6(a) and (b) has shown two

special features.

(a) In the longitude belt 160 °E to 130 °W, the maxima

of SST and convection coincide, but in the portion

130 °W to 100 °W, the active convection area is

south of the latitude of maximum SST as in the

Copyright  2012 Royal Meteorological Society Int. J. Climatol. (2012)
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(a) (c)

(b) (d)

Figure 7. Over the ITCZ area of east Pacific Ocean (a) monthly mean QuikSCAT wind ms−1 of July and August of 6 years 2000 to

2005. (b) Divergence of the wind given at (a) in 10−6 s−1. (c) Divergence–convection relation in monthly data and (d) vertical velocity at

500 hPa–convection relation in monthly data. Vertical bars are as in Figure 2 [in (c) and (d), the linear correlation coefficient and number of

observational pairs are marked at top right. The data in (c) are averages over 1° lat × 1° long squares and those in (d) are averages over 2.5°

lat × 2.5° long squares]. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

(a) (c)

(b) (d)

Figure 8. SST–convection relation in monthly (a) and daily (b) data of the 1° lat–long bins of area 160 °E–130 °W, 5 °S–25 °N. (c) and (d) give

the same for 130 °W–100 °W, 5 °S–25 °N. Vertical bars and number of observations are as in Figure 2 (the linear correlation coefficient and

number of observational pairs are marked at top left). This figure is available in colour online at wileyonlinelibrary.com/journal/joc

case of the warm pool areas of Indian and western

Pacific Oceans. This part of the Pacific Ocean in July

and August is a monsoon area (the north American

monsoon). We examined the SST convection relation

for these two subareas and the results are given in

Figure 8(a)–(d) for the monthly and daily scales.

The SST–convection relation is of the warm pool

or monsoon or Waliser type for the eastern portion

(close to the North American continent) of the north

Pacific ITCZ. However, for the portion of the east

Pacific between the longitudes 160 °E and 130 °W,

the SST–convection relation is of the non-Waliser

type.

(b) The western side of the east Pacific ITCZ box

160 °E–130 °W has high SST, high convection and

low convergence. The eastern part of the box has

low SST, high convergence and low convection. The

multiple correlation between the three parameters

for this box is 0.82 (the linear correlation between

SST and convection is 0.57, that between convection
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Table I. Linear correlation coefficient between SST and convection, divergence and convection and SST and divergence and the

multiple correlation coefficient between these parameters for the four different areas of the global tropics studied (using monthly

data).

Correlationsa

SST-GPIb Div-GPIb SST-Div Multiple CC

North Bay (16 Apr–15 May) 0.29 −0.61 −0.12 0.64

W Pacific (Jul–Aug) 0.18 −0.51 −0.15 0.52

ITCZ (Jul–Aug) 0.57 −0.71 −0.24 0.82

SPCZ (Jan–Feb) 0.59 −0.72 −0.51 0.76

a All correlation values are significant at 99.9% by t-test.
b GPI rain stands for convection.

(a) (c)

(b) (d)

Figure 9. Over the SPCZ area of west Pacific Ocean (a) mean TMI SST in °C of January and February of 8 years 1998 to 2005. (b) Mean GPI

rain of the same period. (c) SST–convection relation in monthly data and (d) SST–convection relation in daily data. Vertical bars and number

of observations are as in Figure 2 [in (c) and (d), the linear correlation coefficient and number of observational pairs are marked at top left. The

data in (c) and (d) are averages over 1° lat × 1° long squares]. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

and convergence is −0.71 and that between SST

and convergence is only −0.24). Similar correlation

values for all the four regions studied are given in

Table I.

4.2. SPCZ over the southwest Pacific Ocean (January

and February)

There is an active SPCZ over southwest Pacific Ocean

during January and February (Vincent, 1994). We have

studied the SST–convection relation of the SPCZ area

during these two months of 1998–2005. The axis of

maximum SST is located near latitude 10 °S and extends

from longitudes 150 °E to 120 °W (Figure 9(a)). The area

of maximum convection as represented by GPI rain-

fall intensity of the same period (Figure 9(b)) is located

around the axis of maximum SST. In this case also as in

the case of the ITCZ, convection is found to increase with

SST for all values of SST. Convection begins to increase

at SST of 27.5 °C, increases with SST and reaches max-

imum values at the maximum SST in the SPCZ area.

The relation between 1° latitude–longitude square aver-

ages of monthly and daily values of SST and convection

of the months January and February using data of each

year of 1998–2005 of the geographical region between

the equator and latitude 25 °S and longitudes 150 °E and

120 °W are shown in Figure 9(c) and (d), respectively.

Convection increases monotonically with SST even at

SST higher than 29 °C. The 10 m-level wind in response

to the SPCZ convective heating is given in Figure 10(a)

and the divergence in Figure 10(b). Relation between

monthly values of divergence and convection (GPI) are

shown in Figure 10(c) (data in 1° × 1° grid) and the rela-

tion between vertical velocity at 500 hPa and convection

in Figure 10(d) (data in 2.5° × 2.5° grid). In the SPCZ

case, the linear correlations between convection and SST,

convection and divergence and convection and 500 hPa

vertical velocity are all very high.

5. Summary and discussions

This study has shown that SST–convection relation over

the warm pool regions of Indian and west Pacific Oceans

(monsoon areas) has convection increasing with SST

in the SST range 26–29 °C, and for SST higher than

29 °C, convection decreases with increase in SST. We

call this the Waliser type of SST–convection relation

(Waliser et al., 1993). An explanation for this type of

SST–convection relation has been offered invoking the
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(a) (c)

(b) (d)

Figure 10. Over the SPCZ area of west Pacific Ocean (a) monthly mean QuikSCAT wind ms−1 of January and February of 6 years 2000 to

2005. (b) Divergence of the wind given at (a) in 10−6 s−1. (c) Divergence–convection relation in monthly data and (d) vertical velocity at

500 hPa–convection relation in monthly data. Vertical bars are as in Figure 2 [in (c) and (d), the linear correlation coefficient and number of

observational pairs are marked at top right. The data in (c) are averages over 1° lat × 1° long squares and those in (d) are averages over 2.5°

lat × 2.5° long squares]. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

modelling studies by Lindzen and Nigam (1987) and

Back and Bretherton (2009), which has shown that

convection is related to SST gradient in the tropical

ocean. That convection is induced in areas with SST

gradients has been shown through data analysis for the

warm pool areas of Indian and west Pacific Oceans (1) by

Joseph et al. (2006) in the case of monsoon onset over

India and (2) by Vecchi and Harrison (2002) and Joseph

and Sabin (2008) in the case of active–break cycle of

the monsoon. As described in Section 1, Shankar et al.

(2007) have shown that convection sets over the Bay

of Bengal during the summer monsoon season within a

week after the SST difference between north and south

Bay of Bengal exceeds 0.75 °C. Once deep convection

is initiated in the SST gradient area south of the central

region of the warm pool, the deep tropospheric heating

by the latent heat released in the convective clouds

produces strong low-level wind fields particularly cross-

equatorial LLJ on the equatorward side of the warm

pool and both the convection and LLJ are found to

grow through a positive feedback mechanism (Joseph

and Sijikumar, 2004; Joseph and Sabin, 2008). Thus,

SST through its gradient acts only as an initiator of

convection. Large values of convection are associated

with the cyclonic vorticity of the LLJ in the atmospheric

boundary layer (which for low-latitude areas having low

values of coriolis parameter produces large values of

convergence and vertical upward motion of the moist

air mass there). The prevailing conditionally unstable

atmosphere in the tropics is favourable for the production

of deep convective clouds. Since the central region of the

warm pool has very small SST gradients, large amounts

of deep convection cannot be generated there. We are

thus giving a thermodynamic cum dynamic explanation

for the observed relation (Waliser type) between SST and

convection associated with a warm pool region whose

central area is located away from the equator.

A question arises here as to the role of SST in

the generation of deep convection. Graham and Barnet

(1987) showed that convection depends on both SST

and divergence in the atmosphere. Lau et al. (1997)

through a detailed statistical analysis for the tropics

found that on monthly to interannual timescale, 26% of

the variance of convection is due to SST and a much

larger percentage (44%) is due to divergence in the

atmosphere. It is known that deep convection occurs

in areas having large values of convective available

potential energy (CAPE) and it is also known that the

temperature of the lowest 1–2 km of the atmosphere

has a direct relation to the magnitude of CAPE. The air

temperature of this atmospheric layer is closely linked to

the underlying SST because of turbulent mixing in the

atmospheric boundary layer. Vertical upward motion due

to divergence in the atmosphere (negative divergence in

the lower troposphere or positive divergence in the upper

troposphere) is a necessary factor to raise the warm and

moist lower tropospheric air to levels above the level

of free convection to release the CAPE stored in the

atmosphere for the production of deep convection, which

might explain the dependence of convection on SST and

divergence.

In the cases of the warm pool studied in this arti-

cle, the linear correlation coefficient (LCC) between SST

and convection is small as the high SST areas (central

region of warm pool) have very low convection. This

LCC, however, is statistically significant, which con-

firms the observed weak dependence of convection on

SST. For these cases, the LCC between the low-level

divergence obtained from QuikSCAT winds and the con-

vection is very high, showing the stronger dependence
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(a)

(c)

(b)

Figure 11. Schematic diagram showing the relation between SST,

convection, wind flow and LLJ in (a) warm pool, (b) ITCZ and

(c) SPCZ areas. SST isotherms marked show areas of maximum SST.

Areas of convection are shaded. This figure is available in colour online

at wileyonlinelibrary.com/journal/joc

of convection on low-level convergence, which is related

to the vertical motion in the atmosphere. This is again

confirmed by the finding that vertical velocity at 500 hPa

is also having high LCC with convection.

In contrast are the cases of ITCZ and SPCZ in which

the SST maxima are located close to the equator (latitudes

5° –10°) where the axes of maximum SST nearly coincide

with the axes of maximum convection in the monthly

means. Boundary layer air streams from the north and

south hemispheres converge along the axis of maximum

SST in monthly means (they have slightly different latitu-

dinal positions on a day-to-day basis). For these cases, we

found that the LCC between convection and SST, con-

vection and divergence (obtained from QuikSCAT winds)

and convection and vertical velocity at 500 hPa are all

very high. Thus, in the cases of ITCZ and SPCZ, the rela-

tion between SST and convection is not of the Waliser

type; instead, convection increases with SST for all val-

ues of SST. Schematic diagrams showing the isotherms

of SST, streamlines of wind flow and LLJ, wind con-

vergence zones and the areas of convection are given

in Figure 11(a)–(c) for the warm pool, ITCZ and SPCZ

cases discussed in this article. Figure 11(b) and (c) for

the ITCZ and SPCZ, respectively, are mirror images.

Some of the available modelling studies support the

purely observational findings of this study. The char-

acteristics of the summer monsoon climate over south

Asia, east Asia and the western north Pacific Ocean

(monsoon areas) were studied using the Meteorologi-

cal Research Institute-coupled GCM (MRI-CGCM2) by

Rajendran et al. (2004). The relationship between SST

and convection in the model outputs as obtained by them

is of Waliser type as can be seen from Figure 12 (their

Figure 3(a)). SST–convection relation has been repro-

duced satisfactorily in their modelling study over the

entire range of SSTs, including the reduction in convec-

tion for high SSTs (above 29 °C).

We examined the 100 year runs of the Intergovernmen-

tal Panel on Climate Change Forth Assessment Report

(IPCC-AR4)-coupled ocean–atmosphere models of the

climate of the twentieth century (20c3m) simulations.

The simulated convection of the MPI ECHAM5 model

(Jungclaus et al., 2006) for the ITCZ and SPCZ areas is

in good agreement with the observed SST–convection

relation as obtained by us. Figure 13(a) gives the SST

(shaded) and convection (contour) for the 100 year mean

of the simulation (1900–1999) of the MPI ECHAM

model (both the parameters reduced to the same grid size

of 2° lat × 2° lon for the east Pacific ITCZ. It is seen

(a) (b)

Figure 12. SST–convection relation in the global tropics – in the observations and in a coupled ocean-atmosphere model (MRI-CGCM2) are

given in (a) for the Indian ocean tropics and (b) for the west Pacific tropics for June to September period (reproduced from Rajendran et al., 2004).
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(a) (c)

(b) (d)

Figure 13. Over the ITCZ area of east Pacific Ocean MPI ECHAM5 simulated. (a) Monthly mean SST (shaded) and precipitation (contour) of

July and August of 100 years 1900 to 1999. (b) Vertical velocity at 500 hPa. (c) Monthly mean surface wind in ms−1. (d) Divergence of the

wind given in 10−6 s−1. This figure is available in colour online at wileyonlinelibrary.com/journal/joc

that the relationship between SST and convection in the

model outputs is of the non-Waliser type for the area

west of longitude 130 °W and of the Waliser type for the

area east of 130 °W as in observations (see descriptions

in Section 4.1). This is further confirmed by Figure 14(a)

and (b), which gives the relation between monthly values

of modelled SST and modelled convection for the ITCZ

area (divided into two parts). Simulations by three more

ocean–atmosphere-coupled models (IPCC runs) studied

(GFDL Cm2.0, GFDL Cm2.1 and UKMO Had Gem

models) also show non-Waliser type of SST–convection

relation for ITCZ/SPCZ areas.

The difference in the SST–convection relation between

the summer monsoon warm pool areas and the ITCZ

areas as discussed in this article has been noted by

Webster et al. (1998) in their Figure 25. They have also

given an explanation for the observed difference in the

SST–convection relation between these two areas in their

Section 3.4. Relation between SST and convection is

very important in the field of numerical modelling of

tropical rainfall. It is well known that models generally

do rainfall simulation very well in ITCZ but are found

unable to do satisfactory simulation in the monsoon

areas. Observational studies as presented in this article

are hoped to lay the ground work for developing better

modelling studies.
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