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The failure of atmospheric general circulation models (AGCMs) forced by prescribed SST to simulate and
predict the interannual variability of Indian/Asian monsoon has been widely attributed to their inability
to reproduce the actual sea surface temperature (SST)–rainfall relationship in the warm Indo-Pacific
oceans. This assessment is based on a comparison of the observed and simulated correlation between
the rainfall and local SST. However, the observed SSTconvection/rainfall relationship is nonlinear and
for this a linear measure such as the correlation is not an appropriate measure. We show that the SST–
rainfall relationship simulated by atmospheric and coupled general circulation models in IPCC AR4 is
nonlinear, as observed, and realistic over the tropical West Pacific (WPO) and the Indian Ocean (IO).
The SST–rainfall pattern simulated by the coupled versions of these models is rather similar to that
from the corresponding atmospheric one, except for a shift of the entire pattern to colder/warmer SSTs
when there is a cold/warm bias in the coupled version.

1. Introduction

The interannual variation of the Asian/Indian
summer monsoon is linked with ENSO (Sikka 1980;
Rasmusson and Carpenter 1983), and hence to the
sea surface temperature (SST) anomalies over the
central and eastern equatorial Pacific Ocean. The
SST anomalies of the western Pacific and Indian
Ocean warm pools have also been considered to
be important for monsoon variability (Nitta 1987;
Shen and Lau 1995; Lau et al 2000; Kawamura
et al 2001). Yet, the skill of the atmospheric general
circulation models (AGCMs) forced by observed
SST, in simulating the interannual variability of
the Asian/Indian summer monsoon rainfall, is poor

(Sperber and Palmer 1996; Gadgil and Sajani 1998;
Kang et al 2002; Kang and Shukla 2005).

Over warm parts of the tropical oceans such
as the western Pacific Ocean, Bay of Bengal and
South China Sea, the correlation of the observed
rainfall with the local SST is insignificant or nega-
tive (Wang et al 2005). However, in the CLIVAR-
monsoon Panel Project simulations of June-July-
August (JJA) 1997–1998 by AGCMs forced with
prescribed SST, the SST–rainfall correlations over
these regions were positive (Wang et al 2004), and
in the forced simulations of NCAR’s AGCM, these
were positive/insignificant (Trenberth and Shea
2005). It is believed that over such regions, the SST
anomalies are driven at least in part by surface
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fluxes and wind stress (e.g., Lau and Nath 2000;
Wu and Kirtman 2005), and hence it is impor-
tant to incorporate air–sea coupling in the mod-
els to simulate the SST–rainfall relationship. It has
been suggested that forced AGCMs successfully
capture interannual variability over regions such
as the tropical eastern and central Pacific, where
oceanic processes cause SST anomalies, with sur-
face heat fluxes having a damping effect (Kang et al
2001). Over other regions, their performance is less
satisfactory (Kumar and Hoerling 1998).

Wang et al (2005) attributed the inability of
AGCMs to simulate interannual variability of the
summer monsoon rainfall to their inability in sim-
ulating the special nature of SST–rainfall relation-
ship over regions such as the West Pacific Ocean,
Bay of Bengal and South China Sea. Thus, assess-
ment of how realistically the SST–rainfall rela-
tionship is simulated by atmospheric and coupled
GCMs (CGCMs) is important. The importance of
the nature of SST–rainfall relationship has also
been brought out in a recent study (Johnson and
Xie 2010) which showed that in a warming climate,
despite the expected increase of SST, the fraction
of the convectively active area over the tropical
oceans is expected to change little.

In this study, we investigate the nature of the
SST–rainfall relationship simulated by AGCMs
and the coupled versions (CGCMs) of nine global
climate models used in the Fourth Assessment
Report of the Intergovernmental Panel on Climate
Change (IPCC AR4), focussing on the simulation
over the Indian Ocean, the west Pacific Ocean and
the NINO3.4 region.

2. Data and methodology

We have examined two sets of experiments from the
IPCC AR4 simulations. In the first set of experi-
ments (20C3M), coupled GCMs are run under con-
ditions similar to those of 20th century (Meehl et al
2007). In the second set of experiments, AGCMs
are run as in Atmospheric Model Intercomparison
Project (AMIP), with the observed SST specified
as the boundary condition and initial conditions for
the atmosphere specified only at the beginning of
the multi-year run (Gates 1992). We have analysed
runs for the 20-year period beginning in 1979 for
AGCMs and the runs for the last 20 years for the
CGCMs. Thus, any decadal changes or variability
of the coupled model runs are ignored in this study.

Of the 13 IPCC AR4 GCMs for which both the
coupled and uncoupled (forced) simulations are
available, we selected nine GCMs with the highest
pattern correlation coefficients between the simu-
lated and observed JJA mean rainfall and mean

SST (for CGCMs) over the Indian Ocean and
tropical West Pacific. The details of the climate
models considered in this study, their acronyms,
and horizontal and vertical resolutions are listed
in table 1. All the simulations were reduced to a
2.5◦×2.5◦ grid for comparison with observations.
The major components of these coupled mod-
els such as atmosphere, ocean, sea ice, land and
vegetation are interactive, and the interaction of
other components such as atmospheric chemistry,
biogeochemistry and aerosols vary from model
to model. Most of these CGCMs do not use sur-
face flux corrections at the ocean–atmosphere
interface, except MRI. Further details of these
models and the simulations can be obtained from
model documentation available at http://www-
pcmdi.llnl.gov/ipcc/model documentation/ipcc
model documentaion.php.

For observations, we have used monthly precipi-
tation data from Global Precipitation Climatology
Project (GPCP) on 2.5◦ × 2.5◦ grid for the period
1979–2007 (Adler et al 2003), and Hadley Centre
Ice and SST (HadISST) data (Rayner et al 2003)
on 2.5◦ × 2.5◦ grid for 1979–2007 period. We find
that the the SST–rainfall relationship derived from
Tropical Rainfall Measuring Mission (TRMM)
Microwave Imager (TMI) SST is rather similar to
that with HadISST. We, therefore, discuss here
only the results based on HadISST. Monthly mean
atmospheric fields for the corresponding period are
taken from 40-year European Centre for Medium
Range Weather Forecasts (ECMWF) Re-analysis
(ERA-40) data (Uppala et al 2005).

For each of the three regions considered, the
monthly SST and rainfall data for June, July and
August of each year have been binned at intervals
0.25◦C and 0.5 mm/day respectively. The SST–
rainfall relationship is assessed by (i) scatter plots
in which the number of points for each 0.25◦C SST
and 0.5 mm/day rainfall bin is indicated and (ii)
the nature of the variation with SST of the mean
rainfall, the standard deviation and the 90% per-
centile (obtained as the lower limit of the top 10%
of rainfall values for each SST bin).

3. Observed SST–rainfall relationship

The nature of the observed relationship of the
rainfall to local SST was first elucidated by
Bjerknes (1969). He showed that at Canton island,
while generally the monthly rainfall is less than
2 mm/day, the monthly rainfall was sustained at
a high level, i.e., well over 6 mm/day for sev-
eral months, when the SST was above 28◦C. Sub-
sequent studies (Gadgil et al 1984; Graham and
Barnett 1987; Waliser and Graham 1993; Zhang
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1993; Bony et al 1997) of the relationship between
organized deep convection, based on satellite data,
and local SST showed that the relationship is non-
linear and that there is a high propensity for trop-
ical deep convection for SST above about 28◦C,
which has been called the threshold, TC , for orga-
nized convection. When the SST is above the
threshold, the observed convection indices [such as
the outgoing longwave radiation (OLR)] vary over
a large range from almost no convection to intense
deep convection.

We have considered the SST–rainfall relation-
ship over three regions (figure 1a), viz., the Indian
Ocean region (IO: 60◦–100◦E; 15◦S–20◦N), the
tropical West Pacific Ocean (WPO: 120◦–140◦E;
10◦–20◦N) and the Nino3.4 region (NINO34: 170◦–
120◦W; 5◦S–5◦N). The IO region is chosen because
besides being important for the Indian monsoon,
it is characterized by a large range of variation
of SST (including parts with SST well below
the threshold as well as warm parts such as the
Bay of Bengal and equatorial Indian Ocean) over
which the relationship to the rainfall can be stud-
ied. The elucidation of the simulated SST–rainfall
relationship over WPO is particularly important
because, as pointed out by Wang et al (2004),
the observed SST–rainfall correlation is negative
over parts of the region (figure 1b). The NINO3.4
region has been chosen because the SST–rainfall
relationship is known to be strong over that
region.

The observed SST–rainfall relationship for IO is
depicted in figure 2(a) as a scatter plot in which
the number of points for each 0.25◦C SST and
0.5 mm/day rainfall bin is indicated. The vari-
ation with SST of the mean rainfall, the stan-
dard deviation and the 90% percentile are shown
in figure 2(b) and the percentage of grid points
in each SST bin are shown in figure 2(c). The
major features of the SST–convection relationship
elucidated by the earlier studies are also seen in
figure 2. The mean rainfall increases slowly with
SST up to around 26.5◦C [Palmen threshold for
tropical cyclogenesis (Palmen 1948)] followed by
a sharp increase of rainfall/moist convection with
SST in the so-called critical range (Waliser and
Graham 1993; Bhat et al 1996) up to about 28◦C
(figure 2b). Note that for SST higher than TC , there
is hardly any increase in the mean rainfall with
SST. The most striking feature of the scatterplot
of the frequency of grid points for the different SST
and rainfall bins (figure 2a) is the large spread in
the rainfall values for SST above about 28◦C. This
is also reflected in the variation with SST of the
standard deviation and the 90% percentile (figure
2b). The mode of the rainfall frequency distribu-
tion shifts from zero for SSTs below TC to 4–5
mm/day above the threshold. It should be noted
that there are very few grid points for SST beyond
30◦C (figure 2c), the upper limit of SST (Waliser
and Graham 1993; Ramanathan and Collins 1991;
Pierrehumbert 1995).

(a)

(b)

Figure 1. (a) Mean June-July-August (JJA) observed (HadISST) sea surface temperature and (b) the observed correlation
between SST and rainfall (GPCP) for JJA during 1979–2009 (contours). Correlation significant at 90% level is shaded. The
domains selected for analysis (denoted by respective abbreviation) is given in dashed rectangular boxes.
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Figure 2. Observed relationship between rainfall and SST for June, July, August during 1979–2009 for the Indian Ocean
(IO; a, b, c), NINO3.4 (d, e, f), and West Pacific Ocean (WPO; g, h, i). Scatter plots with the number of points for each
0.25◦C SST and 0.5 mm/day rainfall bin are shown in (a, d, g), the variation with SST of the 90% percentile of rainfall (blue
curve), mean rainfall (black curve) and the standard deviation of rainfall (red curve) in (b, e, h) respectively. Frequency
distribution of SST in each 0.25◦C SST bin for IO, NINO3.4 and WPO are shown in (c, f and i) respectively.

The observed SST–rainfall relationship for
NINO3.4 is shown in figure 2(d and e) and WPO
in figure 2(g and h). It is seen that over NINO3.4,
the mean as well as 90% percentile of the rain-
fall increases rapidly with SST from about 27◦C
and there is a strong relationship between SST and
rainfall. The rainfall is highly correlated with SST
for this region (correlation coefficient 0.61). Over
WPO, the range of the variation of SST is rather
small, being only about 1◦C. On the other hand,
the variation of the rainfall for each SST bin is
very large, indicating that the relationship between
rainfall and the local SST is weak. The correlation
between SST and rainfall for this region (−0.26)
is not significant even at 90%. The mean rainfall
over WPO decreases slowly with increasing SST,
but given the small variation of SST and the large
variation of the rainfall at each SST, the mean may
not be particularly meaningful. The SST–rainfall
relationship for the warm parts of IO such as the

Bay of Bengal (not shown) is similar to that over
WPO.

The differences between the nature of the rela-
tionship over IO, WPO and NINO3.4 are a con-
sequence of the differences in the range of the
observed SST for these regions (figure 2c, f and i).
For NINO3.4, about 65% of the points are char-
acterized by SST lower than 28◦C. Thus, the SST
variation is generally in the critical range in
which the SST can have a large impact on rain-
fall. On the other hand, the observed SST of
WPO is always above 28◦C, with almost 90%
of points with SST higher than 29◦C. The rain-
fall variation is clearly not related to the SST
variation over WPO. The decrease in organized
convection/rainfall with SST after reaching max-
imum strength around 29/29.5◦C is a manifes-
tation of the association of the highest observed
tropical SSTs with diminished convection (Bhat
et al 1996).
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Thus, observations clearly show that the varia-
tion of the rainfall is related to the variation of
the local SST when the SST varies over the critical
range, i.e., with SST values ranging from below the
threshold to above it. Furthermore, when the SST
is always maintained above the threshold, the vari-
ation of SST appears to play no role in determining
the variability of rainfall.

4. Simulation of the SST–rainfall
relationship

The SST–rainfall relationship simulated by the
atmospheric and coupled version of three represen-
tative models (GFDL, CNRM and IPSL), depicted
as (i) scatter plots showing the frequency in each
SST–rainfall bin and (ii) variation with SST of
the mean and 90% percentile, for IO and WPO is
shown in figures 3(a) and 3(b), respectively. Scatter

plots of the rainfall simulated by the other AGCMs
and CGCMs and SST (observed for AGCMs and
simulated for CGCMs) for IO and WPO and all
the models for Nino3.4 are shown in figures 4, 5
and 6, respectively.

It is seen that, on the whole, the observed SST–
rainfall relationship for these regions is well sim-
ulated by the AGCMs and CGCMs with realistic
simulations of the patterns of the scatter plots
(figures 3–6) as well as the variation with SST of
the mean rainfall, and the 90% percentile (figure 3a
and b). Thus, for IO and Nino3.4, as observed,
(i) there is hardly any rainfall over cold regions
(with SST less than about 26◦C), (ii) there is
a high propensity of rainfall for SSTs above a
threshold and (iii) over warm oceanic regions for
which the SST is above the threshold, the variation
of rainfall for a given SST is very large. The dif-
ferences between the simulated patterns over the
three regions arising from the differences in the
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Figure 3(a). AGCM and CGCM (GFDL, CNRM and IPSL) simulated relationship between rainfall and SST for June, July,
August over IO region. Scatter plots are shown with the number of points in each 0.25◦C SST and 0.5 mm/day rainfall
bin. The variation with SST of the 90% percentile of rainfall, and the mean rainfall for AGCM and CGCM are shown in
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Figure 3(b). Same as figure 3(a), but for WPO region.

range of SST are also clearly seen. Since the SST of
WPO is always above the threshold, as observed,
there is a large variation in the rainfall for each
value of SST.

It is important to note that the patterns simu-
lated by the AGCM are rather similar to that by
the corresponding CGCM even over regions, such
as WPO, for which SST does not play a role in
the variation of rainfall. However, the maximum
rainfall simulated by an AGCM in some cases,
is larger than that by the corresponding CGCM
(e.g., CNRM; figure 3b), a feature also present
in some other models (Nanjundiah et al 2005).
Also, for many models, the CGCM simulates lower
SSTs than observed. This cold bias is not large for
a few of the CGCMs such as MIROC and MPI
(figure 4). For some CGCMs, such as GFDL
(figure 3a and b), there is a shift in the mode of
the simulated SST distribution from the observed
towards colder SST by about 1◦C, and for some
CGCMs such as CNRM (figure 3a and b), MRI,
UKMO and NCAR (figure 4), there is a shift by

about 2◦C. The SST–rainfall pattern simulated by
the atmospheric versions of these models is rather
similar to that from the corresponding CGCM,
except for a shift to colder SSTs in the case of mod-
els with a cold bias such as the CGCM (figure 3a
and b). Only the coupled version of the IPSL model
simulates higher SSTs than observed, and in that
case, the entire pattern shifts towards higher SSTs
(figure 3a and b).

As observed, the variation of the SST of WPO
simulated by CGCMs is small. As in the case of
IO, the simulated SSTs over WPO and NINO3.4 in
several models are lower than observed and there is
a shift in the SST–rainfall relationship (figures 3b,
5 and 6). Other than the shift, the patterns simu-
lated by CGCM are rather similar to those by the
corresponding AGCM.

The shift in the simulated SST–rainfall pat-
tern for CGCMs towards lower or higher SST,
depending on whether the simulated SST has a
cold or a warm bias, is consistent with the results
of several studies of the relationship of tropical
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convection and SST. The most important factor
determining the variation of organized convection/
rainfall over the tropics is the convective avail-
able potential energy (CAPE) or the moist static
stability (Bhat et al 1996; Williams and Renno
1993). The moist static stability depends on the
local SST over tropical oceans. The observed lapse
rate in the tropics is close to moist adiabatic lapse
rate (Stone and Carlson 1979), which suggests an
adjustment of the upper tropospheric temperatures

to SST. Bhat et al ’s (1996) comparison of the rela-
tionship of CAPE with SST and the SST thresh-
old, for two stations over the Atlantic and Indian
Ocean, showed that there is a shift of the entire pat-
tern towards colder SSTs over the relatively cooler
Atlantic. Stowasser et al (2009) compared the run
of the GFDL model for the present climate with
the 4×CO2 run and showed the nonlinear relation-
ship between SST and evaporation; with higher
SSTs, in the 4×CO2 runs, the SST threshold for
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Figure 4. Scatter plots with the number of points in each 0.25◦C SST and 0.5 mm/day rainfall bin from AGCM and CGCM
simulations of MIROC, MRI, MPI, NCAR-PCM, NCAR-CCSM, and UKMO for the Indian Ocean (IO).
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Figure 5. Scatter plots with the number of points in each 0.25◦C SST and 0.5 mm/day rainfall bin from AGCM and CGCM
simulations of MIROC, MRI, MPI, NCAR-PCM, NCAR-CCSM, and UKMO for the West Pacific Ocean (WPO).

the occurrence of evaporation increases by about 3–
4◦C. Johnson and Xie (2010) have shown that the
upper tropospheric temperature simulated by cou-
pled models varies with the SST threshold/tropical
mean SST. Hence, we expect the simulated upper
tropospheric temperature in models with a cold
bias in SST to be colder, and hence the moist static
instability is larger for a given SST. Consequently,
the SST threshold is expected to be lower and the
entire SST–rainfall pattern to shift towards colder
SST.

5. Rainfall, SST and convergence

Thus, an important result of this study is that
on the whole, the SST–rainfall relationship over
IO and WPO is well simulated by the AGCMs
and CGCMs. The CGCMs as a class do not have
better skill in simulating this relationship than
the AGCMs. Our results differ markedly from the
deduction by Wang et al (2004) that AGCMs are
unable to reproduce the actual SST–rainfall rela-
tionship over the Indo-Pacific oceans which was
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based on a comparison of the observations and sim-
ulations for the most commonly used measure of
the SST–rainfall relationship, viz., the correlation
(Wang et al 2004, 2005). The observed and sim-
ulated correlation of the local SST and rainfall is
shown in figures 7 and 8. Wang et al (2005) sug-
gested that the observed negative correlation over
warm oceans such as WPO is a consequence of the
impact of the atmosphere on SST and therefore
can be simulated only by coupled models and can-
not be simulated by atmospheric models. However,
it is seen that AGCMs do simulate negative cor-
relations (simply because the atmospheric dynam-
ics leads to lower rainfall over warmer SSTs) and
not all the coupled models simulate the negative
correlation over WPO.

On the whole, the models have reasonable suc-
cess in simulating the observed pattern of corre-
lation (figures 7 and 8). Almost all the models
simulate regions of high positive correlation over
central and eastern equatorial Pacific and nega-
tive correlation over parts of the tropical West
Pacific. Clearly AGCMs are not inherently inca-
pable of simulating negative correlations between
rainfall and local SST (figures 7 and 8). However,
it is important to note that given the nonlinear
nature of the SST–rainfall relationship, a linear
measure of the relationship such as the correlation

coefficient may not be the appropriate measure
because it depends upon the range of the SST
considered. Gadgil et al (1984) showed that while
the overall correlation between SST and cloudiness
for the Indian Ocean during the boreal summer
is +0.54, it drops to +0.18 when only SST above
28◦C is considered. Graham and Barnett (1987)
have pointed out that “One might be tempted to
fit a sharp looking curve to the distribution which
suggests a strong dependence of convection on SST.
However, associations between SSTs and OLR for
SSTs above 28◦C at applicable locations suggest
that the dependence of the level of convection in
this temperature range is usually slight.” Clearly,
although SST being sufficiently high is a necessary
condition for the occurrence of organized convec-
tion/rainfall, it is not a sufficient condition. Hence,
when SST is above the threshold TC (such as for
WPO), it appears to play no role in determin-
ing the variability of convection or rainfall. Gra-
ham and Barnett (1987) showed that over warm
oceans for which the SSTs are above TC , whether
there is convection or not depends not on the local
SST but on the dynamics, i.e., low level conver-
gence. Bony et al (1997) suggested that intense
convection is, in part, a consequence of organized
large-scale vertical motion arising from remote
forcing.

(a)

(b)

(c)

Figure 7. (a) Observed correlation between rainfall (GPCP) and local SST (HadISST) for June-July-August and correlation
between the rainfall and local SST from (b) AGCM and (c) corresponding CGCM simulations of MIROC. Regions with
correlation significant at 95% are shaded.
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Figure 8. Simulated correlation between rainfall and local SST for June-July-August from AGCM and corresponding
CGCM simulations of CNRM, GFDL, IPSL, MPI, NCAR-CCSM, MRI, NCAR-PCM, and UKMO. Regions with correlation
significant at 95% are shaded.

We therefore considered the relationship be-
tween SST, rainfall and convergence at 850 hPa
(C850) over WPO (figure 9). The relationships
in observations and in the simulation by one model
(MIROC) are shown in figure 9. We note that while
a strong relationship is observed between rainfall
and C850, the relationship of convergence/rainfall
with SST is much weaker. This supports Graham
and Barnett’s (1987) conclusion that over regions
for which the SST is above TC , organized con-
vection is determined by circulation rather than
by SST. As pointed out earlier, the AGCM and
CGCM versions of all the models are able to
simulate the lack of relationship between SST and
rainfall over WPO. We find that both versions of
several models (e.g., GFDL, MPI and UKMO in
figure 10) successfully simulate the strong relation-
ship between the rainfall and C850. However, for
some models such as CNRM (figure 10), neither
the AGCM nor the CGCM is able to simulate this

relationship (figure 10). What leads to this pecu-
liar feature of lack of relationship between 850hPa
convergence and rainfall needs to be investigated.
However, it is clear that no CGCM has a bet-
ter skill in simulation of this relationship than the
corresponding AGCM.

6. Conclusions

We find that, on the whole, the simulation of the
observed nonlinear relationship between SST and
rainfall by CGCMs and AGCMs is realistic. The
major features of the observed SST–rainfall rela-
tionship are: low rainfall over cold regions (with
SST less than about 26◦C), high propensity of
rainfall and a very large spread of rainfall values for
SSTs above a threshold TC . Thus, while there is a
strong relationship between the observed variation
of rainfall and SST over the regions for which the
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SST varies across TC , over warm oceans for which
the SST is always above TC , the SST variation
does not play any role in determining the observed
variation of organized convection/rainfall. We find
that all these features are well simulated by the
AGCMs and CGCMs. Over warm oceans for which
SST is always above the threshold, SST forcing
does not play an important role in determining
the variability of the rainfall simulated by AGCMs
and CGCMs. Furthermore, the nature of the rela-
tionship of the simulated rainfall with SST for
the atmospheric version of the models is simi-
lar to that for the coupled version of the same
model, except for a shift to colder/warmer SSTs
in case of a cold/warm bias in the coupled version.

Clearly, the coupled models as a class are not supe-
rior to the AGCMs in simulating the SST–rainfall
relationship.

Thus, if a realistic simulation of this relationship
over warm oceans such as WPO is indeed the most
crucial factor (Wang et al 2005), we do not expect
the coupled models as a class to have an edge over
the AGCMs in simulation/prediction of the inter-
annual variability of the monsoon. We believe that
these findings have an important implication for
dynamical seasonal prediction of the monsoon as
they suggest that it may be possible to increase
the level of boundary forced predictability through
improvement of the AGCMs with further research
and development.

Figure 9. Relationship between (i) SST and rainfall, (ii) SST and convergence at 850 hPa and (iii) between convergence at
850 hPa and rainfall during June, July, and August for the WPO region from observation (a, d, g) and MIROC AGCM
(b, e, h) and CGCM (c, f, i) simulations.



608 K Rajendran et al

(c
) 

U
K

M
O

(b
) 

M
PI

(A
) 

G
FD

L
(d

) 
C

N
R

M

(i) AGCM (ii) CGCM
WPO

Figure 10. Relationship between convergence at 850 hPa and rainfall during June, July and August for the WPO region
from (a) GFDL, (b) MPI, (c) UKMO and (d) CNRM AGCM and CGCM simulations.
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