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[1] Intense intraseasonal cooling events in the tropical south
Indian Ocean are examined using eight years of TRMM
observations. These events occur almost every year during
austral summer when the intertropical convergence zone is
displaced south of the equator and roughly collocated with a
thermocline ridge. Composite maps of SST, OLR and surface
winds, based on eleven cooling events with SST exceeding
1�C, suggest that reduced solar radiation, enhanced
evaporation and possibly strong entrainment over the
thermocline ridge all play a role in the SST cooling. OLR
and covariability in SST exhibit latitudinal variations in
spectrum. A distinct southern mode around 10�S–5�S
exhibits a peak in coherence-squared at a period of
65 days. In contrast, an equatorially symmetric mode has a
coherence-squared peak at 35 days. This may hint at a
possible feedback onto the atmosphere from strong
intraseasonal SST variability over the south Indian Ocean.
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1. Introduction

[2] Intense cooling in sea surface temperature (SST) on
intraseasonal timescales have been recently reported in the
south Indian Ocean during austral summer [Harrison and
Vecchi, 2001; Duvel et al., 2004]. The magnitude of the
SST cooling during these events (O � 1�C) is unexpectedly
large in comparison to earlier estimates of 0.15 to 0.3�C
[Kawamura, 1988; Shinoda et al., 1998; Zhang and
McPhaden, 2000] over the Indo-Pacific warm pool. The
detection of these events is made possible by the introduction
of microwave remote sensing [Wentz et al., 2000] in Decem-
ber 1997 on the Tropical Rain Measuring Mission (TRMM)
satellite that allowed the retrieval of SST through clouds.
[3] Harrison and Vecchi [2001] and Duvel et al. [2004]

discussed two particular events during January and March
1999 in which SST dropped by asmuch as 3�C. The strongest
cooling during these events took place in the southwest
tropical Indian Ocean, whereas earlier studies had noted that
the strongest SST variability in conjunctionwith theMadden-
Julian Oscillation (MJO) occurs over the Indonesian region
[e.g., Shinoda et al., 1998]. The extraordinary strength and
unusual spatial structure of SST variability during these two
events raise many important questions: Are these cooling
events unique to the year of 1999 or are they a common

feature of SST variability in the Indian Ocean missed by
inadequate observations? Which season do these cooling
events favor and do they share some common characteristics
in space and time? The present study addresses these ques-
tions by using eight years of satellite microwave measure-
ments of SST. Our analysis shows that strong cooling events
like the one described by Harrison and Vecchi [2001]
commonly occurs in the tropical south Indian Ocean, ob-
served almost every year from November to April when the
marine Intertropical Convergence Zone (ITCZ) moves south
of the equator and the MJO is active and propagates eastward
along the equator [Madden and Julian, 1994]. To our knowl-
edge, this is the first study that composites a large number of
cooling events to isolate their common space-time structures,
a first step toward understanding their dynamics. Our results
show that these SST events are associated with large-scale,
organized anomalies of atmospheric convection and surface
wind. Section 2 briefly describes the data and Section 3
presents the statistical analysis. Section 4 summarizes the
results and discusses possible SST feedback onto atmospheric
variability.

2. Data and Methods

[4] We used the Level 3 TRMMMicrowave Imager (TMI)
product for SST (http://www.remss.com) and vector surface
winds from the SeaWinds scatterometer on the QuikSCAT
satellite [Liu et al., 2000]. TMI and QuikSCAT data, origi-
nally on a 0.25 � 0.25 degree grid, were binned into 2.5 by
2.5� boxes and data gaps filled using linear spatial and time
interpolation. As a measure of deep convection, daily inter-
polated 2.5� by 2.5� NOAA Outgoing Longwave Radiation
(OLR) was used. We used the above data at daily resolution
for the period from 06 Dec 1997 to 31 Aug 2005, except for
QuickSCAT wind available only from 15 July 1999. A 20–
200 day Lanczos band-pass filter with 241 weights, as
discussed by Matthews [2000], was used to isolate intra-
seasonal variability (ISV). The use of this rather wide band-
width (compared to the common usage of 30–90 day band
passing) avoids the undesirable possibility of successive
intraseasonal events being artificially smeared into each other
[Matthews, 2000]. We note, however, that the results of this
analysis do not change even if we use a narrower (30–90 day)
band passing. The spectral analysis, however, was conducted
using unfiltered data (see auxiliary material1 for further
details).

3. Results

[5] We have computed the standard deviation of ISV in
SST, wind speed and OLR for four seasons. Three regions

1Auxiliary material is available in the HTML. doi:10.1029/2006GL026525.
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of high SST variance stand out. One is in austral summer
over the tropical south Indian Ocean (Figure 1) while the
rest are both in boreal summer, in the western Arabian Sea
and Bay of Bengal, respectively (not shown). In the summer
western Arabian Sea, SST variability is dominated by
eddies in the Somali current system and cold upwelling
filaments [e.g., Vecchi et al., 2004] while wind speed and
OLR variability is weak. In the Bay of Bengal, large
intraseasonal SST anomalies are associated with boreal
summer ISV [Sengupta et al., 2001]. Coupled model experi-
ments suggest that the SST variability provides important
feedbacks to atmospheric ISV, especially its northward
propagating component [Fu et al., 2003].
[6] Figure 1 shows the intraseasonal standard deviations

of SST, wind speed and OLR during austral summer
(December–February). This study focuses on the high
SST variance that spans the entire Indian Ocean in the
zonal direction and is meridionally confined between 10�S
and 5�S. The standard deviations exceed 0.6�C in the
western two-thirds of the region, but individual events can
produce peak to trough drops of as much as 3�C in total
SST (Figure 2b). In the tropical south Indian Ocean, the
SST variance peaks in austral summer and decreases by a
factor of 2 in other seasons (not shown). These strong SST
variations occur directly beneath the austral summer inter-
tropical convergence zone (ITCZ) and are coincident with
regions of strong ISV in wind speed and OLR (white
contours in Figure 1). The spatial patterns of wind speed
and OLR variance, however, do not fully account for the
spatial structure of SST variability. In particular, the former
two fields have broader meridional extents than SST,
especially in the eastern basin. Further, while wind speed
and OLR variance increases eastward, SST variance

increases westward instead. All this suggests influences of
subsurface ocean structures. In particular, a thermocline
ridge [Xie et al., 2002] is roughly collocated with the high
SST variance (Figure 1). Forced by the mean Ekman
pumping under the southward-displaced Indian Ocean
ITCZ, the thermocline in the ridge shoals toward the west,

Figure 1. (a) Standard deviation of intraseasonal SST (shaded, in �C) and wind speed (contour, in m/s) anomalies during
DJF. (b) Same as Figure 1a, but the contours are for standard deviation of intraseasonal OLR anomalies in W/m2. Vectors in
Figure 1a depict the climatological surface winds during DJF.

Figure 2. (a) Longitude-time plot of intraseasonal SST
anomaly (�C) averaged between 10�S and 5�S. (b) Time
series of area-averaged unfiltered SST from 60�–90�E and
10�–5�S.
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helping enhance SST variability in the western basin in
response to atmospheric forcing.
[7] Figure 2a displays the longitude-time section of

filtered SST anomalies averaged in 5–10�S (for clarity only
3 years of data are shown). During each austral summer,
zonally coherent anomalies of the basin scale develop and
decay several times. These austral-summer anomalies dis-
play little zonal propagation. In other seasons, by contrast,
this nearly zonally uniform feature is replaced by SST
anomalies of shorter zonal scales that display clear west-
ward propagation. These smaller-scale, propagating features
in SST are likely due to the advection of mean SST
gradients by ocean Rossby waves [Small et al., 2005].
Significant northward SST gradients develop in this region
in seasons other than austral summer. During the austral
summer, mean SST gradients weaken, allowing other
mechanisms to dominate intraseasonal SST variability.
[8] The intensity and spatial coherence of SST cooling

events in austral summer are so striking that they can be
identified even from unfiltered data. Figure 2b illustrates
this with a time series of unfiltered TMI SST averaged over
60�E to 90�E and 10�S to 5�S. Subseasonal variations of
SST are readily seen, punctuating the annual rise of SST
from austral winter to summer. The most pronounced cool-
ing event in the TMI data set took place in January 2002, in
which SST dropped from 30.5�C to 27.5�C in about 25 days
and came back to 30�C a month later. The amplitude of such
cold intraseasonal anomalies is comparable to the seasonal
change from winter to summer in an average year.
[9] To map the structure of intraseasonal cold events

and their relationship with atmospheric variability, we
performed a composite analysis of OLR, wind and SST
with respect to a band passed version of the area-mean
SST index shown in Figure 2b. We also performed an
EOF analysis of intraseasonal SST variability and the first
principal component for austral summer is highly corre-
lated with this index. Eleven austral summer cool events
(27 Jan 1999, 24 Mar 1999, 04 Jan 2000, 25 Feb 2000,
23 Jan 2001, 29 Nov 2001, 27 Jan 2002, 07 Feb 2003,
14 Nov 2003, 30 Dec 2003, and 10 Mar 2004) during the

period 1998 to 2005 were selected when the band passed
index showed negative anomalies exceeding 1.5 standard
deviations between November and March. Figure 3 shows
the composites at four phases corresponding to the initi-
ation (lag = �90�), growth (lag = �45�), peak (lag = 0�)
and decay (lag = 45�) of the cold SST anomaly. A phase
difference of 45� is equivalent nominally to a time
difference of 7 to 10 days.
[10] At the initiation phase (lag = �90�), there are well-

developed negative OLR anomalies over the tropical south
Indian Ocean, with an cyclonic circulation over and slightly
south of the convective anomaly pattern. As part of the
cyclonic circulation, considerable westerly wind anomalies
develop on the western half of the OLR anomalies. At the
growth phase (lag = �45�), SST cooling intensifies rapidly
while OLR anomalies strengthen slightly. At the peak phase
(lag = 0), large SST anomalies of 0.7�C are found in a large
zonal span of 55–95�E. Convective anomalies dissipate and
move eastward, while large westerly anomalies of 3 m/s
appear in the eastern basin. At the decay phase (lag = 45�),
SST anomalies begin to dissipate while OLR anomalies turn
positive from the equator to 10�S. Further to the south, there
are some remnants of negative OLR anomalies accompa-
nied by a cyclonic wind circulation.
[11] Without in-situ observations, we are unable to deter-

mine the mechanisms for the SST cooling in the south
Indian Ocean but the following inferences may be made.
First, increased convective activity prior and during the
cooling reduces solar radiation and SST. Second, westerly
wind anomalies increase wind speed, surface evaporation,
and possibly entrainment across the shallow mixed layer
over the thermocline ridge. Local Ekman pumping, however,
does not seem to be a major player [Waliser et al., 2003];
with the maximum wind anomalies over and slightly south
of the maximum SST cooling, wind curl anomalies are
nearly 90� out of phase with those of SST.

4. Discussion

[12] Active convection and thick clouds are often present
over the south Indian Ocean, limiting the ability of infrared

Figure 3. Composite maps of intraseasonal anomalies of SST (shaded, in �C), OLR (contour, in W/m2) and surface wind
vector (arrows, in m/s) based on 11 austral summer SST cooling events in the south equatorial Indian Ocean. (a–d) Four
different phases corresponding to the initiation, growth, peak and decay of SST anomalies.
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sensors to observe the air-sea interface from space. We have
taken advantage of cloud-penetrating microwave observa-
tions from space that have accumulated for the past eight
years and found large intraseasonal SST variability during
austral summer over the tropical south Indian Ocean. It has
a standard deviation of 0.6�C with many cooling events
exceeding 1 to 2�C. This is much larger than the typical
amplitude of 0.15�C to 0.3�C previously reported based on
pre-TRMM observations [Kawamura, 1988; Shinoda et al.,
1998; Jones et al., 1998]. These intraseasonal cooling
events are of the basin scale and associated with well
organized atmospheric anomalies. Enhanced convection
lead SST anomalies by 7–10 days while surface westerly
wind anomalies are nearly in phase, suggesting that both
cloud effect on surface solar radiation and wind effect
on turbulent heat flux and ocean mixing are important
mechanisms for SST anomalies. The climatological thermo-
cline dome in 5–10�S is probably important for enhanced
ISV in SST in the south Indian Ocean, in particular in
the western basin where the 20�C isotherm is only about
80 m deep, about 40m shallower than in the adjacent areas
[Xie et al., 2002].
[13] Why then is the austral summer favored for large

ISV in SST over the south Indian Ocean? We suggest that
the seasonal migration of the ITCZ is the key. During
austral summer, the ITCZ reaches its southernmost position
roughly collocated with the thermocline dome. Increased
convective activity in the ITCZ and the shallow depth of
the ocean mixed layer both help enhance SST variability.
Austral summer is also the season when the climatological
mean winds are westerly over the thermocline dome
(Figure 1). Generally associated with increased convection,
westerly wind anomalies reinforce the cloud cooling effect
by intensifying the mean westerlies. We note that the mean
westerly winds themselves are due to the southward migra-
tion of the ITCZ as the Coriolis force turns the northerly
cross-equatorial wind eastward. The collocation of the ITCZ
and thermocline ridge as well as large variability in cloud
and wind all contribute to high SST variability in the south
Indian Ocean during austral summer. This is somewhat

similar to the boreal summer Bay of Bengal, where the
shallow pycnocline serves a similar role [Sengupta et al.,
2001] as the thermocline ridge in the south Indian Ocean in
reducing the mixed layer thermal inertia.
[14] The collocation of the ITCZ and large ISV in SST

over the (austral) summer south Indian Ocean raises an
interesting question of whether SST anomalies feedback
onto atmospheric ISV. The phase lead of convective anoma-
lies suggests atmospheric forcing of the ocean but does not
rule out the possibility of oceanic feedback, as is demon-
strated for boreal summer ISV over the Bay of Bengal [Fu
et al., 2003]. We have computed the auto spectrum of OLR
and its co-spectrum with SST as a function of latitude and
period, both averaged in 60–90�E (Figure 4). The spectral
calculations were performed using the entire 2824 days of
data. To highlight austral summer variability, the time series
was multiplied with a masking function [Hartmann and
Gross, 1988] that has a value of one during December-
February and gradually tapers to zero away from it. After
accounting for tapering and smoothing, the resulting spectra
in Figure 4 has 11 effective Degrees of Freedom and a
bandwidth of 0.0031 cpd (for more details, see auxiliary
material). Widening the window to November to March
does not change the results.
[15] The OLR auto-spectrum (black contours) suggests

that MJO variability may consist of two modes. In a 30–
50 day band MJO variability is symmetric about the equator
with strongest power within 6�S–6�N. However, at a lower
frequency band between 50 and 70 days, the spectrum is quite
asymmetric with strongest power between 12�S and the
equator. Hovmoeller and composite analysis (not shown)
applied separately to the two frequency bands further suggest
that the symmetric mode of OLR variability, while exhibiting
a pronounced eastward propagation, dissipates rapidly once
it reaches the maritime continent. On the other hand, the
southern mode shows slower eastward propagation that
extends farther into the western Pacific without significant
loss of power at the maritime continent. The most tantalizing
aspect of Figure 4 is that the southern mode of OLR
variability shows a high coherence with SST (shading). This
may be simply because the ocean responds more readily to
lower-frequency variability [e.g., Han, 2005], acting as a
low-frequency filter of atmospheric variability. An alterna-
tive interpretation is that the distinctly lower frequencies of
the southern mode and its higher SST co-variability is a
manifestation of ocean-atmosphere interaction.
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