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Abstract

Interannual variations of subsurface influence on SST in the Indian Ocean show strong seasonality.
The subsurface influence on SST confines to the southern Indian Ocean (SIO) in boreal winter and
spring; it is observed on both sides of the equator in boreal summer and fall. Interannual long Rossby
waves are at the heart of this influence, and contribute significantly to the coupled climate variability in
the tropical Indian Ocean (T10). Principal forcing mechanism for the generation of these interannual
waves in the Indian Ocean and the relative influence of two dominant interannual signals in the tropics,
namely El Nfio and Southern Oscillation (ENSO) and Indian Ocean Dipole (I0D), are also discussed.
Two distinct regions dominated by either of the above climate signals are identified. IOD dominates
the forcing of the off-equatorial Rossby waves, north of3,&and the forcing comes mainly from the
anomalous Ekman pumping associated with the IOD. However, after the demise of IOD activity by
December, Rossby waves are dominantly forced by ENSO, particularly south®f 10

It is found that the subsurface feedback in the northern flank of the southern Indian Ocean ridge
region (north of 10S) significantly influences the central east African rainfall in boreal fall. The
Indian Ocean coupled process further holds considerable capability of predicting the east African
rainfall by one season ahead. Decadal modulation of the subsurface influence is also noticed during
the study period. The subsurface influence north 6S1€oherently varies with the IOD, while it
varies coherently with the ENSO south of this latitude.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

El Nifio and Southern Oscillation (ENSO), a distinct ocean—atmospheric coupled phe-
nomenon in the tropical Pacific, is a clear example of emphasizing the influence of sub-
surface on SST and therefore to the atmosphBjerknes, 1969; Neelin et al., 19%d
references therein). This coupled phenomenon is believed to be the strongest climate mod-
ulator in the tropics on interannual time scale. The wide-spread impact of this phenomenon
on the global climate is emphasized in several studies\(éaflace et al., 1998; Trenberth
et al., 1998and references therein). Decadal variability of this coupled phenomenon is
also well documented in the literature (eAn and Wang, 2000; Trenberth and Hurrell,
1994.

Although the understanding of the tropical Pacific phenomenon has been deepened in the
past decades, the coupled process studies in the tropical Indian Ocean (TIO) are very limited
partly owing to the belief that the Indian Ocean climate simply responds to changes in the
tropical Pacific climate (e.d.atif and Barnett, 1995; Venzke et al., 2Q@0hd partly owing
to the lack of sufficient observations. However, after the discovery of the Indian Ocean
Dipole (IOD) (Saji et al., 1999 the interannual ocean—atmosphere coupled variability has
received unprecedented attentidMin@gyachandran et al., 1999; Behera et al., 1999; lizuka
et al., 2000; Murtugudde et al., 2000; Schiller et al., 20R80 et al., 2002a;bAshok
et al.,, 2001; Guan et al., 20p3Studies of teleconnection patterns associated with this
phenomenon are evolving in the recent literatBehera et al., 1999; Ashok et al., 2001,
2003; Larref et al., 2003Saji and Yamagata, 2003a,Buan and Yamagata, 2003t is
known from the previous literature that IOD phenomenon is seasonally phase-locked; the
IOD evolves in summer, peaks in the fall and decays in the wiaji et al., 1999 The
exact nature of subsurface influence on SST and its seasonal dependence are, however, still
need to be pursued.

Several studies also looked at the subsurface interannual variability in the Indian Ocean
and related it to either IODRao et al., 2002a;b/inayachandran et al., 20par ENSO
(Tourre and White, 1995; Chambers et al., 1999; Xie et al., p008e of the important
findings is the role of Rossby waves in maintaining the IOD during its evolution and peak
phases\(Vebster et al., 1999; Murtugudde et al., 2p@dd also during turnabout from
positive (negative) to negative (positive) IOD everRaf et al., 2002aHowever, roles of
these waves in influencing the SST and how these waves are forced interannually are not
fully investigated in the existing literature.

There are several studies on the detection of long Rossby waves in the TIO. Most of them
examined annual and semi-annual periodicitiesin selected regions, such as the Bay of Bengal
(Kumar and Unnikrishna, 1995; Rao, 199the equatorial Indian Ocealgmagata et al.,

1996; Le Blanc and Boulanger, 200Aand the southern Indian Ocean (SI®)qodberry

et al., 1989; Perigaud and Delecluse, 1992; Masumoto and Meyers, T9@8e previous
studies clarified that the Rossby waves with annual periodicity are dominant in the SIO
(Woodberry et al., 1989; Perigaud and Delecluse, 1992; Masumoto and Meyersah@98
semi-annual as well as annual period Rossby waves are dominant in the equatorial Indian
Ocean Yamagata et al., 199@nd in the Bay of BengaRao, 1993.

Rossby waves with interannual periodicity (3-5 years) are also identified in the SIO
(Perigaud and Delecluse, 1993; Masumoto and Meyers, 1998; Chambers et a)., 1999
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FurthermoreMasumoto and Meyers (1998howed that these waves are primarily forced
by the wind stress curl along the Rossby wave path. Recefidyet al. (2002)hereafter
X02) studied the interannual variability in the SIO and showed that Rosshy waves in the
region between s and 12S are very important in air—sea coupling in the SIO. X02 also
claimedthatthe air—sea coupling in this region is closely linked with the Pacific ENSO rather
than the I0D. They noted that ENSO-forced off-equatorial Rossby waves are prominent
only in the SIO but not in the northern Indian Ocean (NIBg. 1 shows the correlation
of sea surface temperature anomalies (SSTA) with sea surface height anomalies (SSHA)
and depth of 20C isotherm depth anomalies (D20A). Box surrounded by thick black line
represents the study region of X02. Since open-ocean upwelling and associated thermocline
feedback spread to a wider region in SIO beyond the study of k@R {b), X02's study
region between® and 12S is not enoughMasumoto and Meyers (1998)so restricted
their study region to a relatively narrow region in the SIO. Therefore, we study here the
interannual Rossby waves in the NIO and in the other regions of SIO. Decadal modulation
of subsurface influence on SST is also of interest in the TIO.

Here in this article, after describing the data and methods in Seg;tia show structure
of the subsurface influence on SST in the TIO and its seasonal dependence in Section
Interannual variability associated with this subsurface influence is pursued in Séction
Forcing mechanisms of the Rossby wave signals that are involved in the subsurface influence
are described in Sectidn Impact of this influence on east African rainfall is discussed in
Section6. The decadal modulation of the influence is described in Secti@Gection8
summarizes the results of the present study.

2. Data and methodology

The primary dataset used for the present study is the simple ocean data assimilation
(SODA) product Carton et al., 2000 In this data assimilation projectarton et al. (2000)
use an ocean general circulation model Modular Ocean Model (MOM 2.0) to interpolate
observed fields of temperature, salinity, and currents to regular grids at regular time inter-
vals. We also use comprehensive ocean—atmosphere dataset (COADS) winds from 1950 to
1992 and National Center for Environmental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) re-analysis monthly windslpay et al., 1996from 1993 to
1999 in correspondence with the wind stress forcing used in SODA. X02 introduced an
ENSO index to represent the ENSO variability and a Sumatra index to represent the Indian
Ocean coupled variability. The ENSO index is defined as the SST anomalies averaged in the
region of 180W-140W and 3S—-3N for October—December; Sumatra index is defined
as the SST anomalies for September—November averaged in the regiohEsfl90 E
and 10S—equator. The Sumatra index is highly correlatedq.9) with the dipole mode
index (DMI) defined bySaji et al. (1999)This high correlation indicates that the original
DMI proposed bySaji et al. (1999¥or SON season is sufficient enough to document the
interannual variability in the Indian Ocean. However, we use the same indices employed
in X02 to represent ENSO and Indian Ocean variability to facilitate comparison of results.
Sumatra index is slightly modified to include the whole region of eastern b6 E(IAOE;
10°S—equator) as iSaji et al. (1999)This whole region is found to be very important region
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Fig. 1. Correlation between SST anomalies and (a) SSH anomalies, (b) D20 anomalies. Annual mean D20 contours are overland.
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Fig. 2. Correlation between SSH anomalies and temperature anomalies at@ip e tropical Indian Ocean.
Annual mean isotherms are overlaid.

for initiation (Annamalai et al., 2003and termination of Indian Ocean DipolR#o and
Yamagata, 2004

In this study, we prefer to use sea surface height (SSH) derived from SODA, rather than
a particular depth of isotherm, to identify the thermocline depth. In general, the thermocline
depth is defined as the depth where maximum temperature gradient occurs in a temperature
profile. Considering the vertical resolution of the SODA dataset (which is 15m in the upper
ocean), it is very difficult to estimate the thermocline depth accurately. Nevertheless, we
estimate the depth of maximum temperature gradient and correlate it with both D20A and
SSHA, higher correlation coefficients are found with SSHA (not shown). This distinction
between using SSHA over D20A is clearly evideritig. 1. Correlation of SSHA with SSTA
shows better correlation in regions where D20A do not show any significant correlation.
We also correlate the SSHA with temperature anomalies at different depths along different
latitudinal belts, and found correlation maxima in the thermocliig.(2).! Further, the
depth distribution of both maximum temperature gradient and D20, derived from the SODA
data, is not smooth over the entire basin owing to the coarse vertical resolution. Therefore,
the SSH is preferred to depth of a particular isotherm.

The results obtained using SSH and D20 are similar, except that the peak correlation
coefficients are slightly higher with SSH by order of 0.1 both for ENSO and Sumatra
indices. Although the ENSO and Sumatra indices have been derived from the primary
dataset SODA, we also cross-checked our results with GI&ayrer et al., 1996and
also with NCEP/NCAR re-analysis datas&ia(nay et al., 1995 The results from these
different datasets are in good agreement with those using SODA.

3. Seasonality of the subsurface influence on SST in the TIO

As the dynamics and thermodynamics in TIO exhibit strong seasonal variaBiohet{
and McCreary, 200and references therein), logically it is reasonable to look at the sub-

1 Only 10°S zonal belt correlations are shownfig. 2 Other zonal belts also show correlation coefficients of
the same order.
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Fig. 3. Seasonal cycle of the interannual thermocline feedback in the tropical Indian Ocean represented as the
correlation between SSH anomalies and SST anomalies for respective months.

surface influence on SST from the seasonal perspective. We present the correlation be-
tween SST anomalies and SSHA as a measure of influence of subsurface on SST in
the TIO (Fig. 3. Influence of subsurface on SST involves not only regional processes
but also remote processes such as advective processes. Therefore, the linear in situ cor-
relation coefficient cannot quantify the complete contribution of the subsurface to the
SST. Nevertheless, it provides us a simple indicator representing the subsurface influ-
ence. The actual contribution may be much higher than that depicted in this analysis.
The correlation is significantly high along the Java coast and southwestern Indian Ocean
from July to November, coinciding with the observations of X02 (wherein X02 consid-
ered all the months for correlation analysis). However, one notable difference is that the
high correlation values in the southwestern region lie to the north of the main study area
of X02 (shown as box irFig. 3). Another interesting result frorfig. 3 is that signifi-

cantly high correlation values are also observed in the NIO, particularly south of India
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from July to November, which are absent in X02 analysis. During another half of the
year, the high correlation along the Sumatra coast and in the NIO is absent. From Jan-
uary to May, the region of high correlation values lies in the region of X02 main study
area. It is interesting to note that the interannual variations in the influence of subsur-
face on SST occurs in regions of shallow seasonal thermocline in the TIO (contours in
Fig. 3, D20 < 100m), which confirms that the shallow thermocline is a necessary condi-
tion to initiate strong subsurface feedback on SST and thereby air—sea coupling in the
TIO.

The above analysis reveals the following important factors. From July to November
(i.e. the season when 10D phenomenon is active), the strong subsurface influence on SST
takes place in the near-equatorial regions both in the northern as well as the southern TIO.
After the demise of the IOD season (from January to May), the strong thermocline feed-
back confines to the southern TIO. Further, the correlation patterns show a clear east—west
orientation in the SIO and a weak orientation in the NIO during all these months. This
suggests the influence of latitudinal dependence of long Rossby waves on the influence
of subsurface on SST. We also made quantitative estimations of influence of heat fluxes
on SST in the regions of strong subsurface influence on SST by correlating NCEP-NCAR
re-analysis heat fluxes with SST in the TIO. We found that the influence of heat fluxes on
SST is less than the subsurface influence in the regions of strong subsurface influence (not
shown).

4. Interannual thermocline variability in the TIO

To emphasize the interannual variability of SSH (a proxy for thermocline depth) in
the TIO, we present the first dominant mode of complex EOFign 4, which accounts
for 17% of the interannual variability. The spatial structure of the dominant CEOF mode
shows a dipole structure in the SSH fiel#sg( 4a). This structure is observed in several
previous studiesGhambers et al., 1999; Feng et al., 2001; Rao et al., 2002& ma-
jor difference from the previous studies is that the present study spans for 50 years while
previous longest analyzed record was for 12 years (1982-199Radinet al. (2002a)
Although the model used iRao et al. (2002agmploys forward integration of basic
equations using observed winds and heat fluxes, the resultsRamret al. (2002are
quite similar to the present assimilated fields (compaige 4a with Fig. 3 in Rao et
al., 20023 This suggests that the derived fields from SODA are reliable even for periods
other than the TOGA period (1985-1995) of intense observations. The close correspon-
dence is due to the fact that the subsurface dynamics in the TIO is dominantly controlled
by ocean—wave dynamics. The clear signature of the Rossby—Kelvin wave pattern seen in
Fig. 4a further confirms this. Thus, the phase diagram of first CEOF miéide 4b) also
shows a propagating structure (evident from the increase of phase) from east to west in
the off-equatorial regions, a mixture of eastward- and westward propagating signals on
the equator, and poleward propagating signals along the eastern boundary. From our basic
understanding of tropical dynamics, we infer these propagating signals as off-equatorial
Rossby waves, equatorial Kelvin—Rossby waves, and coastal trapped Kelvin waves,
respectively.
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Table 1

Estimated phase speeds of westward propagating waves and theoretical phase speeds of Rossby wayes (cms

Latitude Estimated Theoretical first mode Theoretical second mode
baroclinic Rosshy wave baroclinic Rosshy wave

6°S/6°N —43 —68 27

8°S —-29 —-38 —15

10°S -20 —24 -10

12°s -10 -16 -7

14S -9 -12 -5

The time series of the amplitude of the first CEOF mdelg.(4c) correlates welli(= 0.6)
with the dipole mode indeébat zero lag. This clearly indicates that the observed dipole struc-
ture inFig. 4a is closely related to the Indian Ocean Dipole. Another interesting feature
in Fig. 4c is the strong seasonal phase locking of the principal component; it shows neg-
ative peaks at the end of the year and suddenly changes the phase during the following
year. This is also one of the typical features of the Indian Ocean Dipole as explained in
Saji et al. (1999rndRao et al. (2002a)in particular,Rao et al. (2002a¢xplained the
role of long waves in the phase reversal of the surface and subsurface dipole. A spec-
trum analysis of the leading principal component shows peaks at 2 years and 5 years
with a secondary peak at 3 years (not shown), which corresponds to the periodicities of
IOD phenomenonAshok et al., 2003; Behera and Yamagata, J008e principal com-
ponent of the phase of the first CEOF moéég( 4d) shows gradual propagating signals
around those peak periods. Since significant interannual variabiliygin4 is confined
to the region north of 185, we analyze the same area in the present study. One of the
objectives of the present study is to find out forces that excite the long waves in the
TIO.

5. Interannual Rossby waves in the TIO
5.1. Identification of long waves in the TIO

Time—longitude plots of SSHA for recent years are showign 5. At all off-equatorial
latitudes, we see clear westward propagation of SSHA with increasing slope towards higher
latitudes. These westward propagating signals with decreasing phase speed with increasing
latitude are interpreted as Rossby waves. The phase speed of these waves estimated from
the time—longitudinal plots of SSHA is tabulatedTiable 1along with the theoretical phase

speeds of the first and second baroclinic long Rossby wavesHeilgnder, 199)) given
by

BC?
CR == 7

2 The dipole mode index is used here instead of Sumatra index to represent the 10D because the former index
preserves all seasons as for the Nino index.
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whereCp is the phase speed of Rossby wawethe long internal gravity wave speddhe

Coriolis parameter, anf is the meridional gradient df Characteristic speed€) for the

firstand second baroclinic modes are calculated, folloMogreary (1984)as 258 cms!

and 160 cm 3! based on a typical buoyancy frequency profile in the TIO as shoWigir6.

In general, there is a good agreement between measured phase speeds and the theoretical
ones. Although the measured phase speeds are smaller compared to the theoretical ones,
the decrease with increase in latitude is clearly simulated. The measured values are between
the first and second baroclinic Rossby wave spe@Hambers et al. (199@ndRao et al.
(2002a)also estimated the phase speed from Topex/Poseidon and model outputs and found
that the estimated value is less compared to the theoretical value of the first baroclinic mode
Rossby wave. They conclude that it is due to the combination of first and second baroclinic
modes in the observed wave propagation (see Ailkioand Yamagata, 2000 Note that

the estimated Rossby wave speeds in this article are slightly different from th&s®in

et al. (2002apecause of different methodologies and datasets used. It may be noted that
space—time structure of the wind forcing can also affect the apparent westward propagation
speeds. In the following, we discuss how these Rossby waves are forced and how they are
associated with the known interannual signals in the tropics.

5.2. Forcing mechanisms of the Rossby waves

Physical processes that govern the large-scale, low-frequency variations in the off-
equatorial thermocline are largely related to Ekman pumping, variation of thermocline
depth at the eastern boundary, and Rossby wave propaghtayels, 1979 From pre-
vious studies RPerigaud and Delecluse, 1992, 1993; Masumoto and Meyers),1i9%8
evident that the contribution of local Ekman pumping alone cannot explain the thermo-



114 S.A. Rao, S.K. Behera / Dynamics of Atmospheres and Oceans 39 (2005) 103-135

cline changes very well. This fact is also verified in the present study by looking at
the correlation between local Ekman pumping velocity and SSHA, the correlation co-
efficient is insignificant (<0.2) in many regions except for the region near Sumatra (not
shown). Therefore, it is essential to look at the thermocline variability through Rossby
waves; the Rossby waves can be forced either by wind stress curl over the interior TIO
and/or by thermocline variations at the eastern boundary of the basin. A simple reduced-
gravity model governing the vertical displacement of thermocline depth (or layer interface)
is
ht + Cth =W,

whereW is the Ekman pumping velocitfr the non-dispersive long Rossby wave speed
at a given latitudet the time, andk is the distance from the eastern boundary Kbéyers,
1979.

We carry out two experiments to determine the exact forcing of the thermocline vari-
ability in the TIO. In the first set of experiment, variations at the eastern boundary are
kept zero. Therefore, the thermocline variability through Rossby waves along a particular
latitudinal belt is caused mainly due to Ekman pumping in the interior TIO. In the second
experiment, the variations at the eastern boundary are prescribed from the SODA dataset.
These experiments are carried at different latitudinal belts and resultsNar&l 10S are
shown inFig. 7. Results for other off-equatorial latitudinal belts in between also reveal the
similar results (not shown). Since the interior thermocline variability is well captured by
first set of experimentd~{g. 7a), it is concluded that the dominant portion of the thermo-
cline interannual variability in the interior TI1O is forced by the Ekman pumping integrated
along the characteristic line of Rossby wavelg( 7a and c). By including variations at the
eastern boundary in the first set of experiment, it is found that eastern boundary variations
are important only near the eastern boundary and its influence is relatively small in the
interior TIO (Fig. 7b).

The wind stress curl that is responsible for generating Rossby wave is primarily con-
centrated in particular regions rather than along the whole path as evideig. I8 We
have found two active regions of wind stress curl in the southern TIO from the compos-
ite analysis discussed in SectibrB (see alsd-ig. 11a); one is the region surrounded by
the box (BOE-9CE, 15°S-5'S), and another is located further southeast in the region
surrounded by the box (9B-100E, 20°S-10S). We have correlated the wind stress
curl anomalies, averaged from September to November for the northern region and from
October to December for the southeastern region (coinciding with the evolution of these
anomalies; se€ig. 11a), with SSHA at different latitudes to check the influence of this
forcing on SSH. It is clear fronfrig. 8 that the wind stress curl at these particular re-
gions generates the observed Rossby wave signals in the interior Indian Ocean. The SSH
correlation with the wind stress curl anomalies in both the regions shows a westward prop-
agating feature at all latitudes betweeiSZ2and 18S. The correlation with wind stress
curl anomalies is stronger in the northern region at all latitudes prior to December (indi-
cated as bold line ifrig. 8), while the correlation is strong in the southern region after
December only between 18 and 16S latitudinal belt. We note that the wind stress curl
anomalies in the northern region are strongly correlated with the Sumatra ind@x7(,
while those in the southeastern region are equally highly correlated with ENSO index
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(r=0.7). We also carried out similar analysis using the wind stress curl in the NIO (at the
northern tip of Sumatra) and found similar propagating signals betwd¢a2d 8N (not
shown).

5.3. Relation between interannual Rossby waves and climate variations

Fig. 9a shows the correlation coefficients of SSHA at different latitude belts with the
Sumatra and ENSO indices. Signs of the correlation coefficients with the Sumatra index
are reversed for convenience of comparison. Significant positive correlation patterns show
clear westward propagating signals with the Sumatra index at all latitudes both in NIO and
SIO. However, the positive correlation patterns with the ENSO index show such westward
propagating signals only in the SIO. We also note weakening of the correlation with the
Sumatra index from the near-equatorial to higher latitude region whereas strengthening of
the correlation with the ENSO index from equatorial regions to higher latitude. Another
interesting point is that the correlation associated with the ENSO index becomes higher
in the following January after the demise of the IOD (indicated by bold lindsdgn9a).
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Fig. 8. Correlation between SSH anomalies and wind stress curl anomalies in the regio®8&; 15°S-5S
averaged for September—November (left) and wind stress curl anomalies in the regisri@0E; 10°S-20S
averaged from October to December (right) at different latitude belts. In this plot and following correlation plots,
the first contour is 0.3/0.3 and contour interval is 0.1.

However, in general, the correlation with the Sumatra index is higher at all latitudes dur-
ing their inception. The dominance of the Sumatra index over the ENSO index is clearly
seen during the IOD season from July to December. All the above observations lead to a
conclusion that the observed interannual Rossby waves in the TIO are strongly associated
with the IOD especially north of £&. ENSO phenomenon, however, dominantly controls
the intensification of Rossby wave signals south o3 éfter the demise of the IOD. These
results are much more prominent, if we use original DMI and Nino3 indices to represent
Indian Ocean and Pacific Ocean interannual coupled phenomenon, respeEiye8n

shows the partial correlation of SSHA with DMI and Nino3 along different latitudinal belts

in the TIO. The dominance of Indian Ocean coupled phenomenon nortt? 8fi§@learly
evident, while ENSO dominance in this region is almost insignificant. However, ENSO
dominance on the subsurface south 6f9.@s also clearly evident from this figure.
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Having identified that the interannual Rossby waves north ofS1@re primarily
associated with the 10D phenomenon, we further pursue the forcing due to IOD and
ENSO here. It is already evident in Sectidr that the main forcing for the interan-
nual Rossby waves is due to Ekman pumping induced by wind stress curl in the interior
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Fig. 9. (Continued.

TIO. Therefore, it is of interest to check how the wind stress curl anomalies are related to
the two dominant interannual climate signals of the ENSO and the Fij.10a shows

the correlation coefficient with the Sumatra and ENSO indices. The correlation with the
Sumatra index continuously evolves from July and becomes remarkable in September and
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lasts till December. Surprisingly, the correlation pattern with the ENSO index is similar
to the correlation pattern with the Sumatra index except that the former is weaker and
not significant in September. Another interesting point is that the negative correlation with
the Sumatra index in the NIO seems to propagate to the west, while positive correlation
in SIO seems to be stationary. Interestingly, no such propagation is observed with the
ENSO index in NIO. The significant correlation with the ENSO index in SIO seems to be
stationary.

Since 35% of the 10D events co-occurred with the ENSO evdRé® (et al., 2002a;
Yamagata et al., 2002, 2003 is possible that the observed correlation&ig. 10may be
due to overlapping of these two signals during certain years. To make a meaningful inter-
pretation of the correlation pattern observedrig. 10a, we calculated partial correlations
by removing the linear contribution of ENSO (Sumatra) index from correlation with the
Sumatra (ENSO) index. No significant changes in the correlation pattern with the Sumatra
index are observed after removing the linear response due to the ENSO kide®),
exceptthat the correlation coefficients are slightly reduced by 0.1 after October. On the other
hand, the correlation with the ENSO index shows significant differences after removing the
linear response of the Sumatra index. For example, the high correlation region shrinks in
SIO after October with weakening of correlation. This analysis demarcates the regions of
significant correlation particularly in the SIO (compéfig. 10a and b). This shows that
the observed correlation with the ENSO index is mainly due to the co-occurrence of ENSO
and IOD events in some years. Since significant correlation coefficients are still seen from
October to December, it may be possible for these two climate signals to interact during
some years.

We also prepared composite maps of wind stress and curl anontajie$la) and SSHA
(Fig. 11b) for pure positive 10D (positive 10D events occurred without warm ENSO events;
1953, 1961, 1967, 1977, and 1994) and pure warm ENSO events (warm ENSO events oc-
curred without positive IOD events; 1965, 1969, 1976, 1986, and 1991) to strengthen the
above claimFig. 11a shows the wind stress and curl anomalies composite of five such
pure events during the study period. Owing to the anomalous easterlies at the equator and
anomalous northwesterlies in the eastern SIO, strong anti-cyclonic anomalies are observed
on either side of the equator during pure 10D events until November/December in the east-
ern TIO. Such a circulation pattern is reminiscent of the Matsuno—Gill type pattern. The
ENSO composite does not show any such consistent and organized pattern of wind stress
curl anomalies; the wind stress anomalies associated with the ENSO are wegkag)
as shown byRao et al. (2002a)However, strong consistent anti-cyclonic anomalies are
observed in the SIO around 2® from July to the following MayFig. 11b shows SSHA
composite for pure IOD and pure ENSO events. In agreement with wind changes, strong
positive anomalies in SSH are observed in the IOD composite both in NIO and SIO, partic-
ularly north of 12S in the TIO. In contrast, the pure ENSO composite shows the stronger
positive anomalies south of 18 from the following January, which correspond to the
strong anomalous anti-cyclonic curl in this regiéiig. 11a). Considering these meridional
differences in 10D versus ENSO composites of SSHA and meridional differences in the
thermocline feedback—{g. 3), we refer to the positive SSH anomalies in the region north
of 10°S as the northern flank of SIO ridge’&-10'S) and those in the region south of this
latitude as the southern flank of the SIO ridge°@016'S) (indicated by boxes iRig. 11b)
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in the following discussions. We also note that time evolution of these anomalies is quite
different for these two ridges. It is obvious from the previous discussion that variations in
the northern ridge are mostly associated with the IOD, while variations in the southern flank
are mainly associated with the ENSO.

From the above discussion, we conclude that interannual Rossby waves in the TIO are
initiated by the 10D related anomalous wind stress curl and also strengthened by these
winds till the demise of the IOD phenomenon by December. At higher latitudes, south
of 10°S, ENSO-related winds significantly strengthen the Rossby waves after November/
December.

6. East African rainfall and the subsurface influence on SST in the TIO

X02 showed that the variability in the thermocline ridge in the southwestern Indian
Ocean has a significant influence on the number of cyclones that form in the vicinity of
this ridge. Since the thermocline ridge migrates southward from boreal summer to winter,
it is interesting to find out the variations in teleconnection pattern associated with the
migration of the thermocline ridge from north to south with seasons. Here, we focus on
the northern flank of the SIO ridgEig. 12a shows the correlation of rainfall anomalies for
September—November with the northern flank of the SIO ridge and also with the Sumatra
index. The teleconnection patterns related with the northern flank during the boreal fall are
similar to those obtained with the Sumatra indeigy( 12a and b)Saji and Yamagata (2003b)
derived the IOD-related teleconnection patterns and distinguished those from ENSO-related
teleconnection patterns. The teleconnection patterns observed with the Sumatra index as
well as with the northern flank of the SIO ridge are clearly seeBaji and Yamagata

Sumatra index Vs. Rainfall (SON)
Northern flank of $10 ridge (SON) Vs. Rainfall (SON) 100°W 0°E 100°E
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Fig. 12. (a) Simultaneous correlation of global land rainfall for October—December with (left) northern flank of
the SIO ridge and (right) Sumatra index. (b) Correlation of east African rainfall averaged betviéed 2& and
10°S-7N for October—December with: (top left) MAM, SSHA, and SSTA (contours); (top right) JJA, SSHA,
and SSTA; (bottom left) SON, SSHA, and SSTA; (bottom right) DJF, SSHA, and SSTA.
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(2003b) This suggests that the observed teleconnection patterns are in fact related to the
IOD.

The most important feature Fig. 12a is higher correlation coefficients (>0.5) over the
central eastern Africa with the northern flank of SIO ridge during the borealFig! (3.
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Fig. 13. Running correlation (11 year) between SSH anomalies in the northern flank of the SIO ridge and SST
anomalies in the same region (black) during March and (red) during September. Running 11 year correlation
between southern flank of the SIO ridge SSH anomalies and SST anomalies during March (green) and September
(blue).
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It is interesting to study whether this ridge holds any predictive capability for the African
rainfall. To check this, we have correlated the east African rainfall averaged in the region
(28°E—44°E; 100S—7N) for October—December (referred to as short rains) with the global
SSHA at different lag and lead times. A significantly high correlation is found along the
eastern Indian Ocean by one season (June—August) prior to the short rains. The correlation
pattern is reminiscent of the coastal trapped anomalous upwelling Kelvin wave along Suma-
tra, Java, and the eastern Bay of Bengal. Ocean dynamics related t&/i@dygchandran

et al., 1999; Murtugudde et al., 2000; Rao et al., 20G2@gests that this Kelvin wave is

due to the anomalous equatorial easterly wind anomalies. Associated with the equatorial
upwelling and strong anomalous anti-cyclonic curl in the off-equatorial regions, down-
welling Rossby waves are excited and propagated to the west. These Rossby waves are
seen in the correlation pattern in the western Indian Ocean during September—November
season. The SSHA in the NIO also significantly correlates with the east African short rains,
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Fig. 15. Continued.

confirming that during this season, both NIO and SIO are important contributors for the
thermocline feedback. This shows that the propagating thermocline ridge in the interior
TIO associated with the 10D (farther off the eastern Africa) holds considerable predictable
capability for the prediction of the central east African rainfall. The wane of significant cor-
relations during December—February corresponds to the demise of IOD phenomenon in the
TIO.

Previous studiesSaji et al., 1999; Latif et al., 1999; Birkett et al., 1999; Behera et al.,
1999; Saji and Yamagata, 200Q3tave already noticed this link between (boreal fall/winter)
east African rainfall with the western Indian Ocean SSTs. What we have shown here is that
these SSTs responsible for the east African rainfall are resulted from the strong subsur-
face influence due to the propagating Rossby waves related to the IOD events. This fact
can be verified by looking at the correlation with SSTA and SSHA together. At all places
where significant correlations with SSHA are observed, we also observe significant cor-
relation with SSTA (shown as contours fig. 12 as well. One region of exception for
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this coupling is the Bay of Bengal. Here, we do not see any significant correlation with
SSTA despite the strong correlation with SSHA. This is because of the strong near-surface
stratification in the Bay of Bengal, which inhibits the coupling between subsurface ocean
processes and SSTRé&o et al., 2002b Further, we note ifrig. 12 that the SSHA shows
higher correlations extended to large regions compared to correlation with SSTA. The
multiple regression analysis of the east African short rains using both SSTA and SSHA
gives better estimate af(0.5) at a lead time of one season. This suggests that the sub-
surface influence cannot be ignored for developing reliable prediction schemes for the east
African short rains. It is interesting to note that there is little organized correlation in the
Pacific, indicating that rainfall anomalies in this region are not related so much to the
ENSO.

The probable scenario involved in enhancing the east African rainfall is as follows. The
arrival of a downwelling Rossby wave into the western Indian Ocean during 10D events
significantly enhances the SSTs in the western Indian Ocearf{ge8). The enhanced
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warm SSTA in the western Indian Ocean, accordin@@éhera et al. (1999)esults in
moisture convergence in the region above the warm SST anomalies, which in turn drives
the rainfall in the surrounding regions. This hypothesis needs further examination using
coupled models.
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7. Decadal modulation of the subsurface influence on SST in the TIO

Decadal modulation of the thermocline depth in the northern flank of the SIO ridge and
southern flank of the SIO ridge is looked in detail in this section. It should be noted here
that there is strong decadal changes in observations that are integrated into the SODA. For
example, XBT observations in the Indian Ocean start on a large scale in 1985; continuous
satellite altimetry observations begin in 1992; and AVHRR satellite observations of SST
become available in 198Fig. 13shows the 11-year running correlation coefficients for
the SSHA in the northern and southern flanks with the local SSTA. We have selected
two typical months (September and March) to represent two distinguished structures of
thermocline feedback in the TI®igs. 3 and 1hk). A clear decadal modulation is observed
for the subsurface influence on SST in both the locations during these 2 months. During
September, the northern flank shows strong influence on SST throughout the study period
except for the late 1970s and early 1980s. The subsurface influence on SST during March
in the northern flank is strong only when the influence of subsurface on SST is weak in
September (i.e. the late 1970s and early 1980s). However, the influence in the southern
flank is strong throughout the study period with slight weakening during the 1950s and
early 1990s in March. The subsurface influence on SST in September in the southern
flank of the SIO ridge is insignificant throughout the study period except in the 1960s and
1990s.

To examine how well these modulations are associated with the major climate signals
in the tropics, we present ifig. 14the cross-wavelet spectrum between the indices of the
climate signals and the SSH for September and March. The Sumatra index and the northern
ridge vary coherently during the 1960s and 1990s at quasi-biennial and quasi-pentadal time
scales. It is noted that the subsurface influence on SST in September is strong during these
periods Fig. 13. The ENSO index and the southern flank of the SIO ridge vary coherently at
guasi-pentadal time scales throughout the study period except during the 1950s and 1990s.
This exercise shows that the decadal modulation seen in the influence of subsurface on SST
at the northern and southern flanks of the SIO ridge comes mainly from 10D and ENSO
modulation, respectively. However, the coherence between northern flank and ENSO index
is not significant except for a short duration in the 1980s. Similarly, the coherence between
the southern flank of the SIO ridge and the Sumatra index is not significant except for short
durations in the 1960s and 1990s. During these decades, the feedback is stronger for the
northern flank of the SI1O ridge in March and for the southern flank in Septerflgerld.
Another interesting point in this analysis is that the Sumatra index leads the variations in
both the northern and southern flanks of the SIO ridge, while the ENSO index lags those
variations. This is because of the seasonal difference in the evolution of ENSO and 10D.
Fig. 15shows the structure of thermocline feedback on SST in the TIO during three different
time periods discussed above. During the period of 1960-1969, the subsurface influence
on SST is strong for the 10D season (i.e. from July to December). A similar feature of
subsurface influence on SST is also observed during the period of 1980-1995. Surprisingly,
the influence in the southern flank is not as well organized &gn3 for both these two
decades (1960-1969; 1980-1995). It is known from previous stullg®k et al., 2003;
Behera and Yamagata, 2003; Saji and Yamagata, 3@0&ethe IOD activity was strong in
the TIO during these two periods. However, during the period of 1970-1979, the subsurface
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influence on SST along the Sumatra coastand NIO is absent or insignificant but the influence
in the southern flank region is well-organized and strong.

8. Discussion and summary

Using assimilated data from 1950 to 1999, we have shown that the subsurface influence on
SSTin the TIO shows strong seasonality. During the boreal summer and fall, the subsurface
influence is strong both in NIO and SIO. During the rest of the year, however, it confines to
the SIO, particularly to the south of 18. The dominant SSH interannual variability in the
TIO is primarily associated with the IOD. Itis also identified that the westward propagating
waves are important contributors to this subsurface influence.

The observed waves that propagate westward are identified as the baroclinic Rossby
waves with an intermediate phase speeds between first and second baroclinic mode phase
speeds. The wave is dominantly forced by the anomalous wind stress curl in the interior
TIO. Two regions of Ekman pumping are responsible for the SSH variations in the southern
tropical Indian Ocean.

Since the dominant mode of interannual variability of the SSH is associated with the
IOD, interannual Rossby waves north of 8are also dominantly associated with the IOD
particularly during the 10D season. Two distinguished regions of influence of subsurface
on SST are identified. IOD dominates the forcing of the off-equatorial Rossby waves, north
of 10°S both in SIO and NIO, while, south of 18, ENSO dominance over 10D is evident
after the demise of the IOD phenomenon.

Decadal modulation of the thermocline feedback is also investigated: significant decadal
modulations are observed in the subsurface influence on SST in both the regions. The
northern flank coherently varies with the 10D, while the southern flank varies coherently
with the ENSO. Itis found that northern flank thermocline feedback is strong throughout the
study period except during the 1970s and the early 1980s coinciding with the 10D decadal
modulation Rao et al., 2002a; Behera and Yamagata, 2003; Ashok et al.).2003

X02, using data from 1970 to 1999, concluded that ENSO dominantly forces the ther-
mocline variability in the SIO. In this study, we found that IOD dominantly force the
thermocline variability north of 1T in SIO as well as in NIO. But, as shown in X02, the
variability south of 10S is dominantly forced by the ENSO-related winds after demise of
the 10D in TIO. Difference in study period between X02 and the present study is found to
be the one reason for this discrepancy in the conclusion. Another reason is due to X02's
averaging of D20 anomalies in a wide region frofiS&0 12'S, wherein two different
climate signals influence the thermocline variability in different morfig. 16shows the
correlation between SSHA (averaged betwee® 8nd 12S) with the Sumatra index and
the ENSO index for two different periods 1950-1999 and 1970-1999. When we considered
the period of 1950-1999 for the analysis, the correlation is still dominant with the Sumatra
index during 10D season. As stated in the present study, after the demise of IOD season, the
thermocline variability in the region betweehSand 12S is dominantly forced by ENSO.
However, if we consider only the period of 1970-1999, then we will reach the conclusion
that SIO, thermocline variability south of 18 is dominantly controlled by ENSO as in X02.
Nonetheless, north of& thermocline variability is still dominantly controlled by the IOD
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until December even during the period of 1970-1999 (not shown). As demonstrated in the
present study, thermocline variability in TIO undergoes strong decadal modulation; if this
fact is ignored, then contrasting results will emerge from different studies using different
study periods.

The teleconnection associated with the thermocline feedback of the northern flank of the
SlOridge is also investigated. It is found that the northern flank correlates significantly with
the east African rainfall during the boreal fall season. Teleconnection patterns associated
with the southern flank are relatively weak during this season and therefore not considered
in this study. The present study shows evidence that the SSTs that are responsible for rainfall
variability over the east African rainfall are due to the subsurface feedback in the western
Indian Ocean through the propagating Rossby waves. Using both the SSTA and SSHA in
the eastern Indian Ocean, one may develop a prediction scheme for the east African rainfall.

We note the similarity of correlation patterns of wind stress curl with both Sumatra
index (IOD) and ENSO index (ENSO) from October to December. However, our composite
and partial correlation analyses suggest that the resemblance in the correlation patterns
during these months could be due to the co-occurrence of IOD and ENSO in certain years.
Nonetheless, it is interesting to see how these two interannual climate signals interact with
each other when they both co-occur. This problem needs to be addressed further studies to
better understand the relation between 10D and ENSO.
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