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Abstract

Here we show that the 1976-1977 climate regime shift was accompanied by a
remarkable change in the lead-lag relationships between Indian Ocean Sea Surface
Temperature (SST) and El Nifo evolution. After the 1976-1977 regime shift, a
correlation analysis suggests that southern Indian Ocean SSTs observed during late
boreal winter are a key precursor in predicting El Nifio evolution as the traditional
oceanic heat content anomalies in the equatorial Pacific or zonal wind anomalies over
the equatorial western Pacific. The possible physical mechanisms underlying this highly
significant statistical relationship are discussed. After the 1976-1977 regime shift,
southern Indian Ocean SST anomalies produced by Mascarene High pulses during
boreal winter trigger coupled air-sea processes in the tropical eastern Indian Ocean
during the following seasons. This produces a persistent remote forcing on the Pacific
climate system, promoting wind anomalies over the western equatorial Pacific and
modulating the regional Hadley cell in the southwest Pacific. These modulations, in
turn, excite Rossby waves, which produce quasi-stationary circulation anomalies in the
extratropical South Pacific, responsible for the development of the southern branch of
the “horseshoe” El Nifio pattern.

The change of the background SST state that occured in the late 1970s over the Indian
Ocean may also explain why ENSO evolution is different before and after the 1976-
1977 regime shift. These results shed some light on the possible influence of global
warming or decadal fluctuations on El Nifilo evolution through changes in

teleconnection patterns between the Indian and Pacific Oceans.



1. Introduction

A great deal of scientific research has focused on the existence of a climate shift
in the Pacific Ocean basin in the mid-1970s (Nitta and Yamada, 1989; Trenberth and
Hurell, 1994; Graham, 1994; Guilderson and Schrag, 1998). These inter-decadal climate
fluctuations are characterized by a deeper-than-normal Aleutian Low pressure system,
accompanied by negative SST anomalies in the north Pacific and enhanced westerly
winds across the central North Pacific after 1977. Another key aspect of this Pacific
Decadal Oscillation (PDO) is the significant warming in the central and eastern tropical
Pacific Ocean and associated enhanced convective activity over the central Pacific since
1976-1977 (Nitta and Yamada, 1989; Nitta and Kachi, 1994; Wang, 1995; Kachi and
Nitta, 1997). Thus, the spatial patterns of the PDO resemble those associated with El
Nifio in some aspects (Trenberth and Hurrell, 1994; Zhang et al., 1997; Garreaud and

Battisti, 1999; Deser et al., 2004).

Meanwhile, several studies demonstrate that the evolution of ENSO is different
before and after the 1976-1977 regime shift (Wang, 1995; An and Wang, 2000; Wang
and An, 2001). The period, amplitude, spatial structure, and temporal evolution of El
Nifio events have significantly changed during recent decades. In addition, the ENSO-
monsoon relationship has also weakened considerably after 1976-1977 (Kumar and
Rajagopalan, 1999; Kinter et al., 2002). These changes in ENSO properties occurred

concurrently with the Pacific decadal climate fluctuation. Clearly, the interdecadal



fluctuation in the North Pacific climate is linked to the interannual and interdecadal
variations of the climate over tropical Indo-Pacific areas. However, the origins of both
the decadal fluctuation and the tropical variations are a controversial matter in the

scientific community.

The Indian Ocean also experienced a sudden surface warming around 1976-1977,
suggesting an abrupt climatic change in these regions during recent decades (Nitta and
Yamada, 1989; Terray, 1994; Aoki et al., 2003). The physical mechanisms for these
changes are not yet fully understood and may be partly related to the PDO (Nitta and
Yamada, 1989; Deser et al., 2004). The importance of secular variations in the Indian
Ocean areas has been pointed out by Allan et al. (1995). They showed that the
correlation structure of ENSO over the Indian Ocean has undergone secular variations
in phase with the decadal changes in the Indian Ocean. This raises the important
question of how the 1976-1977 Indian Ocean warming may influence the teleconnection
patterns between the Indian and Pacific Oceans on the interannual time scale. This topic
has been only marginally addressed in previous observational studies (Sewell and
Landman, 2001; Trenberth et al., 2002). Thus, the primary goal of this study is to
further investigate the Indian Ocean SST-ENSO relationships and describe their decadal
variations, noting especially the changes that have taken place around the 1976-1977
regime shift, in order to re-examine the role of the Indian Ocean in ENSO dynamics.
Here, we demonstrate through lagged correlation and regression analyses applied to new
and improved SST and SLP datasets (Smith and Reynolds, 2002; Smith and Reynolds,
2004) that the 1976-1977 climate shift alters the lead-lag relationships between the

Indian and Pacific Oceans. The observational results reported here strongly support the



hypothesis that the Indian Ocean now plays a fundamental role in the ENSO cycle (Yu

et al., 2003; Wu and Kirtman, 2004).

The paper is organized as follows. Data and methods are briefly described in
Section 2. Section 3 is devoted to a description of the lead-lag relationships between
Indian Ocean SSTs and ENSO for time periods before and after the 1976-1977 regime
shift. In Section 4, we examine in detail the physical mechanisms responsible for the
highly significant relationship between boreal winter SST in the southeastern Indian
Ocean and ENSO transitions observed during recent decades. In Section 5, we
investigate the possible role of the abrupt changes in the SST background state over the
Indian Ocean around 1976-1977 on the relationship between Indian Ocean SSTs and

ENSO on the interannual time scale. Concluding remarks are given in Section 6.

2. Observations and statistical techniques

A large variety of datasets are used in this study to assess the Indian Ocean-ENSO
relationships and their decadal variations. The SST dataset is the version 2 of the
Extended Reconstruction of global SST (ERSST) developed on a 2° X 2° grid by Smith
and Reynolds (2004). This analysis uses sea-ice concentrations to improve the high-
latitude SST reconstruction and advanced statistical methods. However, similar results
are obtained with versionl of the ERSST dataset (Smith and Reynolds, 2003), the
Global sea Ice and Sea Surface Temperature (GISST) or the Hadley Centre sea Ice and
Sea Surface Temperature (HadISST1) datasets compiled by the United Kingdom
Meteorological Office Hadley Centre (Rayner et al., 2003). Thus, our results are largely
independent of the SST dataset used in the computations. The Sea Level Pressure (SLP)

dataset used here is the new Extended Reconstruction of oceanic Sea-Level Pressure



(ERSLP) analysis based on the Comprehensive Ocean-Atmosphere Data Set (COADS)
and station data derived recently by Smith and Reynolds (2002). This SLP dataset
includes data up to the year 1997. The different wind time series used in this study are
computed from the latest version of the COADS, with updates through 1997 (Woodruff
et al., 1998). Upper ocean monthly data are from the University of Maryland Simple
Ocean Data Assimilation (SODA; Carton et al., 2000). The depth of the main
thermocline (estimated using the depth of the 20°C isotherm) used in Section 3 is
computed from the SODA product. Finally, we also use rainfall data from the gridded
Climate prediction center Merged Analysis of Precipitation (CMAP) dataset (Xie and
Arkin, 1997) and the National Center for Environmental Prediction-National Center for
Atmospheric Research (NCEP-NCAR) reanalysis outputs (Kalnay et al., 1996) in order
to document the air-sea interactions in the Indo-Pacific areas during recent decades,

after the 1976-1977 regime shift.

Spatial and temporal characteristics of the Indo-Pacific climate variability are
examined through standard lead-lag cross-correlations and regressions techniques and,
Singular Value Decomposition (SVD) analysis for various atmospheric and oceanic
fields. For a tutorial on SVD, the reader is referred to Bretherton et al. (1992) and Zhang
et al. (1998). To account for the effects of autocorrelation, the statistical significance of
the correlations and regressions coefficients has been assessed with a phase-scrambling
bootstrap test (Davison and Hinkley, 1997). This statistical test takes directly into
account the autocorrelation characteristics of the time series for assessing the
confidence level of the correlations. A similar technique has been illustrated by
Ebisuzaki (1997) in the climate literature. The correlation and regression maps shown in

this paper are masked (or shaded) to exhibit only correlations that exceed the 90%



confidence level estimated by this bootstrap procedure with 999 samples (Davison and

Hinkley, 1997).

In Section 3, the statistical significance of the difference of the observed
correlations before and after the 1976-1977 climate shift was estimated through the
procedure in Noreen (1989), based on a permutation test with 9999 shuffles. In the
description of Figure 1, correlations are emphasized if they are significantly different
from the 1948-1976 to 1977-2001 periods at the 90% level according to this

permutation test.

3. Indian Ocean SSTs and the ENSO cycle

In order to determine the Indian and Pacific Oceans SST variability that is related
to an ENSO event, and to describe the decadal variations of this relationship with
special reference to the 1976-1977 climate shift, we correlate 2-month average SST
fields with the December-January mean Nino3.4 (5°S-5°N/170°-120°W) SST time
series, an indicator of ENSO variability. The correlations are calculated beginning one
year prior to the Nino3.4 SST, separately for the two periods 1948-1976 and 1977-2001
(Fig. 1). The SST dataset used in these computations is the ERSST dataset. In what
follows, we emphasize only those features that are significant at least at the 90%
confidence level and that differ significantly from the pre- to post-1976-1977

correlation fields (see Section 2).

Figure 1 confirms that ENSO behaves differently before and after the 1976-1977
regime shift. First, striking and well-known changes are observed in the tropical Pacific

during the onset and development phases of El Nifio events between the two periods



(Wang, 1995; Zhang et al., 1997). Before the 1976-1977 regime shift, a canonical
ENSO is exhibited, with a westward propagation of anomalous SSTs from the South
American coast into the central equatorial Pacific during the development phase of El
Nifio (Wallace et al., 1998). After the shift, anomalous SSTs are first seen in the central
equatorial Pacific, then propagate eastward to reach the South American coast several
months later (Wang, 1995). During the mature phase of El Nifio events, the pre- and
post-1976-1977 correlation fields display the traditional “horseshoe” pattern
characteristic of ENSO. However, the negative correlations forming the two branches of

the “horseshoe” pattern are more intense after 1976.

Another key aspect of the decadal fluctuation is the notable difference in the
evolution of Indian Ocean SST anomalies associated with ENSO for the pre- and post-
1976-1977 periods (Fig. 1). Before the 1976-1977 regime shift, significant positive
correlations first appear over the North Arabian Sea during the late Indian summer
monsoon (August-September, Fig. 1d). These positive correlations expand southward
and eastward during the following seasons. During the mature phase of El Nifio (La
Nifia) (December-January, Fig. 1f), the whole Indian Ocean is significantly warmer
(colder). This suggests that the ENSO signal is initiated in the Pacific and is then
propagated westward into the Indian Ocean through atmospheric teleconnections (Klein

et al., 1999; Alexander et al., 2002).

This Indian Ocean SST evolution is consistent with the coherent and well-
documented inverse relationship between Indian Summer Monsoon (ISM) rainfall and
El Nifio before the 1976-1977 regime shift (Webster et al., 1998). Weak (strong) ISMs

typically occur during the development stage of El Nifio (La Nifia) (Wang et al., 2001;



Terray et al., 2003). A weak monsoon is followed by a large warm SST anomaly over
the tropical Indian Ocean due to decreased Ekman transports, vertical mixing and
evaporation associated with the weaker monsoon winds. This anomaly persists for
several months after the end of the monsoon (Rao and Goswami, 1988; Terray, 1995;
Babu and Joseph, 2002). The warm Indian Ocean SST anomaly first observed in

August-September during ENSO development may be interpreted in this context.

Turning now to the post-1976-77 period, the association between the Pacific and
Indian Oceans remains strong, but the slow evolution of Indian Ocean SST anomalies is
strikingly different. After the 1976-1977 climate shift, El Nifio onset is preceded by a
basinwide cooling in the Indian Ocean (Fig. 1g). The cold SST anomalies are
particularly high in the South East Indian Ocean (SEIO), off the Australia coast. The
core of this cold anomaly decreases slightly in intensity and area, moving northward
from off the Australian coast to off the Java coast during spring and summer, then off
the Sumatra coast by October—November (Figs. 1h-k). From boreal spring to fall, the
cold SEIO SST anomalies are also associated with the development of the southern
branchs of the El Nifio “horseshoe” pattern (Figs. 1h-k). Another important factor to be
recognized is the emergence of a Tropical Indian Ocean Dipole (TIOD) SST pattern
(Saji et al., 1999) over the tropical Indian Ocean by October-November of the El Nifio
year (Fig. 1k). The degree of dependency of TIOD on ENSO is currently a controversial
matter in the scientific community (Allan et al., 2001; Yamagata et al., 2002). However,
all of these features are absent during the developing phase of El Nifio prior to 1976. A
slight warming of the tropical Indian Ocean is finally observed during the mature phase
of El Nifio after 1976. But, once again, this slight warming must be contrasted with the

large and intense basinwide warming observed during the same season prior to 1976.
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This differential warming of the Indian Ocean from the pre- to post-1976-77 regime
shift periods is consistent with the weakening of the monsoon-ENSO relationship

during recent decades (Kumar et al., 1999; Kinter et al., 2002).

Recent studies emphasize the passive role of the Indian Ocean in the development
of ENSO (Wallace et al., 1998; Alexander et al., 2002). This seems to be true before the
1976-1977 regime shift, but not after (Fig. 1). The evolution of Indian Ocean SSTs
during the initiation and development of ENSO and its change over time around the
1976-1977 regime shift, illustrated in Figure 1, suggest that the Indian Ocean may play
an active role in the transition phases of ENSO after 1977. This possibility should not
be overlooked (Yu et al., 2003). In particular, the SEIO area in boreal winter emerges as
a key precursor of ENSO evolution after the 1976-1977 regime shift. In order to
illustrate this, Figure 2 presents a systematic exploration of lead relationships in the
initiation and development phases of ENSO through a time sequence of lagged
correlations between the monthly Nifio3.4 SST index and various ENSO predictors,
including the SEIO SST anomaly in boreal winter, for both the pre- and post-1976-1977
periods. The SEIO index used in these computations is the time series constructed from
the SST anomalies area-averaged over the domain 90°-122°E, 5°-45°S for the February-

March season (see Fig. 1g).

There are a large number of observational and theoritical studies in the literature
showing that the upper equatorial Pacific heat content is a key-precursor of ENSO
during the boreal winter preceding the onset of the event (Wyrtki, 1985; Jin, 1997;
Meinen and McPhaden, 2000; Hasegawa and Hanawa, 2003). On the other hand,

McPhaden et al. (1998) put emphasis on the role of random westerly wind bursts on the
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initiation of ENSO. These westerly anomalies occurring over the western equatorial
Pacific can induce eastward propagating equatorial Kelvin waves and have been
suggested as a possible trigger of the South America coastal warming. The westerly
wind anomalies over the equatorial western Pacific and the anomalous equatorial
Pacific upper ocean heat content are two excellent ENSO predictors that can predict
across the boreal spring (Clarke and Van Gorder, 2001; Clarke and Van Gorder, 2003).
It 1s therefore interesting to compare the predictive skills associated with our SEIO SST
index and these other well-established ENSO precursors for both the pre- and post-
1976-1977 periods. Following Clarke and Van Gorder (2003), we computed a February-
March equatorial western Pacific zonal wind index (WPAC hereafter) as the time series
of area-averaged zonal wind for the domain 130°-160°E, 5°S-5°N from the COADS
dataset. Similarly, we defined a February-March upper ocean heat content index as the
two-monthly mean 20°C thermocline depth (Z20 hereafter) area-averaged over the

equatorial Pacific (130°E-80°W, 5°S-5°N) from the SODA product.

Focusing on the prediction of Nifio3.4 SST evolution, we observe that the various
ENSO precursors have different relationships with Nifio3.4 SST before and after the
1976-77 regime shift (Fig. 2). This is especially true for both WPAC and SEIO indices,
while the differences are only marginal for Z20. During the 1948-76 period Z20 is the
best predictor, with values around 0.55 for the end of the year, whereas WPAC barely
reaches values of around 0.35 for the same seasons. Apparently, El Nifio events
developed in the absence of significant westerly wind anomalies over the equatorial
western Pacific prior to 1976. Finally, the SEIO SST index cannot be considered as a
precursor of ENSO during the 1948-1976 period, a result consistent with Figure 1.

Another interesting feature is the clear association between ENSO transitions and Z20

11
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during the 1948-1976 period as the monthly correlations evolve from highly negative to

highly positive from January to December of the El Nifo year.

Turning now to the more recent period, all three indices emerge as good
precursors of ENSO transition phases. SEIO is however the most effective, with
correlation values exceeding those associated with Z20 and WPAC from September to
December, and reaching a maximum of -0.76 in October (consistent with findings of
Terray et al., 2004). The fact that both WPAC and SEIO indices are now significantly
associated with ENSO transitions is also very intriguing. Thus, Figure 2 confirms the
findings about the active role of Indian Ocean SSTs on ENSO evolution during recent
decades. That is, from an observational viewpoint, our correlation analysis suggests that
the SEIO index is a highly significant predictor in order to statistically predict the

ENSO evolution during recent decades as the traditional Z20 or WPAC indices.

Figure 2 also suggests that the cold (warm) SEIO SST anomaly observed in
February-March just before the onset of El Nifio (La Nifa) is not well correlated with
the anomalous state of the Pacific Ocean during the preceding boreal winter since the
correlations of February-March SEIO SSTs with January-February-March Nifio3.4
SSTs are quite modest, particularly during recent decades. Other factors must be
responsible for the emergence of anomalous SSTs off Australia during boreal winter

after the 1976-77 regime shift.

4. Coupled air-sea interactions in the SEIO and the response of the climate system

In order to understand how the atmosphere and the ocean may interact to produce

the SEIO SST anomaly, and leading to the observed correlations between SEIO and
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Nifio3.4 SST, we correlate the February-March SEIO SST index with 2-month average
SST and SLP fields for both the pre- and post-1976-1977 periods (Fig. 3). The SLP
dataset used in these computations is the ERSLP analysis. The correlations are
computed with the negative of the February-March SEIO SST index so that the polarity
is consistent with the correlation fields with Nifio3.4 SST displayed in Figure 1.
Gridpoint tests with a 90% confidence level have also been performed on all fields and
are shown by shading in Figure 3. To facilitate the discussion, we consider the situation
in which the positive correlations arise from a negative February-March SEIO SST
anomaly. In this case, the regions of positive correlations in Figure 3 can be interpreted
as positive SST or SLP anomalies associated with the negative February-March SEIO

SST anomalies.

The regions of positive correlations over the southern Indian Ocean (near 40°S) in
Figures 3ae indicate that the emergence of a negative SEIO SST anomaly to the west of
Australia during February-March is accompanied by a positive SST anomaly to the
southeast of Madagascar during the two periods. This anomalous SST pattern is
reminiscent of the subtropical Indian Ocean dipole events studied by Behera and
Yamagata (2001). We will refer to this as the south Indian Ocean SST dipole, with its
positive phase when there is a negative SEIO SST anomaly. The associated SLP
correlation patterns suggest that February-March cold SEIO SST anomalies are
associated with a positive phase of the Southern Oscillation (Trenberth and Caron,
2000), and a strengthening and southwestward shift of the Mascarene High
(approximate center at 35°S and 85°E) during the pre-1976-1977 period (Fig. 3c; see
also Terray et al., 2003). On the other hand, the contribution from a La Nifia state in the

Pacific Ocean seems much smaller than that from the Mascarene High during the post-
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1976-1977 regime shift period (Fig. 3g). During recent decades, the February-March
cold SEIO SST anomalies are mainly linked to Mascarene High pulses and associated
surface wind forcing off the west coast of Australia via enhanced latent heat flux, ocean
mixing and Ekman transport (Behera and Yamagata, 2001; Terray et al., 2004). The
hypothesis that ENSO evolution is more dependent on the Mascarene High pulses in the
late boreal winter after the 1976-77 regime shift was then examined through a lag
correlation analysis of February-March and April-May SLP fields with the Nifio3.4 SST
index during the following boreal winter (December-January). The lag correlation maps
obtained from recent decades (Figs. 4cd) are in excellent agreement with the correlation
patterns depicted in Figures 3gh, while no significant correlations are observed during
February-March over the tropical and subtropical Indian Ocean for the pre-1976-77
regime shift period (Fig. 4a). Before the 1976-1977 regime shift, the main February-
March SLP signal is found over the North Pacific associated with variability of the
strength of the subtropical high in this region (Fig. 4a). It is thus speculated that this
SLP pattern may be associated to a weakening of the trades in the central Pacific which
may have significant impacts on the El Nifio evolution (Fig. 4b). The close association
between Mascarene High pulses in late boreal winter and ENSO evolution during recent
decades was further tested through a correlation analysis between February-March
meridional wind time series off the west coast of Australia (90°-115°E, 15°-40°S),
computed from COADS dataset, and December-January Nifio3.4 SST. The results
confirm that boreal winter Nifio3.4 SST is sensitive to the wind anomaly pattern off
Australia during the previous boreal winter after the 1976-77 regime shift, but not
before, since the correlation reverses its sign and becomes significant at the 99%

confidence level after the 1976-1977 regime shift (-0.17 for 1948-1976, but 0.52 for
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1977-1997). Interestingly, Figure 3g also demonstrates that the February-March
Mascarene High pulses are associated with a modulation of the midlatitude westerlies in
the southern Indian and Pacific Oceans during recent decades. It has been suggested that
Mascarene High pulses are related to the Antarctic Circumpolar Wave (ACW, see
Peterson and White, 1998; Fauchereau et al., 2003). As noted by White et al. (2004),
the ACW may influence the magnitude and phase of El Nifio in the eastern equatorial
Pacific Ocean through an Indian Ocean pathway during recent decades. These

connections need further investigations, but are outside of the scope of this study.

The SST and SLP correlation patterns observed during April-May, after the
occurrence of a positive south Indian Ocean SST dipole event, are strikingly different in
the pre- to post-1976-1977 regime shift periods (Fig. 3). During the first period, the SST
correlation pattern in the southern Indian Ocean quickly fades away during boreal
spring (Fig. 3b). Moreover, significant SLP correlations are restricted to the western
Indian and eastern tropical Pacific Oceans (Fig. 3d). The Indian Ocean SLP correlation
pattern suggests a delayed westward seasonal migration of the Mascarene High from
boreal winter to boreal summer (Terray et al., 2003). On the other hand, if one interprets
the region of negative correlations in Figure 3f as arising from a cold February-March
SEIO SST anomaly, the April-May SST Indian Ocean correlation pattern indicates that
the cold SEIO SST anomalies off the west coast of Australia persist and spread eastward
between Australia and the Maritime Continent, reaching the vicinity of New Zealand in
spring, during recent decades (Fig. 3f). As one would expect from quasi-geostrophic
theory (Gill, 1982), an anomalous anticyclone is observed over or slightly to the west of
the cold SEIO SST anomaly, suggesting a decrease in convection over the tropical

eastern Indian Ocean in April-May, after the occurrence of a positive south Indian
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Ocean SST dipole event during recent decades (Fig. 3h). Surprisingly, significant SST
and SLP correlation patterns are also observed during spring in the mid and high
latitudes of the South Pacific after 1977 (Figs. 3th). These south Pacific SST anomalies
are consistent with the development of the southern branch of the “horseshoe” ENSO
pattern during recent decades (compare Figs. 1h and 3f). At the same time, the structure
of the positive and negative SLP lagged correlations over the South Pacific (Fig. 3h)
suggests the existence of a quasi-stationary Rossby wave train forced by anomalous
equatorial convection that then propagates downstream in the midlatitude westerlies of
the southern hemisphere (Sardeshmukh and Hoskins, 1987; Rasmusson and Mo, 1993;
Trenberth et al., 1998). Moreover, the expanded trough observed in the South Pacific
implies a weakening the subtropical SLP gradient around the South Pacific subtropical
high and thus reduces the trade winds off the South America coast (see Fig. 5a), which
then lead to the emergence of warm SST anomalies in the southeast subtropical Pacific
during spring (Fig. 3f). van Loon and Shea (1987) and van Loon et al. (2003) emphasize
the possible role of this expanded trough in the onset of El Nifio events. Thus, the boreal
late winter and spring evolution of SLP and SST correlation patterns suggests that the
atmospheric anomalies (e.g. the Mascarene High pulses) are causing the SEIO SST
anomalies, which in turn provide a strong positive feedback to the whole ocean-
atmosphere system during spring in the post-1976-77 regime shift period. This point of
view has been further substantiated by Terray et al. (2004) through composite analyses
with respect to a February-March SEIO SST index for the post 1976-77 regime shift

period.

To further illustrate the evolution of atmospheric patterns during the spring

following the emergence of boreal winter SEIO SST anomalies after the 1976-1977
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regime shift, we have computed regression coefficients between several fields (850 and
300 hPa winds, 500 hPa vertical velocity, 300 hPa geopotential height and precipitation)
versus the February-March SEIO SST time series at various lags, a subset of which are
given here (Fig. 5). These calculations make use of bi-monthly time series from the
NCEP-NCAR reanalysis and gridded CMAP dataset. The sign of the regression
coefficients has also been reversed, so that the polarity is consistent with the correlation

plots in Figures 1, 3 and 4.

During boreal spring of cold SEIO SST years, the 850 hPa wind and 500 hPa
vertical velocity regression patterns first confirm the existence of a weakening of the
Inter Tropical Convergence Zone (ITCZ) in the subtropical Indian Ocean, with strong
anomalous divergence (downward motion) and anticyclonic circulation over the eastern
Indian Ocean colocated with the cold SSTs (Fig. 5a). Anomalous convergence (upward
motion) and cyclonic circulation is also observed southeast of Madagascar. The
atmospheric response to the SEIO SST forcing is also illustrated by the barotropic
vertical structure of the pressure, height and wind anomalies, which have the same
polarity throughout the troposphere southeast of Madagascar. The surface southeasterly
wind anomalies associated with the anomalous anticyclone over the eastern Indian
Ocean (Fig. 5a) represent an increase in wind speed relative to climatology between
Java-Borneo and Australia, due to the reversal of the monsoon winds which is observed
over this region during boreal spring. This implies further cooling of SST,
northeastward of the anomalous subsidence center, via increased upper ocean mixing
and evaporation (Fig. 3f). These cold SST anomalies further decrease the atmospheric
convection, reinforcing the heat sink at higher levels (as suggested by the negative

geopotential height anomalies over the eastern Indian Ocean and northwest Australia in
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Figure 5b) which, in turn, maintains the anomalous SEIO anticyclone to the west (Fig.
3h). These processes represent a seasonally-positive feedback between the wind,
evaporation and SST (Li et al., 2003; Wang et al., 2003) which allows the persistence of
the SEIO SST anomalies after the occurrence of a south Indian Ocean dipole event. It
may also explain the northward and eastward shift of the cold SST anomalies and
associated anomalous anticyclone during the following months (Figs. 1h-k; see also
Terray et al.,, 2004). In the subsequent boreal summer and fall, a positive wind-
thermocline-SST feedback, off the west coast of Sumatra, may also contribute to the life
cycle of the cold SST anomalies and associated anticyclone in the eastern Indian Ocean,
as suggested by the SST TIOD pattern during October-November of the El Nifio year
seen in Figure 1k (Li et al., 2003; Terray et al., 2004). Furthermore, the strengthening
of the monsoon winds over the eastern Indian Ocean, resulting from the anomalous
SEIO anticyclone (Figs. 3h and 5a), may be a trigger of this another positive seasonal

feedback operating off the west coast of Sumatra (Li et al., 2003, Terray et al. 2004).

The strength of the atmospheric signal associated with the cold SEIO SST
anomaly is also manifest in the existence of westerly wind anomalies over the equatorial
western Pacific (Fig. 5a). The large anomalous cyclonic circulation over the
northwestern Pacific bears a strong resemblance with the Philippine Sea (El Nifio) onset
cyclone described in Wang (1995) as a key precursor of ENSO events after the 1976-77
regime shift. Thus, the 850 hPa wind regression map suggests that the anomalous SEIO
anticyclone constructively interacts with the Philippine Sea (El Nifio) onset cyclone to
produce persistent and highly significant westerly wind anomalies over the western
equatorial Pacific during cold SEIO SST years (Fig. 5a). Consistent with this

hypothesis, we also observed anomalous convergence and positive rainfall anomalies
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over the western Pacific, just west of the date line, while no significant SST anomalies
are noted in these areas (Figs. 3f and 5ac). When SSTs are sufficiently high (e.g. above
25.5°C) as they are in the western Pacific warm pool, convection is strongly modulated
by other factors, such as the atmospheric low-level convergence or upper-level
divergence generated by remote forcing. These ideas are in harmony with findings of
Lau et al. (1997) who stress the importance of large-scale circulation for convection to
occur even though a high absolute SST is also a necessary condition (Graham and
Barnett, 1987). Furthermore, Watanabe and Jin (2002) demonstrate with a linear
baroclinic model that both Indian Ocean SST and the modulation of the ITCZ over the
Indian Ocean are very important contributing factors for the development of the
Philippine Sea anomalous cyclone/anticyclone through changes in the Walker
circulation induced by convective cooling over the eastern Indian Ocean and Maritime

Continent.

The cold SEIO SST anomalies and the anomalous anticyclone also seem to be
associated with a northward shift of the Australian High (approximate center at 30°S
and 130°E), and an earlier onset of the Australian winter monsoon in April-May, as
seen in the strengthening of the regional meridional Hadley cell over the southwest
Pacific with increased southward flow at 300 hPa and northward flow at 850 hPa (Figs.
5ab). This again favors the low-level convergence, but also an upper-level divergence
over the west-central Pacific, and promotes the eastward propagation of equatorial
westerly wind anomalies (Xu and Chan, 2001). Furthermore, this modulation of the
meridional overturning over the southwest Pacific induces anomalous convergence at
300 hPa in the subtropics near the descending branch of the Hadley circulation (Fig.

5b). This upper-level anomalous convergence center, off the east coast of Australia,
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seems then to act as a source of Rossby waves that force quasi-stationary upper-level
circulation anomalies in the south Pacific extratropics, as depicted by the alternating
high and low geopotential anomalies in the 300 hPa height regression map
(Sardeshmukh and Hoskins, 1987; Rasmusson and Mo, 1993; Trenberth et al., 1998).
The negative 300 hPa height anomalies to the east of New Zealand, resulting from this
Rossby wave response, appear to induce a significant equatorward displacement of the
upper level jet stream in the south Pacific (Fig. 5b). These changes in the location of the
westerly jet stream may then impact the low-level circulation, as seen in Figures 3h, 4d
and Sa, since the jet stream acts as a storm guide in the extratropical southern
hemisphere (Trenberth, 1991; Trenberth et al., 1998; Bhaskaran and Mullan, 2003).
This hypothesis is consistent with the equivalent barotropic structure observed in the
mid-latitudes of the south Pacific, after positive south Indian Ocean dipole events, as
depicted by the correlations of both SLP and 300 hPa height fields with the February-
March SEIO SST index (Figs. 3h and 5b). In other words, there is a suggestion that the
impact of the SEIO SST anomalies on the extratropical circulation in the South Pacific
is indirect, and must be viewed through the modulations of the western Pacific regional

Hadley cell.

Thus, the anomalous SEIO anticyclone may amplify the effect of random westerly
wind bursts (McPhaden et al., 1998) or anomalous westerlies associated with the
Philippine Sea onset cyclone (Fig. 5a; see Wang, 1995), and influence the development
of El Nifo after the 1976-1977 regime shift (Fig. 2). But, why did the cold SST SEIO

anomalies and associated anomalous anticyclone fail to do so prior to 1976 (Fig. 2)?

20



21

5. Role of the decadal fluctuation in the SST background state

The SST is key in the two-way communication between the atmosphere and the
ocean. Both the efficiency of the wind-evaporation-SST feedback and the intensity of
convection increase with SST between about 26°C and 30°C, and thus depend critically
on the SST background state (Graham and Barnett, 1987). That is, the wind-
evaporation-SST feedback is muted by some nonlinear effects that come into play, if
and only if, the underlying ocean is sufficiently warm, say above 26°C, because the
nonlinear relationship between convection and SST becomes pronounced above this
treshold (Gill, 1982). Furthermore, the spatial extension of the region concerned by this

positive feedback is also controlled by the climatological SST.

A key aspect of the decadal fluctuation in the background state is the abrupt
warming of the Indian Ocean around 1976-1977 (Nitta and Yamada, 1989; Terray,
1994; Aoki et al., 2003). Thus, the 1976-77 climate shift, whether part of decadal
variability or global warming trend influences the climatic background of SST in the
Indian Ocean. This is well illustrated in the differences between the April-May mean
SST over the Indian and Pacific Oceans before and after the 1976-1977 regime shift
(Fig. 6a). The statistical significance of these epoch SST differences (Fig. 6b) has been
assessed using a permutation procedure with 9999 shuffles described in Terray et al.
(2003). This method determines the areas in the SST differences map that depart
significantly from the background variability in the available data. The 1976-1977
climate shift leads to substantial warming in the whole Indian Ocean, but is particularly
significant and prominent in the southern Indian Ocean at subtropical latitudes, and off

the west coast of Australia, where the rise in SST exceeds 0.5°C during spring.
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Although the magnitudes of the SST differences in the Indian Ocean are smaller than
those observed in the North Pacific (Fig. 6a), they are in fact much more statistically

significant due to a weaker background interannual variability (Fig. 6b).

This critical aspect of the 1976-77 climate regime shift has been overlooked in the
past. Thus, the Indian Ocean warming observed after 1976-1977 seems to be more
influential in strengthening the seasonally positive wind-evaporation-SST feedback over
the SEIO during boreal spring, as warm waters above 26°C spread southward after
1977. This SST change is also consistent with an increased efficiency of the wind-
evaporation-SST feedback during recent decades, as depicted by Figures 3 and 5. We
speculate that this spatial extension of the Indian Ocean warm pool may explain the
stronger links between southern Indian Ocean variability in boreal winter and the ENSO
evolution observed after the 1976-1977 regime shift (Figs. 1, 2 and 4; see also Terray et

al., 2004).

Consistent with this hypothesis, the April-May standard deviations of SST and
SLP fields in the eastern Indian Ocean have both increased after the 1976-1977 regime
shift (not shown). The stronger coupling of these two fields in the eastern Indian Ocean
during boreal spring after the 1976-77 regime shift can also be illustrated through the
SVD analysis of the covariance matrix of the SLP and SST fields (Bretherton et al.,
1992). Figures 7 and 8 show the leading modes derived from the SVD analysis of the
April-May SST and SLP fields over the tropical Indian Ocean (30°-120°E, 34°S-30°N)
for both the 1948-1976 and 1977-2001 periods. In the terminology of Bretherthon et al.
(1992), the fields presented from the SVD analyses, and shown in Figures 7 and 8, are

heterogeneous (covariance) patterns for SLP and homogeneous patterns for SST. Table
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1 presents summary statistics for the two SVD analyses, including the Squared
Covariance Fraction (SCF), the Normalized root-mean-square Covariance (NC) for the
leading modes in the various SVD expansions and the correlation coefficient (7)
between the expansion coefficient time series (or scores) of the left and right fields. As
discussed by Zhang et al. (1998), the NC and r coefficients are particularly useful in
comparing the strength of the relationship between the right and left fields in modes
obtained from different SVD analyses. Thus, these statistics are useful tools to
investigate the strength of the positive wind-evaporation-SST feedback over the SEIO

during boreal spring before and after the 1976-1977 regime shift.

The SCF/NC/r for the first mode derived from the 1977-97 time interval are
55/21/0.85 compared to 57/15/0.62 for its 1948-76 counterpart. Moreover, the first SVD
mode accounts for 42% of the SLP variance during the 1977-97, but for only 36%
before the 1976-1977 regime shift. Thus, the summary statistics, shown in Table 1,
suggest that the April-May Indian Ocean SST and SLP fields are more strongly coupled
after the 1976-77 regime shift, even though the SCF coefficient is slightly higher before

the 1976-77 regime shift.

During both periods, the dominant features in the SLP and SST spatial patterns of
the leading SVD modes are located in the southern hemisphere (Figs. 7 and 8). Yet
despite this similarity, the spatial representations of these leading covarying modes are
also strikingly different between the two periods. The leading singular vectors for the
SVD expansion computed on recent decades (Figs. 8ab) resemble the Indian Ocean
portion of the April-May SLP and SST regression patterns computed upon the

February-March SEIO SST time series (Figs. 3fh) whereas this similarity is not evident
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for the leading singular vectors and regression maps computed from the 1948-1976
period, particularly for the SLP field. The correlation coefficients between the SVD
expansion coefficient time series and the February-March SEIO SST time series (Table
2) lend credence to this feature with correlations as high as —0.62 and —0.68 for the SLP
and SST scores during the 1977-1997 period, whereas the corresponding coefficients
computed from the 1948-1976 period are only —0.35 and —0.5, respectively. It is also
worth noting that the correlation coefficient between the SLP scores and the February-
March SEIO SST time series is highly significant after the 1976-1977 regime shift,
according to the phase-scrambling bootstrap test, while its 1948-1976 counterpart is not
significant at the 95% confidence level (Table 2). Thus, it appears that the southern
Indian Ocean SLP and SST fields are more strongly coupled during boreal spring after
the 1976-1977 shift and this seems to be related to SEIO SST variability during late
boreal winter associated with south Indian Ocean SST dipole events and to the warmer
SEIO climatological SSTs observed during recent decades. This is further demonstrated
if we look at the lagged correlations between February-March SEIO SSTs and the
subsequent evolution of the SLP and SST patterns prior to 1976 (Fig. 3). The
atmospheric signal associated with the SEIO SST anomalies is weaker and quite
different in character compared to those derived from the recent period. Moreover, cold
SEIO SST years are not associated with the growth of an El Nifio event before 1976

(Figs. 1 and 2).

6. Discussion and Conclusions

The present paper calls attention to one critical aspect of the decadal variation of

ENSO properties which has been overlooked in previous studies. The 1976-1977 regime
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shift was accompanied by a remarkable and significant change in the lead-lag
relationships between Indian Ocean SSTs and El Nifio evolution. This change is so
prominent, that, from an observational view point, southern Indian Ocean SSTs during
late boreal winter are a highly significant precursor of the ENSO evolution after the
1976-77 regime shift. This relationship was also documented in Terray et al. (2004)

with different methods and observational datasets.

The possible physical mechanisms, underlying this surprising and highly
significant statistical relationship, observed only during recent decades, are discussed
through a comprehensive analysis of a wide variety of new observational and reanalysis
datasets. During recent decades, the SEIO SST anomalies are mainly generated by
Mascarene High pulses occurring in late boreal winter (Behera and Yamagata, 2001).
The results suggest that these SEIO SST anomalies observed during boreal winter play a
fundamental role in the ENSO transitions after the 1976-77 regime shift, by triggering
coupled air-sea processes in the tropical eastern Indian Ocean during the following
boreal spring, summer and fall. It is hypothesized that the interdecadal change in the
background SST state that occurred in the late 1970s over the Indian Ocean
significantly influences the nature of the air-sea interactions over the SEIO during
boreal spring. More precisely, we argue that the recent Indian Ocean warming may have
considerably amplified the seasonally-positive wind-evaporation-SST feedback over the
SEIO (Li et al., 2003; Wang et al., 2003; Terray et al., 2004), due to an increase in SST
values above which the nonlinear relationship between convection and SST becomes
pronounced (e.g. 26°C; Gill, 1982). This hypothesis is based on the results of SVD
analyses conducted on Indian Ocean SST and SLP fields, separately, for the 1948-1976

and 1977-1997 periods. In the leading covarying mode during boreal spring, SLP and
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SST patterns differ considerably from the first period to the last. Moreover, the results
from recent decades are consistent with a strengthening of the coupling between the

SST and SLP fields in the South Indian Ocean and, particularly, over the SEIO.

The above scenario of a more efficient wind-evaporation-SST feedback in the
eastern Indian Ocean after the 1976-77 regime shift offers some clues as to how boreal
winter SEIO SST anomalies may have helped to trigger El Nifio events or ENSO
transitions in recent decades (Yu et al., 2003). This favours the persistence of SST
anomalies and the associated atmospheric center in the eastern Indian Ocean, which
then acts as a persistent remote forcing on the whole Pacific system by promoting wind
anomalies over the western equatorial Pacific and modulating the regional Hadley cell
in the southwest Pacific during boreal spring and early summer. The fluctuations in the
intensity of this regional Hadley cell then excite Rossby waves in the southern
extratropics, and are the medium through which the SEIO SST signal is propagated in
the mid latitudes of the South Pacific. The resultant quasi-stationary circulation
anomalies observed in the south Pacific seem, in turn, to be responsible for the
development of the southern branch of the ENSO “horseshoe” pattern after the 1976-
1977 climate shift. These results shed some light on the possible influence of global
warming or decadal fluctuations on ENSO development and evolution through changes

in teleconnection patterns between the Indian and Pacific Oceans.

To some extent, such a scenario could also explain why ENSO evolution is
different before and after the 1976-1977 regime shift (An and Wang, 2000; Wang and
An, 2001), with both the persistent variability of zonal wind anomalies over the

equatorial western Pacific and the modulation of the Hadley cell over the southwest
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Pacific induced by SEIO SST anomalies during recent decades. Our observational
results demonstrate at least that the Indian Ocean cannot be considered a “slave” to
ENSO after the 1976-1977 regime shift. As shown here, the Indian Ocean has its own
modes of coupled variability and is significantly related to ENSO transitions after the
1976-1977 climate shift. Further quantitative exploration of ocean-atmosphere feedback
processes existing in the Indian Ocean, and those which may be more active after the
1976-1977 regime shift, will evidently contribute to our understanding of why El Nifio
evolution has dramatically changed during recent decades. However, the exact role of
SEIO SST anomalies in ENSO evolution cannot be elucidated without a more
comprehensive investigation involving a quantitative evaluation of the fluxes at the air-

sea interface in the SEIO before and after the 1976-1977 regime shift.

While we have stressed the importance of Mascarene High pulses during boreal
winter in the generation of SEIO SST anomalies during recent decades, we did not
address the important question of what actually causes these pulses. Clearly, the
Mascarene High pulses are interrelated to various degrees with modes of variability in
the southern hemisphere (Simmonds, 2003; Fauchereau et al., 2003; White et al., 2004)

and these connections merit further study.

A thorough understanding of the interaction between the PDO and our coupled
interannual mode is also important. The southern parts of the eastern Indian and western
Pacific Oceans have been noted to exhibit large SST and SLP signals associated with
the PDO (Deser et al., 2004). It is thus possible that the teleconnection patterns
observed before and after 1976 when the PDO reportedly changed polarities are

associated with different phases of the PDO. The recent decades include a tendency for

27



28

the PDO to be in a positive state (Mantua et al., 1997). It is unknown whether these
decadal-scale background conditions influence the response of the tropical atmospheric
circulation to SEIO SST anomalies, hence representing an important framework for the
results found here. This raises the question of what the driving mechanisms of the
warming trend and decadal signal in the Indian Ocean are, and how this decadal signal
may interact with the interannual variability over the Indian and Pacific Oceans at

decadal to secular time scales.

Another important issue is the possible relationship between the coupled
interannual mode described here and the Madden-Julian Oscillation (MJO) which is the
primary mode of intraseasonal (30-60 days) variations of the tropical troposphere
(Madden and Julian, 1994). This question warrants further investigation since the MJO
involves pronounced fluctuations in convection and large scale circulation during boreal
winter over the eastern Indian and western Pacific Oceans as does our interannual
coupled mode (Madden and Julian, 1994; Jones et al., 1998). Furthermore, the MJO
manifests itself as a slow eastward propagation of atmospheric disturbances from the
eastern Indian Ocean to the western Pacific Ocean and has been suggested to play a role
in triggering ENSO events through the westerly wind bursts and associated Kelvin wave
forcing, even though the interannual changes in overall MJO activity are not related to
the ENSO cycle (Kessler et al., 1995; Hendon et al., 1999). Some studies have also
suggested that this MJO-ENSO relationship is significant only for the recent period and
that such evidence can not be found for time periods before the 1976-1977 climate shift
(Zhang and Gottschalck, 2002). Most of these features are also significant
characteristics of the interannual mode (Terray et al., 2004). However, some distinctive

features may also be observed since the MJO is an equatorially trapped phenomenon
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and the air-sea convective intraseasonal interaction involved in an eastward-moving
MIJO is fundamentally different from the wind-evaporation-SST feedback which seems
to be the key mechanism in sustaining the interannual mode (Jones et al., 1998). In
order to examine how the year-to-year variations in the intensity of the MJO activity
relate to south Indian Ocean SST dipole events, we have correlated our February-March
SEIO SST time series with an index of MJO activity for late austral summer of each
year. This MJO index is the January-March mean of the sum of the squares of the two
leading principal components derived from an empirical orthogonal function analysis of
the combined fields of daily near-equatorially averaged 850-hPa zonal wind, 200-hPa
zonal wind, and satellite-observed outgoing longwave radiation data (Wheeler and
Hendon, 2004). We found no significant relationship between this MJO index and our
SEIO SST time series, the correlation between the two being only —0.01 during the
1977-2001 period. The use of a SLP index monitoring the interannual variations of the
Mascarene High during February-March does not change this result (correlation of —
0.08). Furthermore, this MJO index is not a precursor of the ENSO evolution
(correlation with October-November-December Nifio3.4 SSTs of 0.03). Thus, the above
preliminary analysis suggests that if MJO activity plays a role in maintaining the
interannual coupled mode described here, the relationship between the two phenomena
is strongly nonlinear. Further improved observational and theoretical studies are needed

to resolve this issue.

It will also be of interest to determine whether current coupled models are capable
of simulating the coupled interactions described in this paper. If so, the use of global
coupled numerical ocean-atmosphere experiments with idealized conditions (e.g. a

prescribed SEIO SST anomaly in February-March) may also be helpful in reaching
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more definite conclusions about the role of SEIO SST anomalies in the coupled climate
system during recent decades. Our current research is exploring this possibility. Finally,
the findings reported here have important implications for ENSO predictability during

recent decades.
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Figure captions

Figure 1: Time sequence of correlations with December-January Nifo3.4 (5°S-
5°N/190°E-240°E) SST time series of Indo-Pacific SSTs at —5 to 0 bi-monthly seasons
for 1948-1976 (panels a, b, c, d, e, f) and 1977-2001 (panels g, h, 1, j, k, 1) periods. The
maps only show correlations that are above the 90% confidence level estimated with a

phase-scrambling bootstrap test with 999 samples.

Figure 2: Lead-lag correlations of monthly Nifio3.4 SST index with February-March
South East Indian Ocean SST (SEIO: 90°E-122°E/5°S-45°S, in black-filled symbols),
Western PACific zonal wind (WPAC: 130°E-160°E/5°N-5°S, in grey-filled symbols)
and equatorial Pacific mean 20°C thermocline depth (Z20: 130°E-280°E/5°N-5°S, open
symbols) time series for 1948-1946 (circles) and 1977-2001 (squares) periods —except
for WPAC, available until 1997-. The sign of some correlations has been reversed
(noted “-opp.” in the legend) in order to facilitate comparisons between the various

ENSO predictors and periods.

Figure 3: Correlation analysis of February-March SEIO SST time series with February-
March (labelled “FM”) and April-May (labelled “AM”) SST (left) and SLP (right)
fields for 1948-1976 (panels a, b, ¢, d) and 1977-2001 (or 1977-1997 for SLP, panels e,
f, g, h) periods. The correlations are computed with the negative of the SEIO SST time
series so the polarity is consistent with the Niflo3.4 correlation plots seen in Figure 1.
Correlations significant at the 90% confidence level following a phase-scrambling

bootstrap procedure with 999 samples are shaded.

Figure 4: Correlation analysis of December-January Nifio3.4 SST time series with

February-March and April-May (prior to December-January) Indo-Pacific SLP fields
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for 1948-1976 (panels a and b) and 1977-1997 (panels ¢ and d) periods, respectively.
Correlations significant at the 90% confidence level following a phase-scrambling

bootstrap procedure with 999 samples are shaded.

Figure 5: Distribution of the regression coefficients of April-May 850 (a) and 300 (b)
hPa wind vectors (arrows, see scales below the panels), 500 hPa vertical velocity (a:
color shading, upward is negative), 300 hPa geopotential height (b: color shading) and
precipitation (c: color shading) versus the February-March SST index for the SEIO
region. The regression coefficients are computed from the 1979-2001 period for
precipitation and 1977-2001 for other variables. The convention for the colour shading
is indicated at the bottom of the panels. Note that the regression coefficients are
computed with the negative of the SEIO SST time series. The maps only show
regression coefficients that are above the 90% confidence level following a phase-

scrambling procedure with 999 samples.

Figure 6: April-May SST differences between the 1977-2001 and 1948-1976 periods
(a). Significance levels (or critical probabilities) associated with the SST difference
values in (a) are shown in (b). These critical probabilities have been assessed using a
permutation procedure with 9999 shuffles (Terray et al., 2003). Only, the 90 (clear

gray), 99 (dark gray), 99.9 (black) % confidence levels are drawn in (b).

Figure 7: The leading boreal spring mode of coupled year to year variability in (a) SST
and (b) SLP over the Indian Ocean (30°-120°E, 34°S-30°N) as inferred from SVD
analysis of seasonal-mean (April-May) fields during the 1948-1976 period. The
contours values were obtained by regressing the SLP and SST fields upon the

normalized expansion coefficient time series of SST. The SST and SLP fields are,

40



41

respectively, homogenous and heterogeneous covariance patterns following the
terminology of Bretherton et al. (1992). Summary statistics for this mode are given in

Table 1.

Figure 8: Same as Figure 7, but for the leading boreal spring mode of coupled year to
year variability in (a) SST and (b) SLP of seasonal-mean (April-May) fields during the

1977-1997 period. Summary statistics for this mode are given in Table 1.
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Table Captions

Table 1: Summary statistics for the leading mode of the SVD analyses for the April-
May Indian Ocean SST field paired with the Indian Ocean SLP field during the 1948-
1976 and 1977-1997 periods. Here SCF is squared covariance fraction, NC is
normalized root-mean-square and r is correlation of expansion coefficient time series or
scores; SLPvar and SSTvar are, respectively, SLP and SST variances accounted for by

the leading mode of each SVD analysis.

Table 2: Correlation coefficients of February-March SEIO SST time series with the
expansion coefficient time series (scores) of the left (SST) and right (SLP) fields
associated with the leading SVD mode during the 1948-1976 and 1977-1997 periods,
respectively. Correlations significant at the 95, 99% levels are marked with one or two
stars, respectively. The statistical significance of the correlation coefficients has been

assessed with a phase-scrambling bootstrap test with 999 sampled.
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Tables

Table 1

1948-1976

1977-1997

Table 2

1948-1976

1977-1997

SCF(%) NC(%) r
57.6 14.9 0.62
54.8 21.3 0.85

SEIO SST (2-3) with SST scores
of the leading SVD mode

-0.50**

-0.68**

43

SLPvar(%) SSTvar(%)

36.1 15.7

42 15

SEIO SST (2-3) with SLP scores
of the leading SVD mode
-0.35

-0.61%*
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Figure 7

SVD analysis (SST with SLP) - 1948-1976 - ERSST and ERSLP

Homogeneous Vector (SST) - SVD Mode 1 (Squ.Cov.Fract. 57.7%)
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Figure 8

SVD analysis (SST with SLP) - 1977-1997 - ERSST and ERSLP

Homogeneous Vector (SST) - SVD Mode 1 (Squ.Cov.Fract. 54.8%)
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