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ABSTRACT

This study focuses on the interplay between mean sea level pressure (MSLP), sea surface temperature (SST), and wind
and cloudiness anomalies over the Indian Ocean in seasonal composite sequences prior to, during, and after strong,
near-global El Niño and La Niña episodes. It then examines MSLP and SST anomalies in the 2–2.5-year
quasi-biennial (QB) and 2.5–7-year low-frequency (LF) bands that carry the bulk of the raw ENSO signal. Finally,
these fields were examined in conjunction with patterns of correlations between rainfall and joint spatiotemporal
empirical orthogonal function (EOF) time series band pass filtered in the QB and LF bands.

The seasonal composites indicate that the El Niño-1 (La Niña-1) pattern tends to display a more robust and
coherent (weaker and less organized) structure during the evolution towards the mature stage of the event. The
reverse tends to be apparent in the cessation period after the peak phase of an event, when El Niño events tend to
collapse quite quickly.

Climatic variables over the Indian Ocean Basin linked to El Niño and La Niña events show responses varying from
simultaneous, to about one season’s lag. In general, SSTs tend to evolve in response to changes in cloud cover and
wind strength over both the north and south Indian Ocean. There are also strong indications that the ascending
(descending) branch of the Walker circulation is found over the African continent (central Indian Ocean) during La
Niña phases, and that the opposite configuration occurs in El Niño events. These alternations are linked to distinct
warm–cool (cool–warm) patterns in the north–south SST dipole over the western Indian Ocean region during the
El Niño (La Niña) events.

An examination of MSLP and SST anomaly patterns in the QB and LF bands shows that signals are more
consistent during El Niño-1 and El Niño sequences than they are during La Niña-1 and La Niña sequences. The QB
band has a tendency to display the opposite anomaly patterns to that seen on the LF band during the early stages
of event onset, and later stage of event cessation, during both El Niño–Southern Oscillation (ENSO) phases. El Niño
events tend to be reinforced by signals on both bands up to their mature phase, but are then seen to erode rapidly,
as a result of the presence of distinct La Niña anomalies on the QB band after their peak phase. During La Niña
events, the opposite is observed during their cessation phase.

Both QB and LF bands often display SST dipole anomalies that are not clearly evident in the raw composites
alone. An eastern Indian Ocean SST dipole shows a tendency to occur during the onset phase of particular El Niño
or La Niña episodes, especially during the austral autumn–winter (boreal spring–summer) and, when linked to
tropical-temperate cloud bands, can influence Australian rainfall patterns.

Analyses of seasonal correlations between rainfall and joint MSLP and SST EOF time series on QB and LF bands
and their dynamical relationship with MSLP and SST anomalies during El Niño and La Niña events, show that the
interplay between atmospheric circulation and SST anomalies dictates the observed rainfall response. Instances where
either, or both, QB and LF bands are the prime influence on observed rainfall regimes are evident. This ability to
discriminate the finer structure of physical relationships, correlations and patterns provides a deeper insight into
Indian Ocean responses to ENSO phases. Copyright © 2000 Royal Meteorological Society.
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1. INTRODUCTION

One of the most prominent examples of climatic variability is that associated with El Niño–Southern
Oscillation (ENSO) events. Most scientific research on ENSO has focused on the Pacific Ocean Basin
where the core of the physical processes underlying the phenomenon occur (Allan et al., 1996). ENSO
impacts on rainfall and temperature around the Indian Ocean Basin have been detailed in Ropelewski and
Halpert (1987, 1989) and Halpert and Ropelewski (1992), but little emphasis has been given to the
physical signatures of ENSO across the Indian Ocean as a whole since the first general overviews by
Cadet (1985), Reverdin et al. (1986) and Fu and Fletcher (1988).

Specific relationships between ENSO and climatic conditions in various countries bordering the Indian
Ocean Basin continue to be examined. Efforts focusing on interannual modulation of rainfall patterns in
India and Sri Lanka (e.g. Suppiah, 1988; Pan and Oort, 1990; Parthasarathy et al., 1991; Thapliyal and
Kulshrestha, 1991; Parthasarathy et al., 1992; Vijayakumar and Kulkarni, 1995; Suppiah, 1996; Kripalani
and Kulkarni, 1997a,b, 1998) and Africa (e.g. Lindesay et al., 1986; Nicholson and Entekhabi, 1986;
Tyson, 1986; Wolter, 1987, 1989; Janowiak, 1988; Lindesay, 1988; van Heerden et al., 1988; Lindesay and
Vogel, 1990; Matarira, 1990; Hutchinson, 1992; Hastenrath et al., 1993; Jury et al., 1993, 1996; Nicholson
and Palao, 1993; Jury, 1994; Makarau and Jury, 1997; Nicholson, 1997; Nicholson and Kim, 1997; Rocha
and Simmonds, 1997a,b; Reason, 1998; Reason and Lutjeharms, 1998) have been published in the last 15
years. Coherent, north–south-oriented interannual sea surface temperature (SST) dipole patterns in the
western portion of the basin, both related, and apparently unrelated, to ENSO, have been investigated by
researchers in southern Africa (e.g. Walker and Lindesay, 1989; Mason, 1990, 1995; Walker, 1990; Jury
et al., 1996; Reason, 1999). In addition, there are ongoing concerns about ENSO, and other interannual
fluctuations, modulating Indian Ocean SST patterns in the eastern portion of the basin, thus providing a
different influence on Australian rainfall from that usually associated with the phenomena in the Pacific
(Nicholls, 1989; Drosdowsky, 1993a,b; Smith, 1994; Allan et al., 1996), and the role of the oceanic
‘throughflow’ between the Pacific and Indian Oceans, via the Indonesian region (Wyrtki, 1987; Hirst and
Godfrey, 1993, 1994; Clarke and Liu, 1994; Qu et al., 1994; Wajsowicz, 1994, 1995; Meyers, 1996; Reason
et al., 1996b). Most recently, Saji et al. (1999) and Webster et al. (1999) propose an east–west-oriented
equatorial Indian Ocean SST dipole pattern that modulates rainfall in East Africa and Indonesia, and
suggest that this dipole operates independently of ENSO. This is contrary to the work of Chambers et al.
(1999), who find a similar SST dipole but relate it to ENSO through the extension of the Indo-
Australasian node of the Southern Oscillation component of ENSO into the Indian Ocean.

Studies are still debating the relationship between the Indian Monsoon system and the ENSO
phenomenon, with indications that interactions might be ‘selectively interactive’, so that the ENSO signal
(the Indian Monsoon) is only able to dominate over the Indian Monsoon (ENSO signal) during the boreal
autumn–winter (spring–summer) half of the year (Webster and Yang, 1992; Webster, 1995). Such
findings have been linked further to the long observed boreal spring (austral autumn) ‘predictability
barrier’, and the collapse of persistence in ENSO characteristics (Webster, 1995; Torrence and Compo,
1998; Torrence and Webster, 1998, 1999). Other research has indicated the presence of decadal to
multidecadal fluctuations in ENSO–Indian Monsoon interactions (e.g. Parthasarathy et al., 1991;
Thapliyal and Kulshrestha, 1991; Vijayakumar and Kulkarni, 1995; Allan et al., 1996; Suppiah, 1996;
Torrence and Webster, 1998, 1999), and distinct bidecadal variations in southern African rainfall (Tyson,
1986; Mason, 1990, 1995; Mason and Tyson, 1992). The wider patterns of lower frequency fluctuations
in ENSO, and its climatic relationships across the Indian Ocean Basin, have been discussed in a number
of papers, with specific studies of such variability and its causes having only recently received attention
(Allan et al., 1995; Reason et al., 1996a,b, 1998a,b).

Apart from efforts to understand African rainfall modulations by tropical Atlantic and western Indian
Ocean responses to ENSO (Nicholson, 1997; Nicholson and Kim, 1997), there has been no coherent focus
on the ENSO signal across the region as a whole. In particular, it is not known whether suggested changes
in the climatic regime and/or ENSO nature over the Pacific Ocean Basin since the mid-1970s (e.g.
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Graham, 1994; Kerr, 1994; Miller et al., 1994a,b; Trenberth and Hurrell, 1994; Jiang et al., 1995; Kleeman
et al., 1996; Latif et al., 1996, 1997) are also found to occur across the Indian Ocean region. This paper
is part one of a detailed investigation of relationships between interannual ENSO and decadal to
multidecadal variability, and their influence on climatic patterns and physical processes over the Indian
Ocean Basin.

First, this study examines the nature of canonical patterns in atmospheric and oceanic variables over
the region, as inferred by the ‘classical’ ENSO definition of a phenomenon operating in the 2–7-year time
frame. The mechanisms by which Indian Ocean SST anomalies are generated and evolve during ENSO
events have yet to be established firmly. For example, Godfrey et al. (1995) note that winds over the north
Indian Ocean do not change much during ENSO events, and suggest that changes in cloudiness (e.g.
Wright et al., 1985) may play a role in accounting for the SST anomalies. Godfrey et al. (1995) also note
the possibility of changes in the intensity of the Indonesian ‘throughflow’ (Clarke and Liu, 1994; Meyers,
1996) contributing towards Indian Ocean SST anomalies. Model studies (e.g. Hirst and Godfrey, 1993,
1994; Reason et al., 1996b) indicate that the south Indian Ocean is sensitive to changes in the Indonesian
‘throughflow’, on time scales of several years and longer; whether there is also significant sensitivity on
shorter time scales is not clear, however.

In an attempt to establish the relationships between mean sea level pressure (MSLP), SST, wind and
cloud over the Indian Ocean region during ENSO events, a composite approach (e.g. Rasmusson and
Carpenter, 1982) is initially adopted. The magnitude of the Southern Oscillation Index (SOI) and SST in
the Niño-3 and Niño-4 regions has been used to identify so called El Niño-1, El Niño, La Niña-1, and
La Niña years over the period of 1878–1989, and seasonal composites of these years are formed. The
evolution of anomalies from the long-term mean for these seasonal composites is then examined for
MSLP, SST, cloud cover, wind speed and direction. An appraisal of near-global MSLP data during an
El Niño composite sequence using data for the period 1946–1993 (Harrison and Larkin, 1996), provides
an important reference point for this part of the study.

Recent detailed analyses of climatic signals using joint empirical orthogonal function (EOF) and
singular value decomposition (SVD) techniques to examine recently updated versions of the global mean
sea level (GMSLP) and global sea-ice and sea surface temperature (GISST) data sets (Basnett and Parker,
1997; Folland et al., 1998) have revealed important structural aspects of the quasi-biennial (QB;
2–2.5-year) and low-frequency (LF) interannual (2.5–7-year) components of the ENSO signal (Allan,
2000). The results of this work show that much of what is observed about ENSO nature is the result of
the phasing of the QB and LF elements of the phenomenon. Such interactions appear to be vital to any
efforts aimed at improving our understanding of the boreal spring (austral autumn) ‘predictability barrier’
(Clarke et al., 1998), fluctuations in climatic impacts amongst various El Niño and La Niña events, and
the distinct modulations of a number of the physical manifestations that occur in the environment during
ENSO phases.

In the second part of this study, a re-examination of the composites of MSLP and SST in the ENSO
QB and LF bands is performed (wind and cloud cover data were found to be too sparse to filter
successfully). This is achieved by band pass filtering the raw MSLP and SST data in the significant QB
and LF bands found in the spectral analysis of Allan (2000), and then re-compositing both of the filtered
QB and LF data in El Niño-1, El Niño, La Niña-1, and La Niña years. Periods of ‘protracted’ El Niño
(as in the first half of the 1990s) and ‘protracted’ La Niña events (as resolved in Allan and D’Arrigo,
1999) are not considered in the composites formulated in this part of the study. These are addressed in
a second, complimentary paper, currently in preparation, which focuses on an examination of ‘El
Niño-like’ and ‘La Niña-like’ episodes on much longer quasi-decadal and bidecadal time frames.

Resolution of the dominant signals and patterns in climatic variables does not, in itself, provide a
complete picture of the degree of climatic impact involved in ENSO phases. Most studies have presented
this information through the use of maps and diagrams showing relationships and correlations between
climatic phenomena and variables, such as rainfall, temperature, streamflow etc. Such an approach has
been employed most widely with regard to ENSO influence on both regional to global scale rainfall, and
surface air temperature patterns (Ropelewski and Halpert, 1987, 1989; Kiladis and Diaz, 1989; Halpert

Copyright © 2000 Royal Meteorological Society Int. J. Climatol. 20: 1285–1327 (2000)



C.J.C. REASON ET AL.1288

and Ropelewski, 1992; Allan et al., 1996). A better understanding of the influence of ENSO phases on
rainfall patterns is provided by simultaneous seasonal correlations between joint MSLP and SST EOF
time series (Allan, 2000) and global land and island precipitation data (Hulme, 1992) band pass filtered
in the QB and LF bands. The results of these correlations are shown in the final section of this paper.
Overall, the three-stage approach used in this paper sheds more light on the nature, characteristics and
impact of the phenomenon across the Indian Ocean Basin.

2. DATA AND METHODS

The data sets used in the study are comprised of the UKMO GISST, version 2.2 (Parker et al., 1995;
Rayner et al., 1996), for SST, the UKMO/CSIRO GMSLP, version 2.1f, for MSLP (Allan et al., 1996;
Basnett and Parker, 1997), and the comprehensive ocean atmosphere data set (COADS) (Woodruff et al.,
1987) for winds and cloudiness. Allan et al. (1995, 1996) have provided a thorough discussion of both the
quality of these data sets and the density of data sampling over this century for the Indian Ocean region,
while Harrison and Larkin (1996) have done a raw composite analysis of El Niño evolution using
near-global COADS MSLP data for the period of 1946–1993. Based on these analyses, it is felt that the
above data sets represent the best that are currently available, and facilitate a composite study of the sort
performed here. It should be noted that for the correlation analysis detailed in the final section of this
paper, the GISST data set used is the most recent GISST 3.0 version of SST data released by the UKMO.

All of the data presented in this study are anomalies from the 1878–1989 base period. As in Allan et
al. (1995), an objective spatial filter is used to provide some smoothing of the final fields of all but the
GMSLP and GISST data (Hantel, 1970). In addition, all fields have been examined for statistical
significance at the 95% level using a grid point t-test, and for field significance at the 95% level using
Monte Carlo methods in a pool-permutation procedure (PPP) as employed by Allan et al. (1995). The
t-tests assess the statistical significance of data at each grid point. All MSLP and SST anomaly composites
show regions above the local 95% significant t-test levels. As cloudiness and wind anomaly composites
have had to be spatially smoothed, they are less robust when examined for statistical significance, and no
t-test results are shown.

In order to highlight the most important components of the ENSO signal over the Indian Ocean, a
composite technique has been employed. This technique is similar to that of Rasmusson and Carpenter
(1982), who focused mainly on the Pacific region, and involves seasonal composites formed from
individual years, classified as El Niño-1, El Niño, La Niña-1, and La Niña (Table I). Only pronounced
events were used in the composites, with the above classifications chosen on the basis of values of the SOI
and SST anomalies in the central and eastern equatorial Pacific. Both ‘protracted’ El Niño and La Niña
events that were resolved by this process are not used in the composites developed for this study.
The composites are based on the 3-month seasons January–March (JFM), April–June (AMJ), July–
September (JAS) and October–December (OND). As the major focus of this study is the ENSO signal in
the Indian Ocean, including the waters south of both Africa and Australia, the composites which are
relevant to the seasonal cycle of SST in the south Indian Ocean, and to the wet and dry seasons in tropical
Australia and southern Africa, have been chosen, rather than those defined in the Pacific-oriented study
of Rasmusson and Carpenter (1982).

In this spirit, attempts have only been made to link the evolution in SST, winds and cloud for the
Indian Ocean region. Changes in these parameters with time are noted for the Pacific, particularly as they
may relate to those occurring in the Indian Ocean, but the links between them or the complex
atmosphere–ocean interactions that underpin the ENSO signal in the Pacific have not been considered.
The latter is comprehensively dealt with in Philander (1990), with Allan et al. (1996) containing many
references to more recent works in this area.

To examine the nature and structure of the ENSO signal more completely, the GMSLP and GISST
data were band pass filtered in the 2–2.5-year (QB), and 2.5–7-year (LF) bands, following the
confirmation of significant climatic signals in these frequency ranges in Allan (2000). A Chebychev filter
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Table I. Years used in El Niño-1, El Niño, La Niña-1, and La Niña raw, and band pass
filtered, QB and LF band composite seasonal sequences (shown in bold)

El Niño-1 El Niño La Niña-1 La Niña

1877 1878 1879 1880
1888 1889 1886 1887
1896 1897 1889 1890
1899 1900 1892 1893
1902 1903 1909 1910
1905 1906 1916 1917
1911 1912 1917 1918
1913 1914 1924 1925
1914 1915 1933 1934
1918 1919 1938 1939
1925 1926 1942 1943
1930 1931 1949 1950
1940 1941 1954 1955
1941 1942 1955 1956
1957 1958 1970 1971
1963 1964 1973 1974
1965 1966 1975 1976
1972 1973 1988 1989
1982 1983
1986 1987
1990 1993

Other ‘protracted’ El Niño and La Niña events to be examined in a subsequent paper are shown
in italics.

(T. Fisher, 1998, personal communication) was used for this purpose. The spectra structure of the
GMSLP and GISST data resolving these signals can be seen in Figure 1. Once filtered in the QB and LF
bands, both variables were composited into El Niño-1, El Niño, La Niña-1, and La Niña years in the
seasons defined earlier.

In the final section of the paper, the analysis of ENSO impacts is expanded to examine the relationship
of the joint EOF time series in the QB and LF bands, found in the spatiotemporal analyses of MSLP and
SST observations in Allan (2000) with the global rainfall data set of Hulme (1992; see comparison with
other climatologies and discussions with regard to temporal and spatial sampling by Hulme and New,
1997) through simultaneous seasonal correlations over the period of 1900–1994.

3. RAW SEASONAL COMPOSITES OF MSLP, SST, WIND AND CLOUD ANOMALIES

3.1. El Niño-1

Indo-Pacific anomalies of MSLP, SST, wind speed, wind vector and cloud for each season of the El
Niño-1 composite year are given in Figures 2 and 3. At the beginning of the sequence (JFM), weak
positive MSLP anomalies are present over most of the Indian Ocean, except in the central south Indian
Ocean region (Figure 2(a)), while warm SST exist throughout much of the eastern and central Pacific,
with the beginnings of the horseshoe shaped anomaly evident in the central Pacific (Figure 3(a)).
Elsewhere, almost the entire tropical and midlatitude ocean is cool. At this time, most of the Indian Ocean
is characterized by positive wind anomalies (Figure 3(c)) with areas of enhanced southeasterly trades in
the south Indian Ocean, and monsoonal flow in regions of the equatorial western and eastern Indian
Ocean (Figure 3(c and d)). In terms of magnitude, these anomalies are somewhat smaller than those
evident in the tropical Pacific. The Indian Ocean wind anomalies are consistent with a cooler ocean
(Figure 3(c)), if SST there is being driven by enhanced surface fluxes, and mixing driven by the wind.
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Figure 1. Multi-taper frequency-domain singular value decomposition (MTM-SVD) localized variance spectrum of (a) joint analysis
of historical GISST 3.0 and GMSLP 2.1f, and (b) separate analyses of historical GISST 3.0 and GMSLP2.1f from 1871–1994
(relative variance is explained by the first eigen value of the SVD as a function of frequency). The 50, 90 and 99% statistical
confidence limits are shown as horizontal lines, and various significant climatic features in the spectrum are pointed out on the
diagram. In (b), the GISST 3.0 spectra is shown by the solid line and the GMSLP 2.1f spectra is shown by the dashed line (from

Allan, 2000)

Large areas of the south Indian Ocean show increased cloud cover (Figure 3(b)), again consistent with
cool conditions, if SST in that region are mainly responding to atmospheric changes, while much of the
north Indian Ocean displays decreased cloud.

During AMJ, MSLP anomalies become organized into an El Niño structure across the Indo-Pacific
domain (Figure 2(b)). Oceanic warming intensifies in the eastern and central tropical Pacific (Figure 4(a))
and regions of increased cloud, and anomalous westerly anomalies appear near, and east of, the dateline
(Figure 4(b–d)), while the cool conditions over most of the Indian Ocean have weakened, and large
patches of warm anomalies have appeared in the south Indian Ocean (Figure 4(a)). These south Indian
Ocean warm anomaly areas partially coincide with regions of anomalously weaker winds (Figure 4(c and
d)) and reduced cloud cover (Figure 4(b)), and more obviously with regions where the wind direction
anomalies (Figure 4(d)) are associated with changes to the Ekman drift, and imply relative advection of
warmer water and air into the warm SST anomaly region. Elsewhere, over the south Indian Ocean, there
are mainly strong wind anomalies (Figure 4(c and d)), and increased cloud (Figure 4(b)), consistent with
the cool SST anomalies. Some patches of strong wind anomalies exist in the north Indian Ocean, but most
of this ocean displays weak wind anomalies and negative cloud anomalies (Figure 4(b–d)), thus, it is not
clear that the SST anomalies here are responding to the atmospheric changes.

By JAS, the MSLP dipole (characteristic of El Niño conditions) is well-established (Figure 2(c)). Warm
conditions have appeared over virtually the entire north Indian Ocean, as well as most of the south Indian
Ocean, as the signal intensifies in the central and equatorial Pacific (Figure 5(a)), and significant increases
in cloud and westerly wind anomalies (Figure 5(b–d)) are found between about 160°E and 135°W. Winds
are weaker (Figure 5(c and d)) over large parts of the tropical western Indian Ocean, but it seems likely
to be mainly the reduction in cloud cover (Figure 5(b)) that is associated with the warmer SST anomalies
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Figure 2. Raw MSLP seasonal El Niño-1 composite anomaly sequences for (a) JFM, (b) AMJ, (c) JAS, and (d) OND over the
period 1878–1989. Dashed (solid) contours denote negative (positive) values. Events used in the composites are given in Table I.

MSLP are in hPa (plotted every 0.2 hPa). Significant t-test areas at the 95% level are stippled
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Figure 3. Raw JFM seasonal El Niño-1 composite anomaly sequences for (a) SST in °C (plotted every 0.1 °C with significant t-test
areas at the 95% level stippled), (b) cloudiness values in oktas (plotted every 0.2 oktas), (c) scalar wind speed in ms−1 (plotted every
0.4 ms−1), and (d) wind vectors in ms−1, with a key to the vector lengths on the figure. Dashed (solid) contours denote negative

(positive) values in (a), (b) and (c). Events used in the composites are given in Table I

over the north Indian Ocean and the central and western tropical south Indian Ocean. Reduced cloud and
weaker winds (Figure 5(b–d)) also occur over parts of the cool region in the eastern south Indian Ocean.
Godfrey et al. (1995) have suggested that changes in sea level and tidal mixing in the Indonesian region
may be responsible for the cool SST, rather than any direct SST response here to cloud cover, or surface
latent and sensible heat fluxes induced by areas of weaker winds. The other region of cool Indian Ocean
SST anomalies is in the southern midlatitudes (Figure 5(a)). This zone has some regions of increased cloud
anomalies (Figure 5(b)), which would be favourable for cool SST anomalies; however, most of the region
shows weaker wind magnitudes (Figure 5(c)), which would tend to work in the opposite direction. It may

Copyright © 2000 Royal Meteorological Society Int. J. Climatol. 20: 1285–1327 (2000)



ENSO AND INDIAN CLIMATE SIGNALS 1293

Figure 4. As in Figure 3, except for AMJ season

be that the relative direction of the wind changes (Figure 5(d)), being mainly westward, often with a
southerly component, is such as to weaken the outflow of warm Agulhas waters east across the southern
midlatitudes.

The following OND period sees major increases in cloud cover in the tropical Southern Hemisphere,
and significantly strengthened positive MSLP anomalies over Australia, southeast Asia and the eastern
Indian Ocean (Figure 2(d)). A less obvious strengthening can be seen across southern and eastern Africa,
while there are negative MSLP anomalies over the tropics to midlatitudes of the western and central south
Indian Ocean. This pattern of MSLP anomalies in the region from Africa to the central longitudes of the
south Indian Ocean may reflect the apparent shift in the local Walker circulation, that often tends to
occur during El Niño events (e.g. Lindesay, 1988). The SST pattern shows warm conditions over all the
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Figure 5. As in Figure 3, except for JAS season

Indian Ocean, excepting small areas of cool SST anomaly in the southern midlatitudes, and in the Timor
Sea region (Figure 6(a)). At this time, the signal in the Pacific Ocean is near its peak (Figure 6(a)) in terms
of both warm SST anomalies extending west of the Americas, to just west of the dateline, and increased
cloud and anomalous tropical westerly anomalies over the region from 160°E to about 135°W. Weaker
winds and reduced cloud (Figure 6(b–d), which are favourable for warmer SST anomalies, tend to be
mainly concentrated in the eastern half of the Indian Ocean. The relative direction of the wind anomalies
(Figure 6(d)) in the western half of the Indian Ocean would tend to favour warmer SST in some cases,
however. For example, in the Arabian Sea region, the direction implies relative convergence of waters
along the coast, and relative downwelling (on average upwelling tends to occur there at least until
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Figure 6. As in Figure 3, except for OND season

October). Similarly, north and east of Madagascar, and along the Tanzanian Coast, the anomalous wind
directions are again favourable for relative downwelling. Further to the east, there are large regions of
relative easterly and northeasterly wind changes (Figure 6(d)), which would imply relative Ekman drift of
warmer waters southwards, as well as relative warm air advection.

In summary, the composite El Niño-1 year begins with mainly cool conditions in the Indian Ocean, and
ends with mainly warm conditions across the basin. This warming of the tropical Indian Ocean appears
to occur more or less at the same time in the north and south Indian Ocean, except for the Indonesian
seas region, which lags behind by at least one seasonal period. Much, but not all, of the SST evolution
appears to be associated with weaker winds and reduced cloud cover, which would favour warming if the

Copyright © 2000 Royal Meteorological Society Int. J. Climatol. 20: 1285–1327 (2000)



C.J.C. REASON ET AL.1296

latter is mainly responding via latent and sensible heat fluxes and upper ocean mixing to the atmospheric
changes. The atmospheric changes may reflect a shift and weakening, particularly during the Southern
Hemisphere warm season (October–March), of the ascending branch of a Walker type circulation
extending across the equatorial to tropical south Indian Ocean (e.g. Tyson, 1986; Lindesay, 1988). A shift
in the ascending branch off tropical southern Africa to the western Indian Ocean may account for regions
of increased cloud near Madagascar, evident during the JFM and OND periods of the composite (Figure
3(b) and Figure 6(b)). Being more dominated by the monsoonal reversal in atmospheric circulation, such
a process is not obvious over the north Indian Ocean region. In terms of timing, the composite suggests
that the signal in the tropical south Indian Ocean may evolve more quickly and coherently than that in
the north Indian Ocean.

3.2. El Niño

During JFM of the El Niño composite (Figure 7(a)), positive MSLP anomalies are evident over almost
all the region north of about 30–40°S, with negative anomalies in the southern midlatitudes. At this stage,
the increase in MSLP over Australia is near its peak, and the region of positive MSLP anomalies in the
global tropics outside the central to eastern Pacific is at its most spatially extensive. In addition, warm
conditions in the central and eastern tropical Pacific have weakened slightly (Figure 8(a)), as have the
westerly wind anomalies near the dateline (Figure 8(c and d)). The cloud anomalies near the dateline have
decreased slightly in magnitude, compared with the preceding period, but now extend to the Americas
(Figure 8(b)). Turning to the Indian Ocean signal, larger areas of cool conditions are present in the
southern midlatitudes during JFM of the El Niño composite, than in the preceding OND period (Figure
6(a) and Figure 8(a)). Elsewhere in the Indian Ocean, warm SST anomalies are evident, with slightly
greater intensity than in the preceding period. Most of the central and eastern tropical/subtropical Indian
Ocean show negative wind and cloud anomalies (Figure 8(b–d)), which would tend to warm local SST.
Stronger winds (Figure 8(c and d)) are seen over most of the southern midlatitudes which, together with
areas of increased cloud anomalies (Figure 8(b)), are consistent with cool SST anomalies there.

As the El Niño signal in the Pacific Ocean begins to attenuate during the AMJ period, the MSLP dipole
across the entire domain dissipates (Figure 7(b)), and warm conditions over the Indian Ocean north of the
southern midlatitudes weaken slightly (Figure 9(a)). Smaller areas of weaker winds (Figure 9(c and d))
and reduced cloud (Figure 9(b)) are now evident in the central and eastern tropical/subtropical Indian
Ocean and winds have significantly strengthened (Figure 9(c)) east of Madagascar. Most of the north
Indian Ocean shows weak wind anomalies and reduced cloud (Figure 9(b–d)) consistent with the SST
anomalies there, being similar in magnitude to, or perhaps even larger, than those in the previous period
(Figure 8(a)).

Conditions during the following JAS period show a complete change in MSLP anomalies towards a
mixed pattern across the domain (Figure 7(c)). Positive anomalies in SST occur over the north Indian
Ocean, and negative anomalies over the southern midlatitudes, whereas the warm signal in the tropical
south Indian Ocean has further weakened (not shown). At the same time, cool anomalies have begun to
appear in the eastern equatorial Pacific (not shown), westerly wind anomalies are no longer present (not
shown), and the thermocline returns towards non-El Niño conditions (e.g. Philander, 1990). The areas of
weaker winds and reduced cloud in the north Indian Ocean that may be associated with the warm SST
anomalies there have contracted slightly compared to the previous period (Figure 9(b–d)). Most of the
central south Indian Ocean, where the largest warm SST anomalies are located, shows weaker winds (not
shown), as well as some areas of reduced cloud (not shown). There are stronger winds throughout most
of the southern midlatitudes (not shown), consistent with the cool SST anomalies there (not shown).

By OND, there are negative MSLP anomalies over the northern Australian/Indonesian region, and
positive MSLP anomalies over the south Pacific (Figure 7(d)). The area of cool SST anomalies in the
southern midlatitudes of the Indian Ocean has expanded into large areas of the tropics of that ocean basin
(not shown), as cool conditions have become established in the central and eastern tropical Pacific Ocean,
along with a return to near climatological strengths of the easterly winds there (not shown). Stronger
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Figure 7. As in Figure 2, except showing El Niño composite sequence
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Figure 8. As in Figure 3, except showing El Niño composite sequence

winds (not shown) now exist over most of the Indian Ocean, except the southeastern region, and may be
associated with this expansion of the cool SST anomalies northwards, and the weakening of the previous
warm anomalies over the tropical Indian Ocean. Large areas of increased cloud (not shown) are also
evident over much of the Indian Ocean, again favourable for weakening of the previously warm SST
anomalies.

Thus, during the El Niño composite year, the Indo-Pacific MSLP dipole deteriorates, and the pattern
of warm SST anomalies, except in the southern midlatitudes, slowly weakens throughout the year, so that
the meridional gradient in SST anomaly in the subtropical south Indian Ocean significantly reduces. As
with the El Niño-1 composites, it appears that the evolution in SST anomalies are broadly consistent with
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Figure 9. As in Figure 8, except for AMJ season

regions of anomalously weaker winds and reduced cloud for positive SST anomalies, and stronger winds
and cloudier conditions where SST is cooler. This evolutionary pattern, therefore, suggests that the SST
sequence mainly responds to changes in surface latent and sensible heat fluxes, and upper ocean mixing
driven by the atmospheric changes. The JFM and AMJ periods immediately following the El Niño-1
composite also shows increased cloud cover east and north of Madagascar, which may reflect a shift in
the ascending branch of a south Indian Ocean Walker circulation, as was suggested for the El Niño-1
composite.
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3.3. La Niña-1

At the beginning of the sequence in the JFM season, MSLP anomalies show a rather mixed picture
across the domain (Figure 10(a)). Most of the tropical Indian-Pacific to about 150°W displays warm SST
anomalies, while conditions in the eastern Pacific are cool (warm) south (north) of the equator (Figure
11(a)). With the exception of the region south and southeast of Madagascar, and that immediately south
of Australia, warm conditions prevail throughout the Indian Ocean (Figure 11(a)). Wind anomalies are
relatively small throughout the tropical Pacific, except in the central equatorial region (Figure 11(c and
d)), and represent stronger trade winds. Large areas of increased cloud are evident in the central and
eastern equatorial Pacific Ocean, with negative anomalies in the western tropical Pacific Ocean (Figure
11(b)). In the Indian Ocean, wind anomalies are small, but negative over large areas (Figure 11(c and d)).
Cloud cover is slightly increased over most of the north Indian Ocean, except off the Somali Coast, and
decreased over large south Indian Ocean areas (Figure 11(b)). The north Indian Ocean SST anomalies are
weakly positive (Figure 11(a)), and partially correspond to the areas of weaker winds. Both the SST
warming, and the areas of weaker wind anomalies are, somewhat more intensified in large parts of the
central to southeastern south Indian Ocean (Figure 11(a–d)). Large areas of decreased cloud are also
evident (Figure 11(b)) which, with the weaker wind anomalies, would be favourable for warming of SST
via changes to insolation and surface latent and sensible heat fluxes. The cool regions south of Australia,
and in the southwest Indian Ocean, correspond to some extent with areas of increased winds and cloud
cover (Figure 11(a–d)).

By the AMJ period, negative MSLP anomalies over the Indian Ocean to Australian regions, and
positive MSLP anomalies across the Pacific Ocean, have begun to show the structure indicative of the La
Niña phase of ENSO (Figure 10(b)). A pronounced cool anomaly is evident across the tropical Pacific,
almost as far as the Philippines and Papua New Guinea (Figure 12(a)), with stronger trades throughout
much of the western and central tropical Pacific (Figure 12(c and d)). The maritime continent region, and
parts of the tropical to subtropical south Indian Ocean, have remained warm, while most of the north
Indian Ocean now displays cool anomalies, as does the southwest Indian Ocean, and subtropical to
midlatitude waters near Western Australia (Figure 12(a)). Wind anomalies in the Indian Ocean tend to be
negative (Figure 12(c and d)) near regions of warmer SST, and 6ice 6ersa, suggesting that wind driven
changes to surface fluxes and upper ocean mixing may be contributing to the SST changes. The cloud
signal is less clear but regions of increased cloud (Figure 12(b)) tend to correspond to cool SST, and 6ice
6ersa, indicating that the SST signal in the Indian Ocean may also respond to changes in insulation.

During JAS, the Indo-Pacific dipole in the MSLP anomaly fields (Figure 10(c)) strengthens in the La
Niña configuration. This is a time of intensified cool conditions in the central and equatorial Pacific, and
enhanced trade winds in the central and western equatorial Pacific (Figure 13(a–d)), while almost all the
tropical Indian Ocean west of 90°E is cool (Figure 13(a)). The Bay of Bengal region, Indonesian Seas, and
their extension along the Western Australian Coast remain warm. The other area of warm Indian Ocean
SST is in the region of the Agulhas Current system and its outflow across the southern midlatitudes
(Figure 13(a)). The warmer Indonesian seas region experiences easterly anomalies in the western
equatorial Pacific, and anomalous northwesterlies in the eastern equatorial Indian Ocean, together with
reduced wind magnitudes (Figure 13(c and d)). Elsewhere in the Indian Ocean, winds are generally
stronger in the central and western tropical to subtropical Indian Ocean (Figure 13(c and d)), and cloud
cover increased (Figure 13(b)), consistent with the cooler SST over most of this region.

At the end of the composite year, OND, the east–west dipole in MSLP, reflecting a positive SOI phase,
is strong and well-established (Figure 10(d)). The cool SST signal in the tropical Pacific is approaching its
maximum, in conjunction with the region of enhanced easterly wind anomalies (Figure 14(a–d)), while the
remaining warm region in the Indonesian Seas region has contracted, so that the entire north Indian
Ocean is cool (Figure 14(a)). Only the waters near Western Australia and the southwest Indian Ocean are
still showing warm anomalies. Almost the entire north Indian Ocean shows stronger winds (Figure 14(c)),
consistent with cooler SST, and there are regions of increased cloud east of India (Figure 14(b)). The
warm tongue of SST extending northwest from Australia seems to correspond to weaker easterly trades
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Figure 10. As in Figure 7, except showing La Niña-1 composite sequence
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Figure 11. As in Figure 8, except showing La Niña-1 composite sequence

and to increased cloud cover (Figure 14(c and d)) linked to the commencement of the Australian monsoon
season. In the central south Indian Ocean, there are large areas of stronger winds overlying the cool SST
(Figure 14(a–d)), as well as regions of increased cloud here (Figure 14(b)). The warm SST in the
midlatitude south Indian Ocean corresponds to some extent with weaker winds (Figure 14(a–d)) and
reduced cloud (Figure 14(b)).

In summary, the La Niña-1 composite shows the development of the strong MSLP dipole across the
Indo-Pacific domain, indicative of a positive phase in the SOI. The SST anomaly sequence indicates that
an initially largely warm Indian Ocean evolves throughout the year to be mainly cool by the end of the
year, except in the central southern midlatitudes, and northwest of Australia. The waters west and south
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Figure 12. As in Figure 11, except for AMJ season

of Sumatra are, like the El Niño-1 signal, slowest to display the signal. Although there is some variation
in the correspondence of the patterns, the essential feature appears to be one of cool SST regions
corresponding to stronger winds and increased cloud and 6ice 6ersa. This feature suggests that the SST is
responding to the atmospheric changes via modulations of the surface latent, and sensible heat fluxes and
upper ocean mixing. At least the OND period of the composite shows reduced cloud north, and
immediately east, of Madagascar (the opposite of the El Niño-1), which may reflect a shift of the
ascending branch of the tropical south Indian Ocean Walker circulation to lie over southern Africa
(consistent with the lower pressure there), and less convection than usual over the southwest Indian
Ocean.
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Figure 13. As in Figure 11, except for JAS season

3.4. La Niña

At the beginning of the composite year, JFM, the MSLP dipole dominates the domain, and is at its
maximum intensity (Figure 15(a)). Cool conditions in the tropical Pacific have weakened slightly from the
preceding period, as have the enhanced easterlies near the dateline (Figure 16(a–d)). Meanwhile, almost
the entire tropical Indian Ocean shows cool anomalies, with warm conditions in the subtropical to
midlatitude south Indian Ocean (Figure 16(a)). Winds are stronger over most of the north Indian Ocean
and large areas of the tropical south Indian Ocean (except near Madagascar; Figure 16(c and d)), a
pattern consistent with the cooler SSTs over much of the basin. Further south, in the Indian Ocean, most
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Figure 14. As in Figure 11, except for OND season

of the subtropical to midlatitude south Indian Ocean shows weaker winds (Figure 16(c and d)) that
suggest thermodynamic links with the warmer SSTs at these latitudes (Figure 16(a)). The cloud patterns
are more complex, but favour increased cloud over much of the north Indian Ocean (except near the
Indian and Pakistani coasts), and eastern to central longitudes of the tropical south Indian Ocean (Figure
16(b)), once again consistent with cool SST anomalies there (Figure 16(a)). The southwest Indian Ocean
shows a less obvious relationship between cloud and SST, although there are some regions of decreased
cloud near regions of warm SST, and 6ice 6ersa (Figure 16(a and b)).
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Figure 15. As in Figure 10, except showing La Niña composite sequence
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Figure 16. As in Figure 11, except showing La Niña composite sequence

For the following AMJ period, the MSLP dipole begins to collapse across the Indo-Pacific region, with
weakening positive MSLP anomalies in the Pacific, and reduced negative MSLP anomalies over
Australasia (Figure 15(b)). Cool conditions have intensified slightly in the tropical Indian Ocean, and also
extend further south into parts of the midlatitude south Indian Ocean (Figure 17(a)), as the La Niña
signal in the Pacific has weakened further (particularly as far as the wind anomalies are concerned), and
lost some coherency in pattern (Figure 17(c and d)). Strong wind anomalies now exist throughout almost
the entire north Indian Ocean and large parts of the tropical south Indian Ocean (Figure 17(c and d)), as
expected if the SST changes are being driven by the wind. However, there is a sizeable region north and
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Figure 17. As in Figure 16, except for AMJ season

east of Madagascar, which shows both weaker winds and reduced cloud cover (Figure 17(b–d)), which
might suggest warmer SST if the SST is only responding to the atmospheric forcing via local thermody-
namic effects. The wind anomalies (Figure 17(c and d)) off the Tanzanian and east Madagascar coasts
represent a weakening of the climatological southeasterly trades, and perhaps may reflect a decrease in
convergence of warm surface waters near the coast, leading to relative cooling of SST there. Further
south, the region of warm midlatitude SST anomalies corresponds to some extent to areas of weaker
winds and reduced cloud (Figure 17(b–d)).
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During JAS, the MSLP dipole weakens further, particularly over Australia and the Indian Ocean
(Figure 15(c)). The cool SST anomalies in the tropical Pacific have weakened further, and some warm
anomalies have appeared off the coast of Peru (not shown), as the wind anomalies are significantly
reduced in magnitude (not shown). Similarly, the cool SST anomalies in the tropical Indian Ocean have
been attenuated, as have the warm midlatitude anomalies in the south Indian Ocean (not shown). This
situation is reflected by the appearance of some regions of weaker winds (not shown) in the tropical
Indian Ocean, although cloud anomalies are mainly positive (not shown). Most of the southern
midlatitudes of the Indian Ocean show weaker winds (not shown), consistent with warmer SST, but more
mixed signals in cloud cover anomalies (not shown). In the eastern tropical south Indian Ocean, there is
weakening of the southeasterly trades (not shown), which would be favourable for the warming observed
in the Indonesian Seas region (not shown).

The final period, OND, still sees a weak MSLP dipole in a similar alignment to that observed in the
previous JAS season (Figure 15(c and d)). It is, thus, not surprising that similar SST anomalies to the
preceding period (not shown) occur in both the Indian and tropical Pacific Oceans, except that the warm
Indonesian seas region has cooled, as has that near Peru. The wind magnitudes and directions (not
shown) are also similar to the preceding JAS period in both the Indian and tropical Pacific Oceans,
reflecting the weakening La Niña signal there. Large areas of reduced cloud anomaly (not shown) are now
apparent in the tropical western Indian Ocean, favourable for weakening of the cool SST anomaly there
(not shown). However, in the western half of the southern midlatitudes, stronger winds observed
previously (not shown) are now largely reduced in magnitude (not shown), and appear to correspond to
a warming in the region south of Africa.

In summary, it appears that the basic La Niña signal in Indian Ocean MSLP and SST anomalies
remains throughout the composite year, although a noticeable weakening is evident. This weakening of
the signal is broadly consistent with the evolution in the wind and cloud cover anomalies throughout the
composite period, although the relationship of cool SST, where winds are stronger and cloud increased,
and 6ice 6ersa, is less obvious than during the preceding La Niña-1 composite year. Presumably, other
processes, such as dynamical adjustment of the ocean circulation to the winds and, as suggested by
Godfrey et al. (1995), tidal mixing in the Indonesian Seas may contribute, together with thermodynamic
effects, to observed SST changes in the Indian Ocean. Most of the composite year shows reduced cloud
cover near Madagascar, which is consistent with an intensified ascending branch of the Walker circulation
over tropical southern Africa and reduced convection over the tropical southwest Indian Ocean during La
Niña events (Tyson, 1986; Lindesay, 1988).

4. QB AND LF BAND SEASONAL COMPOSITES OF MSLP AND SST ANOMALIES

4.1. El Niño-1

The JFM season at the start of this sequence shows somewhat contradictory signals between QB and
LF MSLP anomaly patterns, and mixed SST distributions (Figure 18(a–d). On the QB band, the MSLP
distribution is more indicative of La Niña conditions, while the LF MSLP pattern is suggestive of an El
Niño configuration (Figure 18(a and c)). As much of the raw MSLP signal is carried by the QB and LF
bands, the tendency for opposite phases of ENSO to occur in these bands at this time may lead to a very
mixed raw JFM MSLP composite signal in Figure 2(a). The SST patterns on the QB and LF bands are
less distinct, although the QB exhibits something of a weak La Niña structure across the Pacific (Figure
18(b)). In the Indian Ocean, the QB band suggests a weak SST dipole structure, particularly over the
eastern portion on the basin (Figure 18(b)).

For the second season, AMJ, both the QB and LF bands for MSLP show varying degrees of an El
Niño signal (Figure 19(a and c)). However, the LF distribution is far more coherent and robust across the
Indo-Pacific domain, and appears to carry the bulk of the developing El Niño pattern in the raw MSLP
anomaly field (Figure 2(b)). For SST, both bands have varying degrees of the El Niño signal, but the LF
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Figure 18. Band pass filtered JFM seasonal El Niño-1 composite sequences of (a) QB (2–2.5-year) band MSLP, (b) QB (2–2.5-year)
band SST, (c) LF (2.5–7-year) band MSLP, and (d) LF (2.5–7-year) band SST anomaly fields over the period 1878–1994. Events
used in the filtered composites are given in Table I. MSLP are in hPa (plotted every 0.1 hPa), and SST are in °C (plotted every

0.1°C). Dashed (solid) contours denote negative (positive) values. Significant t-test areas at the 95% level are stippled

Figure 19. As in Figure 18, except for AMJ season

band has a far more coherent warm SST anomaly across the equatorial central–eastern Pacific (Figure
19(b and d)). Over the Indian Ocean, there is little evidence of the underlying dipole pattern in SST across
the eastern portion of the basin in the raw composite (Figure 4(a)), but both QB and LF bands show
distinct but somewhat contrary dipole patterns in that region (Figure 19(b and d)). Consequently, the
superposition of the QB and LF signals leads to the loss of these patterns in the raw SST composite. This
is an important finding during the AMJ season, as Australian studies indicate the tendency for such SST
dipole patterns to develop around the austral autumn (boreal spring) season (Nicholls, 1989; Drosdowsky,
1993a,b; Smith, 1994; Allan et al., 1996). These SST dipole stuctures have been linked with Australian
rainfall variability. It would seem that a predominance of slightly different eastern Indian Ocean SST
dipole patterns can emerge if either of the QB or LF bands is dominant over the other at this time of the
year.
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By JAS, the MSLP anomaly fields show that, although both bands have similar dipole patterns, the LF
band is the major source of the El Niño signal in MSLP across the domain (Figure 20(a and c)). This can
be clearly seen if the raw MSLP signal in Figure 2(c) is contrasted with Figure 20(a and c). A similar
situation is evident with regard to SST anomalies, where the LF band has a pronounced warm SST signal
across the tropical Pacific, with positive anomalies also in the far western and central Indian Ocean
(Figure 20(b and d)), displaying a similar pattern to the raw SST signal though enhanced in magnitude
(Figure 5(a)). Only a moderate to weak equatorial Pacific warming pattern is evident on the QB band,
with weak SST structures in the Indian Ocean Basin including an eastern Indian Ocean dipole (Figure
20(b)). However, on the LF band, both the western and eastern portions of the Indian Ocean show
evidence of distinct dipole structures, in a pattern containing the dipole of Chambers et al. (1999), Saji et
al. (1999) and Webster et al. (1999). Interestingly, the studies noted above, in the previous season of the
sequence, suggest that a number of eastern Indian Ocean dipole patterns can occur. As a result, such SST
dipole structures can provide varying degrees of influence on the spatial alignments of atmospheric
moisture feeding into parts of the Australian continent via tropical-temperate cloud band systems linked
to prefrontal troughs ahead of midlatitude cold frontal passages.

By the end of the El Niño-1 sequence in OND, a strong El Niño signal is apparent, with the LF MSLP
band again dominant (Figure 21(a and c)). At this time, the positive MSLP anomaly over Australasia is
particularly coherent on the LF band, with a secondary centre over southern Africa and negative MSLP
anomalies over much of the central–eastern Pacific and in the central south Indian Ocean. However, both
bands can be seen to contribute elements to the overall raw MSLP pattern in Figure 2(d). With the SST
anomaly fields, the LF band is again dominant, although the overall raw SST pattern (Figure 6(a)) is also
shaped by contributions from the QB signal (Figure 21(b and d)). The eastern Indian Ocean dipole
pattern is most evident in the filtered SST fields on the LF configuration (Figure 21(d)), and contains the
mature stage of the dipole of Chambers et al. (1999), Saji et al. (1999) and Webster et al. (1999). As noted
earlier, the raw SST pattern loses much of the distinct eastern Indian Ocean dipole if both the QB and
LF signals are closely aligned, and in this case would be most defined under conditions where the LF
band prevails over the QB band.

To summarize, the El Niño-1 sequence in the QB and LF bands shows that the evolution of an El Niño
event in MSLP and SST anomaly fields is most strongly manifest on the LF band. However, as the event
approaches significant proportions, the QB band makes increasingly important contributions to the
overall patterns in both MSLP and SST anomaly fields. Over the Indian Ocean Basin, the evolving El
Niño signal across the western–central parts of the basin can also be seen to embrace the changing nature

Figure 20. As in Figure 18, except for JAS season
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Figure 21. As in Figure 18, except for OND season

and structure of SST dipole patterns over the eastern portion of the region. Such dipoles are carried on
both the QB and LF bands, but are often lost in the superposition of these signals into the raw SST
composites. Thus, manifestations of such SST dipole patterns are most likely to be enhanced in particular
El Niño events, when one of either the QB or LF signals is dominant over the other.

4.2. El Niño

The mature phase of an El Niño event across the Indo-Pacific domain tends to be reached by the JFM
season. During this period, the LF band continues to carry the strongest MSLP signal, with there being
important contributions from the QB band (Figure 22(a and c)). This nature is also reflected in the
patterns of SST in both bands, with the structure inherent in the raw data (Figure 8(a)) dominated by the
contribution from the LF distribution (Figure 22(b and d)). During this season there is no evidence of
distinct SST dipole patterns across the Indian Ocean Basin, apart from the north–south gradient in SST

Figure 22. As in Figure 18, except showing El Niño composite sequence

Copyright © 2000 Royal Meteorological Society Int. J. Climatol. 20: 1285–1327 (2000)



ENSO AND INDIAN CLIMATE SIGNALS 1313

typical of the El Niño response, where strong warming occurs over all but the southern midlatitudes of
that ocean.

By AMJ, the El Niño event begins to show signs of waning, as the MSLP east–west dipole pattern
across the Indo-Pacific region is strongly carried on the LF band (Figure 7(b) and Figure 23(a and c)).
In fact, the QB band has already begun to show signs more in line with La Niña conditions than El Niño
(Figure 23(a)). As a consequence of the disparity between the QB and LF MSLP signals, the Pacific node
of the MSLP dipole, indicative of the Southern Oscillation, is much weaker in the raw MSLP field (Figure
7(b)). The SST fields confirm much of what is seen in the MSLP data in the QB and LF bands. The LF
SST pattern (Figure 23(d)) is the only one to show anything of the El Niño signal in either ocean basin.
Across the Indian Ocean, the QB band carries strong western and eastern Indian Ocean SST dipoles,
which show little manifestation in the raw SST field in this season (Figure 9(a) and Figure 23(b)). This
finding is again important for Australia, and possibly southern Africa (Lindesay, 1988; Walker, 1990;
Mason, 1995; Rocha and Simmonds, 1997a,b; Reason, 1998), with the prospect of varying Indian Ocean
SST controls on rainfall systems depending very much on the balance between QB and LF signals.

As the sequence shifts to the JAS period, the El Niño event has collapsed in the atmosphere. MSLP
conditions in the QB band are now indicative of a weak La Niña episode, and the LF band MSLP
anomalies are dominated by negative MSLP across most of the Indo-Pacific region (Figure 24(a and c)).
With the SST fields, weak to moderate El Niño-like conditions are still evident in both the Indian and
Pacific Ocean Basins in the LF band (Figure 24(d)). However, this is countered by something approaching
a weak La Niña pattern in equatorial Pacific SSTs on the QB band (Figure 24(b)). Nevertheless, the raw
SST anomalies (not shown) indicate that the LF signal is still dominant in most regions, with weakening
El Niño conditions over the Indo-Pacific Basin. Both the QB and LF bands show a hint of western and
eastern Indian Ocean SST dipole structures.

By the end of the sequence in OND, the QB band continues to favour weak–moderate La Niña
conditions with an MSLP dipole across the Indo-Pacific domain carrying a positive SOI pattern (Figure
25(a)). On the other hand, the LF MSLP signal is very incoherent, and leads to the overall raw MSLP
pattern being ill-defined (Figure 7(d) and Figure 25(c)). Not surprisingly, the SST distributions in the QB
and LF band and the raw signal are mixed. Interestingly, the raw SST pattern shows a mixture of weak
La Niña conditions in the Pacific, and weak El Niño in the Indian Ocean Basins (not shown). Relatively
weak dipole patterns remain evident in the Indian Ocean on the LF band.

Figure 23. As in Figure 22, except for AMJ season
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Figure 24. As in Figure 22, except for JAS season

Figure 25. As in Figure 22, except for OND season

In summary, the demise of El Niño during this sequence is found to be most strongly manifest on the
QB band, where there is a rapid switch to La Niña-like patterns in MSLP and SST anomalies after the
JFM peak in the phenomenon. On the LF band, there is a quite definite tendency for El Niño conditions
to persist throughout much of the sequence, particularly with regard to SSTs in the Indian Ocean region.
As with the evolution into an El Niño, the austral autumn–winter (boreal spring–summer) shows a
strong tendency to favour SST dipole patterns in the eastern portion of the Indian Ocean on the QB band.
Such structures are overwhelmed when the LF band is strong, but would be very prominent in
circumstances when the QB signal is dominant.

4.3. La Niña-1

In the JFM period beginning this sequence, the MSLP patterns in the QB and LF band and the raw
data show a fairly disorganized response across the Indo-Pacific region that favour neither El Niño or La
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Figure 26. As in Figure 18, except showing La Niña-1 composite sequence

Niña conditions (Figure 10(a) and Figure 26(a and c)). The SST anomaly fields in both the QB and LF
bands are indicative of a weak warm event across the tropical Indo-Pacific Basin (Figure 26(b and d)).
Over the Indian Ocean, there is a suggestion of a SST dipole pattern on both western and eastern margins
of the basin in the QB band. Not surprisingly, the poor structural nature of the SST data in the Pacific
on the QB and LF bands is reflected in the raw SST pattern, while in the Indian Ocean the LF band
appears to dominate (Figure 11(a)).

By AMJ, the LF band begins to show evidence of a developing La Niña event in MSLP, with the
formation of a dipole pattern across the Indo-Pacific domain that is indicative of the positive phase of the
Southern Oscillation (Figure 27(c)). The QB band has something of the positive MSLP node of the dipole
in the Pacific, but is mixed in its MSLP pattern over the western Pacific and Indian oceans (Figure 27(a)).
As expected, the SST anomalies show most signs of an evolving La Niña through the cool SSTs along the
western–eastern equatorial Pacific on the LF band (Figure 27(d)). On the QB band, the SST signal is still
quite disorganized, although there is a strong suggestion of the development of a cold SST ‘tongue’ in the

Figure 27. As in Figure 26, except for AMJ season
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far eastern equatorial Pacific (Figure 27(b)). As with the MSLP signal, the SST anomaly field in the raw
SST composite shows the dominance of the LF band La Niña pattern in the Pacific (Figure 12(a)). As in
the austral autumn (boreal spring) of the El Niño sequences, there is evidence of SST dipole patterns over
the Indian Ocean, on the QB band in this case (Figure 27(b)).

For the JAS season, La Niña characteristics are far more evident and show greater coherency across the
entire domain. As witnessed during the previous seasons of this sequence, the LF band continues to carry
the bulk of the La Niña signal in the MSLP field (Figure 28(c)). In addition, the QB band contributes
through the positive MSLP anomaly over the Pacific Ocean Basin (Figure 28(a)). The SST anomaly
patterns on the QB and, particularly, LF bands show a reinforcement of La Niña conditions across the
Pacific Ocean in particular (Figure 28(b and d)), and provide the impetus for a strengthening of the raw
SST signal in this season (Figure 13(a)). Once again, SST dipole patterns are evident over the Indian
Ocean in each of the QB and LF SST anomaly fields, but slightly contrary spatial alignments on these
bands lead to a less clear picture in the raw SST composite (Figure 13(a)). There is some suggestion on
the LF band of a SST pattern containing the dipole of Chambers et al. (1999), Saji et al. (1999) and
Webster et al. (1999), but with the reversed SST anomalies in western and eastern Indian Ocean nodes.

The final season in the La Niña-1 sequence, OND, sees the strong and coherent MSLP dipole pattern
in the raw data (Figure 10(d)) carried mainly on the LF MSLP band (Figure 29(c)). There is some support
from the QB band, but the signal is much reduced in magnitude when compared with that on the LF band
(Figure 29(a and c)). A similar situation applies with regard to the raw SST composite (Figure 14(a)),
which receives the bulk of its pattern from the dominant LF band across the entire Indo-Pacific domain
(Figure 29(b and d)). During this season, both bands show some evidence of an eastern Indian Ocean SST
dipole, as well as a strong north–south SST dipole, linked to the La Niña over the western and central
Indian Ocean on the LF band (Figure 29(d)), but a less coherent pattern in the QB. As a result, the
superposition of these bands is enough to bring up an eastern Indian Ocean dipole in the raw SST
composite (Figure 14(a)), and highlights the fine balance in the system with regard to the contributions
that significant signals make to the net result.

Overall, the La Niña-1 sequence showing the evolution towards the mature stage of the event is strongly
dominated by fluctuations in MSLP and SST anomalies occurring on the LF band. Unlike the El Niño-1
sequence discussed earlier, the QB band is noticeably weaker in its contribution to the La Niña signal, in
either MSLP or SST anomalies. This situation may explain why various studies have found evidence that
the El Niño phase of ENSO is more robust and dominant when it occurs than is the La Niña. With SST
dipole patterns in the Indian Ocean, there is evidence of their importance at various times during the La

Figure 28. As in Figure 26, except for JAS season
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Figure 29. As in Figure 26, except for OND season

Niña-1 sequence, although they are perhaps not as pronounced during the austral autumn (boreal spring)
season as they are in the El Niño-1 evolution.
4.4. La Niña

This sequence begins in the JFM season when the La Niña event across the Indo-Pacific domain is seen
to reach its mature phase. In the MSLP anomaly fields, this can clearly be seen in the LF band (Figure
30(c)) where the bulk of the contribution to the raw MSLP field in Figure 15(a) is found. As in the La
Niña-1 sequence, the QB band provides weaker support to the overall La Niña signal (Figure 30(a)). With
SST anomalies, the QB signal shows a similar pattern (but weaker in magnitude) to that on the LF band,
and both contribute to the raw SST signal (Figure 30(b and d) and Figure 16(a)). At this time, the strong
La Niña signal in SST is most evident, with a pronounced north–south dipole over the central–western
Indian Ocean being prominent on both bands. A weak SST dipole is also seen over the eastern portion
of the Indian Ocean (Figure 30(b and d)).

Figure 30. As in Figure 18, except showing La Niña composite sequence
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Figure 31. As in Figure 30, except for AMJ season

By the AMJ season, the La Niña signal begins to show signs of waning. The MSLP La Niña signal
continues to be most strongly manifest on the LF band (Figure 31(c)), with a very fragmented picture of
MSLP on the QB band (Figure 31(a)). As in the previous season, the raw MSLP signal (Figure 15(b)) is
strongly modulated by the MSLP pattern on the LF band. The SST signal is once again mainly carried
by the LF band over the Pacific (Figure 31(d)), but there appears to be a more equal contribution to the
raw SST pattern over the Indian Ocean from both bands (Figure 17(a) and Figure 31(b and d)). This is
the one austral autumn (boreal spring) composite in which there is poor definition of an SST dipole over
the eastern portion of the Indian Ocean basin in either band (Figure 31(b and d)).

La Niña conditions continue to wane during the JAS composite, with the remaining signal of the MSLP
dipole across the Indo-Pacific region being carried on the LF band (Figure 32(c)). Interestingly, the QB
band MSLP anomaly pattern is beginning to show a structure not unlike a weak El Niño event (Figure
32(a)). Nevertheless, the major contribution to the raw MSLP signal continues to come primarily from the
LF band (Figure 15(c) and Figure 32(a and c)). With SSTs, the situation is similar to that with MSLP on

Figure 32. As in Figure 30, except for JAS season
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the QB and LF bands. The bulk of the raw SST pattern (not shown) is found on the LF SST band
(Figure 32(d)), with an SST pattern indicative of weak El Niño conditions across the central–eastern
equatorial Pacific on the QB SST band (Figure 32(b)). In the Indian Ocean, there are distinct SST
dipole patterns over the eastern portions of the basin on both QB and LF bands, with the former also
tending to show a weak SST dipole in the western Indian Ocean (Figure 32(b and d)). However, none
of these dipoles in SST is evident in the raw SST field during this season (not shown), as a result of
the different spatial locations of these in the QB and LF bands.

The final season in the sequence, OND, sees the LF MSLP band anomaly again carrying the bulk
of the raw MSLP signal over the Pacific (Figure 15(d) and Figure 33(a and c)). Although continuing
to wane, a La Niña signal is still evident, but the QB band now has MSLP anomalies indicative of a
dipole in the negative SOI phase (Figure 33(a)). Given the strong ocean–atmosphere coupling in the
system, SST anomaly patterns on the QB and LF bands reflect the structures observed in the MSLP
composites. The raw SST pattern (not shown) continues to show a persistence of weak La Niña
conditions, but over the Pacific Ocean this is coming almost exclusively from the LF band (Figure
33(d)). As in the previous season, El Niño conditions are favoured over the Pacific on the QB SST
band (Figure 33(b)). The persistence of a weak north–south SST dipole in the La Niña configuration
over the Indian Ocean in the raw SST anomaly field (not shown), comes from the QB (LF) band in
the western (eastern) portion of the basin (Figure 33(b and d)). In the tropical eastern south Indian
Ocean, the LF SST band (Figure 33(d)) shows the strongest realization of an SST dipole, but this is
greatly reduced by the QB band anomalies, so that little evidence of a dipole exists in the raw data
(not shown).

In summary, the waning of the La Niña conditions across the equatorial Pacific in this sequence is
most evident on the QB band in both MSLP and SST anomalies. In fact, the JAS and OND
composites show a distinct shift to El Niño conditions in both fields on the QB band. Interestingly,
the weakening of the La Niña event discussed above is far less advanced over the course of
this sequence than was seen earlier for the El Niño event during its comparative sequence. Over the
Indian Ocean, the La Niña conditions given by the north–south SST dipole show a tendency to be
more evenly supported by both the QB and LF bands. Distinct SST dipoles over the eastern portion
of the Indian Ocean Basin are most evident in the JAS composite, but in all cases are best resolved in
these band pass filtered examinations of the raw data that reveal the QB and LF bands as separate
entities.

Figure 33. As in Figure 30, except for OND season
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5. ENSO–RAINFALL CORRELATIONS IN THE QB AND LF BANDS

5.1. Interannual QB and LF ENSO

Global patterns of significant, simultaneous seasonal correlations between QB and LF joint MSLP and
SST EOF time series from Hulme (1992) and Allan (2000) raw rainfall data are shown in Figure 34(a and
b). These correlations reveal a pattern that reflects the well documented ENSO-sensitive regions on
interannual time scales. However, several interesting aspects of these relationships over the Indian Ocean
region are found, when rainfall correlations on the QB and LF bands are examined separately. In fact,
the physical basis for the various rainfall correlation responses are evident, not only in the spatial
components of the seasonal EOF patterns linked to the study of Allan (2000), but also in the MSLP and
SST fields of the El Niño-1, El Niño, La Niña-1, and La Niña composites detailed in Section 4. Thus, not
only oceanic temperature fields can be assessed, but also atmospheric circulation and general flow from
an inspection of MSLP gradients.

Over southern Africa, the ENSO response in JFM (mature season) is strongest on the QB band (Figure
34(a)) and is reinforced by the relatively weaker response of the LF pattern (Figure 34(b)). Such a
structure is consistent with previous work aimed at understanding the role of the stratospheric QB
Oscillation in modulating ENSO influences over that part of the African continent (Mason and Tyson,
1992; Mason and Lindesay, 1993; Jury et al., 1994; Mason, 1995). Southern African rainfall influences
during the JFM season can be deduced from the corresponding mature phase El Niño and La Niña QB
and LF composites of MSLP and SST anomalies in Figure 22(a–d) and Figure 30(a–d). On both bands,
it is the combination of SST and circulation anomalies across southern Africa and the adjacent western
Indian Ocean region that dictates the rainfall situation. During El Niño (La Niña) events on the QB band,
more meridional south–southwesterly (east–southeasterly) flow anomalies across the region are directed
over cooler (warmer) SSTs in the surrounding Atlantic and Indian Ocean waters, and thus bring dry
(moist) conditions to southern Africa. This results in a stronger rainfall response in the region than occurs
as a consequence of patterns on the LF band, where El Niño (La Niña) events are marked by strong, and
more zonal west–southwesterly (easterly) wind anomalies directed over warmer (cooler) SST anomalies in
the surrounding Atlantic and Indian Ocean waters, and thus bring less distinct rainfall conditions to
southern Africa.

In the East African and Sri Lankan regions, peak ENSO signals occur during the OND season in both
QB and LF rainfall correlations (Hastenrath et al., 1993). Over the latter area, the rainfall response is
more evenly divided between the QB and LF bands. However, in East Africa, the principal rainfall
response tends to be found most strongly on the QB band. This is supported by the MSLP and SST
anomaly fields during OND (Figure 21(a–d) and Figure 29(a–d)), where the QB band shows that during
El Niño (La Niña) events more zonal easterly (westerly) flow anomalies over the central Indian Ocean
(across East Africa) direct winds towards (away from) the region and across generally warm SST
anomalies, and, thus, enhance (suppress) rainfall production. On the LF band during El Niño (La Niña)
events, there are substantial positive (negative) pressure anomalies, which would tend to suppress
(enhance) convection, and, therefore, provides less likelihood of increased (decreased) rainfall than on the
QB band.

In the Sri Lankan region, the more even rainfall response on both bands (Suppiah, 1988) can be
explained by reference to the MSLP and SST anomaly fields during the OND season in Figure 21(a–d)
and Figure 29(a–d). During El Niño (La Niña) events on the QB and LF bands, stronger south–
southeasterly (north–northwesterly) wind anomalies dominate in a region of warmer (cooler) SSTs over
the northern Indian Ocean, and the Sri Lankan rainfall regime is enhanced (suppressed).

Across two of the prime ENSO-sensitive areas of the globe in India and northern–eastern Australia, the
balance between QB and LF bands is variable, and either signal can play an important role in regional
ENSO impacts. The Indian situation is most pronounced in JAS during the southwest summer monsoon
(Figure 20(a–d) and Figure 28(a–d)). During strong El Niño (La Niña) events over India on the QB
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Figure 34. Global maps of statistically significant seasonal correlations between the joint EOF 1 time series and land, plus island
raw precipitation data from Hulme (1992) in (a) the 2–2.5-year band, and (b) in the 2.5–7-year band for the period of 1900–1994.
Positive and negative correlations that are statistically significant at the 95% level are indicated by the plus and minus signs,

respectively. After Allan (2000)

Copyright © 2000 Royal Meteorological Society Int. J. Climatol. 20: 1285–1327 (2000)



C.J.C. REASON ET AL.1322

band, the southwest monsoon flow tends to be suppressed (enhanced) and SSTs are cooler over the
Arabian Sea and the Bay of Bengal (warmer in the Bay of Bengal) with lower (higher) rainfall.

The principal rainfall responses on the QB and LF bands over northern–eastern Australia are evident
during the JAS, OND and JFM seasons. In the AMJ austral autumn (boreal spring) season of ‘spring
frailty’, or the time of the ‘predictability barrier’, the least robust correlation patterns of any season in
both the QB and LF bands are found. For the JFM season, the QB band rainfall correlation pattern
shows a more significant and coherent response over the northern Australia region than the LF band
(Figure 34(a and b)). This can be explained dynamically, in that on the QB band during El Niño (La
Niña) events west–southwesterly (northerly) wind anomalies dominate, and flow is directed across
northern Australia with warmer (cooler) SSTs in the surrounding waters (Figure 22(a and b) and Figure
30(a and b)). On the LF band in El Niño (La Niña) events, the very strong high (low) MSLP anomalies
would tend to suppress (enhance) convection with monsoonal winds flowing over warmer (generally
cooler) SSTs (Figure 22(c and d) and Figure 30(c and d)). Such responses with SSTs on both bands occur
because northern Australian air–sea interactions at this time are such that a strengthening (weakening) of
the prevailing monsoonal flow over warmer SSTs leads to the destruction (maintenance) of the oceanic
temperature anomaly (Allan and Pariwono, 1990). Overall, the QB band has a more organized circulation
and SST anomaly structure than the LF and produces a more distinct rainfall response at this time.

During JAS, eastern Australian rainfall correlation patterns in the QB band are most coherent over the
northeast of the continent, while for the LF band, the more robust rainfall response is in the southeast.
Examination of MSLP and SST anomaly fields (Figure 20(a–d) and Figure 28(a–d)) show that for the
QB band, El Niño (La Niña) events are marked by west–southwesterly (northeast–northerly) wind flow
directed away from (towards) northeastern Australia towards (across) cool (warm) SSTs in the Coral Sea.
There is also a propensity during La Niña episodes on the QB band for enhanced eastern Indian Ocean
dipole patterns in the configuration, most likely to aid in the development of tropical-temperate cloud
bands directed towards northeastern to eastern Australia. For southeastern Australia, the LF band
rainfall correlations during El Niño (La Niña) events are influenced by south–southwesterly (northeast-
erly) wind flow, directed over land from cool SSTs west of Western Australia (over warm SSTs in the
Coral Sea) and an eastern Indian Ocean SST dipole conducive to suppressing (generating) tropical-tem-
perate cloud bands and reduced (enhanced) rainfall producing systems.

For OND over Australia, the QB band shows most coherent rainfall correlations in northern and
southeastern Australia, while the LF band displays a north–northeastern rainfall response. The dynamical
features explaining the rainfall pattern on both bands can be seen in Figure 21(a–d) and Figure 29(a–d).
On both bands, the northern Australian rainfall response is linked to El Niño (La Niña) events through
high (low) MSLP anomalies, suppressing (enhancing) convection associated with flow coming from cooler
Coral and Indonesian seas (warmer Indonesian seas). There is some evidence in the LF band of an eastern
Indian Ocean SST dipole, which would tend to be conducive to the formation of tropical-temperate cloud
bands, and, therefore, may be linked to the rainfall response over southeastern Australia.

6. CONCLUSION AND DISCUSSION

In this study, climatic signals have been isolated at various stages in the evolution of El Niño and La Niña
events over the Indian Ocean Basin, in the context of the wider ENSO response across the Indo-Pacific
domain. The resolution of raw and dominant QB and LF signals in seasonal composite sequences for
both phases of the ENSO phenomenon, and the construction of seasonal rainfall correlations with QB
and LF band joint MSLP and SST EOF time series, provides the basis for a detailed examination of
ENSO structure, characteristics, dynamics and impacts, as they affect the Indian Ocean region.

Seasonal composites of raw MSLP, SST, wind and cloudiness anomalies over the full Indo-Pacific
domain during El Niño-1, El Niño, La Niña-1, and La Niña sequences suggest that both phases of the
ENSO phenomenon reach maturity during the JFM season after onset in the previous El Niño-1 or La
Niña-1 year. In general, the composite El Niño-1 sequence tends to display a more robust and coherent
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structure throughout the seasons leading up to the mature stage of the event than is seen with the La
Niña-1 event sequence. For the cessation period after the mature stage, the reverse tends to occur, with the
La Niña sequence showing a much longer persistence of that phase than is seen for the El Niño composite
where the event has collapsed by the JAS season. The above characteristics may be modulating the
non-linearity of near-global teleconnection patterns during ENSO phases noted by Hoerling et al. (1997).

Over the Indian Ocean Basin, the evolution of climatic variables during ENSO phases in the raw data
is more or less simultaneous, except for the Indonesian region, where features are found to have a lag of
about one season. An examination of the raw composites also suggests that SST may evolve in response
to changes in cloud cover and wind strength over both the north and south Indian Ocean (presumably via
changes to the surface latent and sensible heat fluxes and upper ocean mixing driven by atmospheric
variations). As in the Pacific Ocean, modulations of the Walker circulation are evident over the
African/Indian Ocean region (Allan et al., 1996). The mature stage of both ENSO phases, during JFM of
the El Niño and La Niña sequences, also marks a peak in Walker circulation changes. During El Niño
(La Niña) events at this time, enhanced (reduced) cloudiness and convective activity tends to found in the
western–central Indian Ocean east of Madagascar. Dynamical support for such changes is seen through
regional fluctuations in westerly (easterly) wind anomalies off the northern tip of Madagascar that
coincide with distinct warm–cool (cool–warm) patterns in the north–south SST dipole over the western
Indian Ocean region during the El Niño (La Niña) event sequence. In addition, the raw SST composites
in both ENSO phases suggest an eastern Indian Ocean SST dipole, particularly during the JAS and OND
seasons of both the El Niño-1 and El Niño composites, and the AMJ, JAS and OND seasons of the La
Niña-1 and JFM season of the La Niña composites.

Resolution of MSLP and SST anomaly patterns in the QB and LF bands, which together carry the bulk
of the raw ENSO signal in these variables, in composite seasonal El Niño-1, El Niño, La Niña-1, and La
Niña sequences, provides a finer resolution of the structure and nature of ENSO phases. Across the
Indo-Pacific domain as a whole, this analysis reveals that the QB and LF contribution to the raw patterns
of MSLP and SST signals is more consistent during the El Niño-1 and El Niño sequences than is found
during the La Niña-1, and La Niña sequences. In fact, the QB band has generally less distinct, and in
some cases, earlier or later in the sequences, the opposite anomaly patterns to that seen on the LF band.
An example of the former case is during the La Niña-1 sequence where the LF band in both MSLP and
SST is clearly the dominant source of the anomaly signal. The latter situation is particularly evident with
regard to the El Niño composite during the cessation of the event, where the QB band carries a La Niña
signal immediately after the JFM mature phase in both MSLP and SST anomalies. As a consequence, El
Niño events are prone to be reinforced by both the QB and LF bands up to their mature phase, and then
are eroded away rapidly during their cessation phase by the presence of distinct La Niña anomalies on the
QB band. There is a tendency for the opposite configuration to occur during La Niña events, particularly
with regard to their cessation phase.

Over the Indian Ocean, the analysis of QB and LF bands reveals important aspects of SST dipole
patterns. In particular, it is evident that both bands often carry SST dipole anomalies, but as they are not
always aligned spatially, any superposition of the patterns results in the dipoles being annulled, and, thus,
being absent or very weakly defined in the raw composites. However, given that QB and LF signals are
not always in phase, it then becomes highly likely that the SST dipole in the dominant band becomes well
manifest and able to modulate the climate system in this region. This appears to be especially important
for the eastern Indian Ocean SST dipole pattern, to the extent that during the austral autumn–winter
(boreal spring–summer), when such SSTs can be best linked to tropical-temperate cloud bands influenc-
ing Australian rainfall patterns, QB and LF dipoles are found to occur, but are not closely aligned in their
patterns. Thus, the raw SST patterns across the Indian Ocean at this time show little evidence of the
eastern dipole, particularly during El Niño events when this mismatching appears to be most prevalent.
As a consequence, eastern Indian Ocean SST dipole patterns are likely to be manifest during the onset
phase of particular El Niño episodes, when either the QB or LF band is dominant. This is particularly
true for the SST dipole pattern of Chambers et al. (1999), Saji et al. (1999) and Webster et al. (1999),
which is clearly evident in the composites detailed in this study.
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An examination of correlations between joint MSLP and SST EOF time series and raw rainfall data
from countries bordering the Indian Ocean Basin, and the dynamical relationship with MSLP and SST
anomalies during El Niño and La Niña events on QB and LF bands, shows that the correlation patterns
can be linked to physically consistent ocean–atmosphere interactions. In general, it is the interplay
between atmospheric circulation and SST anomalies in the different regional contexts that dictate the
rainfall response during El Niño and La Niña episodes. In many instances, this involves both QB and LF
modulations of rainfall regimes, although several regions show a marked QB influence over that provided
by the LF band. This behaviour extends to the El Niño and La Niña influence on the Indo-Pacific
domain, and highlights the fact that a much better understanding of the ENSO phenomenon and its
impacts can be gained by examining the effect of its dominant QB and LF signals, rather than the usual
focus on the overall raw indices and patterns. The prime example of the benefits of the above approach
is seen with regard to eastern Indian Ocean SST dipole patterns. These features are usually smeared in
raw analyses or composites, but their influence becomes apparent at times during El Niño or La Niña
events, when either QB or LF band SST anomalies prevail, and the Indian Ocean can provide a different
modulation on Australian rainfall patterns than that which is usually seen when that ocean is in phase
with ENSO episodes in the Pacific.

A second, complementary paper is being prepared that will expand on the analyses and findings in this
study by focusing on interactions between decadal and multidecadal climatic variability and ENSO signals
across the Indian Ocean Basin.
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