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ABSTRACT

Based on the time of first occurrence of a significant sea surface temperature anomaly (SSTA) in the Niño-
3.4 area (58S–58N, 1708–1208W), two types of El Niño episodes can be identified: the spring (SP) type in which
the SSTA first increased to greater than 0.58C in April or May, and the summer (SU) type in which this threshold
is first reached in July or August. Composites of the SSTAs for these two types of events during the period
1950–97 show that the SP (SU) event is generally a stronger (weaker) warm episode in terms of the SSTA
amplitude, and longer (shorter) in terms of the period during which the SSTA is greater than 0.58C.

Before the occurrence of both types of El Niño episodes, the zonal wind anomalies over the western equatorial
Pacific are always westerly. The east Asian winter monsoon is also strong. The difference between the two types
is mainly in the timing of the occurrence of the westerly anomalies. For the SP (SU) events, these anomalies
extend to the date line by January (May) of the El Niño year. A third component found in both types of El
Niño episodes is anomalous southerlies over the northeastern coast of Australia during the El Niño year, which
appear earlier in SP events. The difference between the two types of El Niño episodes is apparently phase locked
to the annual variation in SST over the western equatorial Pacific.

A stronger east Asian winter monsoon and westerly anomalies in the previous summer are also found in some
non–El Niño years. However, in these cases, no anomalous southerlies occur over the northeast of Australia.
Therefore, it appears that only when anomalous northerlies from the east Asian winter monsoon converge with
anomalous southerlies associated with the transition of Australian monsoon can sufficiently strong westerly
anomalies form over the western equatorial Pacific to cause an El Niño event to occur. The presence of a strong
south Asian summer monsoon in the previous year is also necessary. The timing of occurrence of southerlies
over northeastern Australia apparently determines the onset time of an El Niño event.

1. Introduction

Many studies have shown that the Asian–Australian
monsoon is linked to the interannual variability of the
tropical ocean–atmosphere system, in particular the El
Niño (EN) event (e.g., Shukla and Paolino 1983; Nich-
olls 1989; Li 1990; Tomita and Yasunari 1996; Ju and
Slingo 1995; Soman and Slingo 1997). In fact, much
scientific evidence now suggests that the Asian monsoon
may strongly influence EN development (Yasunari
1990; Webster and Yang 1992; Lau and Yang 1996;
Meehl 1997). Angell (1981) noted that sea surface tem-
perature (SST) anomalies in the eastern equatorial Pa-
cific (EEP) during fall and winter are highly correlated
with the preceding Indian monsoon rainfall. Li (1990)
and Xu et al. (1998a,b) reported that a strong east Asian
winter monsoon favors an EN occurrence during the
next half year. Holland (1986) found a positive corre-
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lation between the onset date of the Australian summer
monsoon and the EEP SST anomalies (SSTAs) in the
months prior to onset, which therefore provides some
predictive capability for the EN occurrence. On the other
hand, many previous studies have stressed the role of
EN in the interannual variability of the Indian monsoon.
Nicholls (1984), for example, adopted SSTAs in the
Indonesian–north Australian area as a predictor of the
Indian monsoon rainfall. Rasmusson and Carpenter
(1983) suggested that SSTAs in the eastern Pacific could
be a potential predictor for the Indian monsoon rainfall.
These previous works suggest that the Asian–Australian
monsoon and the EN event form an intricately linked
atmosphere–ocean interaction system.

A further complication in the relationship between
this monsoon and the EN is the irregularity of EN
events. For example, Rasmusson and Carpenter (1982)
suggested that large-scale SSTAs first appear off the
coast of Peru and then spread northwestward as well as
westward along the equator into the central Pacific. But
the 1982–83 warm event seemed to differ from this
scenario in that the warming occurred first in the central
equatorial Pacific (CEP) and then propagated eastward
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along the equator (Gill and Rasmusson 1983). This sug-
gests that the basic EN evolution may have different
types.

In fact, Quinn and Neal (1987) and Wang (1992)
grouped past EN events into four levels according to
the strength of the SSTA over the EEP. Classification
of the EN can also be made with respect to the interval,
as was done by Enfield and Cid (1991). Fu et al. (1986)
categorized EN events into three types based on the
zonal SST gradient pattern in the equatorial Pacific. Ya-
sunari (1985) showed that major and minor EN events
could be explained by the superposition of two dominant
modes (2–30- and 40–60-month periods) detected in the
interannual variability of the Walker circulation. Barnett
(1991) advanced the idea of Yasunari (1985) to classify
EN events into three categories according to the relation
between the amplitude and phase of these two dominant
periods. Lau and Sheu (1988) predicted two types of
the EN cycle (2 and 4 yr) from a conceptual model. In
addition, Wang (1995) pointed out substantial interde-
cadal variations of SST, and the onset of EN episodes
are affected largely by the different climatic background
of SST.

If the EN event is so closely linked to the Asia–
Australian monsoon, some kind of seasonal phase lock-
ing should be expected since the latter has an obvious
seasonal signal. Therefore, classifying EN events based
on its onset time could offer some clue as to how the
Asia–Australian monsoon may help trigger the EN
event, which is the main objective of this study.

In section 2, the datasets used are described. The
classification based on the time of occurrence of the EN
event and the time evolutions of various parameters in
each type are documented in sections 3 and 4, respec-
tively. Section 5 examines the relationship between
equatorial westerly anomalies and the various monsoon
systems. How the Asian–Australian monsoon system
may trigger El Niño events is discussed in section 6.
All the results are then summarized in section 7.

2. Data

The present study utilizes data from four sources.
Monthly mean global SST data on a 28 latitude 3 28
longitude grid for the period 1950–97 are based on the
analyses of Reynolds and Smith’s (1994) Comprehen-
sive Ocean–Atmosphere Data Sets. Monthly mean glob-
al zonal and meridional wind components for 1958–97
are from the National Centers for Environmental Pre-
diction (NCEP)–National Center for Atmospheric Re-
search reanalyses. The monthly Northern Hemisphere
sea level pressure data on a resolution of 58 (latitude)
3 108 (longitude) compiled by the U.K. Met. Office for
1950–97 are also used in this study. Missing values have
been interpolated from the neighboring grid points. The
pseudostress data over the Pacific Ocean on an 84 3
30 grid during 1961–97 are from The Florida State Uni-
versity. Values of the monthly SST over the Niño-3,

Niño-3.4, Niño-4, and Niño-112 region (1950–97) are
extracted from the homepage of the Climate Prediction
Center (CPC). An optimum interpolation of ocean heat
content (0/400m) data on a 28 latitude 3 58 longitude
grid for each month from January 1955 to December
1998 are obtained from the Scripps Institution of Ocean-
ography. The decorrelation scales used are 108 zonally,
58 meridionally, and 3 months temporally, with a signal-
to-noise ratio of 1. Small areas of missing data are filled
by zonal linear interpolation. The grids were spatially
smoothed in time with a 1–1–4–1–1 filter.

3. Classification of El Niño events

Many previous studies have discussed the onset of
the warm event. For example, Rasmusson and Carpenter
(1982) defined the onset phase to be the early stage of
the warm episode when composite SSTAs along the
Peruvian coast are near zero, but increasing rapidly.
Philander (1985), on the other hand, suggested the pe-
riod in spring as the onset phase.

To avoid confusing with the concept of onset phase
in these studies, the first time when the SST over the
CEP (58S–58N, 1708–1208W) becomes significantly
above normal (monthly mean of 1950–97) will be de-
fined as the onset time of EN episodes. The Niño-3.4
SSTA showing the SST variation in the CEP appears
to be a meaningful indicator for the EN event because
this area has the largest equatorial east–west SST gra-
dient (Wang 1995). Further, the anomalous warming
here seems to be most influential to the shift of the rising
branch of the Walker circulation and is highly correlated
with the Southern Oscillation index. The Niño-3.4
SSTA is therefore chosen as the reference. The month
when the SSTA first exceeded 0.58C and persisted af-
terward is defined as the onset time of the EN event. It
should be pointed out that this threshold of 0.58C is also
used by CPC in their definition of an EN event.

Twelve EN episodes (1951–52, 1957–58, 1963–64,
1965–66, 1968–69, 1972–73, 1976–77, 1982–83, 1986–
87, 1991–92, 1994–95, 1997–98) occurred during
1950–98. Note that the 1953 and 1993 EN episodes
were not included due to their short duration. The time
evolution of the Niño-3.4 SSTA index during each of
these episodes (Fig. 1) suggests that the onset time of
EN event is either in spring (April or May) or summer
(July or August). In other words, EN episodes can be
defined into two types. One can be labeled as the spring
(SP) onset type that includes 1957–58, 1965–66, 1972–
73, 1982–83, 1991–92, 1997–98. These six episodes
happen to coincide with the most significant EN events
selected by Wang (1995) except for the 1986–87 epi-
sode. The other is the summer (SU) onset type that
includes 1951–52, 1963–64, 1968–69, 1976–77, 1986–
87, 1994–95.

To provide further confidence in such a classification,
the SSTA indexes of three other regions (Niño-112,
Niño-3, and Niño-4) are also examined in the same way
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FIG. 1. Time series of the Niño-3.4 SSTA during the 12 EN episodes. The 0.58C line is the threshold for identifying the onset time of the
EN event.

TABLE 1. Onset time (see text for definition) of occurrence of the
12 EN episodes during 1950–97 based on four SSTA indexes over
the eastern equatorial Pacific. For 1951, the time could not be de-
termined based on the Niño-4 SSTA.

Year Niño-3.4 Niño-1 1 2 Niño-3 Niño-4 Onset time

1951
1957
1963
1965
1968
1972
1976
1982
1986
1991
1994
1997

Jul
Apr
Jul
May
Jul
Apr
Sep
May
Aug
May
Aug
May

May
Feb
Jul
Apr
Sep
Feb
May
Jul
Oct
Nov
Oct
Mar

Jul
Apr
Jul
May
Nov
Apr
Jun
Apr
Sep
May
Oct
Apr

—
Apr
Jul
Jul
Nov
Apr
Nov
Apr
Aug
Mar
Jun
Apr

Summer
Spring
Summer
Spring
Summer
Spring
Summer
Spring
Summer
Spring
Summer
Spring

to identify the time when the SSTA first rose above the
threshold of 0.58C. A comparison of the times of oc-
currence identified from the SSTA values of the differ-
ent regions suggests that the classification is essentially
the same (Table 1), perhaps with the exception of 1991.

4. Comparison between the two types of episodes

a. SST time series

The composite Niño-3.4 SSTA time series of the two
types of EN episodes (Fig. 2a) show that the SP type
has a larger SSTA amplitude with a mean maximum
SSTA of ;2.08C and a long duration (exceeding 14
months; when the SSTA . 0.58C). All the six SP events
in Fig. 1 lasted more than 12 months. In contrast, the
SU type seems to be weaker with only a ;1.08C max-
imum anomaly, and is shorter in duration (;8 months).
Five of the six SU episodes in Fig. 1 had a duration of
less than 8 months. The 1986–87 episode had double
peaks with the second one developing after the 1987
northern summer, but the onset time of the first stage
is similar to the other five episodes. The other important
feature is that the maximum anomaly in both types oc-
curs in November–January, which implies that the ma-
ture phase of the EN event is highly phase locked with
the seasonal cycle, irrespective of the onset time.

The phase locking can probably explain the difference
in the maximum amplitude between the two types. The
onset of the SP event occurs in April, which is the time
when the SST is increasing over the western equatorial
Pacific (WEP; 58S–58N, 1308–1608E; Fig. 2b). Thus, in
the ensuing months, warmer water can propagate east-
ward, which results in a large SSTA amplitude observed
in Fig. 2a. On the other hand, the SU event begins in
July when the WEP SST starts to decrease (Fig. 2b).
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FIG. 2. (a) Composite time series of the SSTA over Niño-3.4 for
the two types of EN episodes. Solid (dashed) line indicates the SSTA
of the SP (SU) type. (b) Seasonal variation of SST relative to the
annual mean over the WEP.

Therefore, the water that propagates eastward is slightly
cooler. Further, since the maximum warming always oc-
curs around December and January, less time is avail-
able to depress the thermocline. As a result, the maxi-
mum SSTA amplitude of SU events is generally smaller
than that of SP events.

Note also from Fig. 2a that even though the onset
times of the two types are different, the growth rate of
the SSTA is essentially the same. This suggests that if
the same mechanism is responsible for triggering the
onset of the warm event, this mechanism must occur
later in the SU type. This will be seen to be the case
in the subsequent analyses. However, once the warm
event starts, the processes that govern the evolution up
to the peak in the SSTA should be very similar. On the
other hand, the decay of the two types of events appears
to be quite different. While the SSTA in the SP events
quickly decreases to an appreciably negative value, that
in the SU events hovers around zero for an extended
period of time. Obviously, the physical mechanisms re-
sponsible for the decay of these two types of warm
events should be different. The possible mechanisms
will not be investigated in the present study, which fo-
cuses on the onset time. Results of such an investigation
will be reported in the future.

b. Horizontal distribution of SST and wind stress
anomalies

To reveal the differences between the spatial and tem-
poral evolution of the two types of EN events, the SST
and wind stress anomalies over the tropical Pacific
(298S–298N, 1208E–808W) are composited for each type
from January of the EN year (January 0) to July.

In January 0 of the SP event, the EEP is dominated
by weak negative SST anomalies with a maximum value
of around 20.38C while the western Pacific warm pool
has a positive SST anomaly of ;0.28C (left-hand side
of Fig. 3). Appreciable divergence occurs over the EEP
corresponding to the negative SST anomaly. Over the
WEP, weak westerly anomalies can be found that may
have come from the equatorial Indian Ocean (EIO).
Anomalous northerlies also prevail off the east Asian
coast, which is associated with the stronger than normal
east Asian winter monsoon.

In April 0, which is around the onset time of the SP
event, two positive SSTA centers appear over the equa-
torial Pacific, one near the date line and the other off
the Peruvian coast, the latter being stronger, which in-
dicate the EN event onset. Wind stress anomalies be-
come negligible over the EEP. However, prominent
southerly anomalies appear off the northeastern coast
of Australia, which may be related to the seasonal tran-
sition of Australian summer monsoon.

By July 0, positive SSTAs dominate over the entire
EEP where strong convergence can be found, although
the maximum anomaly is still off the Peruvian coast.
Strong anomalous westerlies now prevail over the WEP.

As compared with the SP event, the SU episodes show
very different evolution characteristics (right-hand side
of Fig. 3). In January 0, strong negative SSTAs with a
negative maximum of over 21.08C dominate over the
EEP. Anomalous easterlies prevail over the WEP. Sim-
ilar to the SP event, the east Asian winter monsoon is
also stronger than normal, as evidenced by the strong
anomalous northerlies off the east Asian coast. By April
0, the maximum negative SSTA contracts to the Peru-
vian coast. Anomalous northerlies continue to prevail
off the east Asian coast and anomalous westerlies begin
to appear over the WEP. Off the northeast coast of Aus-
tralia, weak anomalous northerlies are found instead of
southerlies (as in the SP episodes). Notice, however, the
similarity between the SU April 0 pattern and the SP
January 0 pattern. It appears that the entire pattern is
delayed for one season for the SU events.

In July 0, corresponding to the onset time of the SU
episodes, the SST anomalies over the EEP are positive
with two maximum anomaly centers located at ;1508W
and ;1008W. Anomalous southerlies now appear off
the northeast coast of Australia, which is similar to the
feature in April 0 at the onset time of the SP events.

Thus, besides the westerly anomalies over the WEP,
the northerly anomalies in the northern winter off the
coast of east Asia and the southerly anomalies during
the southern transition season off the northeast coast of
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FIG. 3. Composites of SST and wind stress anomalies for (left) SP and (right) SU events from Jan to Jul of the EN
year (Jan 0 to Jul 0). Only the months Jan 0, Apr 0, and Jul 0 are shown. Shaded areas indicate SSTA . 0.58C. The
arrows indicate the vector wind stress anomalies. Note that the scale of the arrows (marked under the bottom of each
panel) is not necessarily the same for all the panels. The bottom panel in each column shows time series of the mean
meridional wind stress anomalies over the east Asian monsoon area (158–298N, 1248–1508E; solid) and the Australian
monsoon area (58–208S, 1408–1708E; dashed), unit: (m s21)2. These two areas are indicated as boxes on the top left
two panels.

Australia also have a close relationship with the onset
of both types of EN episodes. To illustrate further the
characteristics of the latter two features, the time series
of meridional wind anomalies over two areas [158–298N,
1248–1508E, the east Asia winter monsoon (EAWM)
area] and [58–208S, 1408–1708E, the Australian mon-
soon (AM) area] are examined (bottom of Fig. 3). For
both types, northerly anomalies are quite appreciable
over the EAWM area before the EN onset. However,
the transition from northerly to southerly anomalies over
the AM area occurs in February (June) for the SP (SU)
event, which is about one to two months before the onset

time. Therefore, the time of occurrence of the transition
from northerly to southerly anomalies over the AM area
appears to be a key factor in determining the EN onset
time, which is consistent with the finding of Holland
(1986). A more detailed discussion will be made in the
next section.

c. SST time–longitude cross sections

To understand more clearly the differences in these
two types of EN episodes, the time evolution of SSTAs
over the equatorial Pacific (58S–58N) are composited.
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FIG. 4. Longitude–time section of SSTA composites over the equa-
torial area (58S–58N) for (a) SP and (b) SU. Shaded area indicates
the SSTA . 0.58C.

For the SP event (Fig. 4a), positive SSTAs with a max-
imum value of ;0.258C appear over WEP and the mar-
itime continent in the summer prior to the EN year, and
propagate slowly eastward. Around the onset time of
the SP event, a positive anomaly of ;0.58C occurs along
the Peruvian coast and then propagates westward and
merges with the positive anomaly from the WEP. The
positive SSTAs persist in the EEP for about 18 months.
At the same time, the WEP is dominated by negative
SSTAs with a maximum value of ;0.58C. Notice that
positive SSTAs also exist over the EIO.

For the SU event, positive SSTAs begin to appear
over the WEP around October of the year before the
EN occurs (Fig. 4b), but are weaker than those in the
SP event. Below-normal SSTAs persist over the CEP
and EEP until spring of the EN year. After the onset
time, the positive SSTAs over the EEP show a slow
westward propagation. In addition, the east–west SST
gradient is much weaker than that in the SP event.

d. Oceanic heat content anomalies from 0- to 400-m
depth

In addition to SSTA, ENSO events are also associated
with temperature anomalies below the ocean surface. To
understand how these anomalies are related to the two
types of EN events, the time evolution of subsurface
heat content anomalies (HCAs) from 0- to 400-m depth
is examined. In the summer of the year before a SP
episode (from May 21 to September 21), positive
HCAs are found in the WEP (Fig. 5a), part of which is
contributed by the positive SSTA (see Fig. 4a). This
corresponds to the accumulation of warm water near the
western boundary prior to a warm event, as first sug-
gested by Wyrtki (1975). The warm water starts to prop-
agate eastward at around October 21 at a speed far less
than that of a typical Kelvin wave. This might corre-
spond to the slow coupled air–sea mode discussed by
Hirst (1986) and initiated through a reflection of Rossby
waves off the western boundary (Battisti 1988; Suarez
and Schopf 1988). A second maximum in HCA occurs
around March 0 due to the enhancement of westerly
anomalies (see Fig. 3), which is probably related to the
Madden–Julian oscillation (MJO) activity over the WEP
(to be discussed further in the next section). The warm
water then continues to propagate eastward in step with
the SSTA (see Fig. 4a).

For the SU episode, the conditions in the summer of
year 21 are similar as those in the SP case, with a
maximum HCA in the WEP, though with a slightly
weaker amplitude (Fig. 5b). However, this maximum
generally remains stationary until around May or June
before the entire HCA propagates eastward. The speed
of propagation, however, is much faster than that in the
SP episodes. The slow coupled air–sea mode also ap-
pears to be absent.

The results of Figs. 4 and 5 suggest the following.
Accumulation of warm water over the WEP through a

deep layer occurs in both episodes during the summer
of year 21. The eastward propagation of the warm water
at the onset time also appears to be very similar. How-
ever, in the SP episodes, propagation of the subsurface
water apparently begins much earlier than the onset
time. This result further justifies separating the warm
events into two categories.

The initiation of the Rossby waves in the SP episodes
occurs near the tropical central North Pacific where an
increase in the HCA begins at around July 21 (Fig. 6a).
Such a positive HCA then propagates westward and
reaches the western boundary at around October 21. In
the SU episodes, no such increase in the HCA is ap-
parent (Fig. 6b).

e. Madden–Julian oscillation

The MJO has been suggested as an important con-
tributor in the initiation of warm events (McPhaden
1999), since it tends to be most active during northern
winter and spring (Slingo et al. 1999) and is associated
with the westerly episodes originating over the Indian
Ocean (Madden and Julian 1972, 1994). In order to
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FIG. 5. Longitude–time section of HCAs from 0- to 400-m depth
composites over the equatorial area (58S–58N) for (a) SP and (b) SU.
Shaded areas indicate positive HCAs, unit: 108 J m22.

FIG. 6. Longitude–time section of HCAs from 0- to 400-m depth
composites over 58–12.58N for (a) SP and (b) SU. Shaded areas
indicate HCAs . 20 J m22, unit: 108 J m22.

FIG. 7. Composite of the square of the MJO amplitude of the 1000-
hPa zonal winds over the WEP for (a) SP and (b) SU events during
the first eight months of year 0. Unit: m2 s22.

examine the contribution of the MJO, a bandpass filter
(30–60 days) is applied to the 1000-hPa zonal winds
over the WEP. In the SP type, the square of the MJO
amplitude of these winds (Fig. 7) indicates that the MJO
increases significantly in February (Fig. 7a), which is
about one month before the enhancement of the HCA
anomaly in the CEP and its further eastward propagation
(see Fig. 5a). For the SU events, the MJO remains weak
until about May 1 (Fig. 7b), which is again about one
month prior to the eastward propagation of the HCA
anomaly (see Fig. 5b). Therefore, it appears that the
timing of when the MJO reaches an appreciable mag-
nitude may be an important factor in determining the
onset time of the warm event.

f. Statistical significance

The small sample size in each of the two categories
of events (6 samples each) raises the issue of statistical
significance of the results. Therefore, differences in the
anomalies between the two categories are compared us-
ing the two-sample t test. Rather than testing all the

variables analyzed in this study, the two most crucial
parameters are examined: the SSTA, based on which
the classification of the two categories is made; and the
wind stress, based on which the hypothesis for the ini-
tiation of the warm event is proposed.
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FIG. 8. The t value in the two-sample t test of the difference between
SP and SU episodes during Mar 0 to Jun 0 for (a) SSTA, (b) merid-
ional wind stress anomalies, (c) zonal wind stress anomalies. Shading
indicates areas in which the t value exceeds the confidence level of
0.10.

As might be expected from Fig. 2, the most significant
difference in SSTA between the SP and SU episodes
during the transition period (March 0 and June 0) is in
the Niño-3.4 region where the t values are very large
(.2.2; Fig. 8a). These values are significant above the
95% level. The t values exceeding the 90% significant
level cover the entire tropical eastern Pacific. Therefore,
the two categories of events can be considered to be
independent, which is evident from the results present-
ed.

During the same period when the wind stress shows
a substantial difference (see Fig. 3), the t-test result
shows that the meridional wind stresses in the north-
eastern part of Australia and northwest Pacific are sig-

nificantly different between the SP and SU episodes
(Fig. 8b). Note also that the significant differences in-
clude only the Australian monsoon and east Asian mon-
soon areas. In addition, the t-test results for the zonal
wind stress (Fig. 8c) show significant differences in the
WEP, which is the crucial area for the initiation of an
El Niño event.

The tests presented here clearly demonstrate that de-
spite the relatively small sample size, warm events of
the ENSO cycle can indeed be divided into two general
categories based on the onset time. Further, the physical
hypothesis advanced in this study should be largely val-
id.

g. Summary

To summarize, the two types of events have similar-
ities as well as differences. From the atmospheric per-
spective, both types have appreciable anomalous west-
erlies appearing over the WEP about three months prior
to the onset time. In addition, the EAWM is strong in
the winter before the EN year. Further, anomalous south-
erlies appear off the northeast coast of Australia one to
two months prior to the onset time. When these south-
erly anomalies appear seems to determine the onset
time. To some extent, the above features are consistent
with the results described in previous studies that em-
phasized the roles of the variation in the South Pacific
in the ENSO onset (Rasmusson and Carpenter 1982;
Hackert and Hastenrath 1986; Kiladis and Diaz 1989;
van Loon 1984; Van Loon and Shea 1985; Meehl 1987;
Wang 1995).

In both types, positive SSTAs appear in the WEP
about six months prior to the onset of the EN event,
and then propagate eastward a few months later. The
heat content of the upper ocean, however, varies dif-
ferently in the two types. While these results suggest
that these two types of EN events are different, such
differences could simply be due to a shift in the SST
background state. Indeed, Wang (1995) has suggested
that the interdecadal variation of this background state
can affect the onset location and sequence of the EN
event, as to whether a South American coastal warming
leads or follows a CEP warming. The question is wheth-
er this interdecadal variation can also modify the onset
time of EN events.

To address this issue, the interdecadal variation of the
Niño-3.4 SST is obtained using a 132-month (11-yr)
running mean. The interdecadal component time series
shows that the CEP SST experiences two cold states in
the 1950s and 1970s and two warm states in the 1960s
and 1980s–90s (Fig. 9). The increase in SST in the late
1970s corresponds to the results found by Nitta and
Yamada (1989) and Wang (1995). Note, however, that
the occurrence of the two types of EN episodes does
not appear to have any relationship with the interdecadal
variation. This can be further demonstrated by removing
this interdecadal component from the original time se-
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FIG. 9. The interdecadal variation of Niño-3.4 SST derived from
a 132-month (11-yr) running mean for 1950–98. The dots and circles
represent the onset time of the SU and SP EN events, respectively.

FIG. 10. As in Fig. 2a except after removal of the interdecadal
component.

ries of Niño-3.4 SST. The composites of the SSTA (after
removal of the interdecadal component1) for the two
types of EN episodes (Fig. 10) are almost exactly the
same as those shown in Fig. 2a. In other words, the
difference in the onset time between these two types
should be physical.

5. Relationship between equatorial westerly
anomalies and various monsoon circulations

a. The Indian monsoon region

Consistent with past studies, the analyses in this study
show that westerly anomalies over the equatorial Pacific
are strongly related to the occurrence of an EN event.
The question then is to identify the physical processes
responsible for the initial changes in the WEP wind
field. Some studies (Barnett 1985; Meehl 1987; Yasunari
1990) have suggested that the westerly anomalies orig-
inate from the Indian summer monsoon. However, the
evidence presented so far has not been conclusive.

To explore this problem further, the time–longitude
section of the 1000-hPa zonal wind anomalies over the
equatorial Pacific (58S–58N) for 1958–97 is examined
(Fig. 11). Westerly anomalies always appear over the
WEP before an EN event occurs. These anomalies may
be traced back to the previous summer over the EIO. It
appears that the WEP westerly anomalies are closely
related to the Indian summer monsoon anomalies and
seem to propagate slowly eastward. However, there exist
many years in which westerly anomalies occurred in the
summer over the EIO, but no eastward propagation oc-
curred and no EN event developed in the following year,
for example, 1958, 1960, 1970, 1973, 1978, 1980, 1984,
1989, 1990, and 1992. Further, even if the westerly
anomalies originating from the Indian monsoon area did
propagate eastward, they did not necessarily lead to an
EN occurrence, for example, from 1970 to 1971, 1979
to 1980, 1989 to 1990, 1992 to 1993. These results,
therefore, suggest that the westerly anomalies and their
eastward propagation are only necessary conditions for

1 This is calculated by subtracting the value of the 132-month (11-
yr) running mean from that in the original time series.

the development of EN episodes. This is consistent with
the conclusion of McPhaden (1999).

Notice also from Fig. 10 that even for EN events, the
eastward propagation of the westerly anomalies is gen-
erally not continuous. To study this question of prop-
agation further, the 1000-hPa monthly mean zonal winds
over the equatorial Indian and Pacific Oceans (58S–58N)
are composited for the two types of EN episodes. The
results (Fig. 12) suggest that the magnitude of the west-
erly anomalies for SP events is larger than that for the
SU event. However, for both types, the westerly anom-
alies strengthen considerably east of 1408E. In addition,
these anomalies, which apparently originate from the
Indian Ocean, break off over the Maritime Continent
(1008–1208E). The 850-hPa zonal winds also show sim-
ilar features (not shown).

These results imply that the WEP westerly anomalies
associated with EN events are influenced not only by
the conditions over the Indian monsoon area. Some oth-
er factors must also be present. The analyses in section
4 suggest that east Asian and Australian monsoons may
play an important role.

b. The Asian–Australian monsoon region

To address this problem, the low-level circulations
associated with these two monsoon systems are com-
posited according to the different phases of the EN evo-
lution: November 21 to January 0 as the antecedent
condition, February 0 to April 0 as the occurrence phase
of SP event, and May 0 to July 0 as that of the SU. For
the SP event, in November 21 to January 0 (left upper
panel in Fig. 13), the maximum westerly anomalies oc-
cur over the Maritime Continent. During this time,
anomalous northerlies associated with a strong EAWM
prevail over eastern China and the South China Sea. In
the occurrence phase of the SP event (left middle panel),
the strongest westerly anomalies have propagated to the
WEP. Anomalous northerlies cover the entire western
North Pacific, with one maximum directly north of the
WEP westerly anomaly center. At the same time, no-
ticeable anomalous southerlies are found over the north-



1 FEBRUARY 2001 427X U A N D C H A N

FIG. 11. Longitude–time section of 1000-hPa monthly mean zonal wind anomalies over the equatorial Pacific (58S–58N) for 1958–97.
Shaded areas indicate westerly anomalies. The heavy arrow shows the propagating direction of the anomalies, with solid for the EN episodes
and dotted for non–El Niño years.

east coast of Australia. These two anomalous meridional
flows would thus produce strong convergence over the
WEP, which then results in an enhancement of the anom-
alous westerlies. Such a meridional convergence persists
into May 0 to July 0 (left lower panel), which may have
contributed toward the continued development of the
EN event.

For the SU event, in November 21 to January 0 (right
upper panel in Fig. 13), only weak westerly anomalies
exist over Indonesia south of the equator. Similar to the
SP events, anomalous northerlies are found over eastern
China and the South China Sea. Notice, however, the
strong meridional divergence along ;1608E. In Feb-
ruary 0 to April 0, the area of westerly anomalies move
to the west Pacific warm pool where the meridional
winds are generally southerly. No meridional conver-
gence can be found over the WEP, which may be the
reason why the westerly anomalies cannot strengthen,
leading to a delay in the onset of the EN event. A con-
vergent flow over the western Pacific warm pool finally
occurs is May 0 to July 0, which corresponds to the
onset phase of SU event.

It is clear from these results that the enhancement of
westerly anomalies over the WEP is closely related to
the meridional wind anomalies of the east Asian and
the Australian monsoons. Strengthening of WEP west-
erlies occurs only when anomalous northerlies from the

east Asian monsoon converge with anomalous south-
erlies from Australia.

6. Role of the Asian–Australian monsoon system

The results from the previous sections suggest that
the following ingredients are related to the development
of an EN event: strong Indian summer monsoon in the
previous year, strong EAWM prior to the EN event, and
southerly anomalies from the AM area during the EN
year. In section 5, the occurrence of a strong Indian
summer monsoon was shown to be a necessary but not
sufficient condition. Here, the role of the east Asia–
Australia monsoon system will be further explored.

The interannual variability of the east Asian winter
monsoon and their association with EN episodes is first
investigated. Since all EN episodes are associated with
a strong east Asian winter monsoon, it is useful to have
an index to represent the strength of this monsoon. The
definition of Shi and Zhu (1996) is used. They defined
an EAWM index MIt (for year t) as

MI* 2 MItMI 5 ,t sMI

where
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FIG. 12. Longitude–time section of composites of 1000-hPa month-
ly mean zonal wind anomalies over the equatorial area (58S–58N) for
(a) SP and (b) SU events. Shaded areas indicate westerly anomalies.
Thick horizontal lines indicate the mean start and end times of the
EN event.

7

MI* 5 (SLP* 2 SLP9 ),Ot 1it 2it
i51

where i 5 1, 2, . . . , 7 (latitude circle every 58 latitude
from 208 to 508N), t 5 1, 2, . . . , 47 (year). The pa-
rameters MI, sMI represent the mean and standard de-
viation of over all years, respectively, and ,MI* SLP*t 1it

are standardized values in the tth year of the ithSLP*2it

latitude along 1108 and 1608E, respectively. Because in
winter the SLP is generally high over land (along 1108E)
and low over the ocean (along 1608E), this definition
essentially gives a large-scale zonal pressure gradient.
A large (small) value of MIt therefore suggests a strong
(weak) east–west gradient, which implies a strong
(weak) winter monsoon. Notice that winter here means
the average of December, January, and February.

The time series of the values of MIt during 1950–97
(Fig. 14) suggests that of the 10 EN episodes, nine oc-
curred when the EAWM was above normal in the pre-
vious winter except for the 1976–77 case, which agrees
with the earlier results. However, above-normal winter

monsoons also occurred in years not followed by an EN
event. Therefore a strong EAWM is again only a nec-
essary condition for the occurrence of an EN event in
the following year.

To study the role of the Australian monsoon anomaly
in EN events, the meridional flow pattern of 4 yr (1960–
61, 1970–71, 1977–78, and 1980–81) in which both the
Indian summer monsoon in the previous summer and
the EAWM winter monsoon were strong but no EN
episode occurred in the following year are composited.
These years will be referred to as NON years.

The composite patterns (Fig. 15) show that northerly
anomalies dominate not only the western North Pacific
but also off the northeastern coast of Australia during
all the three phases. This means that when anomalous
northerlies prevail over the Australian monsoon area,
an EN episode will not occur even though the EAWM
is strong. Such a meridional flow pattern does not pro-
duce convergence over the WEP, which is apparently
necessary for the enhancement of westerly anomalies.

Based on above analysis, it may therefore be con-
cluded that a strong southerly off northeastern Australia
plays an essential role in the onset time of an EN epi-
sode. What is the mechanism for this? To address this
question, the 850-hPa flow associated with anomalous
circulation over the AM area are composited according
to the different types of EN episodes. For the SP type
(left panels in Fig. 16), in December 21 to January 0,
cyclonic flow is found over northern Australia with a
circulation off the northeastern coast of Australia, where
the South Pacific Convergence Zone (SPCZ) is located.
This pattern suggests a strong Australian summer mon-
soon. A similar situation is found in February 0 to March
0. In addition, an anticyclonic circulation appears over
southeastern Australia. By April 0 to May 0, anticy-
clonic flow dominates over the entire Australian con-
tinent, which suggests that the Australian winter mon-
soon sets in earlier than normal. The flow pattern is
similar in the southern summer (June 0 to July 0). Notice
that throughout the entire eight months (December 21
to July 0), an anomalous cyclonic circulation is found
off the northeast coast of Australia, which results in the
southerly anomalies shown in Figs. 3 and 13. Therefore,
it appears that a quasistationary cyclone over the SPCZ
together with an earlier than normal onset of the Aus-
tralian winter monsoon activity is essential for an EN
episode to begin in April.

For the SU event (middle panels in Fig. 16), the cy-
clonic circulation and the monsoon trough associated
with the Australian summer monsoon is confined over
the continent during December 21 to January 0. An
anomalous anticyclonic circulation replaces the clima-
tological SPCZ off the east coast of Australia. In Feb-
ruary 0 to March 0, the monsoon trough is oriented
northwest–southeast so that northerly anomalies are
found along the east coast. By April 0 to May 0, south-
erlies from southwestern Australia finally split the mon-
soon trough, with the eastern part migrating eastward
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FIG. 13. Composite of 850-hPa meridional wind anomalies (m s21) for (left) SP and (right) SU events in (top)
Nov 21 to Jan 0, (middle) Feb 0 to Apr 0, and (bottom) May 0 to Jul 0. Shaded areas indicate zonal wind
anomalies . 2.0 m s21. The heavy solid arrows highlight the direction of meridional wind anomalies.

off the continent to the climatological SPCZ location.
As a result, southerlies begin to appear off the north-
eastern coast of Australia. These anomalous southerlies
are better established with the further development of
the SPCZ in June 0 to July 0. Notice, however, that
cyclonic anomalies still persist over the continent, which
suggests a weaker-than-normal Australian winter mon-
soon.

In the NON type, the monsoon trough associated with

the Australian summer monsoon in December 21 to Jan-
uary 0 is split into two (right panels in Fig. 16), one part
corresponding to the SPCZ and the other off the northwest
coast. The continent is actually dominated by anticyclonic
anomalies. This situation generally persists into May 0.
By June 0 to July 0, the winter monsoon affects the south-
western part of the continent but a large cyclonic anomaly
presides over the east coast of Australia. As a result, north-
erly anomalies are found off the east coast.
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FIG. 14. Time series of the EAWM index (see definition in text)
for 1950–51 to 1996–97. Here ‘‘winter’’ is the mean of Dec–Jan–
Feb. Empty boxes indicate the EN years. Solid squares highlight the
intensity of EAWM in the years prior to the EN episodes.

FIG. 15. As in Fig. 13 but for the composite of the meridional
wind components for NON years.

Thus, the evolution of the Australian monsoon (both
winter and summer) system apparently determines
whether and when southerly anomalies can develop off
the east coast of Australia. A strong summer monsoon
and an early (and perhaps strong) winter monsoon are
essential for the early initiation of these anomalies. A
weaker winter monsoon could delay the establishment
of these anomalies while a weak summer monsoon does
not allow the northward extension of the SPCZ off the
eastern coast, which is necessary for the development
of southerly anomalies. Some previous studies have
pointed out that a warm event onset is associated with
an active SPCZ (e.g., Kiladis and Dia 1989; van Loon
1984; van Loon and Shea 1985; Meehl 1987). The re-
sults presented here further identifies the physical link
between the two.

7. Summary and discussion

a. Summary

Based on the first occurrence of a significant sea sur-
face temperature anomaly (SSTA) over the central equa-
torial Pacific (the Niño-3.4 region), two types of El Niño
events can be identified: the spring (SP) type in which
the SSTA first exceeded 0.58C in April or May; and the
summer (SU) type in which the SSTA does not reach
this threshold until July or August. A composite of the
SSTAs suggests that the SP event is generally stronger
and has a longer period in which the SSTA is above
the threshold. The statistical significance tests presented
here clearly demonstrate that despite the small sample
size, warm events of the ENSO cycle can indeed be
divided into two general categories based on the onset
time.

The time evolution of the atmospheric conditions as-
sociated with these two types of El Niño event points
to three important ingredients: a strong Indian summer
monsoon in the year prior to the occurrence of the event,
a strong east Asian monsoon during the winter imme-
diately preceding the event, and a strong southerly from
Australian monsoon during the El Niño year. The main
difference between the two types is in the timing of
occurrence of the westerly anomalies. For the SP (SU)

event, westerly anomalies first appear over the western
equatorial Pacific (WEP) in January (May). As the SST
over the WEP peaks at around April, the anomalies
associated with SP events are phase locked with the
annual SST cycle so that these events have a larger
SSTA amplitude. On the other hand, because the west-
erly anomalies associated with the SU event do not oc-
cur until after the SST has reached its maximum, they
cannot produce significant warming over the WEP or
the eastern equatorial Pacific.

When westerly anomalies can develop depends on the
strength of the east Asia–Australia monsoon system.
While a strong east Asia winter monsoon is found in
both types of El Niño events, that for the SP episodes
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FIG. 16. Composite of 850-hPa flow anomalies mainly over Australia for (left) SP, (middle) SU, and (right) NON EN events.
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appears to cover a larger part of the western North Pa-
cific. The strong anomalous northerlies associated with
this winter monsoon then converge with strong anom-
alous southerlies associated with the transition of Aus-
tralia monsoon to produce enhanced westerly anomalies
along the WEP early in the year. On the other hand, for
SU episodes, meridional divergence is found in this re-
gion even around April of the El Niño year. Southerlies
in the Southern Hemisphere do not appear until about
May or June.

Of the three monsoon systems associated with both
types of events, a strong Indian summer monsoon and
a strong east Asian winter monsoon are found to be
necessary conditions. Only when strong southerlies off
the northeast coast of Australia are present (and can
converge with northerlies from the Northern Hemi-
sphere associated with a strong winter monsoon) can an
El Niño event occur. The anomalous southerlies off the
northeast of Australia appear substantially earlier than
the onset time of El Niño, and are mainly controlled by
the Australia monsoon activity and the anomalous cy-
clone over the SPCZ.

b. Discussion

The results of this study appear to have provided an
answer to two questions related to the El Niño phenom-
enon: 1) what is the cause of the enhancement of the
westerlies in the WEP, which is apparently responsible
for the eastward propagation of warm water; and 2) why
do some El Niño events occur in spring and some in
summer?

For the first question, a number of hypotheses have
been made that include the effects of the Southeast Asia
winter monsoon (Lau et al. 1986; Li 1990), the Aus-
tralian summer monsoon (Hackert and Hastenrath
1986), and the south Asian summer monsoon (Yasunari
1985, 1990; Meehl 1987). The current study clearly
shows that all these monsoon components play impor-
tant roles. Among these, the southerlies associated with
the Australia monsoon appear to be crucial. If they occur
earlier in the season, they can be in phase with the peak
in the annual SST cycle in the WEP to trigger a larger
ocean response and lead to an El Niño event onset in
spring. On the other hand, a delayed occurrence of these
southerlies beyond this peak will only result in a weak
El Niño event onset in summer. If no anomalous south-
erlies appear, the El Niño event will not occur. These
results are consistent with McPhaden’s (1999) conclu-
sion that the southerlies associated with the Southern
Hemisphere cold surges strengthen the convective blow-
ups in the WEP, westerly wind bursts, and, in some
cases, ENSO event initiation. Notice, however, that the
role of the Australian monsoons is predicated on a strong
westerly anomaly over the equatorial Indian Ocean as-
sociated with the south Asian summer monsoon in the
previous year, and a strong northerly anomaly from the
east Asian winter monsoon over the east Asian coast.

Thus, it appears that more attention must be paid to the
strength and timing of the Australian monsoons and how
they couple with the Asian monsoon systems.

Although this study has addressed two key questions,
a new issue appears, which is the factors that determine
the time of occurrence of the southerly anomalies off
the Australian coast. The analyses presented in this
study suggest the seasonal transition of Australia mon-
soon and a persistent cyclone over the SPCZ as two
important factors. The former is closely related to the
cold surge activity associated with Australian monsoon
systems. It is likely that such Southern Hemisphere cold
surges are an actual manifestation of the southerlies east
of Australia as noted by Meehl et al. (1996). For the
latter, since the cyclone always appears before the El
Niño onset, it is similar to the Australian onset cyclone
discussed by Wang (1995). Furthermore, because the
southerly anomalies apparently develop prior to the El
Niño onset, they are likely a cause rather than an effect.
On the other hand, the subsequent evolution of the cy-
clone and the anomalous southerlies and westerlies in
the CEP may involve an air–sea interaction feedback.

Another issue is the contribution of the MJO. In ad-
dition to its relationship with westerly wind bursts, Mat-
thews et al. (1996) have found that it can modulate the
strength of the SPCZ. This study has shown that the
latter is an important component in the onset time of
the warm episode. Therefore, more investigation would
be necessary to establish the role of the MJO and its
relationship with the systems in the Southern Hemi-
sphere. This will be the topic of a future study.
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