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ABSTRACT

The characteristics of the onset of the Pacific basin-wide warming have experienced notable changes since
the late 1970s. The changes are caused by a concurrent change in the background state on which El Nifio
evolves.

For the most significant warm episodes before the late 1970s (1957, 1965, and 1972), the atmospheric
anomalies in the onset phase (November to December of the year preceding the El Nifio) were characterized
by a giant anomalous cyclone over east Australia whose eastward movement brought anomalous westerlies into
the western equatorial Pacific, causing development of the basin-wide warming. Meanwhile, the trades in the
southeastern Pacific (20°S-0°, 125°-95°W) relaxed back to their weakest stage, resulting in a South American
coastal warming, which led the central Pacific warming by about three seasons. Conversely, in the warm episodes
after the late 1970s (1982, 1986-87, and 1991), the onset phase was characterized by an anomalous cyclone
over the Philippine Sea whose intensification established anomalous westerlies in the western equatorial Pacific.
Concurrently, the trades were enhanced in the southeastern Pacific, so that the coastal warming off Ecuador
occurred after the central Pacific warming.

It is found that the atmospheric anomalies occurring in the onset phase are controlled by background SSTs
that exhibit a significant secular variation. In the late 1970s, the tropical Pacific between 20°S and 20°N ex-
perienced an abrupt interdecadal warming, concurrent with a cooling in the extratropical North Pacific and
South Pacific and a deepening of the Aleutian Low. The interdecadal change of the background state affected
El Nifio onset by altering the formation of the onset cyclone and equatorial westerly anomalies and through
changing the trades in the southeast Pacific, which determine whether a South American coastal warming leads
or follows the warming at the central equatorial Pacific.
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1. Introduction

One of the fundamental questions concerning the
nature and prediction of El Nifio-Southern Oscillation
(ENSO) is how the turnabout from a cold to a warm
state (or vice versa) takes place. This question was
originally raised by Bjerknes (1969) and has remained
an outstanding issue to date (Cane 1993). A satisfactory
answer to this question may also address other related
important questions, such as what determines the pre-
ferred timescale and what causes the aperiodicity of
the Southern Oscillation (SO), and why the transition
between warm and cold states is intimately linked to
annual cycles (Wyrtki 1982): The present analysis will
focus on the transition from a cold to a warm state of
the ENSO cycle.

Rasmusson and Carpenter (1982) made a compre-
hensive description of a composite ENSO scenario
based on six events during 1950-1976. They found
significant westerly anomalies occurring over the west-
ern equatorial Pacific in the onset (around the end of

Corresponding author address: Prof. Bin Wang, Department of
Meteorology, University of Hawaii at Manoa, 2525 Correa Road,
HIG 331, Honolulu, HI 96822.

© 1995 American Meteorological Society

the year preceding El Nifio) phase. These westerly
anomalies occurring in the western equatorial Pacific
can induce eastward propagating equatorial Kelvin
waves and have been suggested as the trigger of the
South American coastal warming (Wyrtki 1975; Phi-
lander 1981, 1985; Busalacchi and O’Brien 1981).
What is responsible for the initial changes in the
western Pacific wind field? A variety of speculations
have been made, including the twin cyclones that de-
velop in the western-central Pacific (Keen 1982), the
impacts of the cold surges from the Southeast Asia
winter monsoon (Lau et al. 1983), the enhancement
of the Australian summer monsoon (Hackert and
Hastenrath 1986), and the persistent development of
the intraseasonal oscillation (Lau and Chan 1986). In
a series of studies, Barnett ( 1983, 1984, 1985) suggested
that the surface wind and sea level pressure (SLP)
anomalies, which eventually cause most of the changes
in SST in the equatorial Pacific, originate in the equa-
torial Indian Ocean and propagate slowly eastward into
the Pacific. The eastward propagation of free tropo-
spheric zonal wind anomalies from the South Asian
monsoon region to the western Pacific seen by Yasunari
(1985, 1990) and Gutzler and Harrison (1987) seem
to support Barnett’s finding. An interpretation of the
monsoon-ENSO connection was offered by Meehl
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(1987), who emphasized the important impacts of the
biennial variation of the monsoon circulation on
ENSO. Trenberth and Shea’s (1987) analysis of long
record SLP data, on the other hand, revealed that the
dominant feature of the SO is a standing seesaw, and
the eastward propagation of SLP anomalies is not very
regular and is not supported by the long-term record.
They showed that changes over the South Pacific pole
of the SO lead opposite changes in the Indonesian pole
by one to two seasons. A possible South Pacific role in
the ENSO onset was also discussed by van Loon and
Shea (1985, 1987), Trenberth and Shea (1987), and
Kiladis and van Loon (1988). The previous diverse
and disputed views invite further investigations.

Three recent warm events (1982-83, 1986-87,
1991-92), which were documented by Gill and Ras-
musson (1983), Kousky and Leetmaa (1989), Wang
(1992), Janowiak (1993), and Kousky (1993), appear
to behave quite differently from the canonical scenario
of Rasmusson and Carpenter (1982) (RC composite
hereafter). In the last three events the central Pacific
warming was not preceded by South American coastal
warming as described in RC composite. The change
in the evolution of SST anomalies is not unique for
the post-1950 period. Desser and Wallace (1987) no-
ticed that the warming off Peru occurred in advance
of the central Pacific warming (as inferred from the
episode of positive Darwin SLP anomaly) in the 1925
event, whereas it occurred subsequent to the central
Pacific warming in the 1930-31 and 1940-41 events.
They, however, did not explore the causes for the
change.

Because each warm event has its own character, case
studies are necessary to reveal differences from case to
case. The derived information is valuable for under-
standing the cause of the irregularities of the ENSO
cycle. The present study is based on a case analysis of
the six most significant events during 1950-1992. The
intent is to document differences between the Ras-
musson—Carpenter canonical ENSO scenario and the
latest three ENSO events, and to reveal the causes of
the differences. The results indicate that there have been
remarkable changes in the characteristics of the onset
after the 1976 warm event. The changes are attributed
to an abrupt interdecadal change that occurred around
1977.

In this paper, the term El Niifio is taken to be syn-
onymous with a warm (or ENSO) episode, which
means the major anomalous warmings of the eastern-
central equatorial Pacific Ocean and along the coast of
South America. Section 2 describes the data used in
the present analysis. Following a brief discussion of the
difference in the development of SST anomalies in sec-
tion 3, a detailed documentation of the contrasting
features of the atmospheric circulations and SST in the
onset between pre-1977 and post-1977 events is given
in section 4. Possible causes of the changes in the El
Nifio onset are discussed in section 5. The last section
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summarizes major results and discusses questions re-
maining open for future studies.

2. Data

The present analysis uses monthly mean SST, SLP,
and surface winds derived from the Comprehensive
Ocean-Atmosphere Data Sets (COADS) (Woodruff
et al. 1987) of Monthly Summaries Trimmed (MST)
format for the period from January 1950 to December
1992. Original COADS were on a 2° lat X 2° long grid.
For the purpose of describing planetary-scale ENSO
anomalies and making a more reliable estimation of
monthly means, the 2° X 2° data were first combined
into 5° lat X 15° long data by making observation-
number-weighted box averages.

The analysis domain covers the tropical Indian and
Pacific Oceans between 30°S and 30°N and from 40°E
to 80°W. The monthly mean observations in each box,
averaged for the period from January 1956 to Decem-
ber 1992, are more than 20 with the exception of five
boxes located in the central equatorial Pacific and one
box in the southeast Pacific where monthly mean ob-
servations are between 15 and 20 (Fig. 1a). The tem-
poral distribution of observations at each box, averaged
for the selected four locations (the western, central,
eastern, and coastal equatorial Pacific), are given in
Fig. 1b. The data density in the equatorial Pacific in-
creased rapidly from 1955 to 1958, especially in the
western and eastern equatorial Pacific. In the last three
decades the frequency of observations in the equatorial
Pacific has basically remained at the same level. In
general, the data density appears to be adequate for
case analyses of the significant ENSO events after 1957,
but not for 1951 and 1953 episodes.

After obtaining the coarse-resolution data, further
data quality control was performed. This included two
steps. The first step was to check temporal consistency.
For this purpose, annual cycle and monthly mean
anomalies (MMA ) were computed for each variable
at each box. It was assumed that monthly mean values
that were computed using more than 30 observations
were “reliable.” If observations were less than 15 per
month and the difference between the MMA and its
3-month running mean exceeded two standard devia-
tions of the MMA, or if the observation number was
between 15 and 30 and the difference was higher than
1.5 standard deviation, the MMA under consideration
was regarded as unreliable and removed. After the re-
moval of all unreliable data, a temporal interpolation
was used to make up the missing or deleted data in
each box.

The second step of quality control was based on a
spatial consistency principle. For the SST anomalies,
the standard deviations of the spatial variability at a
given time were computed for three different latitude
bands: 10°S-10°N, 10°-20°S and 10°-20°N, 20°-
30°S and 20°-30°N, respectively. The MMA at any
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FIG. 1. (a) Monthly mean observations of COADS in each 5° lat X 15° long box averaged for the period January 1956-December 1992.
(b) Temporal distribution of the monthly mean observations in each 5° X 15° box averaged, respectively, over the western (140°-150°E),
central (170°-155°W), eastern (140°-125°W), and far eastern (95°-80°W) equatorial (5°S-5°N) Pacific. The number in the left (right)
margin indicates natural logarithmic (actual) observational numbers per month.

box that exceeded the average of the corresponding
four adjacent boxes by more than two standard devia-
tions of the spatial variability were weeded out as un-
reliable if the corresponding monthly observation
number was below 40. Such unreliable values were then
replaced by the values obtained by a spatial interpo-
lation scheme that combines Laplacian interpolation
with cubic spline fitting. The SLP anomalies were
checked using the same procedure except that 1.5 times
the standard deviation was used as a criterion to check
spatial consistency. For the zonal and meridional wind
components, a value at a given box was regarded as
unreliable if its sign was opposite to those of all four
adjacent boxes and the observations were less than 40.
The unreliable data were then replaced by spatially in-
terpolated data. A nine-box weighted mean was used
to smooth the anomalous SLP and wind component

fields after the spatial interpolation. The weight was
0.72 for the central box, 0.06375 for the adjacent four
boxes, and 0.0056 for the other four diagonal boxes.
The coarse resolution, though giving a more reliable
estimation, reduces the amplitude of the anomalies.

3. Changes in the development of SST anomalies

For a Pacific basin-wide warming, the SST in the
equatorial central Pacific (5°S-5°N, 170°-155°W) is
a meaningful indicator for several reasons. First, it is
derived from the best ship observations in the vast areas
of the central and eastern Pacific (see shiplines 5 and
6 in Rasmusson and Carpenter 1982). Second, its
variation reflects the SST variations in a large area of
the equatorial eastern-central Pacific (5°S-5°N, 170°-
95°W) (defined as El Nifio Index) very well (Fig. 2).
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F1G. 2. Monthly mean SST anomaly (°C) at the central equatorial Pacific (5°S-5°N, 170°-155°W) (dotted), the El Nifio index defined
by the monthly mean SST anomaly (°C) averaged in the eastern-central equatorial Pacific (5°S-5°N, 95°-170°W) (solid), and the Southern
Oscillation index defined by the monthly mean anomalous SLP difference (mb) between Tahiti and Darwin (Tahiti-Darwin) (dot-dashed).
The data were low-pass filtered by a 5-month running mean with a weight (1:2:3:2:1).

It is also highly correlated with the SO index (Fig. 2).
Last, the central Pacific has the largest equatorial east—
west SST gradient and the anomalous warming there
appears to be most influential to the shift of the rising
branch of the Walker circulation and to the midlatitude
circulation (Bjerknes 1966; Horel and Wallace 1981).

During 1950-1992 there were six most significant
ENSO episodes (1957-58, 1965, 1972, 1982-83, 1986~
87, and 1991-92) for which the El Nifio Index exceeds
one degree (Fig. 2). These episodes also contain
warmings at both the South American coast and the
central equatorial Pacific. There were three other mod-
erate warm episodes (1963, 1969, and 1976-77), which
not only have smaller amplitude (the El Niiio Index
is below one degree, Fig. 2) but also smaller spatial
scale. These moderate episodes did not contain both a
significant coastal and central Pacific warming (see Fig.
1 of Desser and Wallace 1990). For these moderate
episodes it appears to be difficult to detect reliable sig-
nals because the signal-to-noise ratios are relatively low.
For these reasons, only the six strongest episodes were
selected for the case and composite studies.

The six strong basin-wide warm episodes have dis-
played different evolution of SST anomalies. This is
evident from the comparison of the relative timing of
the warming that occurred in the central Pacific and
the far eastern Pacific (Fig. 3). In the equatorial central
Pacific (5°S-5°N, 170°-155°W) the monthly mean
SST is dominated by an interannual variation: The
interannual variation carries 82%, whereas the annual
cycle carries only less than 10% of the total variance.
The annual cycle is skewed with a rapid increase from
February to May by about 1°C. For the six strong ep-
isodes, the SST anomalies are maximum toward the
end of the El Niiio year except for the 1986-87 episode,
which has double peaks with the major one occurring

in the northern summer 1987 (Fig. 3a). Appreciable
positive SST anomalies that are greater than 0.2°C
normally occur from March to June of year 0 except
during the 1991 event, which developed, unusually,
from an above-normal state. The occurrence of positive
SST anomalies tends to be in phase with the annual
warming. :

In the far eastern Pacific south of the equator (0°-
5°S, 80°-95°W), the annual range of SST is large
(about 4.5°C). The interannual variation is also pro-
nounced (Fig. 3b). The peak anomalous warming oc-
curred around June of year 0 in three pre-1977 warm
episodes, while around April of year +1 in the post-
1977 episodes. The peak annual warming at the same
location occurs in March. Therefore, the pre-1977 ep-
isodes extended the annual peak warming in year 0,
whereas the post-1977 episodes extended and amplified
the annual peak warming in year +1. Note also that
the pre-1977 episodes started around January and ap-
peared as an amplification of the annual warming in
year 0, whereas the post-1977 episodes started around
July and appeared as a disappearance of the annual
cooling in year 0.

Figure 3 indicates two notable differences in the
evolution of SST anomalies between the pre- and post-
1977 warm episodes. First, the eastern Pacific peak
warming leads the central Pacific peak warming by
about 5 months in three pre-1977 warm episodes, while
lagging the central Pacific peak warming by about 5
months in the post-1977 warm episodes. In the pre-
1977 cases the eastern Pacific warming can be used as
a predictor to forecast the winter circulation anomalies
in Northern Hemisphere extratropics at a lead of two
seasons. Yet, the same predictor for the post-1977 pe-
riod is not available and the prediction is apparently
much more challenging. Second, in the central Pacific
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FIG. 3. Five-month weighted running mean SST anomalies (°C) for the six most significant warm events at the central equatorial Pacific
(5°S-5°N, 170°~155°W) (left panel) and at the far eastern equatorial Pacific (0°-5°S, 95°-80°W) (right panel). The line with solids denotes
annual cycles. The year O refers to the El Nifio year in which anomalously high SST first appears and then amplifies in the tropical Pacific;

year —1 and year +1 refer to the previous and subsequent years, respectively.

and during boreal fall of year —1, the pre-1977 episodes
were preceded by a cooling of about 1°C, while the
post-1977 episodes were near or above normal.

Based on a composite scenario derived from six
warm episodes that occurred during 1950-1976, Ras-
musson and Carpenter (1982) defined five phases for
a warm episode: antecedent (June-October of year
—1), onset (November of year —1 to January of year
0), peak (March-May of year 0), transition (June-
October of year 0), and mature (November of year 0
to February of year +1). They named March-May of
year 0O as the peak phase because the South American
coast reaches its peak warming during that period for
the pre-1977 episodes. In view of the fact that there
was no obvious coastal warming prior to the central
Pacific peak warming (mature phase) in the latest three
episodes, the boreal spring of year 0 will be called a
development phase. All other terminologies (anteced-
ent, onset, transition, and mature) will follow Ras-
musson and Carpenter (1982).

4. Contrasts in the onset between the pre- and post-
1977 warm episodes

The evolution of SST anomalies during warm epi-
sodes, as seen from Figs. 3a,b, suggests a notable change
in the evolution of El Nifio after 1977. To understand
the causes of the change, let us carefully examine the
evolutions of the atmospheric fields, particularly
around the onset phase.

a. SLP and surface wind anomalies

Seven-month running mean anomalies of surface
winds and SLP were used for a case analysis of each
of the six strong warm episodes. During the onset phase,
the pre- (or post-) 1977 warm episodes bear similarities
(Figs. 4a,b). For instance, in the southeast Pacific and
South Indian Oceans anomalous westerlies prevail
during the onset phase of the three pre-1977 episodes,
whereas anomalous easterlies prevail during the three
post-1977 episodes. Over the western Pacific and mar-
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the three pre-1977 events (1957, 1965, and 1972), and (b) the three post-1977 events (1982, 1986-87, 1991). The areas where the anomalous
surface winds between the pre- and post-1977 composites differ significantly at the confidence level of 0.05 are shaded.

itime continent, anomalous equatorial westerlies tend
to be associated with the negative SLP anomalies in
Australia during the onset phase of the three pre-1977
episodes.

Note that the similarity among three post-1977 ep-
isodes is not as great as that among the pre-1977 epi-
sodes. This is partially attributed to the fact that the
1986-87 episode is not well phase-locked with the an-

16OW  140W 120w 100W

nual cycle. The mature phase of the ENSO normally
occurs around November and December of year 0. This
is true for all significant episodes considered in this
study except the 1986-87 episode (Fig. 3a), which ma-
tured in the summer of year 0. The present composite
is constructed according to calendar months. This ap-
proach is valid only if the evolution of the warm epi-
sodes is phase-locked with annual cycle. An alternative
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way of making a composite is based on the phase of
ENSO cycle. With the latter approach, the onset phase
should be about 12 months in advance of the mature
phase (i.e., in November and December of year —1).
For those episodes that are tightly phase-locked with
the annual cycle (the 1957, 1965, 1972, 1982, and 1991
episodes), the onset phases determined by the two ap-
proaches are nearly the same. For the exceptional
1986-87 episode, however, the onset phase should be

in May and June 1986 if the composite is made ac-
cording to the ENSO cycle itself. Figure 5 shows
anomalous winds and SLP in May-June 1986. In the
western Pacific, equatorial westerly anomalies are as-
sociated with an anomalous cyclone over the Philippine
sea. This feature resembles the anomalous winds in the
onset phases of the other two post-1977 episodes. With
either composite approach, the similarities among the
members within each group (the pre- and post-1977
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groups) are sufficient to warrant a meaningful com-
posite.

The differences between two groups are apparently
much larger than the differences among the members
of each group. An F-test has been performed to deter-
mine the areas where the differences between the two
composite wind fields are statistically significant at the
95% confidence level. These areas were illustrated in
Figs. 4a,b by the shadings. In what follows, the discus-
sion will focus only on those features that differ sig-
nificantly for the pre- and post-1977 composites. Two
sets of composite SLP and wind anomalies at four
phases were made for the pre- and post-1977 episodes,
respectively (Figs. 6 and 7).

In the antecedent and onset phases, the composite
anomalous SLP for the pre-1977 warm episodes re-
sembles a high-index state of the SO (Figs. 6a and 6b).
The wind anomalies are dynamically consistent with
the SLP anomalies, diverging in the eastern-central
equatorial Pacific around 140°W. Significant easterly
anomalies prevail over the central and western equa-
torial Pacific and westerly anomalies over the eastern
Indian Ocean and the Maritime Continent, represent-
ing an enhanced Walker circulation. Conversely, the
composite SLP anomalies in the anticedent phase for
the post-1977 episodes are small (Fig. 7a) and bear
some resemblance to a low-index state of the SO in the
onset phase (Fig. 7b). The winds in the central Pacific
and the equatorial Indian Ocean—-Australian summer
monsoon region are nearly normal in the onset phase,
suggesting that the post-1977 episodes developed from
a near-neutral condition.

A pronounced contrasting feature in the wind fields
can be identified in the southeast trades. In the cases
of the pre-1977 episodes, there is a persistent weakening
of the trades in the southeast Pacific (95°~140°W) from
the antecedent to development phase (Figs. 6a-c). In
sharp contrast, for the post-1977 episodes, there is a
persistent strengthening of the trades in the same region
and the same period (Figs. 7a~c). The weakening

1400 1200 1

160W

HIG. 5. Seven-month running mean anomalies of SLP and surface winds averaged for the period May-June 1986.

160E

(strengthening) of the southeast trades over the open
ocean may favor (prohibit) warming occurring along
the South American coast at the onset phase. One
should also note that near the South American coast
(80°-95°W) there is little difference in the surface wind
fields between the two composites from the antecedent
to development phase.

Another different feature is associated with the pro-
cess of the establishment of equatorial westerly anom-
alies in the western Pacific. In the antecedent and onset
phases of the pre-1977 episodes, pronounced westerly
anomalies are found from the equatorial Indian Ocean
across the Australian summer monsoon region to the
South Pacific convergence zone (SPCZ) (Figs. 6a,b).
These anomalous westerlies are associated with a giant
anomalous low pressure and a cyclonic gyre centered
in Australia in the antecedent phase and east of Aus-
tralia in the onset phase. Pronounced negative pressure
anomalies also occur along and southwest of the SPCZ.
The cyclone and associated westerly anomalies move
slowly eastward from the antecedent to onset phase as
the easterly anomalies over the central and western
Pacific decrease. The establishment of the equatorial
westerly anomalies in the far western Pacific, thereby,
appears to be associated with the eastward migration
of the anomalous Australian onset cyclone. The latter
represents an enhanced Australian summer monsoon.
It is thus speculated that an enhanced Australian sum-
mer monsoon may have significant impacts on estab-
lishment of the westerly anomalies in the equatorial
western Pacific for the pre-1977 episodes. To some ex-
tent, the above features are consistent with the results
presented in previous studies that emphasized the roles
of the variations in the South Pacific in the ENSO onset
(Rasmusson and Carpenter 1982; van Loon and Shea
1985; Hackert and Hastenrath 1986; Trenberth and
Shea 1987).

In the antecedent and onset phases of the post-1977
episodes (Figs. 7a,b), on the other hand, significant
westerly anomalies occur in the western Pacific north
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April of year 0), and transition phase (July and August of year 0) for the three pre-1977 events (1957, 1965, and 1972).
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FIG. 7. As in Fig. 6 except for the three post-1977 events (1982, 1986-87, and 1991).

of the equator. These near-equatorial westerly anom-  the equatorial westerly anomalies in the western Pacific
alies are associated with a cyclonic gyre in the Philip- is, therefore, attributed to the development-of the Phil-
pine Sea that intensifies in situ from the antecedent to  ippine Sea onset cyclone. The intensification of the on-
development phase (Figs. 7a—c). The establishment of  set cyclone may be associated with the anomalous East
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Asian winter monsoon in the 1982-83 and 1991 epi-
sodes but not in the 1986-87 episode. Persistent en-
hanced northeast monsoons can be seen in the north-
western Pacific behind the pressure trough (Figs. 7b,c).

From the onset to development phase, the composite
atmospheric circulation anomalies for the pre-1977
warm episodes changed dramatically (Figs. 6b,c). The
pressure rapidly decreased in the eastern Pacific and
increased over the Maritime Continent. The equatorial
easterly anomalies and accompanying divergence in
the central Pacific suddenly disappeared and equatorial
westerly anomalies were established in the entire west-
ern Pacific. On the contrary, the atmospheric anomalies
of the post-1977 episodes changed steadily from the
onset to development phase (Figs. 7b,c). The anom-
alous subtropical lows in the western North and South
Pacific extended slightly eastward. The quasi-zonal
pressure trough over the Philippine Sea deepened and
the pressure trough over the SPCZ developed. Mean-
while, the pressure over Indonesia rose and the equa-
torial westerlies further strengthened.

In the transition phase the pre- and post-1977 com-
posite SLP and surface anomalies display a similar
pattern in the western-central Pacific (Figs. 6d and 7d).
A common feature during the transition phase for both
pre- and post-1977 warm episodes is the equatorial
westerlies (easterlies) that are directed from the high
anomalous SLP near 120°E to low SLP near 140°W
(80°E). The slow eastward propagation of the equa-
torial westerly anomalies from the far western Pacific
to the central Pacific is a common characteristic for all
El Niiio episodes in the last four decades.

b. SST anomalies

What causes the remarkable differences in the onset
of atmospheric anomalies between the pre- and post-
1977 El Niio episodes? To address this question the
SST anomaly patterns for each of the six strong epi-
sodes were examined. Figures 8 and 9 present com-
posite SST along with surface wind anomalies from
the antecedent to transition phases for the pre- and
post-1977 episodes, respectively.

As we noticed from Fig. 3a, the pre-1977 warm ep-
isodes were preceded by a strong (1956 and 1971) or
a moderately strong (1964) cold event, whereas the
post-1977 warm episodes were preceded by either a
weak cooling (1981, 1985) or no cooling (1990) in
year —1. This difference can be clearly observed from
the composite SST anomalies in the antecedent and
onset phases (Figs. 8a,b and 9a,b). In response to the
strong negative SST anomalies in the central Pacific in
the pre-1977 composite, surface winds diverged with
notable easterly anomalies over the central and western
Pacific and westerly anomalies in the eastern Pacific
(Figs. 8a,b). In the post-1977 composite, on the other
hand, the wind anomalies over the central and western
equatorial Pacific are weak in accord with the weak
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equatorial SST gradients (Figs. 9a,b). The differences
in the equatorial SLP and surface wind fields in the
onset phase appear to be attributed to the differences
in SST anomalies.

Another notable difference in SST anomalies is the
location of major anomalous warming. For the pre-
1977 composite, positive SST anomalies in the ante-
cedent and onset phases occurred in the northern Aus-
tralia and the SPCZ (Figs. 8a,b). There are large SST
gradients between the equatorial cool water and the
warm water in the SPCZ. The SST gradients would
induce pressure gradients in the boundary layer via
vertical turbulent transport of surface heat fluxes and
hydrostatic balance (Lindzen and Nigam 1987). Near
the equator the pressure gradient force approximately
balances boundary layer friction, thus the winds blow
down-pressure gradient from cold to warm water
(across the anomalous SST “front™). Away from the
equator, the Coriolis force tends to balance the pressure
gradient force and boundary layer friction, turning
wind anticlockwise, resulting in a northwesterly com-
ponent along the SPCZ. That would favor the south-
eastward extension of the Australian cyclone. Con-
versely, for the post-1977 composite, major positive
SST anomalies were located in an elongated area from
the western equatorial Pacific to Baja California with
a maximum occurring at (20°N and 140°W) (Figs.
9a,b). The positive SST anomalies in the western
equatorial Pacific reach about one-half degree, which
is significant because the annual and interannual vari-
ability of SST in that region is small. These positive
SST anomalies persisted through the entire onset and
development period and the corresponding SST gra-
dients poleward of positive SST anomalies were en-
hanced from antecedent to onset phase (Figs. 9a-c).
The SST anomalies in the central equatorial Pacific
favor the development of anomalous westerlies along
and slightly north of the equator and the formation of
the cyclonic vorticity over the Philippine Sea.

5. Causes of the change in El Niiio onset

The above observational evidence suggests that the
fundamental differences in the Pacific Walker circu-
lation, the off-equatorial onset cyclones, and the trades
of the southeast Pacific in the onset phase result from
the SST anomalies “memorized” by the ocean. Because
the onset phase corresponds to a general transition from
a cold (or on occasion from a near-neutral condition)
to a warm state of the ENSO cycle, the SST anomalies
associated with the ENSO cycle in this phase should
be very small. What, then, accounts for the differences
in the SST anomalies in the onset phase between the
pre- and post-1977 warm episodes? One possible cause
is that the background state, on which the ENSO cycle
evolves, has secular variations on a timescale much
longer than the ENSO timescale.

To test this idea, an empirical orthogonal function
(EOF) analysis of secular SST variations on multide-
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FIG. 8. As in Fig. 6 except for SST and surface wind anomalies.

cade timescale was performed. Although it is impossible  variability to the basic state, the SST variation on mul-
to precisely define a “basic state” on which ENSO tidecade timescale may be studied by filtering out the
evolves due to the nonlinear feedback of the ENSO ENSO variation from the monthly mean anomalies.
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A so-called interdecadal component was derived by a MMA). Since the data quality in the early part of the
low-pass Sharpiro (1970) filtering of original 43-yr 1950s is relatively poor, only the data from January
MMA series (which is similar to a 7-yr running mean 1958 to December of 1992 were used. Because the
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temporal variation in the first and last three years was
affected by the end effect of the applied filter, the prin-
cipal component was displayed only for the period
January 1961-December 1989 in Fig. 10. The most
significant eigenmode accounts for about 62% of the
variance of the interdecadal component. For a com-
parison, the total variance over the studied domain has
also been computed for the 5-month running mean
MMA of SST, which contains variations of both the
ENSO and interdecadal components. The result shows
that the ratio of the interdecadal variance to ENSO
variance averaged over the entire domain is 32%, in-
dicating that the first EOF mode of the interdecadal
component has considerable contribution to the vari-
ance of low-frequency (interannual and interdecadal )
variations.

The dominant interdecadal EOF mode shows two
(acold and a warm) quasi-steady phases and a relatively
rapid transition from the cold to the warm state in the
late 1970s over almost the entire tropical Pacific-Indian
Ocean between 20°S and 20°N (Fig. 10). The strongest
warming after the late 1970s occurs in the northeast
Pacific around 120°W and 20°N and southeast Pacific
around 120°W and 15°S. Another warming center is
in the equatorial Pacific near the date line.

SST (Interdecadal EOF1)
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In the tropical Pacific, the spatial structure of the
first EOF mode shown in Fig. 10 is remarkably similar
to the difference in 10-year mean SST between the pe-
riods of 1977-1986 and 1967-1976 shown by Fig. 2
of Nitta and Yamada (1989). The latter was called an
interdecadal variation. The interdecadal SST variation,
however, is not confined to the Tropics, rather it is a
basin-wide phenomenon. Accompanying the warming
in the tropical areas between 20°S and 20°N, equally
significant cooling takes place in the midlatitudes of
both the North and South Pacific centered around
160°W (Nitta and Yamada 1989). In the North Pacific,
the cooling after 1976 occurred in the central region
(30°-50°N, 150°E-140°W) and approximately co-
incidental warming in the eastern region along the
North American coast (Graham 1992).

The interdecadal SST anomalies appear to be cou-
pled with interdecadal atmospheric circulation anom-
alies. Concurrent with the tropical warming after 1977,
the convection over the west-central equatorial Pacific
increased (Nitta and Yamada 1989; Graham 1992).
The 500-hPa geopotential height in the northern mid-
latitudes in winter had lowered considerably during
1977-1986 (Kahiwabara 1987). The Pacific mean SLP
for the winter period, November—March, averaged over
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F1G. 10. (a) The spatial pattern and (b) temporal coefficient of the most important EOF mode
of the interdecadal component of monthly mean SST anomalies.
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U Anomalies at Southeastern Pacific
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FIG. 11. Seven-month running mean westerly anomalies averaged over the open ocean (0°-20°S, 125°-95°W) and near the South
American coast (0°-20°S, 95°-80°W) of the southeastern Pacific. Vertical lines indicate the December of the year preceding the six most
significant El Nifio events (1957, 1965, 1972, 1982, 1986-87, and 1991).

27.5°~72.5°N, 147.5°E~122.5°W, was lower by 2 hPa
during 1977-1988 compared with the period 1946-
1976 (Trenberth 1990). The Aleutian low was inten-
sified and shifted southward with stronger than normal
winter monsoons ( Namias et al. 1988). Stronger west-
erlies occurred from 25°-45°N and weakened trades
in the central Pacific (Inoue and O’Brien 1987). The
North Pacific mean SLP is also an index of the Pacific-
North American (PNA) teleconnection pattern (Wal-
lace and Gutzler 1981) on the ENSO timescale ( Tren-
berth 1990). In theory, the atmospheric response to
anomalous tropical heating on an interdecadal time-
scale during northern winter should invoke similar
mechanisms as those on the ENSO timescale that were
suggested by Hoskins and Karoly (1981 ) and Simmons
et al. (1983). However, the tropical interdecadal
warming differs from a mature-phase El Nifio in both
the spatial distribution and strength. The excitation of
inherent extratropical modes is expected to be different.
Differences in the ENSO and interdecadal teleconnec-
tions were emphasized by Yamagata and Masumoto
(1992).

The interdecadal changes in atmospheric circulations
may, in turn, feed back to the ocean. The deepening
of the Aleutian low would cause an anomalous cyclonic
circulation over the North Pacific. This anomalous cy-
clone, on the one hand, may increase cold advection,
evaporation, and ocean mixing west and south of the
Aleutian low, leading to a cooling in the western and
central North Pacific (Trenberth 1990); on the other
hand, it may increase onshore Ekman transport along
the west coast of North America, thereby suppressing
upwelling and inducing anomalous warming. The in-
creased wind curl associated with the enhanced west-
erlies south of the Aleutian low would also increase
southward Sverdrup transport and accelerate the an-

ticyclonic subtropical ocean gyre, favoring the for-
mation of the positive SST anomalies stretching south-
westward from Baja California to the central equatorial
Pacific. The weakening of trades in the central Pacific
would further enhance the warming there due to re-
duction in surface latent heat loss.

The change of El Niiio onset in the late 1970s was
concurrent with the above-described abrupt interde-
cadal change from a cold to a warm state. In fact, the
composite SST anomalies in the onset phase for the
pre- and post-1977 El Nifio episodes are quite similar
to the cold and warm states of the interdecadal mode,
respectively (Figs. 8b, 9b, and 10). This implies that
during the onset phase of El Nifio, the background
SST is, to a large degree, determined by the secular
variation on longer timescales such as the sudden in-
terdecadal change that occurred in the late 1970s.

Figure 11 shows zonal wind anomalies averaged
along the South American coast (0°-20°S, 80°-95°W)
and over a large area of the open ocean of the south-
eastern Pacific (0°-20°S, 95°-125°W). The data den-
sity in these regions is, on average, about 60 observa-
tions per month at each 5° lat by 15° long box (Fig.
1). The wind variation along the coast distinguishes
from that over the open ocean of the southeast Pacific.
There is an increasing trend in the strength of the trades
over the open ocean of the southeast Pacific as evi-
denced by the decreasing trend of the corresponding
westerly anomalies. There is no such trend in the
southeast trades along the South American coast. Let
us focus on the onset phase, that is, December of the
year preceding the El Nifio. The zonal wind anomalies
near the coast have no definite relation with the coastal
warming as noticed by Wyrtki (1975). The easterlies
over the open ocean of the southeast Pacific, however,
were significantly weaker than normal in the pre-1977
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events, whereas they were significantly stronger than
normal in the post-1977 episodes. This is consistent
with the composite wind anomalies shown in Figs. 6b
and 7b. Correspondingly, the South American coastal
warming occurred in the development phase of the El
Nifio in the pre-1977 episodes, whereas it occurred after
the mature phase in the post-1977 events (Fig. 3). It
is believed that in the pre- (post-) 1977 episodes, the
presence (absence) of coastal warming that precedes
the central Pacific warming is a result of the positive
feedback between the ocean and the relaxation (en-
hancement) of the trades in the southeast Pacific (0°-
20°8, 95°-125°W). The relaxation of the trades over
the open ocean of the southeast Pacific may effectively
spindown the subtropical gyre, leading to a coastal
warming in the development phase. The precise
oceanic processes responsible for this remote response
can be determined through numerical experiments.

6. Summary and discussion

In the onset phase of El Nifio, the states of the at-
mosphere and ocean are close to their annual cycles.
The coupling of the atmosphere and ocean is relatively
weak because the annual cycle, to a large extent, is
determined by insolational forcing, especially in the
western Pacific. Even in the tropical eastern Pacific
where air-sea interaction is involved, the insolational
forcing also fundamentally regulates the annual cycle
(Mitchell and Wallace 1992; Wang 1994a). As such,
in the onset phase the interdecadal variations of the
background state may effectively influence the evolu-
tion of the ENSO cycle.

It is hypothesized that the interdecadal change of
the background state that occurred in the late 1970s is
responsible for the changes in the characteristic evo-
lution of the El Nifio onset. The hypothesis is based
on the evidence that the composite SST anomalies in
the antecedent and onset phases for the pre- and post-
1977 events (Figs. 8a,b and 9a,b) resemble, respec-
tively, the cold and warm stages of the interdecadal
variation in the tropical Pacific (Fig. 10). The hypoth-
esis is also based on the assertion that the warm events
evolving from a warm state of the interdecadal mode
display features of onset that differ from those of the
warm events evolving from a cold state of the inter-
decadal mode.

The processes by which the interdecadal mode pos-
sibly affects the onset of El Nifio episodes are sche-
matically summarized in Fig. 12. The warm state of
the interdecadal mode that occurred after the late 1970s
may influence the ENSO onset in two ways. First, the
warming in the equatorial central Pacific and off-equa-
torial tropical eastern Pacific can offset the La Nifia
(cold episode) condition of an ENSO cycle in the an-
tecedent phase, yielding a near-normal Walker circu-
lation over the western and central Pacific and en-
hanced trades in the southeastern Pacific. The persis-
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tence of the enhanced southeast trades in the onset
phase may prohibit South American coastal warming
in the development phase, resulting in an absence of
the coastal warming in boreal spring of the ENSO year
that otherwise could lead the central Pacific warming,.
Another role of the interdecadal warming near the date
line is to raise the mean SST, so that the SST along
the equator would reach a given temperature (say
28°C) further east. This would favor eastward move-
ments of convection and associated westerly anomalies
from the western to central Pacific, leading to a central
Pacific warming followed by a coastal warming in the
year subsequent to the ENSO year. Second, the cooling
in the western North Pacific favors a southeastward
extension of east Asian winter monsoons so that
northeasterly anomalies prevail north of the Philippine
Sea. The large SST gradients on the poleward side of
the interdecadal warming in the North Pacific would
induce anomalous southwest thermal winds, which,
together with the enhanced northeasterly monsoon,
favor the formation of the Philippine Sea onset cyclone.
After the late 1970s, the equatorial westerly ahomalies,
which eventually cause the Pacific warming, are asso-
ciated with the development of this onset cyclone. Par-
allel arguments can be made as to how a cold state of
an interdecadal variation could affect the background
SST so that the coastal warming may lead the central
Pacific warming and the formation of the Australia—-
SPCZ onset cyclone is favored.

The results derived from the present analysis suggest
that secular changes in the background “mean” state
may have profound impacts on the ENSO evolution.
The anomaly models that are used to predict ENSO
should take into account this factor in specification of
the model’s mean states.

In addition to the interdecadal mode, relatively high-
frequency (intraseasonal to annual timescales) distur-
bances, perhaps primarily in the extratropical atmo-
sphere, could also interfere with the ENSO mode and
cause irregularities in the ENSO cycle. The occurrence
of minimum pressure anomalies during the onset
phase in the subtropics around the node line of the
Southern Oscillation ( 15°-30°N and 15°-30°S, 160°E-
155°W), especially in the North Pacific subtropics
(Figs. 5b and 6b), may be related to abnormal seasonal
variations in the extratropical atmosphere. This pres-
sure fall favors the establishment of the onset cyclones
and the equatorial westerly anomalies over the western
Pacific, which play a critical role in the initiation of
the instability of the coupled ocean/atmosphere system
in the western-central Pacific. The common features
of the transition from a cold to a warm state of the
ENSO cycle have been discussed in detail in an accom-
panying paper (Wang 1994b). The exact cause of the
pressure fall near the node line of the Southern Oscil-
lation before and during the onset phase of El Niiio is
not clear and calls for further investigations.
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FIG. 12. Schematic diagram showing the impacts of the interdecadal variation on the ENSO onset.
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There is a possible feedback from ENSO episodes
to the interdecadal variations. However, the fact that
the interdecadal mode has a different spatial pattern
from the ENSO mode and the interdecadal change of
phase occurred before the extremely strong 1982 ENSO
appears to suggest it is unlikely that the interdecadal
SST change resulted from the excessive intensity of
recent warm episodes. It is not known, however, what
causes the relatively abrupt interdecadal change and
what maintains the interdecadal SST anomalies. Fur-
ther studies of the interaction between ENSO and in-
terdecadal variation and the teleconnections between
the Tropics and midlatitudes of both hemispheres on
both interdecadal and ENSO timescales are necessary
to reveal the cause of the interdecadal variation and to
further assess its impact on the evolution of ENSO.
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