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The zonal displacement of the western Pacific warm pool (WPWP) and the meridional
displacement of the eastern Pacific warm pool (EPWP) and their responses to wind
anomalies over the tropical Pacific were investigated. Joint effect of the WPWP and
EPWP on ENSO was examined based on a joint effect index, which is a combination
of the standardized anomaly time series of the eastern edge of the WPWP and the
southern edge of the EPWP. Results show that both WPWP and EPWP are major
providers of warm water in the eastern equatorial Pacific. The anomalous eastward
extension of the WPWP and abnormal southward extension of the EPWP can supply
a large amount of warm water into Nino3 region of the north equator, result in dramatic
local SST increase, and trigger El Niño. To the contrary, as scope of the WPWP retreats
westward and the EPWP retreats northward, a La Niña will outburst. One cannot
separate apart the roles played by the WPWP and EPWP on ENSO, and the joint
effect of both warm pools must be considered. A joint index of 1.6 means a new El
Niño event is likely to happen.
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1 Introduction
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It is well known that ENSO is one of the most important signals in interannual climate
variations. Its occurrence is often associated with major global climate abnormity and
serious drought or flood, and cold calamity in many regions of the world. Many countries undergo tremendous loss from industry and agriculture mal-practice, among them
is China where serious droughts occur in the northern part, and heavy floods in the
southern part. To understand the formation and evolution of the ENSO, meteorologists and oceanographers have carried out a wide range of studies during the past half
century, and various theories were proposed, such as relaxation of trade wind (Wyrtiki, 1975), unstable ocean wave (Can and Zebiak, 1985; Hirst, 1986; Philander et al.,
1984), the delayed oscillator (Battisti, 1988; Neelin, 1991; Suarez and Schopf, 1988),
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and so on. Although each of these theories can explain partially the formation and
evolution of ENSO, its principal causes and mechanisms remain unclear. Therefore,
the predication of ENSO yet stays in experimental stage.
Previous classic views (Can and Zebiak, 1985; Long et al., 1990; Namias, 1976)
show that, El Niño is associated with the variation of trade wind over the tropical Pacific
which is closely related to the oscillation of air pressure field, i.e., the South-Oscillation
(SO). This coupled process makes up of so-called ENSO. The theory of trade wind
relaxation indicates that the warm water builds up in the western Pacific if the trade
wind is strong, resulting in sea level rising and thermocline deepening there; Once
the trade wind weakens, the warm water that piled up in the western Pacific collapse
eastward in the form of Kelvin wave, causing anomalous warming in marine region
near the South America. An El Niño would come into being. Obviously, this viewpoint
emphasizes the effect of western Pacific warm water on the anomalous warming near
the South America. Later, the impact of the western Pacific Warm Pool (WPWP) on
ENSO was intensively studied (Neelin, 1991; Philander et al., 1984; Shi, 2002; Suarez
and Schopf, 1988; White et al., 1985).
It should be pointed out that although the WPWP expands eastward as far to the
eastern coast of the Pacific Ocean during strong El Niño events (e.g. 1982, 1997),
◦
making whole equatorial Pacific covered by warm water (T ≥28 ), it does not extend
eastward very far and its eastern edge is located most likely at west of 140◦ W (i.e., just
entering Nino3 region) in most other El Niño years, such as 1951, 1963, 1965, 1969,
◦
1976 and 1994, especially 1951 and 1976, the eastern edge was just at west of 150 W
(i.e., beyond the Nino3 region) (Zhang and Weng., 1997), indicating that the anomalous
warming in the eastern equatorial Pacific results partially from the eastward extension
of WPWP and there may be other warm water providers. Recently, Zhang et al. (2004)
analyzed the variation of the Eastern Pacific Warm pool (EPWP) and its relation to
ENSO. They pointed out that the southward displacement of the EPWP plays an important role in triggering El Niño. Therefore, it is believed that both WPWP and EPWP
have important influence on ENSO cycle. Having been solely studied previously, two
165
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10

questions on the WPWP and EPWP remained unanswered. First, which warm pool
is more important in affecting ENSO? Second, do they act jointly on the ENSO cycle?
◦
◦
To clarify the above two questions, monthly average SST data (2 ×2 ) (1950–2006)
from the US National Climate Data Center and monthly average 850 hPa wind data
◦
◦
(2.5 ×2.5 ) (1949–2005) from the US National Centers for Environment Prediction are
applied to investigate the variations of the WPWP and EPWP displacements and their
joint effect on the ENSO cycle. In this paper, variations of the WPWP and EPWP displacements and their relation to ENSO cycle are analyzed, followed by analyses on
the responses of WPWP’s and EPWP’s variability to wind anomalies, joint effect of
the WPWP and EPWP on the ENSO cycle is then discussed, and ended with some
conclusions.
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Previous studies indicated that distribution of the WPWP shifts seasonally with meridional displacement. Its main body occupies south of the equator in winter and then
moves northward in summer (Zhang et al., 2006). In addition, zonal displacement of
the WPWP was so large that its eastern edge could reach the eastern Pacific, linking up with the EPWP in north of the equator during El Niño, and forming a long and
narrow warm water zone. At the same time, the EPWP moves westward, reaching its
westernmost location near 130◦ W and southward to its southernmost point near the
equator during El Niño. Obviously, if a study region was selected inappropriately, it
would be difficult to determine the interface between the WPWP and EPWP, and hard
to examine its variation and effect on ENSO. To accurately determine the boundary, the
effect of the seasonal variation in the WPWP was eliminated by selecting the region
◦
◦
◦
◦
covering eastern Pacific south of the equator (5 S∼0 , 130 W∼80 W) and the equatorial Pacific west of 130◦ W (5◦ S∼5◦ N, 120◦ E∼130◦ W) as the study region for WPWP,
and the northeastern Pacific (0◦ ∼24◦ N, 130◦ ∼80◦ W) was selected as the study region
for the EPWP.
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Based on average SST in each longitude degree of the study domain, monthly aver◦
age position of the WPWP eastern edge (defined by 28 isotherm) during 1950–2006
was derived. Statistical results show that the eastern edge can reached eastward
near 80◦ W (February–May, 1983; January–April, 1998) while westward close to 166◦ E
(March, 1999). The annual average position is around 156◦ W, which is 5 more longitudinal degrees eastward than Zhangs’ (Zhang et al., 2004). The interannual variation of
the WPWP eastern edge anomaly is very clear and corresponds well with the ENSO
cycle (Fig. 1). Specifically, in early El Niño event, the anomaly would change from positive to negative with eastward moving; Once the event matures, the maximum anomaly
would occur with the easternmost position. However, the distance of the eastward extension of WPWP is associated with the scale of El Niño. In strong El Niño (e.g. in
1997), the maximum eastward shifting could be 76 longitude degrees, while it could
be only about 1.8 degrees in weak El Niño years (e.g. in 1951). On the other hand,
the distance of westward moving of WPWP is associated with La Niña scale. It moved
westward for at least 27 longitude degrees in strong La Niña years (e.g. in 2000), while
only 18 longitude degrees in weak La Niña years (e.g. in 1955). The prominent periods
of the eastern edge series are 3.7-year, quasi-biennial oscillation (QBO) and 5-year
mapped with power spectrum method (not shown). For convenience, the SSTA series
in Nino3 region during 1950–2006 was also analyzed with power spectrum methodology. The results show that the major periods of the ENSO cycle are 3.7-year, 5-year
and QBO, similar to those of WPWP. The correlation analysis also indicates a close
relation between the displacement of the eastern edge and SSTA in Nino3 region with
a correlation coefficient of 0.78 (>99% confidence level), showing that the zonal variation of the WPWP affects largely on the formation of ENSO, which is consistent with
previous studies (Fu et al., 1986; Long et al., 1990; Zhang et al., 2004).
In addition, the WPWP has obvious interdecadal variation in eastern edge anomaly.
Generally, the anomalies are smaller before 1980s than later ones, indicating a sud167
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den climate change. Therefore, T-test in significance with 10-year-running mean (Ding
and Jang, 1998) was conducted, and such climate change in 1981 was revealed (Tstatistic value is 3.99, above the 99% confidence level). Before the climatic change
(during 1950–1981), the eastern edge was located in average of −2.8 degrees more
western and 3.9 more eastern than those of 1982–2006 after the change, straddling
6.7 degrees. This significant shifting in the eastern edge of the WPWP since 1980s
was probably the reason for frequent ENSO occurrences after the1980s.
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The EPWP occupies the offshore area of the Central America east of the tropical Pacific
with large meridional movement of its southern edge whose southernmost location is
around the equator (e.g. October 1982–June 1983; August 1997–May 1998) and the
◦
northernmost location around 14 N (e.g. January–February, 1955; January–February,
◦
1975), in average of 8.9 N. The interannual variation of the EPWP southern edge
anomaly (Fig. 2) shows that the position changes interannually associated with ENSO
cycle. In an early El Niño event, as the position moves southward, the anomaly turns
from positive to negative. The position reaches its southernmost location with minimum
anomaly once El Niño matures. During strong El Niño years (e.g. in 1982, 1997),
however, the movement was the largest with maximum anomaly of −11.4 longitude
degree; while in weak El Niño years (e.g. in 1951), the movement was smaller with
anomaly of −1.7 degrees. In case of an La Niña, the southern edge shifts northward in
early La Niña with anomaly sign from negative to positive, and reaches its northernmost
position with maximum anomaly. Revealed in power spectrum, the major periods of the
EPWP southern edge anomaly are 5-year, 3.7-year and QBO, similar to those of the
ENSO cycle. A close correlation was identified between the southern edge and SSTA
in Nino3 region. (R=−0.73), which is above 99% significance level.
In addition, the southern edge appears having experienced a sudden climate change
in early 1980s (Fig. 2). The southern edge anomalies were relatively smaller before
1980s than after 1980s. The 10-year running mean T-test analysis confirmed the cli168
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mate change (T-statistic (−4.29), exceeds the 99% confidence level). Before 1980s,
the southern edge was located northern in average anomaly of 0.7 longitude degrees;
while after 1980s, it was −0.9 degrees. The difference was 1.6 degrees. Figure 3a
demonstrates the average extent of the WPWP and EPWP (boundary is defined by
28◦ isotherm, thick black line) from 1950 to 2006, and Fig. 3b displays the typical extent of the two warm pools in May 1997 – onset of the 1997/98 El Niño (rectangle
shows the Nino3 region).
The WPWP and EPWP are two warm-water engines driven for the eastern equatorial
Pacific. In other words, they played important roles in the formation and development of
ENSO. Specifically, the WPWP and EPWP shift anomalously eastward and southward,
respectively. As a result, a large amount of warm water flows into the eastern equatorial Pacific and warms up the seawater rapidly. For instance, from December 1982 to
◦
◦
June 1983, the SSTs in Nino3 region were entirely above 28 C, and even over 29 C in
◦
March–April 1983. Also, from May 1997 to May 1998, all the SSTs exceeded 28 C. On
the other hand, when the eastward extension of the WPWP is weaker while the southward displacement of the EPWP is stronger, the eastern equatorial Pacific can also get
relatively much warmer water and make local SST rise rapidly, and eventually triggers
an El Niño event. However, the event is weaker because the warm water provided
by the two warm pools is not enough, and the SSTs in the eastern Pacific increases
slightly, for example the one in 1976. According to the Nino3 index, El Niño occurred
in June 1976 and ended in January 1977. In the beginning of the event, the eastern
◦
edge of the WPWP was located at around 160 W, which was 10 longitude degrees
away from the western edge of Nino3 region. On the other hand, the southern edge
◦
of the EPWP reached southward 4 N and had entered the Nino3 region. However,
during the event, the WPWP displaced eastward for a short distance and its eastern
edge reached the farthest around 145◦ W, meeting merely Nino3 region. At the same
time, the EPWP stayed and did not extend southward. Therefore, Nino3 region had a
◦
smaller warming with a maximum SSTA of 0.95 C. As the result, a weak event occurred
in 1976. Other similar cases are not described in detail here.
169
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As mentioned above, displacements of the WPWP and EPWP are strong enough to
form and develop an ENSO. However, how do the warm pools respond to the wind
anomalies over the tropical Pacific? This question is to be discussed below.

5, 163–185, 2008

3.1 Response of the WPWP zonal displacement to zonal wind anomaly over the
equatorial Pacific

Joint effect of the
western and eastern
Pacific warm pools

The average standardized anomaly series of 850 hPa zonal wind were calculated to
analyze the response of the WPWP to zonal wind anomaly in the areas of western
◦
◦
◦
◦
◦
◦
◦
◦
◦
◦
(135 –180 E, 5 S–5 N), central (180 –135 W, 5 S–5 N) and eastern (135 –80 W,
◦
◦
5 S–5 N) equatorial Pacific, respectively.
The interannual variation in 850 hPa zonal wind anomaly over the western equatorial
Pacific (Fig. 4a) shows a good relationship to ENSO cycle. Namely, the westerly wind
anomaly prevails over the western equatorial Pacific during El Niño events while easterly wind anomaly prevails during La Niña events. A power spectrum analysis shows
that major periods of the zonal wind anomaly are QBO and 3.7-year, which is similar
to those of the WPWP zonal displacement (3.7-year and QBO). Comparing Fig. 1 with
Fig. 2, one can see that the eastward extension of the WPWP corresponds to the westerly wind anomaly and the westward recession to the easterly wind anomaly. However,
there is a 4-month leading of the zonal wind anomalies before the zonal displacement
at the best fit with a correlation coefficient of 0.56 at 99% significance level, indicating
that the zonal displacement of the WPWP has a time lag behind about 4 months of the
zonal wind anomalies over the western equatorial Pacific.
The interannual variation of zonal wind anomaly (5-month running mean) over the
central equatorial Pacific (Fig. 4b) also shows a remarkable association with ENSO
cycle. Alternatively, the westerly anomalies prevail in most El Niño events except the
weak easterly anomalies in 1951 and 1953 and the easterly anomalies in La Niña
years. The major periods of the zonal wind anomaly are 3.7-year, QBO and 5-year,
170
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which is similar to the WPWP zonal displacement, indicating a good consistency between the WPWP zonal displacement and the zonal wind anomalies. By Comparing
Fig. 1 and Fig. 4b, a time lag exists between the eastern edge and the zonal wind
anomaly, and the best correlation is at 1-month leading of the zonal wind anomaly with
correlation coefficient of 0.76 at 99% significance. Obviously, there is a close relation between the zonal displacement and zonal wind anomaly over central Equatorial
Pacific, and the former responses to the later with a lag of about 1 month.
The 850 Pa zonal wind anomaly over the central equatorial Pacific suggests a climatic transition (jump) at the end of 1970s. 10-year running mean T-test analysis
shows that the zonal wind anomaly had a climate jump near 1978 (the T-statistic value
is 6.29, above 99% confidence level). Before the climate jump (1949–1978), the average standard anomaly of the zonal wind is −0.43, being the easterly wind anomaly, but
0.47 after the jump, being the westerly wind anomaly. Obviously, the climatic jump of
the zonal wind anomaly over the central equatorial Pacific leads by around 3 years to
that of the WPWP eastern edge.
The above statements suggest that the zonal displacement of the WPWP was mainly
forced by zonal wind anomaly over the western and central equatorial Pacific. However,
the impact of zonal wind anomaly over the western equatorial Pacific on the zonal
displacement of the WPWP is different from that over the central equatorial Pacific.
The former triggers the WPWP displacement and the later drives to move the eastern
edge of the WPWP until the wind direction is reversed.
3.2 Response of meridional displacement of the EPWP to meridional wind anomaly
over the Northeastern Pacific

25

As stated above, the EPWP shifts clearly with meridional displacement. Does this
displacement respond to the meridional wind anomaly over the EPWP? To answer
this question, the standardized anomalies of monthly 850 Pa meridional wind over the
◦
◦
◦
◦
Northeastern Pacific (0 ∼20 N, 90 ∼120 W) were calculated, and further smoothed by
11-month running mean for removing seasonal mean (Fig. 5). A clear climate transition
171
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in 1970s therefore was highlighted: the southerly wind anomalies prevail before the
end of 1970s and the northerly wind anomalies prevail afterwards. 10-year running
mean T-test analysis shows that the meridional wind anomaly experienced a climatic
jump around 1978. The average standardized anomaly is −0.43 before the climatic
jump (1949–1978) and 0.47 after the sudden climate jump (1979–2005). Under such
a background, the interannual variations of the meridional wind anomalies correlated
weakly with ENSO cycles. Namely, before 1978, weak southerly wind anomalies were
dominant in El Niño events and strong southerly anomalies in La Niña events, and
after 1978, strong northerly anomalies prevailed in El Niño events and weak northerly
anomalies or southerly anomalies in La Niña events. The power spectrum analysis
indicates that the major periods of the meridional wind anomaly are 3.7-year, QBO and
28.4-year. Obviously, the interannual periods of the meridional wind anomalies are
consistent with those of the EPWP southern edge. A close relation with 1–2 month
leading of meridional wind anomalies to the southern edge of the EPWP has been
revealed with the correlation coefficient of −0.44 at 99% significance level. However,
the climate jump of the meridional wind anomalies occurred 3 years earlier before that
of the EPWP southern edge.
Therefore, the meridional displacement of the EPWP was mainly related to the
meridional wind anomalies over the northeastern Pacific.
4 Joint effect of the WPWP and EPWP on ENSO cycle
As stated earlier, both displacements of the WPWP and EPWP had impact on ENSO
cycle in history. Their interannual variations are well related to Nino3 index with the
correlation coefficients of 0.78 and −0.73, respectively. A question is then raised: do
the WPWP and EPWP jointly affect ENSO? If yes, how much?
The average position of the eastern edge of the WPWP is near 150◦ W in 15 El Niño
◦
events, just reaching the west edge of Nino3 region before El Niño event, and 130 W
entering Nino3 region after the event. Similarly, the average position of the southern
172
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edge of the EPWP is located at about 6◦ N, having not reached Nino3 region before El
Niño events and then reaches 4◦ N, entering Nino3 region in the month after the event.
Obviously, whether the two warm pools have invaded Nino3 region is a precondition
for an El Niño event. In other words, the abnormal warming in the central and eastern
equatorial Pacific is mainly resulted from the eastward displacement of WPWP and the
southward expanding of EPWP. Therefore, the joint effect of the WPWP and EPWP on
ENSO cycle should be studied.
First of all, a joint index expressing the zonal displacement of the WPWP and the
meridional displacement of the EPWP should be given beforehand. The eastern edge
series of the WPWP and southern edge series of the EPWP are then used to present
the joint index. The two time series are standardized due to the differences in unit. Taking the standardized WPWP eastern edge anomaly and EPWP southern edge anomaly
as independent variables and SSTA in Nino3 region as a dependent variable, these
time series are analyzed using multiple regression methodology. Under the condition
of F =5.0, the optimal linear regression equation is as following:
Y = −7.383846 × 10

20

25

−2

+ 0.562524X1 − 0.2272252X2
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(1)

where X1 and X2 are the eastern edge anomaly of the WPWP and the southern edge
anomaly of the EPWP, respectively, and both initiated in January 1950.
Since a regression coefficient reflects the overall contribution of independent variable
to dependent variable, the contribution of the WPWP is about one time greater than that
of the EPWP due to probably the larger displacement amplitude of the WPWP than that
of the EPWP, the same to the real situation that the area of the EPWP can impact is
◦
limited within Nino3 region north of the equator and east of 130 W.
Remove the constant and simplify the coefficients in Eq. (1), the joint index of both
the WPWP and EPWP is written as

Printer-friendly Version

Y = X1 − 0.5X2
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(2)

Calculation using Eq. (1) and Eq. (2) yielded a correlation coefficient of 1.0, indicating
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that the variation trends in the two time series are identical. In other words, Eq. (2) can
be used to express the joint index of the WPWP and EPWP.
With Eq. (2), the interannual variation in the joint index is shown in Fig. 6. The joint
index has a striking interannual variation associated well with ENSO cycle. Namely,
the joint indexes have large positive anomalies in El Niño events, but large negative
anomalies in La Niña events. In addition, the significant periods of the joint index are
3.7-year, 5-year and QBO, shown by power spectrum, and similar to those of ENSO.
A strong correlation between the joint index and SSTA in Nino3 region was shown with
the correlation coefficient of 0.86 higher than 0.78 between the eastern edge of the
WPWP and SSTA in Nino3 region and −0.73 between the southern edge of the EPWP
and SSTA in Nino3 region. Obviously, the joint effect of these two warm pools on ENSO
is much larger than that done singly. Our practice shows that the joint effect index is
very useful for monitoring and forecasting ENSO.
Since both the eastern edge of the WPWP and the southern edge of the EPWP
underwent a climate jump around 1981, being processed with 10-year running mean
T-test, the joint index showed also a climate jump in the same year (T-statistic value
is −4.00, exceeding the 0.001 confidence level) with the average value of −0.37 before the climatic jump (1950–1981) and 0.47 after the climatic jump (1982–2006) in
difference of 0.84.
To specify the variation of the joint index during ENSO, a composite analysis for
15 El Niño events (1951, 1953, 1957, 1963, 1965, 1968, 1972, 1976, 1982, 1991,
1993, 1994, 1997 and 2002) and La Niña events (1954, 1956, 1964, 1967, 1970,
1973, 1974, 1984, 1988, 1995 and 1998) was conducted. As the event that processed
with composite analysis, hereinafter terms composite event, usually initiates at the
beginning of a year and matures at end of the year, the El Niño (La Niña) year was set
as Y (0), and the years before and after the El Niño (La Niña) year as Y (−1) and Y (+1),
respectively.
Figure 7 shows the evolution of the joint index in a composite El Niño event. The
joint index is negative in the year before an El Niño event and turns positive at the
174
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beginning of El Niño year. Afterwards, it soars and reaches the maximum in August.
Keeping changing for several months in form of wave, it sharply falls in the next April
and becomes negative again after the next August, making the end of the El Niño
event. On the contrary, the joint index is positive in the year before La Niña event and
becomes negative at the beginning of La Niña year, later it rapidly drops, reaches to
the minimum in June, and stays for 4 months, then jumps after October and keeps
negative value until the year after the event.
In addition, statistical results of those 15 El Niño events show that the average joint
index in the month of an El Niño onset is 1.2. However, affected by the climate jump,
the average joint index in 8 El Niño events before the climatic jump is 0.9, while that in
7 El Niño events after the climatic jump is 1.6. Therefore, the joint index of 1.6 heralds
the onset of a new El Niño event.
5 Conclusions

15

20

25

The zonal displacement of the WPWP and the meridional displacement of the EPWP
and their responses to wind anomalies over the tropical Pacific were studied, from
which joint effect of the WPWP and EPWP on ENSO was discussed with the joint
index introduced. The results are as follows.
The WPWP is a major provider of warm water in the eastern equatorial Pacific. As
the anomalous eastward extension of the WPWP can supply a large amount of warm
water into the eastern equatorial Pacific, and result in local SST sudden increase, an El
Niño generates. On the contrary, warm water decrease and cold water increase when
scope of the WPWP retreats anomalous westward from the eastern Equatorial Pacific,
resulting in local SST sharp decrease and generation of a La Niña event.
The EPWP is also one of the warm water providers for the eastern equatorial Pacific.
Abnormal southward extension of the EPWP supplies warm water into Nino3 region
north of the equator, which makes the SST rise and an El Niño occurrence, whereas
abnormal northward movement of the EPWP off the equator reduce warm water and
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increase cold water supply, resulting in anomalous SST cooling and then a La Niña
outburst.
Zonal displacement of the WPWP is mainly induced by zonal wind anomalies over
the western and central equatorial Pacific. When westerly wind anomaly prevails, the
warm pool extends eastward and vice versa. However, the impact of the zonal wind
anomalies over the western equatorial Pacific would trigger zonal displacement of the
WPWP, those over the central equatorial Pacific move the WPWP continually until the
wind direction is reversed.
The meridional displacement of the EPWP is mainly caused by meridional wind
anomalies over the northeastern Pacific. The EPWP extends southward when
northerly wind anomaly prevails or southerly wind anomaly withdraws and northward
when southerly wind anomaly dominates there.
A joint effect index is defined based on the standardized anomaly time series of
the eastern edge of the WPWP and the southern edge of the EPWP. The correlation
coefficient between the joint index and SSTA in Nino3 region is 0.85, which is much
higher than that between the eastern edge of the WPWP and the SSTA in Nino3 region
and than that between the southern edge of the EPWP and SSTA in Nino3 region.
Obviously, the joint effect of the two warm pools on ENSO is much larger than that of
individual one. Therefore, we cannot separate apart the roles played by the WPWP
and EPWP on ENSO, and the joint effect of both warm pools should be focused.
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Fig. 1. Interanuual variation in the eastern edge anomaly of WPWP (5-month running mean).
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