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ABSTRACT

Phase delays between two Niño indices—sea surface temperatures in Niño regions 1+2 and 3.4
(1950–2001)—at different time scales are detected by wavelet analysis. Analysis results show that there
are two types of period bifurcations in the Niño indices and that period bifurcation points exist only in the
region where the wavelet power is small. Interdecadal variation features of phase delays between the two
indices vary with different time scales. In the periods of 40–72 months, the phase delay changes its sign
in 1977: Niño 1+2 indices are 2–4 months earlier than Niño 3.4 indices before 1977, but 3–6 months later
afterwards. In the periods of 20–40 months, however, the phase delay changes its sign in another way:
Niño 1+2 indices are 1–4 months earlier before 1980 and during 1986–90, but 1–4 months later during
1980–83 and 1993–2001.
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1. Introduction

Since the late 1970s, the characteristics of ENSO
have experienced notable changes (Wang, 1995). Ras-
musson and Carpenter (1982) made a comprehensive
description of a composite ENSO scenario based on six
events during 1950–1976. The four Pacific basin-wide
warming events (1982–83, 1986–87, 1991–95, 1997–
98) after the late 1970s, however, appear to behave
quite differently from the canonical scenario of Ras-
musson and Carpenter (1982) (RC composite here-
after) (Wang, 1995; McPhaden, 1999). In the RC
composite, the SST warm area first occurred over the
South American coastal seas, and then expanded west-
ward to the central tropical Pacific. In the last four
warming events, however, the South American coastal
warming as described in the RC composite did not
precede the central Pacific warming. The aim of this
work is to study how the phase relationship of the SST
warming over different tropical Pacific areas, such as
the South American coastal seas and the central tropic
Pacific, changes with time.

It is well known that the periodicity of ENSO
can be quite irregular, from 2 years to 7 years. The
singular spectrum analysis–maximum entropy method
and revised multitaper method show that two oscilla-

tory modes, the low-frequency quasi-quadrennial mode
(peaking at about 4.8–5.5 years) and the quasi-biennial
mode (peaking at about 2.4–2.5 years), play essential
roles in ENSO variability (Jiang et al., 1995; Ghil et
al., 2002). For the low-frequency mode, an abrupt fre-
quency shift was detected near 1960 (Wang and Wang,
1996; Moron et al., 1998; Yiou et al., 2000). Based on
the monthly southern oscillation index for 1933–96,
Yiou et al. (2000) concluded that the characteristic
periodicity goes from about 5 years (during 1943–61)
to roughly 3 years (during 1963–80). By using the
Niño 3.4 SST anomaly, An and Wang (2000) found
a notable transition of ENSO cycle frequency (from a
relatively high to a relatively low frequency) in the late
1970s. For instance, a period of 20–30 months is domi-
nant during 1962–67 while a period of 30–50 months is
dominatnt during 1967–73, and an even longer period
of 40–60 months is dominant from 1980 to the early
1990s. Because of the broad spectrum of the ENSO
cycle, the present work will focus on how the phase
delays between different Niño SST indices change at
various time scales.

The analysis method used here is based on wavelet
analysis, which is becoming a common tool for analyz-
ing localized variations of power within a time series.
By decomposing a time series into time–frequency
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space, one is able to determine both the dominant
modes of variability and how those modes vary in time
(Torrence and Campo, 1998; Liu et al., 1995; Lin et
al., 1999). The wavelet transform has been used to
analyze the climatic hierarchy of different scales and
the self-similarity of climatic jump points (Liu et al.,
1995; Liu et al, 2000) and to predict the climate (Lin
and Shi, 2003). Wavelet analysis was used to study
the multi-scale fractal characteristics (Li et al., 2001)
and the coherent structures in turbulent flows (Farge,
1992). Lin et al. (1999) used wavelet analysis to study
the variation of dryness and wetness grades series in
different levels and found that wavelet analysis can
be used to detect the existence of phase differences in
two areas. These research works show that the wavelet
transform can be used to analyze time series that con-
tain nonstationary power at many different frequencies
and a phase difference between two time series at dif-
ferent scales. In section 2, the data and the analysis
method will be introduced. The results will be given
in section 3, and some conclusions will be drawn in the
last section.

2. Data and analysis method

Two Niño SST indices, Niño 1+2 and Niño 3.4, will
be used to study the phase relationship of the SST
warming over different tropical Pacific areas. Niño
1+2 indices are defined as the monthly SST aver-
aged over the eastern Pacific (0–10◦S, 90◦–80◦W),
while Niño 3.4 indices are over the central tropi-
cal Pacific (5◦N–5◦S, 170◦–120◦W). Data for 1950–
2001 are from the Climate Prediction Center, the Na-
tional Oceanic & Atmospheric Administration (CPC/
NOAA). The base period (1971–2000) is used to
calculate the monthly Niño region anomalies (http:
//www.cpc.ncep.noaa.gov/data/indices/).

Wavelet analysis is used to detect the phase de-
lays between the two Niño SST indices. Here, the
wavelet transform used in this article is briefly in-
troduced. The detailed description can be found in
Torrence and Compo (1998). The morlet wavelet is
a complex wavelet function, which will return infor-
mation about both amplitude and phase and is better
adapted for capturing oscillatory behavior. So, here we
use the Morlet wavelet with the non-dimensional fre-
quency ω0 taken to be 6. For the Morlet wavelet with
ω0=6, the relationship between the equivalent Fourier
period λ and the wavelet scale s is λ=1.03 s.

3. Results

A continuous Morlet wavelet transformation is ap-
plied to Niño indices 1+2 and Niño 3.4 indices (1950–

2001), and the results are shown in Fig. 1. From its
variation with time, the wavelet power spectrum of the
Niño 3.4 indices experiences significant changes during
1950–2001. During 1950–61, the power is larger than 5
above the period of 40 months, with the local extreme
value near the period of 63 months. The power spec-
trum experiences an abrupt change in the early 1960s.
In 1962, the region with the power larger than 5 is in
the period range of 20–35 months, and then expands
towards the longer period. During 1962–75, the local
extreme points vary from the period of 30 months to
45 months. During 1979–91, the local extreme points
vary little around the period of 57 months. This re-
sult is in accordance with An and Wang (2000). Dur-
ing 1992–99, the power spectrum bifurcates into two
local extremes, one near the period of 60 months and
another of 37 months.

Next, we can locate the period bifurcation points
according to the zero real part of the wavelet trans-
formation. It can be seen in Fig. 1 that there are two
types of period bifurcations, which are illustrated in
Fig. 2. For the first type, with the decrease of period
length, the original solid (or vacant) dotted curve bi-
furcates at a point into three limbs, with the middle
one turning vacant (or solid) while the side two re-
main unchanged, as we see in the two cases in Fig. 2a
and b, respectively. The point where the bifurcation
occurs is named the period bifurcation point, denoted
by symbol “×”. For the second type, however, with
the decrease of period length, the original pair of solid-
vacant dotted curves bifurcate at a pair of points into
four limbs, solid-vacant-solid-vacant, respectively. The
period bifurcation points occur in pairs as illustrated
in Fig. 2c.

Between the periods of 40–60 months, there are
in total 10 bifurcation points in the Niño 3.4 indices
during 1950–2001. There are two cases of the first
type (denoted by symbol “×” in Fig. 1), March 1952
(at the period of 42 months) and December 1993 (52
months). And there are four pairs of the second type
(denoted by symbol “F”), December 1960 and Febru-
ary 1963 (42 months), April 1962 and March 1965 (58
months), October 1966 and April 1970 (69 months),
and September 1976 and February 1979 (51 months).
Similarly, in the period range of 20–40 months, the two
types of bifurcation points can also be found. It is no-
ticed that all but a few bifurcation points are located
in the blank region with the wavelet power less than
5; that is to say, the period bifurcation only occurs in
the region where the power of wavelet analysis is small.
The same analysis for the Niño 1+2 indices also shows
that the period bifurcation points only occur in the
small power region of the wavelet analysis.
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Fig. 1. The period bifurcation series of Niño 1+2 (red) and Niño 3.4 (blue) indices during 1950-2001. 

The dot denotes the point where the real part of the wavelet transformation equals to zero, with the 

solid dot from negative to positive with the increase of time at the same scale, and the vacant one 

contrariwise. The shade shows the variation of the wavelet power spectrum of Niño 3.4 indices with 

time. The power is less than 5 in the blank area, in between (5, 15) in the yellow area, and larger than 

15 in the gray area. 
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Fig. 1. The period bifurcation series of Niño 1+2 (red) and Niño 3.4 (blue) indices during 1950–
2001. Dots denote the points where the real part of the wavelet transformation equals to zero, with
the solid dots going from negative to positive with the increase of time at the same scale, and the
vacant ones contrariwise. The shading shows the variation of the wavelet power spectrum of Niño
3.4 indices with time: the power is less than 5 in the blank area, in between (5 and 15) in the yellow
area, and larger than 15 in the gray area.

Finally, we analyze the phase delays between the
Niño 1+2 indices and Niño 3.4 indices at different
timescales. The analysis above shows that the pe-
riod bifurcation points occur in the small power re-
gion. In addition, Fig. 1 shows that the phase delays
between the two Niño indices nearly keep invariable
to the change of period length or at least keep the
same sign, in the regions where the wavelet power of
Niño 3.4 indices is larger than 5 (during the period
of 20–40 months) or larger than 15 (during the pe-
riod 40–72 months). Therefore, only these regions are
considered when analyzing the phase delays, with no
considerations given to the small power regions. It

can be found in Fig. 1 that the temporal variation
features of phase delays between the two indices vary
with different time scales. In the period range of 40–
72 months, the phase difference between the two Niño
indices changes its sign in 1977: Niño 1+2 indices are
about 2–4 months earlier than Niño 3.4 indices before
1977, and roughly 3–6 months later afterwards. That
is to say, in the time scales of 40–72 months, the SST
warming first occurred over the eastern Pacific, and 2–
4 months later occurred over the central tropical Pa-
cific before 1977, as described in the RC composite.
After 1977, however, the SST warming occurred first
over the central tropical Pacific, and 3–6 months later
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Fig. 2. Schematic diagram of locating the period bifurcation point (denoted by ‘ ’) based on the 

crossed curves of the real part of wavelet transformation with value of zero (denoted by dots). (a−b) 

stand for the first kind and (c) for the second kind of period bifurcation. 

 

 

 

Fig. 2. Schematic diagram of locating the period bifurca-
tion point (denoted by “×”) based on the crossed curves
of the real part of the wavelet transformation with value
of zero (denoted by dots). (a) and (b) stand for the first
kind and (c) for the second kind of period bifurcation.

over the eastern Pacific.
However, in the periods of 20–40 months, the phase

delay changes its sign in another complex way: Niño
1+2 indices are about 1–4 months earlier than Niño
3.4 indices before 1980 and during 1986–90, but about
1–4 months later during 1980–83 and 1993–2001.

4. Summary

Morlet wavelet analysis is used here to detect phase
delays between two Niño indices—Niño 1+2 and Niño
3.4 at different time scales. The analysis results seem
to show that there are two types of period bifurca-
tions in the Niño indices and that period bifurcation
points exist only in the region where the wavelet power
is small. The interdecadal variation features of phase
differences between the two indices change with differ-
ent time scales. In the periods of 40–72 months, the
phase delay between the two indices changes its sign
in 1977: Niño 1+2 indices are roughly 2–4 months ear-
lier than Niño 3.4 indices before 1977, but about 3–6
months later after 1977. However, in the periods of
20–40 months, the phase delay changes its sign in an-
other complex way: Niño 1+2 indices are about 1–4
months earlier than Niño 3.4 indices before 1980 and
during 1986–90, but about 1–4 months later during
1980–83 and 1993–2001.
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