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ABSTRACT

One of the fundamental questions concerning the nature and prediction of the oceanic states in
the equatorial eastern Pacific is how the turnabout from a cold water state (La Niña) to a warm water
state (El Niño) takes place, and vice versa. Recent studies show that this turnabout is directly linked
to the interannual thermocline variations in the tropical Pacific Ocean basin. An index, as an indicator
and precursor to describe interannual thermocline variations and the turnabout of oceanic states in our
previous paper (Qian and Hu, 2005), is also used in this study. The index, which shows the maximum
subsurface temperature anomaly (MSTA), is derived from the monthly 21-year (1980–2000) expendable
XBT dataset in the present study. Results show that the MSTA can be used as a precursor for the
occurrences of El Niño (or La Niña) events. The subsequent analyses of the MSTA propagations in the
tropical Pacific suggest a one-year potential predictability for El Niño and La Niña events by identifying
ocean temperature anomalies in the thermocline of the western Pacific Ocean. It also suggests that a closed
route cycle with the strongest signal propagation is identified only in the tropical North Pacific Ocean. A
positive (or negative) MSTA signal may travel from the western equatorial Pacific to the eastern equatorial
Pacific with the strongest signal along the equator. This signal turns northward along the tropical eastern
boundary of the basin and then moves westward along the north side of off-equator around 16◦N. Finally,
the signal returns toward the equator along the western boundary of the basin. The turnabout time from
an El Niño event to a La Niña event in the eastern equatorial Pacific depends critically on the speed of
the signal traveling along the closed route, and it usually needs about 4 years. This finding may help to
predict the occurrence of the El Niño or La Niña event at least one year in advance.
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1. Introduction

One of the fundamental questions concerning the
nature and prediction of the oceanic states in the east-
ern equatorial Pacific is how the turnabout from a cold
state (La Niña) to a warm state (El Niño) takes place,
and vice versa. Recent studies show that this turn-
about is directly linked to the interannual variations
of the thermocline in the tropical Pacific basin (Li,
1997; Li and Mu, 1999; Chao et al., 2002; Li, 2002).
The turnabout from El Niño to La Niña and vice versa
in the equatorial eastern Pacific is known as an irregu-
lar low-frequency oscillation characterized by the reap-
pearance of the warm and cold sea surface temperature
anomalies (SSTA) on the interannual timescale.

Thermocline depth variations are considered to

play a key role in the evolution of warm-cold waters
in the tropical Pacific Ocean (Qian et al., 2004). It
has been considered that the thermocline variations
“memorize” the change in the surface wind and pro-
vide a delayed feedback, which may be critical in turn-
ing the coupled ocean-atmosphere system from a warm
state to a cold one or vice versa (Zebiak and Cane,
1987). Wind stress forcing via Ekman pumping and
the propagation of the Rossby and Kelvin waves are
two processes to lead to the thermocline variations
in the tropical Pacific Ocean (Boulanger and Menkes,
1995; Yang et al., 1997).

To represent thermocline variations, several indices
have been proposed in the previous investigations.
Meyers (1979) studied the annual variation of the ther-
mocline represented by the 14◦C isotherm depth de-
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termined from expendable bathythermograph (XBT)
data. He found annual Rossby waves propagating
westward along 6◦N in the central and western Pacific.
Kessler (1990) defined the depth of the 20◦C isotherm
to represent thermocline depth variations. He found
that the depth anomalies of the 20◦C isotherm propa-
gated westward across the basin as a long Rossby wave
near 5◦N and 14◦–18◦N, while the annual cycle around
10◦N is dominated by local Ekman pumping.

Wang et al. (2000) and Chao et al. (2002) pointed
out the shortcomings of these two indices in illustrat-
ing the thermocline variations. The sea surface tem-
perature in the southern part of the eastern Pacific is
less than 20◦C in the cold-water period (Qian et al.,
2004). On the other hand, the 14◦C isotherm is much
too deep to represent the thermocline temperature in
the warm pool. Wang et al. (2000) defined an index,
the location-dependent representative Tc, as charac-
terizing the temperature in the center of the thermo-
cline layer. The representative temperature Tc is de-
fined by averaging the value 12◦C (at the base of the
thermocline layer) and the long-term mean sea surface
temperature locally. Under this definition, the signal
of the depth anomalies propagates eastward along the
equator only in the region of 2◦S–2◦N and westward in
the off-equatorial wave guides along 5◦N (3◦–7◦N) and
6◦S (3◦–9◦S) to the western boundary. A curved sur-
face (climatological depth) of maximum sea temper-
ature anomalies was proposed by Chao et al. (2002)
and the temperature anomalies on the curved surface
were used to indicate the thermocline variations. They
found that the subsurface temperature anomalies on
the curved surface traveled along two closed routes in
the tropical off-equator ocean. The signal propagates
eastward along the equator and westward along both
10◦N and 10◦S.

For the first three definitions, the indices are di-
rectly involved in the variations of the thermocline
depth with respect to the specific temperatures (14◦C,
20◦C, and Tc). For the latter definition, the index is
the temperature anomaly at a specific depth rather
than the monthly maximum temperature anomaly at
a vertical profile. By comparing with the three defini-
tions, Yu and Qiao (2003) analyzed the positive heat
content anomalies (HCA) of the 400-meter upper-layer
ocean which represent the warm signals for El Niño
events in the interannual timescale. The HCA may
include temperature anomaly signals from both the
surface and the subsurface layers.

The observed representative temperature at the
central depth of the thermocline, or the largest verti-
cal temperature gradient, varies with location (depth)
and time. Therefore, a better index to represent the
thermocline variations should be a function of depth

and time, i.e., neither specific depth nor specific tem-
perature can be decided first. In this paper, we will
not investigate the causes that lead to the thermocline
variations. The goal of this paper is to further discuss
the importance of our previous index for the thermo-
cline variation in the tropical Pacific (Qian and Hu,
2005) and to answer the question of where the thermo-
cline variation in the equatorial eastern Pacific comes
from and where it goes to. In the next section, we
will examine whether the MSTA can be used as an
indicator of thermocline variations in the tropical Pa-
cific, and to see how the MSTA is associated with the
development of El Niño through a composite analysis
with four El Niño events. Plots for signal propaga-
tions along and off the equator as well as other dia-
grams to display the vertical structure of the MSTA
in the tropical Pacific Ocean are shown in section 3. A
comparison of the MSTA and the HCA indicating the
El Niño turnabout is illustrated in section 4. Finally,
conclusions and discussions are given in section 5.

2. Data and index of thermocline variation

2.1 Data and method

In order to analyze structures of the upper oceanic
temperature field and the propagation features of ther-
mocline signals, the monthly surface-subsurface tem-
perature data (White, 1995) provided by the Joint
Environmental Data Analysis Center at the Scripps
Institution of Oceanography in the period from Jan-
uary 1955 till December 2000 (5-degree longitude by
2-degree latitude) is used in this study. For this data,
the standard depths are 0, 20, 40, 60, 80, 120, 160, 200,
240, 300, and 400 m, respectively. The dataset uses all
available thermal observations throughout the world-
wide basin, including sea surface temperature (SST)
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Fig. 1. Time series of MSTA (◦C) in the Niño-3 re-
gion for four cases and their composite from the leading
month–15 to the lagging month+15. The months of maxi-
mum MSTA in the Niño-3 region are March 1983, Decem-
ber 1986, March 1992, and September 1997, respectively.
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Fig.2 Depth-longitude diagrams of surface-subsurface temperature (oC, solid line) and their 

-400

-300

-200

-100

0

De
pt

h 
(m

)

-15 Month

-400

-300

-200

-100

0

De
pt

h 
(m

)

-12 Month

-400

-300

-200

-100

0

De
pt

h 
(m

)

-9 Month

-400

-300

-200

-100

0

D
ep

th
 (m

)

-6 Month

-400

-300

-200

-100

0

De
pt

h 
(m

)

-3 Month
120E 150E 180 150W 120W 90W

-400

-300

-200

-100

0

De
pt

h 
(m

)

+0 Month

-400

-300

-200

-100

0

De
pt

h 
(m

)

+3 Month

-400

-300

-200

-100

0

De
pt

h 
(m

)

+6 Month

-400

-300

-200

-100

0

D
ep

th
 (m

)

+9 Month

-400

-300

-200

-100

0

De
pt

h 
(m

)

+12 Month
120E 150E 180 150W 120W 90W

Fig. 2. Depth-longitude diagrams of subsurface temperature (◦C, solid line) and their anomalies
(◦C, light solid and dashed lines) along the equator from different leading and lagging months
relative to the month of the largest MSTA for composite El Niño. The shaded are negative. The
contour intervals are 3◦C for subsurface temperature and 1◦C for their anomalies, respectively. The
20◦C isotherm is highlighted.
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Fig. 3. Standard deviations (dashed lines) based on
monthly mean subsurface temperature anomalies (◦C) and
climatological mean isotherms (6◦C, solid lines) along the
equatorial Pacific, 150◦E, and 100◦W sectional diagrams.
The contour interval is 3◦C for temperature, with the 20◦C
isotherm highlighted.

measured from ships and buoys, and subsurface tem-
perature measured from XBTs and moored buoys.
Data are available mainly in the tropical Pacific and
the North Pacific, however there are few measurements
in the south of 20◦S in the Pacific. Thus, the data in
the region of 20◦S to 30◦N and 110◦E to 90◦W are
analyzed only. Due to the fact that an interdecadal
transition of SST occurs in the middle of the 1970s
and El Niño features are different after 1980 (Wang,
1995; Qian et al., 1999) in comparison to those be-
fore 1980 (Rasmusson and Carpenter, 1982), the data
used in this paper are from January 1980 to Decem-
ber 2000 only. Annual means are removed from the
original data, thus interannual components are stood
out from the variations. Standard deviation as well as
leading, concurrent, and lagging correlations are calcu-
lated to reveal their characteristics and the connection

between the SSTA and the MSTA. A composite anal-
ysis is also conducted to show the common features in
the El Niño turnabout period.

2.2 Thermocline Variation

It is expected that an ideal index for the thermo-
cline variations should be able to record the oceanic
energy storage and to memorize the wind forcing, or
at least be able to indicate an anomalously strong sig-
nal in the upper ocean. In our recent work (Qian et al.,
2003, 2004), an indicator—MSTA—is defined to rep-
resent the thermocline variations through the case’s
analyses in the tropical Pacific Ocean and the tropical
Indian Ocean. In the tropical Indian Ocean, a dipole
structure of MSTA in the subsurface ocean is revealed
(Qian et al., 2003). To examine the common character-
istics, four El Niño events (1982/83, 1986/87, 1991/92,
and 1997/98) are used for a composite analysis. The
El Niño events are defined by the months when the
maximum positive MSTA appeared in the Ninõ-3 re-
gion (5◦N–5◦S, 150◦–90◦W). The time is identified
to be March 1983, December 1986, March 1992, and
September 1997, respectively.

Figure 1 shows the time series of the MSTA in the
Niño-3 region for the four El Niño events and their
composite during the period of the month−15 (The
MSTA in the Niño-3 leads) to the month+15 (The
MSTA in the Niño-3 lags). A smooth evolution can be
observed in the composite time series with the positive
MSTA from the month−14 to the month+6 and the
negative MSTA after the month+7. A +3◦C anomaly
value is found in the month 0 and a −1.5◦C anomaly
center appears after the month+12, but the amplitude
is relatively larger after the month+5. The compos-
ite time series matches well with the evolution process
of the El Niño, with the onset speed faster than the
withdrawal speed.

To examine the composite subsurface temperature
anomaly (STA), Fig. 2 displays the depth-longitude
diagrams of subsurface temperature and its anomaly
along the equator from different leading and lagging
months relative to the month of the maximum MSTA
in the Niño-3 region. In the month−15 relative to the
largest MSTA in the Niño-3 region, a major positive
core of STA appears in the equatorial western Pacific
close to the depth of 110 m. The 20◦C isotherm is
below the core. The positive core gradually extends
eastward from the monthe−15 to the month−9 and is
always above the 20◦C isotherm, but the negative STA
retreats eastward and toward the surface in the equa-
torial eastern Pacific. In the month−9, positive sub-
surface temperature anomalies control the entire equa-
torial basin with a core in the central Pacific. From the
month−6 to the month−3, positive subsurface temper-
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Fig. 4  Monthly series of SSTA (oC) and MSTA (oC) in the NINO3 region (5oN-5oS, 150oW-90oW) 
from 1980 to 2000. 
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Fig. 4. Time series of SSTA (◦C) and MSTA (◦C) in the Niño-3 region (5◦N–
5◦S, 150◦–90◦W) from 1980 to 2000.

ature anomalies are strengthened and move eastward
along the 20◦C isotherm in the equatorial central Pa-
cific. In the mature month of the composite El Niño
event, a positive core with the value 3◦C is located
in the equatorial eastern Pacific at the depth of 50 m
while a negative core with the value −3◦C is located in
the equatorial western Pacific at the depth of 160 m. A
dipole structure in the subsurface temperature anoma-
lies can be obviously noted in the mature phase of the
El Niño. After then, the positive subsurface tempera-
ture anomalies are weakened in the equatorial eastern
Pacific, meanwhile the negative subsurface tempera-
ture anomalies are strengthened in the west and move
eastward along the 20◦C isotherm. From the month+3
to the month+9, a positive temperature anomaly re-
mains near to the surface, however a negative temper-
ature anomaly already occupies over the subsurface in
the central Pacific.

The climatological features of the subsurface tem-
perature anomalies in the zonal-vertical profile at the
equator and the meridional-vertical profiles at 150◦E
and 100◦W can be noted in Fig. 3. In the zonal-vertical
profile at the equator, the depth of the 20◦C isotherm
indicates the climatic mean position of the thermocline
in 1980–2000. The standard deviation (SD) based
on monthly mean ocean temperature anomalies shows
thermocline variations in this period. In the central
Pacific (130◦–170◦W), two large SD centers with val-
ues about 2.4◦C are located at the depth of 110 m. In
the equatorial eastern Pacific (90◦W), the maximum
SD center (2.8◦C) is near the surface. In contrast with
those in the central-eastern Pacific, a lower SD with a
value about 0.6◦C is situated in the equatorial west-
ern Pacific and near to the surface. In the western and
central Pacific, the maximum SD axis is located above
the 20◦C isotherm, while its counterpart in the eastern
Pacific is located just along the 20◦C isotherm.

The thermocline in the warm pool actually shows
the strong variability only in the region between 10◦S
and 20◦N (Fig. 3b). To the south of 10◦S, the weak

variability in the thermocline can be noted as well.
The maximum SD (2.6◦C) in the meridional-vertical
profile at 150◦E is located near 4oN and at the depth
of 160 m. Another large SD (1.4◦C) is near to the
surface in the south of 10◦S. In the eastern Pacific
along 100◦W, the maximum SD (more than 2.0◦C) is
remarkably found in the tropical North Pacific and at
the depth of 50 m.

A characteristic in Figs. 2 and 3 needs to be men-
tioned here that the strongest signal of subsurface
temperature anomalies in each month is not fixed in
a specific depth. Vertically, there are many differ-
ent isotherms, such as the 20◦C isotherm, the 14◦C
isotherm, or the Tc, but it is still unknown which
isotherm produces the maximum depth anomaly. It
is also difficult to determine which isotherm can indi-
cate the maximum depth anomaly in the same month
and at the same tropical place. This implies that
the maximum subsurface temperature anomaly in each
vertical profile of the subsurface temperature anoma-
lies in each month can be easily picked out and used
to show the maximum anomalous signal in the upper
ocean. Based on this consideration, two calculations
from the monthly maximum subsurface temperature
anomaly (MSTA) and the monthly sea surface tem-
perature anomaly (SSTA) with respect to the monthly
mean from 1980 to 1999 will be employed. The MSTA
is constructed as a new index to represent the thermo-
cline variations (Qian et al., 2003, 2004).

3. Signal propagation

The SSTA in the global ocean linearly regressed by
the MSTA in Niño-3 with was analyses in our previ-
ous paper (Qian et al., 2004). The positive correlation
is mainly located in the equatorial eastern Pacific and
there is a very weak correlation in the central por-
tion of the tropical Pacific basin and along the Inter-
Tropical Convergence Zone (ITCZ) as well as along
the South Pacific Convergence Zone (SPCZ). In order
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Fig.5 Leading and lagging correlation (value ×0.01) distributions between the NINO3 region 
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Fig. 5. Leading and lagging correlation (the values have been multiplied by 100) distri-
butions between the Niño-3 region MSTA and the MSTA of every tropical grid based on
the monthly MSTA data from 1980 to 2000. Shaded areas indicate a positive correlation
larger than 0.3. The correlation coefficient 0.126 and 0.165 are the 95% and 99% levels of
significance, respectively.
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MSTA and the MSTA of every tropical grid based on the monthly MSTA data from 1980 to 2000. 
Shaded areas indicate a positive correlation larger than 0.3. Correlations are 0.126 and 0.165 within 
the 95% and 99% levels of significance, respectively. 
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Fig.6 Longitude-time diagrams of SSTA (left) and MSTA (right) along the equatorial Pacific. 
Shaded areas indicate the positive anomalies relative to the climatological mean (1980-2000). 
Intervals are 0.5 °C for SSTA and 1.0°C for MSTA. 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Longitude-time diagrams of SSTA (left) and MSTA (right) along the equatorial Pacific.
Shaded areas indicate the positive anomalies relative to the climatological mean (1980–2000). In-
tervals are 0.5◦C for SSTA and 1.0◦C for MSTA.

to further show the close relationship between the
SSTA and MSTA in the Niño-3, the time series of the
SSTA and MSTA in the Niño-3 region are shown in
Fig. 4. Obviously, the MSTA’s amplitude is larger than
that of the SSTA, meanwhile the MSTA’s phase is ear-
lier than the SSTA’s by about 1–2 months (the peaks
of the MSTA vs those of the SSTA). The correlation
coefficients of the MSTA leading the SSTA by 2, 1, and
0 months and the MSTA lagging the SSTA by 1 and
2 months are 0.82, 0.84, 0.81, 0.72, and 0.62, respec-
tively, and all of the correlations reach 99% statistic
significance. This result indicates that an El Niño (or
La Niña) event mostly often occurs when a positive (or
negative) MSTA propagates to the equatorial eastern
Pacific. This also implies that the warming (or cold-
ing) signal in the equatorial eastern Pacific originates
from the subsurface layer.

However, some questions arise as to where the

MSTA signal in the eastern equatorial Pacific comes
from and where it goes to. In order to answer these
questions, Fig. 5 shows the leading and lagging cor-
relation distributions between the MSTA in Niño-3
and the MSTA in the tropical Pacific Ocean from
the month−21 (The MSTA in Niño-3 leads) to the
month+18 (The MSTA in Niño-3 lags). The lead-
ing/lagging interval time between the any two close
maps is three months. A significant signal with a cor-
relation coefficient more than 0.3 (30 in Fig. 5) is first
observed in the equatorial western Pacific since the
month−21. Several other features are also noted from
the evolution of this signal. Before the El Niño mature
phase (in the month 0), this positive correlation cen-
ter gradually moves and extends eastward along the
equator (from the month−21 to the month−3 shown
in Fig. 5). High correlations are limited between the
ITCZ and the SPCZ during this period. At the mature



1010 THERMOCLINE SIGNALS AND El Niño-La Niña TURNABOUT VOL. 23

 34

 
(a) MSTA(4S)                                      (b) MSTA(8S)                                    (c) MSTA(12S) 

 
Fig.7 Longitude-time diagrams of MSTA (oC) along the sections of 4oS, 8oS, and 12oS, respectively. 
Shaded areas indicate positive anomalies relative to the climatological mean (1980-2000). The 
interval is 1.0°C for MSTA. 
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Fig. 7. Longitude-time diagrams of MSTA (◦C) along the sections of 4◦S, 8◦S, and 12◦S, respectively.
Shaded areas indicate positive anomalies relative to the climatological mean (1980–2000). The interval is
1.0◦C for MSTA.

phase of El Niño, the positive correlation with a value
more than 0.8 (80 in Fig. 5) has been situated in the
equatorial eastern Pacific, meanwhile a negative cor-
relation with a value −0.7 (70 shown in the figure)
is located in the warm pool just to the north of the
equator.

After the month 0, the positive correlation co-
efficient center is broken into two parts. One part
stands in the southeast part of the basin from the
month+3 to the month+18. The other moves north-
ward along the north side of the off-equator and
then extends westward from the month+6 to the
month+18. The negative correlation continue devel-
oping since the month+9 along the equator and ex-
tends eastward between the ITCZ and the SPCZ as
well.

From Fig. 5, it is easy to be thought of a closed
route for the warm-cold water propagation along the
equator and off the equator as well as along the eastern
and western boundaries of the Pacific basin. The speed

of the signal across the whole basin can be estimated
from Fig. 5. From the month−15 to the month−9
(within 6 months) the positive signal crosses 20◦ longi-
tude, and in the following 6 months it crosses another
25◦. The correlation signal propagations shown in Fig.
5 also reflect the thermocline variations which is the
combination of the process of the internal oceanic dy-
namics with the external atmospheric forcing. Such
significant change and statistical evolution regularity
of the upper ocean thermal structure have important
implications in the role of short-term climate varia-
tions in the ocean. By using the monthly MSTA
data, propagation features of positive and negative sig-
nals along this closed route will be further examined
through the analysis of single El Niño cases in the fol-
lowing part.

In order to compare the signal propagations based
on SSTA and MSTA, Fig. 6 shows the longitude-time
(month) diagrams at the equator. Along the equato-
rial Pacific, different propagation features can be noted
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  (a) MSTA(4N)                                   (b) MSTA(8N)                                   (c) MSTA(12N) 

 
Fig.8 Same as Fig. 7 except along the sections of 4oN, 8oN, and 12oN, respectively. 
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Fig. 8. Same as Fig. 7, except along the sections of 4◦N, 8◦N, and 12◦N, respectively.

from the SSTA and the MSTA. There is no obvi-
ous propagation feature in the SSTA from 1980 to
2000, but positive-negative SSTA alternative occur-
rences are clear in the central-eastern Pacific. The
eastward-propagation feature can be observed in the
MSTA. During the period 1980–2000, five positive
MSTA events in the year of 1980–81, 1985–86, 1989–
90, 1994, and 1996 respectively appear in the equato-
rial Pacific near to the region of 150◦E–170◦E. Several
months to one year later, these positive MSTA signals
propagate to the equatorial eastern Pacific and lead
to the formations of El Niño. The period of this os-
cillation is about 4 years, the same as the timescale
of the El Niño-La Niña turnabout. From an estima-
tion of these cases, the propagation speed eastward is
about 0.46 m s−1, which is still slower than the typical
speed of the Kelvin wave based on the linear theory
(Belamari et al., 2003).

Figures 7–9 show the propagation features of the
thermocline signals in comparison with the ones in the
neighbor regions, which provide a clear picture for the
MSTA phase evolution involved the El Niño-La Niña
turnabout.

Positive and negative signals of the thermocline
variations remarkably propagate from west to east at
4◦S, 8◦S, and 12◦S, respectively in Fig. 7. Their prop-
agation features are consistent with the MSTA signal
at the equator, but the latter is stronger than those at
the off-equatorial zones. In the north side of the off-
equator (shown in Fig. 8), the signal propagate east-
ward along 4oN and some unclear propagation along
8◦N is also noted. In the year of 1980–83 and af-
ter 1995, positive and negative signals stand at 8◦N.
Eastward-propagating signals can be found from 1984
to 1990. Along 12◦N, the signals propagate westward.
However, the direction of signal propagation may be
different near 10◦N (figure not shown).

To the north of 12◦N (Fig. 9), the MSTA signal
generally propagates from east to west, but the phase
speed is reduced by half at 20◦N compared to that at
12◦N. This speed qualities to the requirement for baro-
clinic Rossby waves to cross the ocean basin (Chelton
and Schlax, 1996). No statistical propagation signals
can be found from the SSTA (figure omitted) along
16◦N, but the strongest westward-propagating signals
of the MSTA can be noted along 16◦N, where a high
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(a) MSTA(16N)                                  (b) MSTA(20N)                                  (c) MSTA(24N) 

 
  Fig.9 Same as Fig. 7 except along the sections of 16oN, 20oN, and 24oN, respectively. 
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Fig. 9. Same as Fig. 7 except along the sections of 16◦N, 20◦N, and 24◦N, respectively.

lag/lead correlation locates in Fig. 5. After the ma-
ture phase of the El Niño event in 1982/83, a positive
MSTA signal is observed first in the eastern Pacific,
then propagates westward, and return to the warm
pool in 1984/85 (Fig. 9a). The same process can be
observed in 1986/87 to 1988/89. Through the esti-
mations of the two cases in 1984/85 and 1986/87, it
takes about 2 years for the MSTA to cross the basin.
This speed (about −0.4 m s−1) is basically consistent
with that of the baroclinic Rossby waves in the North
Pacific (Chelton and Schlax, 1996).

Along 150◦E (Fig. 10), the SSTAs with values from
+1◦C to −1◦C are observed off the equator, while the
MSTAs with the values from +4◦C to −4◦C are lo-
cated just to the north of the equator. For most cases,
the positive and negative MSTAs are originated from
the equatorial northern Pacific near to 6◦–7◦N, and
then propagate southward.

The El Niño-La Niña turnabout can be clearly
noted from both the SSTA and MSTA at 100◦W (Fig.
11) because of a shallow thermocline over there. The
SSTAs with the values from +2–+3◦C to −2◦C can

be observed near to the equator. Five El Niño pro-
cesses can be clearly observed from the MSTAs along
the equator. It is noted that the positive or nega-
tive MSTAs are first observed near to the equator,
and then propagate slightly poleward. The MSTAs
become strong again when they move back to the re-
gion of 16◦N .

From these observed features, it can be identified
that the positive or negative MSTAs move along a
closed cycle in the northern tropics off the equator.
The MSTAs first propagate from west to east along the
equator, then move poleward along the eastern bound-
ary of the basin, go back along 16◦N from the eastern
Pacific and arrive at the western boundary near 6◦–
7◦N, and finally return to the equator along the west-
ern basin. From the description above, an El Niño
event occurs only when a positive MSTA reaches the
equatorial eastern Pacific. Rao et al (2002) showed
theoretical Rossby phase speeds of about −0.48 m s−1

at the latitude 5◦S and of about −0.16 m s−1 at the
latitude 12◦S, but no westward signal in the tropical
South Pacific is observed in this study. The strongest
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Fig.10 Same as Fig. 6 except along the section of 150oE. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10. Same as Fig. 6 except along the section of 150◦E.

signal pathway in this closed route is only found in the
tropical North Pacific.

The propagations of the subsurface temperature
anomalies in the tropical Indian Ocean are also found
in different zonal-time profiles. Further analyses show
the intrinsic relationship of El Niño to the dipole event
in the equatorial Indian Ocean. On the interannual
time scale, the lower-tropospheric anomalous westerly
wind first appears over the equatorial central-western
Indian Ocean and then propagates eastward to the
equatorial western Pacific. The anomalous westerly
will cause the MSTA to propagate eastward along
the equatorial Pacific. At the same time, the strong
anomalous easterly over the equatorial central-eastern
Indian Ocean will cause the subsurface sea tempera-
ture anomalies to propagate westward along the off-
equatorial Indian Ocean. It will take about one year
for a positive (or negative) MSTA signal to propagate
from the west to the east along the equatorial Pacific
Ocean, so the El Niño event occurs usually after about

one year when the positive MSTA appears first in the
tropical western Pacific. Over the equatorial central-
eastern Indian Ocean, the anomalous easterly leads to
the warm MSTA propagating westward along the off-
equatorial Indian Ocean. It will take about half to one
year for this positive MSTA signal to cross the equato-
rial Indian Ocean. In the Indian Ocean, the westward-
propagating MSTA along the off-equator is reflected at
the western boundary and then extend eastward along
the equator quickly. That is why SSTA in the west
is warmer than that in the east in the tropical In-
dian Ocean. From these analyses it can be concluded
that the MSTA signal is also a precursor for predict-
ing the dipole event in the Indian Ocean. Another
two precursors have been noted that the eastward-
propagating anomalous westerly over the two basins
(the tropical Indian Ocean and Pacific) is the meteo-
rological precursor to indicate the El Niño event and
dipole event, while the eastward-propagating MSTA
signal along the equatorial Pacific and the westward-
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(a)SSTA(100W)                                     (b) MSTA (100W) 
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Fig.11 Same as Fig. 6 except along the section of 100oW. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Same as Fig. 6 except along the section of 100◦W.

propagating MSTA signal along the off-equatorial In-
dian Ocean are their oceanographic precursor (Qian
and Hu, 2005).

4. Comparison of MSTA and HCA

Heat content (HC) has been considered an impor-
tant element for measuring the thermal status of upper
oceans. Following Kinter et al. (2002), the HC is cal-
culated as

HC =
∫ H

0

TdZ/H

where T is the ocean temperature and H = 400 m is
the depth of the upper ocean. To study the El Niño cy-
cle, the annual means are removed from the HC data,
and the HC anomalies (HCA) are obtained.

Three variables, SSTA, HCA and MSTA, which all
reflect the oceanic state change, are used in this sec-
tion. The HCA also contains some information from

both the SSTA and the MSTA, but the MSTA is in-
dependent of the SSTA. In order to compare the sig-
nal propagation, Fig. 12 shows the longitude-time dia-
grams of both the MSTA and the HCA at the equator.
From 1980 to 2000, five El Niño events with strong
SSTA in the central-eastern Pacific occur in 1982–83,
1986–87, 1991–92, 1994–95 and 1997–98, respectively.
The larger amplitude of the MSTA than that of the
HCA can be noted across the Pacific basin. During
the whole period of 1980–2000, five positive MSTA and
HCA events appeared in 1980–81, 1985–86, 1989–90,
1994 and 1996 originally in the equatorial western Pa-
cific (EWP) near to 150◦–170◦E. After several months
to one year these positive MSTA signals propagate to
the equatorial eastern Pacific (EEP) and lead to the
outbreak of El Niño. Through their comparison, it is
also found that the standing oscillation in the SSTA
signal can be observed in the central-eastern Pacific
(Fig. 6), while the mobile oscillations are noted in the
MSTA and HCA (Fig. 12). Comparatively, MSTA sig-
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Fig.12 Longitude-time diagrams of (a) MSTA and (b) HCA along the equatorial Pacific. Shaded 
areas indicate the positive anomalies and the intervals are 1°C for MSTA while 0.5 °C for HCA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12. Longitude-time diagrams of (a) MSTA and (b) HCA along the equatorial Pacific.
Shaded areas indicate the positive anomalies and the intervals are 1◦C for MSTA while
0.5◦C for HCA.

nals are more obvious than those of the HCA.
The standard deviations of SSTA, MSTA and HCA

as well as their correlations in the tropical Pacific
are calculated and shown in Fig. 13. For the SSTA
(Fig. 13a), the most outstanding feature is the well-
defined pattern of high standard deviation with val-
ues larger than 1.0◦C in the equatorial central-eastern
Pacific, while the low correlation is located in its two
sides off the equator. This feature is similar to the sur-
face warming at the mature phase of El Niño. For the
HCA (Fig. 13b), two major centers of the standard de-
viation with values larger than 0.8◦C are located near
to the southern Philippine Sea in the northern region
and the Solomon Islands (east of New Guinea) in the
southern region, respectively. Moderately high stan-
dard deviation also appears along the equator in the
central-eastern Pacific. Thus, the high standard devi-
ations of both the HCA and the SSTA coexist in the

equatorial central-eastern Pacific. However, along the
ITCZ and the SPCZ, the low standard deviation of
the SSTA coexists with the high standard deviation
of the HCA. The above features indicate that while
SST has its largest standard deviation in the eastern
Pacific, the strong variability of the subsurface tem-
perature with two separate centers off the equator lo-
cates in the western Pacific. Lysne and Deser (2002)
analyzed the spatial patterns of the interannual tem-
perature variation at two representative depths (200
and 400 meters), and pointed out that these distri-
butions of thermal variation are coincident with the
maximum variance of wind stress curl in the tropical
western Pacific.

The SD pattern of the MSTA is different from that
of the SSTA and the HCA in the tropical Pacific Basin
(Fig. 13c). The large MSTA SD (more than 2◦C) ap-
pears in the tropical basin between 8◦S and 12◦N with
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Fig. 13. Standard deviations (◦C) of (a) SSTA (b)
HCA and (c) MSTA as well as correlations (d) be-
tween HCA and SSTA, and (e) between MSTA and
SSTA. The shaded are the values larger than 0.6◦C
in (a), (b) and (c), and those significant at the 95%
confidence level in (d) and (e).

several centers larger than 2.0◦C scattering in the
western, central and eastern portion of the basin. The
largest SD of the MSTA is also located in the equato-
rial central-eastern Pacific. This result shows that the
largest SD generally exists in the SSTA, MSTA and
HCA in the EEP.

As seen in Fig. 13d, the correlation between the
SSTA and the HCA displays a major high-value band
in the equatorial eastern Pacific. In particular, the
correlation coefficient exceeds 0.7 in the part of the
Niño-3 region. Local high correlations also appear in
the western Pacific in both hemispheres. On the other
hand, the butterfly-shaded low correlation is observed
in the central Pacific. The low correlation implies that
the subsurface signal in the HCA cannot be reflected
from the SSTA in the central Pacific. This butterfly-
shaded low correlation is also observed in the correla-
tion pattern between the SSTA and the MSTA (Fig.
13e).

Through these analyses, it is noted that the larger
SD and higher correlation are observed in the EEP re-
gion (the Niño-3 region). Figure 14 shows the monthly
variations of the SSTA and HCA in the Niño-3 region.
Both the SSTA and HCA exhibit a similar interannual
variability. The simultaneous correlation between the
two time series is 0.86 but the lagging relationship is
clearer between the SSTA and the MSTA than be-
tween SSTA and HCA.

It is found that the HCA signal also propagates
along the equator and a high correlation is in the Niño-
3 region. Figure 15 shows the patterns of lead-lag cor-
relation between the Niño-3 HCA and the HCA in the
tropical Pacific. In the 21 months earlier than the
peak of the Niño-3 HCA (Fig. 15a), a center of posi-
tive correlation appears in the equatorial western Pa-
cific, which indicates a possible precursory signal for
the Niño-3 HCA. At the time when the Niñ-3 HCA
lags 18 to 6 month, the positive correlation center in-
tensifies and moves eastward along the equator. The
signal propagation with the strongest signal pathway
along the equator is highly limited between the Inter-
tropical Convergence Zone and the South Pacific Con-
vergence Zone. At the zero lag (Fig. 15e), the corre-
lation pattern is similar to the SSTA at the mature
phase of El Niño, suggesting again a close relationship
between the HCA and the SSTA in the equatorial east-
ern Pacific. Note that afterwards the positive center
is split off the equator and moves westward along the
off-equator zones (Figs. 15f–h). This feature is similar
to the MSTA.

5. Conclusion and discussion

A summary about the indicators and precursors in
the thermocline variations in the tropical Pacific basin
is made in this section. Table 1 summarizes traveling
signals in the tropical Pacific under the different def-
initions of the thermocline variations and in different
timescales. According to Meyers’ (1979) definition, the
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Fig.13 Standard deviations (oC) of (a) SSTA (b) HCA and (c) MSTA as well as correlations (d) 
between HCA and SSTA, and (e) between MSTA and SSTA. Shaded are the values larger than 0.6oC 
in (a), (b) and (c), and those significant at the 95% confidence level in (d) and (e). 
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Fig.14 Time series of the monthly SSTA (oC) and HCA (oC) in the NINO3 region (5oN-5oS, 
150o-90oW). 
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Fig. 14. Time series of the monthly SSTA (◦C) and HCA (◦C)
in the Niño-3 region (5◦N–5◦S, 150◦–90◦W).

Table 1. Traveling signals in the tropical Pacific under the different indexes and various timescales.

Authors Index Eastward signal band Westward signal Timescale

Meyers (1979) 14◦C isotherm depth Along 6◦N Annual

Kessler (1990) 20◦C isotherm depth Around 10◦N Annual

Wang et al. (2000) Location-dependent Tc depth 2◦S–2◦N 5◦N and 6◦S Annual

Chao et al. (2002) Curved surface (STA) Along the equator 10◦N and 10◦S Interannual

Chelton and Schlax (1996) Satellite altimeter 2◦S–2◦N 4◦N and 4◦S Intraseasonal

This paper MSTA 10◦S–10◦N 16◦N Interannual

14◦C isotherm depth variations, reveals the westward-
propagating annual signal along the latitude 6◦N. In
Kessler’s (1990) definition, the 20◦C isotherm depth
variations, explores the westward-propagating annual
signal around the latitude 10◦N. Wang et al. (2000)
defined a location-dependent subsurface temperature
and found the eastward-traveling signal along the
equatorial band 2◦S–2◦N and the westward-traveling
signals along 5◦N and 6◦S on the annual timescale.
Chao et al. (2002) defined a temperature curved sur-
face and found the anomalous signal traveling east-
ward within 2◦ of the equator and traveling west-
ward along 10◦N and 10◦S, respectively, on the in-
terannual timescale. By using satellite altimeter data,
Chelton and Schlax (1996) found an eastward trav-
eling signal within 2◦ of the equator and westward
traveling signals along 4◦N and 4◦S on the intrasea-
sonal timescale. Under these papers’s definitions, an
eastward-traveling signal is all found in the band 10◦S–
10◦N and a westward-traveling signal is also found and
centered along the latitude 16◦N. Through comparing
the HCA with the MSTA, it is noted that both have
similar travel feature, but the amplitude and phase of
the SSTA is much localized.

Based on the composite analysis of El Niño events,
a new index from the maximum subsurface tempera-
ture anomaly (MSTA), representing the vertical tem-
perature profile, is proposed to display the thermocline

variation in the tropical Pacific Basin. The significant
correlation between the MSTA and the SSTA is situ-
ated in the equatorial eastern Pacific so that the MSTA
instead of the SSTA in the eastern equatorial Pacific
may be used to find out possible early signals for El
Niño. In the equatorial eastern Pacific, the MSTA sig-
nal is earlier than the SSTA by about 2 months. This
means that the vertical advection of the MSTA is im-
portant for the formation of El Niño in the eastern
equatorial Pacific.

The propagating MSTA signal is robust in the trop-
ical North Pacific with an anti-clockwise cycle along
the equator and the region just to the north of the
equator. The eastward and westward propagations
of the MSTA signals are separated around 10◦N. An
MSTA signal propagates eastward along the equator
in a way like the Kelvin wave, but its propagation is
slower than the phase speed of the theoretical Kelvin
wave and the signal needs more than one year to travel
across the Pacific basin. The signal propagates pole-
ward along the eastern boundary in the coastal Kelvin-
like wave. Off the north side of the equator, the pos-
itive (negative) MSTA propagates westward with the
strongest signal near to 16◦N from the eastern bound-
ary to the western boundary near to the band 6◦–7◦N
in the Rossby-like wave; its speed is consistent with
the phase speed of the theoretical Rossby wave.

The propagations of the subsurface signals in the
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Fig.15 Lead and lag correlations between NINO3 HCA and the HCA at each grid point. In (a), 
“+21” denotes that the grid-point HCA leads the NINO3 HCA by 21 months. Values larger than the 
95% confidence level are shaded. The contour interval is 1. 

Fig. 15. Leading and lagging correlations between Niño-3 HCA and the HCA at each grid
point. In (a), “+21” denotes that the grid-point HCA leads the Niño-3 HCA by 21 months.
Values larger than the 95% confidence level are shaded. The contour interval is 1.

tropical Pacific basin are involved in some advection
processes as indicated by Belamari et al. (2003), such
as vertical advection, zonal advection, and meridional
advection. Among these advections, the vertical and
zonal advections are two important processes. In the
central Pacific, the zonal advection is dominant over
others, while in the equatorial eastern Pacific basin,
the vertical advection is crucial in the process of the

El Niño development.
The MSTA, as an indicator of thermocline vari-

ations, is a better index than the others because
it captures the strongest signal in the upper ocean.
The MSTA signal may actually be a dynamical sig-
nal in the upper ocean. An anomalous signal indi-
cated by satellite altimeters may reflect the intrasea-
sonal impact from the coupled atmospheric-ocean sys-
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tem rather than only free propagating waves below the
surface. Different pathways of the signal propagation
from other definitions may be associated with different
timescales and different depths of oceanic variations
because these waves are strongly influenced by various
oceanic depths.

Although the signal propagation of the MSTA at
the equator across the basin is analyzed, however, the
speed is considerably smaller than that of the theoret-
ical equatorial Kelvin wave. The reason for this may
be linked to the air-sea interaction in the tropical Pa-
cific, which should be investigated in more detail in
the future.
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