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Abstract This study explains why a number of El Nino
properties (period, amplitude, structure, and propaga-
tion) have changed in a coherent manner since the late
1970s and why these changes had almost concurred with
the Pacific decadal climate shift. Evidence is presented to
show that from the pre-shift (1961–1975) to the post-
shift (1981–1995) epoch, significant changes in the
tropical Pacific are found in the surface winds and
temperature, whereas changes in the thermocline are
uncertain. Numerical experiments with the Cane and
Zebiak model demonstrate that the decadal changes in
the surface winds qualitatively reproduce the observed
coherent changes in El Nino properties. The funda-
mental factor that altered the model’s El Nino is the
decadal changes of the background equatorial winds
and associated upwelling. The annual cycle is also nec-
essary for the mean state to modulate El Nino. From the
pre- to post-shift epoch, the changes in the background
winds and upwelling modify the structure of the coupled
mode (eastward displacement of the equatorial westerly
anomalies) by reallocating anomalous atmospheric
heating and SST gradient along the equator. This
structural change amplifies the ENSO cycle and pro-
longs the oscillation period by enhancing the coupled
instability and delaying transitions from a warm to a
cold state or vice versa. The changes in the mean cur-
rents and upwelling reduce the effect of the zonal tem-
perature advection while enhance that of the vertical
advection; thus, the prevailing westward propagation is
replaced by eastward propagation or standing oscilla-
tion. Our results suggest a critical role of the atmo-
spheric bridge that rapidly conveys the influences of

extratropical decadal variations to the tropics, and the
possibility that the Pacific climate shift might have af-
fected El Nino properties in the late 1970s by changing
the background tropical winds and the associated
equatorial upwelling.

1 Introduction

It has been recognized for several decades that the
Southern Oscillation is non-stationary (e.g., Troup
1965). Trenberth and Shea (1987) pointed out that the
Southern Oscillation was strong from 1880 to 1920 and
from 1950 to 1987, and weak from the mid-1920s to
1950. The amplitude and frequency of El Nino-Southern
Oscillation (ENSO) exhibit notable secular variations
over the past 130 years as revealed by wavelet analysis of
the Nino-3 sea surface temperature (SST) index (Gu and
Philander 1995) and Southern Oscillation index (Wang
and Wang 1996).

In the mid 1970s, an abrupt change in SST and large-
scale winter circulation over the North Pacific was ob-
served (Nitta and Yamada 1989; Trenberth 1990; Tren-
berth and Hurrell 1994). Although some aspects of this
interdecadal variation, for instance, the teleconnection
patterns and their influences on the extratropics, resem-
ble features associated with El Nino episodes (Zhang et al.
1997), the interdecadal variation of the coupled system
manifests itself as a mode different from the ENSO (Latif
et al. 1997). Over the tropical Pacific, the climate change
is better described as a shift in the background mean state
of the coupled atmosphere-ocean system (Graham 1992).
Concurrent changes in the frequency and intensity of El
Nino and La Nina events in the 1980s and 1990s were
linked to Pacific decadal variations (Trenberth and
Hurrell 1994). An analysis of the 40-year (1951–1990)
Comprehensive Ocean-Atmosphere Data Set (COADS)
revealed that the onset and development characteristics
of El Nino had experienced a significant change after the
1976–77 El Nino (Wang 1995). Changes in the behavior
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of ENSO were also observed in its decay process (Shukla
1995), its tendency to be phase-locked to the annual cycle
(Balmaseda et al. 1995; Mitchell and Wallace 1996),
propagation of coupled anomalies (Wallace et al. 1998),
and the structure of the coupled ocean-atmosphere mode
(An and Wang 2000).

The decadal variability is one of the fundamental
characteristics of ENSO cycles, yet the cause remains a
subject of debate. While stochastic forcing and chaotic
dynamics within the tropical coupled system may induce
variations in the frequency and amplitude of ENSO
(Zebiak and Cane 1991; Kleeman and Moore 1999), it is
not clear whether they can change the structure and
propagation of the coupled mode. In addition, they do
not explain the simultaneous occurrence of the extra-
tropical decadal variation and decadal variations of
ENSO characteristics. Consideration of influences ex-
ternal to the tropical Pacific, in particular the inter-
decadal variability of the extratropical Pacific, becomes
relevant to understanding of the cause of the recent
decadal variation in ENSO cycles.

There are two issues concerning the impacts of the
Pacific decadal oscillation on ENSO. One is how the
extratropical decadal variations change the background
state of the coupled ocean-atmosphere system over the
tropical Pacific. The other is how the variation of the
tropical background state modulates ENSO.

Concerning the tropical-extratropical linkage, Kle-
eman et al. (1999) have reviewed two major hypotheses.
The first is an oceanic teleconnection. McCreary and Lu
(1994) and Liu et al. (1994) have demonstrated that a
large portion of the equatorial eastward undercurrent
water originates in the subduction zones of the northern
and southern subtropics. Thus, the water mass sub-
ducted in the subtropics might eventually affect the
eastern Pacific SST. Gu and Philander (1997) proposed
that ENSO atmospheric teleconnection induces sub-
tropical and midlatitude SST anomalies of the opposite
sign to the equatorial SST anomalies. These subtropical
temperature anomalies can then be subducted into the
thermocline and advected on the main thermocline to
the equator and feedback to ENSO. Observational
analysis and numerical experiments with ocean general
circulation models (Schneider et al. 1999; Nonaka et al.
2000) indicate that the subsurface advective process
from the midlatitudes to the tropics is ineffective in
changing the equatorial subsurface thermal structure.
Kleeman et al. (1999) found, based on their hybrid in-
termediate coupled model experiments, that the decadal
oscillation originating in the midlatitudes may affect the
equatorial SST through heat transport changes in the
upper branch of the subtropical cell. The latter is asso-
ciated with surface wind variation and serves as a driv-
ing force of the North Pacific subtropical cell. The
second hypothesis is based on an atmospheric telecon-
nection proposed by Barnett et al. (1999) and Pierce et al.
(2000), in which the decadal wind variability generated
in the midlatitudes extends into the tropics and forces
the tropical ocean circulation. The atmospheric tele-

connection hypothesis is appealing in the sense that the
timing of the decadal changes in the extratropical cir-
culation was nearly concurrent with the shift in the
tropical Pacific background state and changes in ENSO
properties. However, this idea has been lacking details
and thus not properly understood as it should be.

To explain how the tropical background state mod-
ulates ENSO, two lines of thinking have been offered.
One is through changes in the surface winds and tem-
perature. Wang (1995) found that after the late 1970s, a
decadal warming has occurred near the equatorial
dateline, extending northeastward and southeastward
into the subtropical eastern Pacific. This warming pat-
tern, on the one hand, induces anomalous equatorial
westerlies in the western Pacific; on the other hand, it
enhances the southeast trades. The former facilitates
initiation of ENSO warming in the central Pacific while
the latter prohibits warming off the South American
coast, resulting in onset and propagation patterns dif-
fering from those of the canonical warm event derived
by Rasemusson and Carpenter (1982) using observa-
tions before 1978. Another idea proposed by Gu and
Philander (1995) emphasizes the role of secular changes
in the equatorial thermocline on ENSO. It is known that
ENSO-like oscillations in intermediate coupled models
are sensitive to the specified basic states of the ocean
thermal structure (e.g., Anderson and McCreary 1985;
Zebiak and Cane 1987; Kirtman and Schopf 1998; Latif
et al. 1997). However, the precise processes by which the
background state influences ENSO properties were not
methodically addressed.

Two critical questions have not been previously ad-
dressed: why do a number of ENSO properties change in
a coherent manner and why have these changes con-
curred with the Pacific decadal climate shift? We focus on
addressing these questions. Our strategy is to compare
two contrasting periods before and after the Pacific cli-
mate shift, because the data are most reliable and because
both the decadal change and ENSO property change are
pronounced. To elaborate on the impacts of the Pacific
decadal climate shift on ENSO, a sequence of questions
must be addressed: what properties of ENSO have
changed since the late 1970s? What changes have hap-
pened in the background state of the tropical Pacific in
association with the Pacific decadal climate shift? Can
these observed changes in the background state lead to
the observed changes of ENSO in coupled ocean-atmo-
sphere models? If so, which aspects of the background
states most effectively influence ENSO, and how? Sec-
tions 2 through 6 are aimed at addressing the above
questions. Section 7 discusses the uncertainties involved
in this study. The last section presents a summary.

2 Changes of ENSO properties before
and after the late 1970s

The dominant ENSO oscillation period increased from 2–3 years
during 1961–1975 to 4–6 years during 1980–1995 (Gu and
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Philander 1995; Wang and Wang 1996). When the oscillation
period increases, the amplitude of ENSO tends to increase as well
(see Fig. 1 of An and Wang 2000). Observations also indicate that
the ENSO frequency change after the late 1970s was accompanied
by a significant change in the propagation and structure of the
dominant coupled ENSO mode. During the 1960s and 1970s the
warm SST anomalies expanded westward from the South Ameri-
can coast into the central equatorial Pacific (Rasmusson and Car-
penter 1982); after 1980, the warm SST anomalies propagated
eastward across the basin from the central Pacific or developed
concurrently in the central and eastern Pacific (Wallace et al. 1998).

In comparison with the faster oscillation occurring during
1961–1975, the structure of the dominant coupled mode during
1981–1995 shows an eastward displacement of the equatorial
westerly anomalies with respect to the eastern Pacific positive SST
anomalies (An and Wang 2000). To verify this result and to further
examine possible changes in the ocean thermocline, we used SST
and subsurface temperature data assimilated by Carton et al. (2000)
using the Simple Ocean Data Assimilation (SODA data) package.
A joint singular value decomposition (JSVD) method, a useful tool
to detect coupled structures among multiple variables, was used to
derive the structure of the dominant ENSO mode for the 1961–
1975 and 1981–1995 periods separately. Figure 1a compares the
zonal wind stress, zonal SST gradient and the zonal gradient of the
thermocline depth anomaly along the equator (average of 5�S-5�N)
for the dominant JSVD modes derived for the two epochs. The
patterns of the zonal SST gradient, zonal wind stress, and the zonal
thermocline slope all exhibit a systematic and dynamically coherent
eastward displacement (by about 15� longitude) during 1981–1995.

It is clear that not only the frequency and amplitude of ENSO
but also the structure and propagation of the coupled ENSO
mode have changed. Both aspects call for explanation. In fact, we
will show that the change of oscillation period and amplitude is
intrinsically linked to changes in the structure of the coupled
mode.

3 Changes of the mean state in the tropical Pacific
in the late 1970s

To describe secular changes in the mean states of the
tropical Pacific between 1961–1975 and 1981–1995, we
focus on variables that control ENSO dynamics, which,
in the CZ model, include surface zonal and meridional
winds (U, V) and associated divergence (DIV), sea
surface temperature (SST), thermocline depth (H), and
the vertical temperature difference across the surface
layer base (d�TT /dz). The surface layer currents (u, v) of
the basic state and associated upwelling (w) are deter-
mined from the surface wind stress and ocean model
dynamics.

The datasets used to detect decadal changes in the
surface winds, SST, and thermocline include the Florida
State University (FSU) pseudo wind stress (Kubota and
O’Brien 1988; Shriver and O’Brien 1995), the surface
winds compiled by da Silva (da Silva et al. 1994), the
National Center for Environmental Prediction (NCEP)
reconstructed SST (Reynolds and Smith 1994; Smith
et al. 1996), and the Levitus ocean temperature data
(Levitus et al. 1994; Levitus and Boyer 1994).

Figure 2a shows that the changes in mean surface
wind stress from the 1961–1975 to the 1981–1995 period
are characterized by anomalous westerlies in the equa-
torial western Pacific (west of 160�W) and easterlies in
the equatorial eastern Pacific (east of 160�W), resulting

in a convergence in the central Pacific around 160�W
and 7�S and a minor convergence region in the equa-
torial eastern Pacific (Fig. 2a). These equatorial wind
anomalies, which are associated with trade wind
anomalies in both hemispheres, are commonly seen in
both the FSU and da Silva’s data sets. Over the tropical
Pacific, the mean SST during 1981–1995 was higher than
that during the 1961–1975 period (Fig. 2a). The esti-
mated increase exceeds 0.5�C over the equatorial central
Pacific and the southeastern tropical Pacific.

The annual cycles of the surface wind stress, in which
the annual mean has been removed, also show decadal
changes (Fig. 3). The winds reverse their directions
between summer and winter primarily in the western
Pacific, indicating that the monsoon flows intensify after
the late 1970s. This is consistent with the increased
convective variability over the Philippine Sea after the
late 1970s (Wang et al. 2001b). The corresponding
changes in the seasonal departure of SST are found in
the South Pacific convergence zone and the North
Pacific around (10�N, 180�E) (Fig. 3). The statistical
significance is considerably lower than that in the annual
mean fields. Note that the wind stress changes shown in
Figs. 2a and 3 are generally consistent with the anom-
alous SST patterns shown in Figs. 2a and 3 in the sense
that the surface winds converge into regions of warm

Fig. 1 a The observed (left panel) and b model simulated (right
panel) equatorial distribution of zonal wind stress, zonal gradients
of SST and thermocline depth anomaly. The observed (simulated)
patterns were derived by normalizing the loadings of the principal
joint-SVD mode derived from SODA (the CZ model outputs) for
the periods of 1961–1975 (solid line) and 1981–1995 (dot-dashed
line), respectively. SODA stands for Simple Ocean Data Assimi-
lation (Carton et al. 2000). The thermocline depth was estimated
following the definition in Wang et al. (2000a)

Wang and An: A mechanism for decadal changes of ENSO behavior 477



ocean, agreeing with the Matsuno (1966)-Gill (1980)
solution for a steady atmospheric response to an en-
hanced convective heat source caused by a warm SST.
This dynamical consistency derived from independent
observations of surface winds and SST adds confidence
to the detected decadal anomalies.

In correspondence to the changes in surface winds,
the equatorial mean upwelling during the 1981–1995
period increased over the eastern Pacific (160�W-100�W)
and decreased over the central Pacific (150�E-160�W)
(Fig. 2b). Consistent with the wind change, near the
equator, the eastward anomalous currents occur in the
western Pacific while westward anomalous currents
occur in the eastern Pacific, in consistence with the
upwelling pattern.

The mean depths of the 20 �C isotherm (used as a
surrogate to the equatorial thermocline depths) derived
from the Levitus data (Levitus et al. 1994) for the two

periods do not show appreciable differences (Fig. 4a).
The changes in the vertical temperature gradient are also
insignificant (Fig. 4b). Due to insufficient data coverage
and crude vertical resolution of the observed subsurface
temperature, the results here are considered suggestive.
In Sect. 7, we will further discuss the uncertainties and
difficulties in determining interdecadal changes in the
mean thermocline depth and vertical temperature
gradients.

Fig. 2 a Differences in the annual mean pseudo wind stress (vector)
and SST (contour interval is �C) between the 1961–1975 and 1981–
1995 periods (the latter minus the former). The shading indicates
areas where both wind stress and SST differences are significant at
5% confidence level by the two-tailed t-test. The arrows at the upper
right corner of the figure give the scale for wind stress. The data
used are the FSU wind stress and the NCEP reconstructed SST.
b Same as in a except for the surface layer currents (arrows) and
the upwelling (contour interval is 10–3 cm s–1 ), which are obtained
from the CZ ocean model forced by the observed surface wind
stress

Fig. 3a–d Panels are the same as in Fig. 2a except for the four
seasonal (DJF, MAM, JJA, SON) means, in which the annual
mean is removed. The shading indicates areas where the wind stress
or SST difference is significant at 5% confidence level by the two-
tailed t-test
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Another empirical parameter used in the CZ model is
the dependence of the subsurface temperature on the
thermocline depth, which is represented by an empirical
functional relationship between the thermocline depth h
and the subsurface temperature Tsub (the temperature at
50 m depth), that is T sub= A tanh (Bh). In the CZ model,
the coefficients A and B depend also on the sign of the
thermocline depth anomaly. For simplicity, here we cal-
culated a representative value for the dependence of the
subsurface temperature on the thermocline depth, co =
ABcosh–2 (Bh). Applying the least squares method, the
two coefficients A and B for the two epochswere estimated
from the Levitus data, where h=70 m was used as an
averaged value in the eastern half of the equatorial Pacific
basin. The values of co for the periods 1962–1975 and
1978–1990 are 0.145 �C m–1and 0.152 �C m–1, respec-
tively, i.e., between the two periods, co differs by about
5%. The model sensitivity test with a change of co within
5% did not show a significant change in model ENSO.

In view of the uncertainty in decadal changes of the
equatorial subsurface temperature field, we will disre-
gard, in Sect. 4 through 6, the change in thermocline and
focus on effects of the decadal changes in SST, surface
winds and associated upwelling and currents on the
ENSO properties. However, we will specifically discuss
the effect of thermocline variation in Sect. 7.

4 Coupled model experiments

We adopted the CZ coupled anomaly model in which the basic
states of the atmosphere and ocean are specified. The model
describes essential ENSO physics, thus providing a convenient tool
for identifying impacts of the basic states on ENSO and for

understanding the causes. Numerical experiments were performed
to examine possible changes in ENSO properties under the two sets
of mean states, which were calculated using the procedures de-
scribed in the previous section. Since the CZ model is sensitive to
changes in the parameters, in order to maintain the model’s cou-
pled mode in an oscillatory regime and to keep the coupling co-
efficient unchanged, we specified the model basic state for the 1961–
1975 (1981–1995) epoch by averaging the original CZ basic states
and the observed basic state for the 1961–1975 (1981–1995) period.
The resultant changes in the basic state are half of the observed
changes between the two periods. For each experiment, the model
was run for 1400 years and the statistical behavior of the model
ENSO was examined using the model output from the last 1350
years.

Figure 5 presents Nino-3 SST indices obtained from the ex-
periments with two sets of basic state parameters representing the
1961–1975 and 1981–1995 periods, respectively. The model ENSO
that was produced using the 1961–1975 basic-state has a relatively
short period (about 3 years) and a moderate amplitude (the stan-
dard deviation of the Nino-3 SSTA appeared in Fig. 5a is 0.94 �C)
(Fig. 5a). In contrast, the ENSO associated with the 1981–1995
basic-state exhibits a longer period (about 4 years) and larger am-
plitude (the standard deviation of the Nino-3 SSTA appeared in
Fig. 5b is 1.32 �C) (Fig. 5b). Thus, the model results agree quali-
tatively well with the observed ENSO period and amplitude changes
during the two periods (An and Jin 2000; An and Wang 2000).

To compare the structure of the dominant ENSO modes ap-
pearing in the two experiments, we applied the JSVD method to the
anomalous SST, zonal wind stress, and thermocline depth fields.
The JSVD modes for the first and second periods explain 94% and
95% of the total covariance, respectively. The spatial patterns of the
most important JSVD mode resemble those derived from the
assimilated data (Carton et al. 2000). The eastward shift of the
anomalous westerly patch from the 1961–1975 to 1981-95 period is
noticeable (Fig. 1b). This shift of the wind anomaly is accompanied
by eastward shifts of the zonal SST gradient and the zonal gradient
of the thermocline depth anomaly.

To display changes in the propagation characteristic of the
model ENSO, we applied the space-time power spectral analysis
(Hayashi 1977) to the anomalous SST along the equator, which
yields both spectral density and propagation as a function of zonal
wave number. As shown in Fig. 6, the higher-frequency westward
propagating component is dominant when the 1961–1975 basic
state is adopted, while the lower-frequency eastward propagating
component is dominant in the experiment with the 1981–1995 basic
state. These results are consistent with that observed (e.g., Wallace
et al. 1998).

Fig. 4 a Annual mean 20 �C isotherm depth and b vertical
temperature gradient d�TT =dz for the 1961–1975 (solid line) and 1981–
1995 (dotted line) periods derived from Levitus (1994) ocean
temperature data. The d�TT =dz at the bottom of the surface layer (50
m) was estimated using the temperature difference between 30 m
and 75 m. The variables in a and b were averaged over the
equatorial belt between 4.5�S and 4.5�N. Units in a and b are m and
0.1 �C m–1, respectively

Fig. 5a,b Segments of time series of Nino-3 SST anomalies (�C)
and the corresponding variance as a function of the oscillation
period computed from the wavelet analysis of Nino-3 SST
anomalies for a period of 1365-year model integrations. Results
shown in panels (a) and (b) are obtained from benchmark
experiments using the 1961–1975 and 1981–1995 basic states,
respectively
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In summary, the behavior of the model ENSO obtained using
the two sets of basic-state parameters were qualitatively consistent
with the observed ENSO behavior in their frequency, amplitude,
structure, and propagation, suggesting that the observed decadal
changes in the frequency and the structure of ENSO mode are
possibly caused by the interdecadal changes in the basic state SST
and surface winds.

5 Principal factors contributing to the change
of ENSO properties

As shown in Sect. 3, from 1961–1975 to 1981–1995 the
changes in the annual mean are more significant than
changes in the annual cycle. Are changes in the annual
cycle unimportant? Motivated by this question, we first
fix the basic states at the annual mean values for the two
periods. The time series and corresponding power
spectra obtained from the experiments with the 1961–
1975 and 1981–1995 annual mean basic-states look alike
(figure not shown). The dominant period is about 38
months for the 1961–1975 state and 39 months for the
1981–1995 state. The standard deviations are also
comparable (1.47 �C and 1.67 �C, respectively). These
results point out that the change of annual mean state
alone was not able to modify the dominant frequency,
although with the 1981–1995 state, the spectral power
around the 6-year period is significantly increased. If the
basic state annual cycles for the two periods are further
added to the corresponding means, the model ENSO
periodicity alters from 39 months during 1961–1975 to
50 months during 1981–1995 (Fig. 5a,b). However, this
result does not mean that the change in the annual cycle
is important. To elaborate on this point, we have taken
the annual mean basic state parameters from the first
(second) period and the annual departure from the sec-
ond (first) period to make a ‘‘mixed’’ basic state. Ex-
amination of the response of the model ENSO reveals
that for a given annual mean state, addition of an an-
nual cycle of either the first or the second period yields a
similar oscillation period (figure not shown). As far as
the influence of the basic state is concerned, the change
of the annual cycle is not enough to change the model

ENSO’s characteristics, but the presence of an annual
cycle of the basic state is necessary. As shown in Sect. 3,
the major changes of the mean state are found in SST
and surface wind fields (including the associated wind
divergence and ocean upwelling and surface layer cur-
rents). To further assess the relative roles of SST and
surface winds, we performed the following two groups of
sensitivity experiments.

In the first group, all basic state parameters are given
the values of the 1961–1975 period (including both the
annual mean and annual cycles) except that SST or
surface winds (and associated oceanic fields) are given
the value of 1981–1995 period. When only SST took the
1981–1995 state, the Nino-3 SSTA and the corre-
sponding power spectrum representing the ENSO
characteristics resembled those obtained using the 1961–
1975 state, indicating that the change of the background
state SST alone does not have a significant influence on
model ENSO (figure not shown). On the other hand,
when the basic state winds and the associated upwelling
and surface layer currents were changed to the 1981–
1995 values while all other parameters remained at the
early epoch values, the model ENSO is similar to that
obtained using the 1981–1995 basic states, implying that
the changes in the surface winds and associated upwel-
ling/currents are responsible for the changes in the
model ENSO’s period and amplitude.

In another group of experiments, all the basic state
parameters are given the values for the 1981–1995 period
except that SST or surface winds (and associated fields)
which take the 1961–1975 mean values. Comparison of
the resultant Nino-3 SSTA and the corresponding
spectrum (not shown) confirms that the change in the
basic state SST hardly influences model ENSO, whereas
changes in the basic state surface winds and the associated
upwelling determine the oscillation period and amplitude.

Although the basic state SST and surface winds can
be separately specified in the model, in reality, they are
coupled (Figs. 2 and 3). If the basic state winds are
allowed to adjust to SST changes, the ENSO behavior
could be indirectly affected by changes of the basic state
SST. Since in the CZ model, the total SST controls the
atmospheric heating, when SST and winds are artificially
decoupled, the only way for the basic state SST to affect
ENSO is through altering the convective heating. Thus,
the results here indicate that the model ENSO is insen-
sitive to effects of the background SST change on
atmospheric heating.

6 Mechanisms responsible for the change of ENSO
properties

6.1 How does the basic state change the structure
of the ENSO mode?

The most significant change in the structure is an east-
ward displacement of the equatorial wind anomalies

Fig. 6 The space-time power spectral density of the equatorial SST
anomalies obtained from the CZ model benchmark experiments
with the 1961–1975 basic state (solid line) and the 1981–1995 basic
state (dot-dashed line). The left- and right-half of the curves
indicate the spectral densities associated with the westward- and
eastward-propagating wave components, respectively
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during 1981–1995 (Fig. 1). One possible cause might be
the dependence of the atmospheric heating on the basic
state wind convergence. The heating in the CZ model
depends on local SST anomalies (denoted by Qs) and the
low-level moisture convergence (denoted by Qc) (Zebiak
1986). The former is regulated by basic state SST and the
latter is affected by the surface wind convergence. We
computed the Qs and Qc for the two sets of experiments.
For clarity of comparison, the covariance between the
normalized Nino-3 SST index and the two heating
components along the equator is presented in Fig. 7.
Evidently, for both epochs, the heating is primarily as-
sociated with the SST anomalies. For the period 1961–
1975, Qc is insignificant, but for the period 1981–1995,
Qc has a meaningful magnitude in the eastern Pacific,
which makes the maximum of the total anomalous
heating move eastward compared with the maximum Qs.
The increase of Qc during 1981–1995 is a result of the
increase in the mean surface convergence in the equa-
torial eastern Pacific as shown in Fig. 2a.

Another possible cause for the eastward shift of the
wind anomalies might result from eastward displace-
ment of the anomalous equatorial zonal SST gradients,
because on the equator the surface zonal wind is deter-
mined by the boundary layer pressure gradient force
that is induced by the zonal SST gradients (e.g., Lindzen
and Nigam 1987; Wang and Li 1993). Figure 1 shows
that the simulated zonal gradient of SST anomalies for
the 1981–1995 epoch displays an eastward phase shift.

There is an increase of the positive SST gradient between
160�W and 110�W from the first to the second period
(dotted lines in Fig. 8).

To unravel the causes of the eastward shift of the
equatorial zonal SST gradient, we use the following flux
form of the SST equation as a diagnostic tool:
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Equation (1 ) was derived by combining the thermody-
namic and the continuity equations. Kang et al. (2002)
pointed out that Eq. (1) gives a more meaningful inter-
pretation for SST budget. To assess the contribution of
each process to the changes in zonal SST gradients, we
took a partial derivative of Eq. (1) with respect to x. The
resultant tendency equation for the zonal SST gradient
is
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The first three terms in the right hand side of Eq. (2)
denote, respectively, effects of the zonal, meridional, and
vertical advection of temperature by anomalous cur-
rents, and the fourth through sixth terms represent the
influences of the anomalous zonal, meridional, vertical
heat fluxes, respectively.

For convenience of comparison, we calculated the
normalized covariance between the Nino-3 SST index
and the tendency of zonal SST gradients associated with
the first six terms in the right hand side of Eq. (2) for the
1961–1975 and 1981–1995 periods, respectively.
The resultant covariance along the equator measures the
contributions of each term to the tendency of zonal SST
gradients. Figure 8 shows that the contribution of the
anomalous vertical heat flux (Fig. 8e) and the anoma-
lous vertical advection of the mean temperature (Fig. 8f)
display a longitudinal distribution that is quite similar to
that of the zonal SST gradient (dotted line in Fig. 8),
suggesting that these two processes make a major con-
tribution to the eastward shift of the zonal gradient of
SST.

These two processes are related to the change of mean
upwelling over the equatorial eastern Pacific. During
1981–1995, the maximum mean upwelling shifted east-

Fig. 7a,b Covariance between the normalized Nino-3 index and
the local heating rate along the equator (solid lines) obtained from
the CZ model using the a 1961–1975 and b 1981–1995 basic state
parameters. The dotted and dashed lines denote, respectively, the
covariance between the normalized Nino-3 index and the heating
rate associated with the SST anomalies (Qs) and the heating rate
associated with the low-level moisture convergence (Qc). Units are
10–2 m2 s–3
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ward in the eastern-central Pacific in response to the
change of the equatorial winds (Fig. 2b). Since the
anomalous warming is associated with suppression of
the mean upwelling, the eastward shift of mean upwel-
ling implies a reduced warming in the central Pacific or
an eastward shift of the maximum zonal SST gradient.
In Sect. 5, we have identified that the change of surface
winds, especially the equatorial winds, and associated
upwelling play a critical role in changing ENSO
behavior. The result here supports that assertion.

6.2 Why the ENSO frequency and amplitude changed

It is conceivable that the structural change may affect
its oscillation amplitude and period. In fact, using a
coupled model, which consists of the Cane-Zebiak
ocean model and an idealized empirical atmosphere,
An and Wang (2000) performed a series of experi-
ments in which the longitudinal location of the wind
response to SST can be artificially adjusted. The pe-
riod of the model ENSO indeed lengthens when the
westerly anomalies were displaced eastward relative to
the eastern Pacific SST anomaly. Cane et al. (1990)
also were dealing with the dependence of the fre-
quency and growth rate on the position of the wind
patch using their conceptual model, which showed a
consistent result with those as in An and Wang (2000).
According to the delayed oscillator theory (Suarez and
Schopf 1988; Battisti and Hirst 1989), an eastward
shift of the equatorial westerly anomalies would in-
crease the distance over which the oceanic Rossby
waves, which were generated by the equatorial wind
anomalies, propagate before being reflected by the

western boundary. Hence, the negative feedback of the
reflected Rossby waves to the equatorial thermocline
adjustment would be delayed. On the one hand, this
delay allows for the positive wind-Kelvin wave-SST
feedback to amplify the thermocline and SST anom-
alies in the eastern Pacific (Philander et al. 1984). On
the other hand, the delay prolongs the turnaround
period of the ENSO cycle. As a result, the ENSO
cycle would have an increased amplitude and period-
icity. This explains how the change of the structure of
coupled mode leads to corresponding changes in the
frequency and amplitude.

6.3 Why the propagation of SST anomalies changes

Propagation of SST anomalies depends primarily on
competitive effects between vertical temperature advec-
tion, which supports eastward propagation, and the
zonal temperature advection that promotes westward
propagation (Fedorov and Philander 2000). This is be-
cause the anomalous thermocline depth and zonal cur-
rent induced by wind stress forcing are primarily located
to the east and west side of the wind fetch (An 2000).
From the pre- to the post-shift period, the decrease of
zonal mean SST gradient in the central-eastern Pacific
and the increase of the eastern Pacific mean upwelling
indicate that the effect of the vertical advection is
enhanced while that of the zonal advection weakened
(An and Jin 2000). As a result, the prevailing westward
propagation was replaced by stationary or eastward
propagation. Note that the decadal changes in vertical
advection can be attributed to either the change in mean
thermocline depth or the changes in the mean upwelling.

Fig. 8a–f Contribution of each
term on the right hand side of
Eq. (2) to the two-epoch differ-
ence (1981–1995 minus 1961–
1975) in the zonal SST gradient
tendency along the equator.
The tendency terms are repre-
sented by the covariance be-
tween the normalized Nino-3
index and the local tendency of
zonal SST gradient along the
equator (averaged between 5�S
and 5�N). The dotted line in
a through f denotes the model
simulated two-epoch difference
in the equatorial zonal SST
gradient. The units are 0.1 �C
(106m)–1 month–1
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Fedorov and Philander (2000) stressed the effect of the
mean thermocline change, whereas we emphasize the
effect of changing mean upwelling (Fig. 2b).

A direct comparison of the zonal and vertical ad-
vection in the CZ model experiments with two sets of
basic state parameters also shows pronounced changes
in their relative contributions. The SST advection due to
anomalous zonal current in the pre-shift period expands
from the eastern to the central Pacific, resembling the
evolution of the warming (Fig. 9b), whereas that in the
post-shift period it is localized in the eastern Pacific or
shows a weak tendency of eastward propagation
(Fig. 9e). In other words, the SST tendency due to the
zonal temperature advection appeared in the pre-shift
period (Fig. 9b) attributes to the prevailing westward
propagation of SST anomalies, whereas that appeared in
the post-shift period (Fig. 9e) favors a stationary mode
or eastward propagation. The effects of changes of the
vertical advection are not as obvious as that of the zonal
advection, but in the 1961–1975 period a tendency of
westward propagation can be seen in the eastern Pacific
(Fig. 9c), while in the 1981–1995 experiment a tendency
of eastward propagation can be found (Fig. 9f). The
SST advection due to anomalous zonal current is more
sensitive to the longitudinal migration of the wind stress

anomalies than the vertical temperature advection by the
mean upwelling.

7 Discussion

Due to the lack of long-term subsurface ocean data,
particularly in the tropical central Pacific, it is extremely
difficult to make a reliable estimate for the changes in the
thermocline and subsurface temperature. Although the
analysis of the Levitus data appears to suggest an in-
significant change in the mean thermocline depth during
the Pacific climate shift, the results are not conclusive. In
addition, an abrupt shift in the coral record over a
limited area of the tropical eastern Pacific since 1976 has
been reported (Guilderson and Schrag 1998). For this
reason, we have examined another subsurface tempera-
ture data set assimilated at the University of Maryland
by Carton et al. (2000). Figure 10 shows a considerable
discrepancy between the SODA and Levitus data sets.
The SODA data show a rise of the thermocline primarily
in the western equatorial Pacific after the climate shift. A
part of the discrepancies between the Levitus and SODA
data arise from the fact that the SODA model is forced
by a de-trended wind stress field (Carton et al., 2000).

Fig. 9a–f Time-longitude dia-
gram showing a SST anomalies,
b temperature advection due to
anomalous zonal current, and
c vertical temperature advection
by the mean upwelling. The
data are obtained from the CZ
model outputs using the 1961–
1975 basic state. Panels d–f are
the same as in a–c, respectively,
except for the 1981–1995 basic
state. The shaded area in each
panel indicates the positive SST
anomaly
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Removal of long-term trends may have reduced the
magnitude of the decadal variations in surface winds
and affected the decadal variations in the thermocline.
We have also taken the same wind forcing for the pre-
and post-shift periods and forced two intermediate type
ocean models (Zebiak and Cane 1987; Wang et al. 1995).
The resulting thermocline depth differences between the
two periods also differ substantially (Fig. 10).

Considering the uncertainty involved in the inter-
decadal change in the thermocline depth, we assessed the
sensitivity of ENSO behavior to the mean thermocline
change in terms of idealized experiments, in which the
mean thermocline is assumed to be uniformly raised or
lowered across the entire equatorial domain. In a suite of
experiments, the mean thermocline depth was progres-
sively increased (or decreased) each by a 5-m interval. All
other basic state parameters are kept unchanged. When
the mean thermocline becomes too deep, the original CZ
model failed to produce a sustained oscillation because
of the reduced coupled instability. Since stochastic
forcing was demonstrated to be able to excite and sustain
ENSO modes in a stable regime of coupled ocean-
atmospheric models (Chang et al. 1996; Wang et al.
1999), we added a random noise to the coupled system to
mimic the effect of atmospheric transient forcing. This
random noise was applied only to the zonal wind
anomaly. The spatial structure of the stochastic forcing
has a fixed elliptic shape with its long axis coincident
with the equator and amplitude varying randomly with
an upper limit of 0.2 m s–1. All experiments were per-
formed using the same type of stochastic forcing.

As the basic-state thermocline depth deviates from –
15 m to +10 m, the dominant period, which corre-
sponds to the maximum energy density peak, decreases
systematically from about 5 years to 3 years (Fig. 11),
indicating that a shallower basic-state thermocline fa-
vors a lower frequency ENSO. The results here imply
that if the eastern Pacific thermocline had become
shallower after the Pacific climate shift, the ENSO
period could have increased accordingly. One cannot
rule out this possibility.

8 Summary

Comparison of the ENSO cycles observed during the
1961–1975 and 1981–1995 periods reveals that not only
the amplitude and dominant period have increased but
also the structure and propagation of the ENSO mode
have changed since the late 1970s. A notable structural
change of the coupled mode is an eastward displacement
of the equatorial westerly anomalies (and associated
anomalous thermocline slope) with respect to the eastern
Pacific SST anomalies.

Using the Cane-Zebiak model, we demonstrate that
the climate shift of the tropical Pacific background
state in the late 1970s can result in changes in the os-
cillation period, amplitude, and the propagation and
structure of the coupled ENSO mode that are all
qualitatively similar to their observed counterparts.
Sensitivity tests further reveal that while change in the
long-term mean state is fundamental, the presence of
the annual cycle is indispensable for the basic state to
modulate ENSO. We identified that the principal factor
that affected model ENSO behavior is the change in the
basic-state equatorial winds and associated equatorial
upwelling.

A novel explanation of the simultaneous and coher-
ent changes of a number of ENSO characteristics is

Fig. 11 Power spectra of the Nino-3 SST indices obtained from
the CZ model experiments with modified mean thermocline depths.
0 M is the standard thermocline depth used in the original CZ
model. –15 M, –10 M, ... denote mean thermocline depth anomaly.
When the mean thermocline depth increases, the dominant spectral
peak shifts to higher frequency

Fig. 10 The difference in the mean depth of the 20 �C isotherm
between the 1961–1975 and 1981–1995 periods (the latter minus the
former). The solid and dot-dashed lines denote the difference
derived from the SODA data (Carton et al. 2000) and the Levitus
(Levitus et al. 1994) data. The dotted and dashed lines denote
thermocline depth difference between the 1961–1975 and 1981–
1985 periods derived from the intermediate coupled model of Wang
et al. (1995) and Cane and Zebiak (1985), respectively
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offered. We explained why the changes in surface winds
could modify the structure of the coupled mode, i.e., the
eastward displacement of the equatorial westerly
anomalies from the 1961–1975 to the 1981–1995 period.
Two processes contribute to the eastward displacement
of the westerly anomalies. First, during the 1981–1995
period, the increased mean trade wind convergence in
the equatorial eastern Pacific favors an eastward shift of
the anomalous atmospheric heating. Secondly, after the
Pacific climate shift, the change of the background winds
enhances the mean upwelling in the eastern Pacific while
suppressing it in the central Pacific (Fig. 2b), resulting in
an eastward shift of the maximum zonal SST gradient.
The latter in turn facilitates eastward displacement of the
equatorial westerly anomalies. We have shown that
the structural change, in turn, amplifies the ENSO cycle
and prolongs the oscillation period by enhancing the
coupled instability and delaying transitions from a warm
to a cold state or vice versa. The change of propagation
of the SST anomalies is also a result of the changes in
background winds. From the pre- to the post-shift
period, the decrease of zonal mean SST gradients in the
central-eastern Pacific and the increase of the mean
upwelling in the eastern Pacific have amplified the role of
the vertical advection (that promotes eastward propa-
gation of SST anomalies) while reduced that of the zonal
advection (that favors westward propagation). As a re-
sult, the prevailing westward propagation was replaced
by stationary oscillation or eastward propagation.

Our model results emphasize critical roles of the
atmospheric teleconnection, which could rapidly convey
influences of extratropical decadal variations to ENSO
through changing tropical winds and equatorial upwel-
ling. We have detailed the processes by which the
atmospheric teleconnection changes ENSO behavior,
putting this hypothesis on a firmer physical ground. This
new mechanism is appealing compared to the oceanic
teleconnection hypothesis, because it explains why
changes of ENSO behavior concur with the extratropical
Pacific decadal variation.

Our model results also suggest the possibility that the
Pacific climate shift might have affected ENSO proper-
ties by changing background tropical winds and the
associated equatorial upwelling. This has implications to
the possible changes of ENSO in a global warming
scenario. In the event of a global warming, it is critical to
know how increased greenhouse gasses would affect
tropical winds, especially the equatorial winds. It is
hoped that prediction of the change of ENSO properties
can be achieved upon fully understanding the processes
by which the background state influences ENSO.

In view of the simplicity of the model and the un-
certainty of the observations, our model results are
qualitatively indicative. The numerical experiments
performed in this study are of an exploratory nature. In
the present study, we have focused on the impacts of the
basic state change on the behavior of ENSO and ne-
glected the possible feedback of ENSO. However, the
basic state we have derived from the observations

already contains feedback effects of ENSO. The ideal-
ization introduced here amounts to that used in the
study of baroclinic instability of an idealized basic state.
Further study of the interaction between interdecadal
variations of the mean state and the ENSO is required.
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