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ABSTRACT

An interdecadal shift in the variability and mean state of the tropical Pacific Ocean is investigated within the
context of changes in El Nifio—Southern Oscillation (ENSO). Compared with 1979-99, the interannual var-
iability in the tropical Pacific was significantly weaker in 2000-11, and this shift can be seen by coherent
changes in both the tropical atmosphere and ocean. For example, the equatorial thermocline tilt became
steeper during 2000-11, which was consistent with positive (negative) sea surface temperature anomalies,
increased (decreased) precipitation, and enhanced (suppressed) convection in the western (central and
eastern) tropical Pacific, which reflected an intensification of the Walker circulation.

The combination of a steeper thermocline slope with stronger surface trade winds is proposed to have
hampered the eastward migration of the warm water along the equatorial Pacific. As a consequence, the
variability of the warm water volume was reduced and thus ENSO amplitude also decreased. Sensitivity
experiments with the Zebiak—Cane model confirm the link between thermocline slope, wind stress, and the

amplitude of ENSO.

1. Introduction

Climate across the tropical Pacific Ocean is domi-
nated by interannual variability associated with the
El Nifno-Southern Oscillation (ENSO). In addition to
pronounced interannual variability, there are also sig-
nificant decadal and interdecadal variations. For exam-
ple, an ENSO-like change in the global sea surface
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temperature (SST) field occurred in the late 1970s, with
the evolution marked by an abrupt change toward
a warmer tropical eastern Pacific and a colder extra-
tropical central North Pacific (e.g., Nitta and Yamada
1989; Zhang et al. 1997). These low-frequency variations
of the tropical Pacific climate may modulate the be-
havior of ENSO, including its frequency, amplitude, and
spatial pattern (Fedorov and Philander 2000; Yeh and
Kirtman 2004; Sun and Yu 2009; McPhaden et al. 2011).
For example, along with the interdecadal shift in the late
1970s, the ENSO period lengthened from 2—4 yr (high
frequency) during 1962-75 to 4-6 yr (low frequency)
during 1980-93 (An and Wang 2000). This decadal
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variation has been referred to as an ENSO regime
change (Trenberth and Stepaniak 2001; McPhaden and
Zhang 2009; Ren and Jin 2011).

Recently, McPhaden (2012) documented another
shift around 1999-2000 and reported that while warm
water volume (WWYV) integrated along the equatorial
Pacific led ENSO SST anomalies by two to three seasons
during the 1980s and 1990s, WWYV variations decreased
and lead time was reduced to only one season during the
2000s. Horii et al. (2012) argued that compared with
1981-2000, the interrelationship of the WWV and
ENSO became weak after 2000, especially for El Nifio—
La Nifa events during 2005-11. Furthermore, the dis-
charge phases of WWYV leading to La Nifa events were
less frequent beginning in 2001.

Both McPhaden (2012) and Horii et al. (2012) spec-
ulated that the breakdown of the relationship between
WWYV and ENSO may be linked to a shift toward more
central Pacific versus eastern Pacific El Nifios in the past
decade. Based on observations, Xiang et al. (2013)
found that since the late 1990s a standing central Pacific
warming became the dominant mode in the Pacific and
further proposed that it arose from a decadal change
characterized by a La Nina-like background pattern.
This La Nina-like background pattern was associated
with strong divergence in the central Pacific atmospheric
boundary layer. They argued that after the late 1990s,
the anomalous wind divergence in the central Pacific
shifted anomalous convection westward, leading to
a westward shift of anomalous westerly response and
preventing eastward propagation of the SST anomaly.

In conjunction with these recent studies (e.g.,
McPhaden 2012; Horii et al. 2012; Xiang et al. 2013), in
this work, we further investigate the shift of ENSO
variability around 1999-2000 and document the associ-
ated coherent changes in the oceanic and atmospheric
climate across the tropical Pacific. The data used in the
analysis are described in section 2. In section 3, the shift
in the variability and mean state of the atmosphere and
ocean is investigated, and the connection of the mean-
state change with ENSO variability is proposed and
tested with a simple model. A summary and implications
for ENSO prediction are discussed in section 4.

2. Data, model, and sensitivity experiments
a. Observation-based data

The ocean dataset used in this work is taken from the
Global Ocean Data Assimilation System (GODAS;
Behringer and Xue 2004). The ocean model in GODAS
is based on the Geophysical Fluid Dynamics Laboratory
(GFDL) Modular Ocean Model, version 3 (MOM3), in
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a quasi-global (75°S-65°N) configuration with specifi-
cation of climatological sea ice. The spatial resolution is
1° in the zonal direction and '/3° in the meridional di-
rection between 10°S and 10°N, gradually increasing
through the tropics to 1° poleward of 30°S and 30°N.
MOMS3 has 40 vertical layers with 27 layers in the upper
400 m of the oceans, and it is forced with the atmo-
spheric fluxes from the National Centers for Environ-
mental Prediction (NCEP)/U.S. Department of Energy
Global Reanalysis 2 (R2; Kanamitsu et al. 2002). During
each assimilation cycle, the model state is corrected by
observations within a 4-week window centered on the
assimilation time using a three-dimensional variational
data assimilation scheme. The observational data as-
similated into GODAS include temperature profiles
from expendable bathythermographs, Tropical Atmo-
sphere Ocean (TAO), Triangle Trans-Ocean Buoy
Network, Pilot Research Moored Array, and Argo
profiling floats. Only the temperature data in the top
750 m are assimilated into GODAS.

GODAS monthly mean data are used to analyze
ocean temperature and currents along the equator, at
the depth of the 20°C isotherm (D20), as well as indices
of thermocline slope and WWV. Monthly mean anom-
alies of the thermocline slope index are computed as the
difference in anomalous D20 between the western
(160°E-150°W) and eastern (90°-140°W) Pacific. The
WWYV index is defined as the average of D20 between
5°S-5°N and 120°E-80°W (Meinen and McPhaden 2000).

This analysis is also complemented by the use of ocean
temperature profiles of TAO between the ocean surface
and 300 m along the equatorial Pacific averaged be-
tween 2°S and 2°N. In addition to the comparable mean
state and interannual variability of subsurface ocean
temperature anomalies (OTAs) between TAO and
GODAS (not shown), recently Kumar and Hu (2012a,
manuscript submitted to Climate Dyn.) showed that the
first four leading variability modes of OTA along the
equatorial Pacific are almost identical between them.
This enhances our confidence in the quality of the re-
analyzed GODAS data, which has a longer data record
than TAO.

Other observation-based data used in this work in-
clude monthly mean SST, precipitation, and outgoing
longwave radiation (OLR). The SST data are version 3b
of the Extended Reconstructed SST (ERSSTv3b) on
a 2° X 2° grid (Smith et al. 2008). ENSO variability is
measured using the Nifio-3.4 or Nifio-3 indices based on
ERSSTv3b. The precipitation data are taken from Cli-
mate Anomaly Monitoring System and OLR Pre-
cipitation Index dataset (CAMS-OPI; Janowiak and Xie
1999) and OLR data are from Liebmann and Smith
(1996), both on a 2.5° X 2.5° grid.



15 APRIL 2013

Furthermore, we examine the interdecadal shift of
the multireanalysis mean of surface wind stress and
the Walker circulation from four reanalysis products,
including that of the NCEP-National Center for At-
mospheric Research (R1; Kalnay et al. 1996), R2
(Kanamitsu et al. 2002), the NCEP Climate Forecast
System (CFSR; Saha et al. 2010), and the 25-yr Japan
Meteorological Agency (JRA; Onogi et al. 2007) re-
analyses. Recent work of Kumar and Hu (2012b) sug-
gested that the multireanalysis mean may be better than
any individual reanalysis in describing the air—sea in-
teraction processes associated with ENSO, particularly
since quantities like surface heat flux, wind stress, etc.,
are model-derived variables and are likely model de-
pendent. Therefore, our analysis is based on the multi-
reanalysis mean.

Except for the TAO data from January 1993 to December
2011, and WWYV data from January 1980 to December
2011, all the other observation-based analysis or re-
analysis data are available for the period from January
1979 to December 2011. All the anomalies are based on
the monthly mean climatology of their respective data
lengths of each calculation.

b. Model and sensitivity experiments

To verify the diagnostic results, we design sensitivity
experiments using the Zebiak—Cane model (Zebiak and
Cane 1987; hereafter referred to as the ZC model),
which is a coupled atmosphere—ocean model. The at-
mospheric component consists of a set of steady-state,
linear shallow-water equations on an equatorial beta
plane, which is forced by a heating anomaly that de-
pends partially on the SST anomaly and partially on the
low-level moisture convergence. The ocean component
is a linear reduced-gravity model with a shallow friction
layer of constant depth (50 m). Both atmospheric and
oceanic components describe perturbations about the
observed climatological mean states. See Zebiak and
Cane (1987) for details about the model.

For the sensitivity tests, different mean states are
generated for model integrations in terms of the per-
turbed parameter state of the ZC model following the
approach of Bejarano and Jin (2008). The perturbed
mean states include wind stress and thermocline depth.
The basic states are constructed through perturbing
the two control parameters, oy and ay, and altering the
referenced upper-layer thickness Hy = apHc and the
mean wind stress (7%,7Y) = ay (78, 7%). Here, (7¢,75)
denote the observed climatological mean wind stress,
and H¢ is the climatological value for the reference
upper-layer thickness. These climatological mean states
used here are generated based on observations during
1980-2010. Values of af; and ayy are perturbed so that
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(7*,7) varies from 80% to 120% (0.8 =< ay = 1.2) of its
observed value with an increment of 1%. Due to the fact
that there is no independent parameter in the ZC model
to change the thermocline slope directly, instead, we
realize this goal of perturbing the thermocline slope
indirectly by changing the mean wind stress because
they closely correspond to each other. The reason we
perturb H, is to show the dependence of the ENSO
amplitude on thermocline depth, where H alters from
140 to 150 m with an increment of 1 m. For each ex-
periment, the model integrates forward 500 yr, and
ENSO standard deviations for the 500 yr are computed
as a function of the thermocline slope with parameters
varying within a specified range.

3. Results
a. Change in tropical Pacific variability

We first highlight the weaker variability in the Nifio-
3.4 index and reduced WWYV and thermocline slope
variability in the tropical Pacific (Fig. 1) since 2000.
During January 1980-December 1999, the mean vari-
ance was 0.80 (°C)? for the Nifio-3.4 index, 706 m” for
the thermocline slope index, and 73.0 m? for the WWV
index. During January 2000-December 2011, the cor-
responding values reduced to 0.58 (°C)?, 412 m?, and
17.2 m?, respectively (Table 1). Compared with the
variance from January 1979 (or from January 1980) to
December 1999, the variance in January 2000-December
2011 decreased by 28% for the Nifio-3.4 index, by 42%
for the thermocline slope index, and by 76% for the
WWYV index (Table 1). A Monte Carlo test (resampling
the data 1000 times with replacement) shows that the
chances of randomly achieving larger absolute variance
differences between the two periods are 4.4% for the
Nifo-3.4 index, 0.0% for the thermocline slope index, and
1.6% for the WWYV index (Table 1).

Along with the changes in the different aspects that
describe ENSO variability, a systematic decrease in the
variability for the tropical Pacific climate system was
also evident since 2000, including SST, precipitation,
and OLR (Figs. 2a—c). The reduction of SST variability
is mainly confined to the eastern tropical Pacific (Fig.
2a). A small region of increased SST anomaly variance
in the central tropical Pacific (Fig. 2a) is consistent with
the findings of Lee and McPhaden (2010) that showed
more intense warming events in the central tropical
Pacific. The reduction of variability is confined to the
central and eastern tropical Pacific for precipitation
(Fig. 2b) and OLR (Fig. 2c). We also note a slight en-
hancement (suppression) of OLR and precipitation
variability in the western (northwestern) tropical Pacific
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FIG. 1. Monthly mean anomalies of (a) Nino-3.4, (b) WWYV, and (c) thermocline slope in-
dices. The mean of the thermocline slope index in Jan 1979-Dec 1999 and Jan 2000-Dec 2011 is
shown as dashed lines in (c). The chance of having values larger than or equal to the observed
absolute mean differences was found using Monte Carlo testing (through resampling the time
series 1000 times) to be 0.0%. The units are degrees Celsius in (a) and meters in (b),(c).

(Figs. 2b,c). The reduction of precipitation and OLR
variability in the central basin (Figs. 2b,c) is in line with
the reduced SST variability in the eastern tropical Pa-
cific due to the decreased occurrence and amplitude of
the eastern Pacific ENSO events after 2000.

The decrease of tropical Pacific climate variability
since 2000 is also evident for the thermocline depth
along the equatorial Pacific. For instance, we note a de-
crease in the variability of D20 in the equatorial central

and eastern Pacific (Fig. 2d), suggesting the suppression
of thermocline variability along the equatorial Pacific
since 2000. On the other hand, the decrease of the D20
variability around 5°S and 5°N in the western Pacific
(Fig. 2d) is also consistent with weaker ENSO variabil-
ity. Recently, Kumar and Hu (2012a, manuscript sub-
mitted to Climate Dyn.) indicated that the D20
anomalies in these two regions may be linked to ENSO
through their connection with the thermocline east-west
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TABLE 1. Variances in two periods and the differences, as well as the chance of having values larger than or equal to the absolute values of
the observed variance differences using Monte Carlo testing through resampling the respective time series 1000 times.

Differences (relative

Chance having larger than or

1979-99 or change to the mean variance equal to the absolute values of
Index (unit) 1980-99 2000-11 in 1979-99 or 1980-99, %) observed variance differences (%)
Nifio-3.4 [(°C)?] 0.80 0.58 -0.22 (—28) 4.4
Thermocline slope (m?) 706 412 —294 (—42) 0.0
WWV (m?) 73.0 17.2 —55.8 (—76) 1.6

oscillation along the equator [the so-called tilt mode; see
Figs. 5 and 6 in Kumar and Hu (2012a, manuscript
submitted to Climate Dyn.)]. In fact, the reduction of
OTA variability since 2000 was mainly along the mean
thermocline in the central and eastern Pacific (Figs. 3b,d).
This is consistent with the variance decrease of the
thermocline slope index (Fig. 1c, Table 1) and D20 (Fig.
2d). Due to the fact that the variances in the two periods
were computed based on anomalies relative to the
means in their respective periods, the impact of mean-
state changes on the variance calculation has been
eliminated. All these changes document a coherent,
weaker variability of the tropical Pacific climate system,
including a weakening and a shift in the characteristics
of ENSO variability since 2000.

b. Change in the mean state

In concert with the reduced variability of the ocean—
atmosphere system in the tropical Pacific, the mean state
also experienced a marked shift around 1999-2000. The
difference of OTA between post- and pre-2000 consists
of mainly positive changes above the thermocline in the
western Pacific, and primarily negative anomalies below
the thermocline in the eastern Pacific (Figs. 3a,c). These
changes result in a sharpening tendency of the vertical
gradient of the ocean temperature along the thermo-
cline. Moreover, the OTA differences (Figs. 3a,c) in-
dicate a tendency toward a steeper thermocline tilt
during 2000-11. The steepening tendency of the ther-
mocline tilt since 2000 is largely due to deepening of the
thermocline in the equatorial western Pacific, whereas
the shoaling of the thermocline in the equatorial eastern
Pacific is relatively small. The steeper thermocline tilt is
also seen in the thermocline slope index shown in Fig. 1c:
the mean state shifts from below normal to above nor-
mal around 1998-2000 (Fig. 1c). Furthermore, the
thermocline tilt shift is also observed when the ther-
mocline tilt index is defined as the east-west difference
of thermocline depth with maximum vertical tempera-
ture gradient (not shown). That provides an additional
piece of evidence for the thermocline slope shift.

In addition to changes in the equatorial Pacific ther-
mocline (Figs. 3a,c) since 2000, there were warmer (colder)

SSTs (Fig. 4a), increased (decreased) precipitation (Fig.
4b), and enhanced (suppressed) convection (Fig. 4c) in
the western (central and eastern) tropical Pacific, as well
as intensified equatorial trade winds (Fig. 4d). As a re-
sult, this change leads to an enhanced zonal SST gradi-
ent (Fig. 4a). Also, compared to the climatology of OLR
and precipitation (contours in Figs. 4b,c), both the OLR
and precipitation differences (shadings in Figs. 4b,c)
suggest a slight northward shift of the intertropical
convergence zone (ITCZ) in the central and eastern
tropical Pacific and a strengthening and northwestward
shift over the northwestern Pacific. This is collocated
with change in the surface divergence (shading in Fig.
4d) implied by the change in the surface wind stress.

Therefore, the reduction of the variability is in con-
junction with the overall changes of the mean state, in-
cluding a stronger Walker circulation (Fig. 5). All four
reanalyses show the same overall Walker circulation
tendency, with anomalous ascending motion over the
western equatorial Pacific and anomalous descending
motion in the eastern Pacific, although there are differ-
ences in the details among the reanalyses (Fig. 5). For
instance, CFSR lacks a significant region of subsidence
east of the International Date Line, but still reflects in-
creased ascending motion over Indonesia and the
western Pacific. The overall consistent pattern among
the four reanalyses enhances the credibility that the
Walker circulation is strengthening in this period, which
is distinctive from the longer-term weakening of the
Walker circulation indicated in Vecchi et al. (2006). In
fact, changes in the Walker circulation depend on the
time scales examined and, sometime, on the data sour-
ces as well (Vecchi et al. 2006; Meng et al. 2012).

The coherent mean-state changes of the atmospheric
and oceanic components may suggest a role for coupling
and feedback processes. For example, since 2000, warm-
ing SSTs in the west and cooling temperatures in the
east, as well as an increase in the zonal SST gradient,
lead to an increase (decrease) in precipitation and en-
hanced (suppressed) convection (OLR) in the western
(eastern) equatorial Pacific. Such changes enhance the
surface winds and strengthen the Walker circulation,
which, in turn, can increase the thermocline slope. Given
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FIG. 2. Variance differences of (a) ERSSTv3b SSTA, (b) CAMS-OPI precipitation, (c) OLR,
and (d) D20 between the means in Jan 2000-Dec 2011 and in Jan 1979-Dec 1999. The units are
degrees Celsius squared in (a), millimeters per day squared in (b), watts per square meter

squared in (c), and square meters in (d).

the changes in the mean state of the tropical Pacific,
a natural question is whether such changes in the mean
state may be responsible for variability changes of the
tropical Pacific climate, including ENSO.

c. Verification using the ZC model

It has been documented that ENSO behavior varies
with regimes of the tropical atmosphere—ocean coupled
system (Jin and Neelin 1993; Neelin and Jin 1993) and
are sensitive to the mean state of the coupled system.

Fedorov and Philander (2000, 2001) suggested that
mean wind and thermocline depth changes are associ-
ated with SST variability changes along the equator.
Bejarano and Jin (2008) further documented the de-
pendence of ENSO modes on the equatorial Pacific
mean-state changes using a linearized ZC model. Choi
et al. (2009) indicated that decadal-varying tropical Pa-
cific SST and thermocline depth anomalies are signifi-
cantly correlated with decadal variations of the ENSO
amplitudes in a coupled general circulation model.
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(b) GODAS STDV (contour) & Difference (shading)
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FIG. 3. (a) Mean (contours) and its difference (shading) and (b) std dev (contours) and its difference (shading) of
GODAS ocean temperature along the equatorial Pacific averaged between 2°S and 2°N varied with ocean depth and
longitude. (c),(d) As in (a),(b), respectively, but for TAO data. The mean is the average in Jan 1979-Dec 2011 for
GODAS data, and in Jan 1993-Dec 2011 for TAO data. The difference is between Jan 2000-Dec 2011 and Jan 1979—
Dec 1999 for GODAS data, and between Jan 2000-Dec 2011 and Jan 1993-Dec 1999 for TAO data. The thick dashed
(solid) line is the mean D20 in Jan 1979-Dec 1999 (Jan 2000-Dec 2011) for GODAS in (a), in Jan 1993-Dec 1999 (Jan
2000-Dec 2011) for TAO in (c), in Jan 1979-Dec 2011 for GODAS in (b), and in Jan 1993-Dec 2011 for TAO in (d).

Contour intervals are 2°C in (a),(c) and 0.5°C in (b),(d).

Here, we hypothesize that the combination of the
enhanced trade wind and thermocline slope may restrict
the eastward extension of the warm pool beyond the
central equatorial Pacific to the eastern equatorial Pa-
cific. As a consequence, ENSO variability decreases.
This hypothesis is tested by 451 sensitivity experiments
with different thermocline depth and wind stress in-
tensity parameters using the ZC model (Zebiak and
Cane 1987). Figure 6 shows the dependence of the Nifio-
3 index standard deviation on the slope of equatorial
thermocline over 125°E-85°W in the ZC model and in
the observations. To compare the model results with
observations, we display the relative thermocline slope
(y axis) and Nifio-3 index standard deviation (x axis).
For the model simulations, the relative thermocline
slope is defined as the result of the mean thermocline
slope in each experiment divided by the average slope in
all experiments. This is similar to the Nifio-3 index standard
deviation. In the observations, the relative thermocline

slope (Nifio-3 index standard deviation) is the result of
the mean thermocline slope (Nifio-3 index standard
deviation) in either 1979-99 or 2000-11 divided by the
mean in 1979-2011. Each dot in Fig. 6 represents a 500-yr
average for one experiment. The plus sign (relative Nifio-
3 index standard deviation = 1.08, relative thermocline
slope = 0.94) corresponds to the observed values in
1979-99, and the triangle (relative Nifio-3 index standard
deviation = 0.84, relative thermocline slope = 1.12) to the
observed values in 2000-11.

The spread of dots in Fig. 6 is due to the variations by
perturbing the thermocline depth and surface wind
stress parameters. There is a relatively flat top near the
maxima with a broad range straddling the relative
thermocline slope of 1. It is unclear why the maximum
ENSO amplitude tends to occur at the mean thermo-
cline slope of the model. Nevertheless, the overall dis-
tribution pattern shown in Fig. 6 suggests that as the
thermocline slope increases, ENSO variability grows
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FIG. 4. Differences (shading) and mean (contours) of (a) ERSSTv3b SST, (b) CAMS-OPI
precipitation, and (c) OLR, and differences of (d) surface wind stress (vectors) and its di-
vergence (shading). The differences are between the averages in Jan 2000-Dec 2011 and Jan
1979-Dec 1999, and the means are for Jan 1979-Dec 2011. The surface wind stress is the two-
period difference averaged for the four reanalyses: R1, R2, CFSR, and JRA. The units are
degrees Celsius in (a), millimeters per day in (b), watts per square meter in (c), and newtons per

square meter for the surface wind stress (and 10~® N m~>) for the divergence in (d).

and then weakens after the peak (Fig. 6). This confirms
the hypothesis that either too strong or too weak ther-
mocline slope (trade winds) results in small ENSO
variability. This result is also consistent with previous
work. For example, Fedorov and Philander (2000)
pointed out that either too strong or too weak mean
wind (either too large or too small thermocline slope)

may generate a smaller growth rate and thus weaker
ENSO. They argued that the presence of the delayed
oscillation mode (having a period of several years) re-
quires zonal wind of a certain intensity and a thermocline
in the eastern Pacific that is neither too shallow nor too
deep. Because the deeper the thermocline, the smaller
the direct influence of the wind on SST variations. In
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addition, when the thermocline is too deep (trade winds
are too weak), its vertical movements have little impact on
SST so that ocean—atmosphere interactions are precluded.
On the other hand, when the thermocline is too shallow
(trade winds are too strong), the mean surface temperature
in the eastern Pacific drops thus reducing the vertical tem-
perature gradients and weakening the ENSO variability.
The observations during 1979-99 were in a regime
with a relatively small-to-medium thermocline slope
and wind stress, and large ENSO variability (Fig. 6). In

contrast, since 2000, the observations have moved into
aregime with a larger thermocline slope and wind stress
and, therefore, smaller ENSO variability. The results
based on the ZC model experiments show the significant
standard deviation difference between the two periods.
Thus, the model results support our hypothesis: a ther-
mocline slope that is either too large or too small (with
too strong or too weak wind stress) along the equator
could suppress ENSO variability. Nevertheless, the large
spread in the Nino-3 variance for a relative thermocline
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FI1G. 6. Dependence of 500-yr-averaged relative Nifio-3 index std
dev (y axis) on the relative thermocline slope (x axis) between
125°E and 85°W along the equator in the ZC model. The thermo-
cline slope here reflects the combined influence of changes in wind
stress and thermocline depth along the equatorial Pacific Ocean. The
red plus sign (at 1.08, 0.94) denotes the corresponding values for the
observed mean relative Nifio-3 index std dev and the relative ther-
mocline slope in 1979-99, and the red triangle (at 0.84, 1.12) shows
the observed mean in 2000-11.

slope around one in Fig. 6 may imply that in addition to
the thermocline slope, other factors such as the vertical
temperature gradient and mean thermocline depth may
also play a role in ENSO variability change.

We also note that after 2000 the ENSO frequency
became relatively higher, in conjunction with the mean-
state shift to a shallow thermocline in the eastern trop-
ical Pacific and stronger trade winds. This observed
evidence is consistent with the simple model results of
Fedorov and Philander (2001). They argued that the
ENSO period increased from approximately 3 to 5 yr
from the 1960s to the 1990s because of the decadal
fluctuation of mean states with a deeper thermocline in
the eastern tropical Pacific and weaker trade winds.
However, we did not find a clear conclusion about the
impacts of mean-state change on the ENSO period in
the model sensitivity experiments, which may be due to
the multiplicity of ENSO behaviors with mean-state
change (e.g., Bejarano and Jin 2008), as well as the
simplicity of the model compared to the real climate
system. The relationship between mean state and ENSO
period is an interesting but a complicated topic, which
merits further study.

4. Summary and discussion

In this work, we investigated the interdecadal change
in the variability and mean state in the tropical Pacific
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within the context of ENSO. Compared with 1979-99,
the interannual variability in the tropical Pacific was
significantly weaker during 2000-11. There was a change
toward a steeper thermocline tilt during 1979-2011,
which was consistent with the positive (negative) SST
anomaly, above (below) normal precipitation, and en-
hanced (suppressed) convection in the western (central
and eastern) tropical Pacific, as well as a change toward
intensified trade winds and a more energetic Walker
circulation. These mean-state changes suggest a slightly
northward shift of the ITCZ in the central and eastern
tropical Pacific and a stronger tendency and northwest-
ward shift of the ITCZ over the northwestern Pacific.

According to Meinen and McPhaden (2000) and Jin
(1997a,b), the cyclic nature of ENSO is caused by a dis-
equilibrium between zonal winds and zonal mean ther-
mocline depth. We speculate that the combination of
enhanced trade winds and a steeper thermocline slope
since 2000 may make the eastward extension of the
warm pool along the equatorial Pacific more difficult. As
a consequence, the canonical El Nifio cannot fully de-
velop in the eastern Pacific and ENSO-related tropical
Pacific variability decreased. This hypothesized link be-
tween the trade winds and the thermocline with ENSO
amplitude is verified by sensitivity experiments of long-
term integration of the Zebiak and Cane model. It is
shown that either too large or too small of a thermocline
slope (and too strong or too weak a wind stress) along
the equator can lead to a reduction in ENSO amplitude,
and may provide an explanation for consistent changes
between the mean state and ENSO. There is no doubt
that the results might be dependent on the model. On
the other hand, the observation-based dataset may still
not be long enough to provide robust statistics. For ex-
ample, Stevenson et al. (2010) argued that measuring
ENSO variability with 90% confidence requires ap-
proximately 240 yr of observations. Therefore, it is nec-
essary to examine this hypothesis using different models
with varying complexity and longer data records.

This hypothesis is supported by an oceanic circulation
change along the equator. Compared with the mean in
January 1979-December 1999, anomalous upward mo-
tion is seen in the central and western Pacific, and
anomalous downward motion in the central and eastern
Pacific during January 2000-December 2011 (not shown).
Nevertheless, it is unclear how the ocean circulation
change is connected with the Walker circulation change.
The ocean circulation change may reduce the thermo-
cline feedback in the eastern Pacific due to the anomalous
downward motion, and also prevent the subsurface warm
water residing in the western Pacific from propagating
into the eastern Pacific. That is consistent with the evi-
dence of a more frequent occurrence of a central Pacific
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El Nifo in the recent decades, which is also in line with
recent work of Xiang et al. (2013). They argued that
strong divergence in the central Pacific atmospheric
boundary layer after the late 1990s prevented the east-
ward propagation of SST anomalies.

The relationship between ENSO amplitude and the
mean state, however, is still an open question (Meehl
et al. 2001; Fedorov and Philander 2001; Wang and An
2002; Hu et al. 2004), requiring further theoretical and
modeling analysis. For example, from this work, we note
that the vertical temperature gradient in the thermocline
region became sharper since 2000, in conjunction with
adecrease in ENSO amplitude. However, Collins (2000)
suggested that the increase in the vertical temperature
gradient, associated with a model’s response to in-
creased greenhouse gases, is responsible for an increase
in the amplitude of ENSO. In addition to the impact of
the mean state, the sensitivity of the atmosphere to the
ocean also affects the ENSO amplitude. Vecchi and
Wittenberg (2010) argued that if winds respond strongly
to SST, ENSO tends to be more active, whereas if clouds
over the eastern equatorial Pacific respond strongly to
SST, ENSO tends to be less active.

Moreover, the causes of changes in the mean state and
ENSO amplitude are still controversial. Were these
changes just a manifestation of the natural variability in
the climate system, or can they be linked to external
causes? Wittenberg (2009) noted strong interdecadal
and intercentennial modulation of ENSO, which can
change the ENSO variance upward of 100% in a 2000-yr
GFDL coupled-model free run where atmospheric
composition, solar irradiance, and land cover were held
fixed at 1860 values. That suggests that variations in-
ternal to the ocean—atmosphere system can produce
changes in the mean state and ENSO amplitude. How-
ever, besides the natural variations, the increase in the
greenhouse gas (GHG) concentrations is also a poten-
tial contributor to the changes in the mean state and
characteristics of ENSO variability (Collins et al. 2010;
Latif and Keenlyside 2008; Meehl et al. 2006; Jin et al.
2001). For instance, under the influence of increasing
GHG concentrations, it was argued that the tropical
easterly trade winds will weaken, the equatorial ther-
mocline will shoal, and the temperature gradients across
the thermocline will become larger (Collins et al. 2010).
Hu et al. (2012) showed a weakening of the variability
associated with ENSO in a coupled model simulation
under the global warming scenario. Meehl et al. (2006)
argued that the observed phenomenon of more frequent
and stronger El Nifio events occurs only in the initial
phase of global warming, and after the lower layers of
the ocean get warmer as well, El Nifo variability be-
comes smaller than it once was. This is consistent with
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the findings of Hu et al. (2000), who showed a variance
increase in Nifo-3 SST during an earlier period of
a global warming scenario simulation and a decrease in
the later period (see Fig. 2d in Hu et al. 2000). These
studies may imply that the ocean stratification or vertical
temperature gradient across the thermocline is impor-
tant for the frequency and intensity of ENSO (Collins
2000; Thual et al. 2011). Overall, it seems that both the
natural and GHG-forced mean-state changes can mod-
ify ENSO features, and natural variability, at times, can
override the signal associated with the external forcing.

It has been suggested that decadal-interdecadal var-
iations in the tropical Pacific mean state can modulate
ENSO behavior and affect the prediction skills of ENSO.
For example, in a simple coupled model, Kirtman and
Schopf (1998) showed that during decades with large
(small) amplitude of the interannual variability, the
forecast skill of ENSO is relatively high (low) and the
limit of predictability is relatively long (short). Wang
et al. (2010) argued that the SST forecast skill in the
eastern and central tropical Pacific is a function of the
amplitude of the interannual variability of the tropical
Pacific SST: larger (smaller) variability of the SST anom-
aly corresponding to higher (lower) skill levels of the SST
anomaly in the Nifio-3.4 region (see Fig. 5 in Wang et al.
2010). The change in the characteristics of ENSO vari-
ability since 2000 has also been reflected in the prediction
skill of ENSO in various seasonal prediction systems
(Wang et al. 2010; Barnston et al. 2012). The skill change is
associated with the reduced predictability of low-amplitude
and higher-frequency events, reflecting a smaller signal-
to-noise ratio that may lead to less predictability. This
decadal change in forecast skill is likely associated with
the variation of ENSO amplitude discussed in this work.
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