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ABSTRACT

This study examines preindustrial simulations from Coupled Model Intercomparison Project, phase 3
(CMIP3), models to show that a tendency exists for El Nifio sea surface temperature anomalies to be located
farther eastward than La Nina anomalies during strong El Nifio-Southern Oscillation (ENSO) events but
farther westward than La Nina anomalies during weak ENSO events. Such reversed spatial asymmetries are
shown to force a slow change in the tropical Pacific Ocean mean state that in return modulates ENSO am-
plitude. CMIP3 models that produce strong reversed asymmetries experience cyclic modulations of ENSO
intensity, in which strong and weak events occur during opposite phases of a decadal variability mode as-
sociated with the residual effects of the reversed asymmetries. It is concluded that the reversed spatial
asymmetries enable an ENSO-tropical Pacific mean state interaction mechanism that gives rise to a decadal
modulation of ENSO intensity and that at least three CMIP3 models realistically simulate this interaction

mechanism.

1. Introduction

The El Nino-Southern Oscillation (ENSO) undergoes
decadal and interdecadal variations in its frequency, in-
tensity, and propagation pattern (e.g., Wang and Wang
1996; An and Wang 2000; Fedorov and Philander 2000;
Timmermann 2003; An and Jin 2004; Yeh and Kirtman
2004; and many others). Earlier studies considered de-
cadal ENSO variability to be forced by decadal variability
in the extratropical Pacific Ocean via ocean subduction,
thermocline ventilation, or atmospheric teleconnections
(e.g., McCreary and Lu 1994; Gu and Philander 1997; Wang
and Weisberg 1998; Zhang et al. 1998; Barnett et al. 1999;
Pierce et al. 2000; McPhaden and Zhang 2002). Later
studies suggested that decadal ENSO variability could
originate internally within the tropics (e.g., Penland and
Sardeshmukh 1995; Knutson et al. 1997; Eckert and Latif
1997; Kirtman and Schopf 1998; Timmermann and Jin 2002;
Timmermann 2003; Newman et al. 2003; Yeh and Kirtman
2004; Newman 2007). Interactions between ENSO and
the tropical Pacific mean state have been suggested as one
of the tropics-origin mechanisms for decadal ENSO
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variability (e.g., Rodgers et al. 2004; Yeh and Kirtman
2004; Schopf and Burgman 2006; Dewitte et al. 2007; Sun
and Yu 2009; Choi et al. 2009). Sun and Zhang (2006)
conducted numerical experiments with and without
ENSO using a coupled model to show that ENSO works
as a basin-scale mixer to affect the time-mean thermal
stratification in the upper-equatorial Pacific. Rodgers et al.
(2004) and An and Jin (2004) suggested that, because of
the nonlinearity in the ENSO dynamics, asymmetries
exist in the intensity, frequency, or spatial structures
between the warm (El Nifio) and cold (La Nifia) phases
of the ENSO cycle. Strong EI Nifio events tend to reach
a larger intensity than strong La Nifia events (Hannachi
et al. 2003; An and Jin 2004; Duan et al. 2008; Frauen and
Dommenget 2010; Su et al. 2010). Also, strong El Nifio
events tend to be located more in the eastern Pacific,
whereas strong La Nifia events tend to be located more in
the central Pacific (Monahan 2001; Hsieh 2004; Rodgers
et al. 2004; Schopf and Burgman 2006; Sun and Yu 2009).
Because of these asymmetries, the positive and negative
anomalies associated with the El Nifio and La Nifa phases
may produce a nonzero residual effect on the time-mean
state of the tropical Pacific. Yeh and Kirtman (2004) and
Rodgers et al. (2004) showed that the mean state change
associated with decadal ENSO variability is one of the
leading modes of tropical Pacific decadal variability in
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their models. These studies indicate that E] Nifio-La Nifia
asymmetries provide a mechanism for ENSO to influence
the tropical Pacific mean state.

The suggestion that ENSO can act as a forcing to the
tropical Pacific mean state was further used by Sun and
Yu (2009) to postulate that a 10-15-yr modulation cycle
of ENSO intensity can result from an ENSO-mean state
interaction mechanism. They argued that a spatial
asymmetry between El Nifio and La Nifia enables the
ENSO cycle (i.e., an El Nifo phase plus a La Nifia phase)
to gradually shift the tropical Pacific mean state from
a state that sustains strong ENSO activity to a state that
sustains weak ENSO activity. A key element in their
mechanism is that the spatial asymmetry between weak
El Nino and weak La Nina is reversed from the asym-
metry between strong El Nifio and strong La Nifna. In
the strong ENSO period of the 10-15-yr modulation
cycle, strong El Nino is located in the eastern tropical
Pacific and strong La Nifna is located in the central
tropical Pacific. In the weak ENSO period of the cycle,
weak El Nifio is located in the central Pacific and weak
La Nina is located in the eastern Pacific. The reversed
spatial asymmetries enable the ENSO to force the trop-
ical Pacific mean state in opposite ways between the
strong and weak ENSO regimes, acting as a restoring force
to push the mean state back and forth between states that
sustain strong and weak ENSO intensities. The mean state
changes associated with the modulation cycle appears as
one of the leading modes of the decadal sea surface
temperature (SST) variations in the tropical Pacific. It was
noticed that the last three strongest El Nifio events oc-
curred at an interval of about 10-15 yr in 1972/73, 1982/
83, and 1997/98. The ENSO-tropical Pacific mean state
interaction mechanism proposed by Sun and Yu (2009)
can be useful for the prediction of extreme ENSO events
if it proves to be correct. Their mechanism was constructed
on the basis of analyses of historical data, including SST
information from the global monthly Extended Re-
constructed Sea Surface Temperature dataset, version 2
(ERSST.v2; Smith and Reynolds 2004), and the Hadley
Centre Sea Ice and Sea Surface Temperature dataset, ver-
sion 1 (HadISST1; Rayner et al. 2003), during the period
1880-2006. The relatively short length of the SST data-
sets includes only a limited number of strong and weak
ENSO events for analyses; therefore, a further exami-
nation of the ENSO-mean state interaction mechanism
should make use of the extended integrations provided
by coupled atmosphere—ocean general circulation models
(CGCMs).

In this study, we examine the preindustrial simula-
tions produced by 19 Coupled Model Intercomparison
Project, phase 3 (CMIP3; Meehl et al. 2007), CGCMs to
determine 1) if the reversed asymmetries can also be
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found in CMIP3 models, 2) if the reversed asymmetries
are indeed associated with decadal tropical Pacific mean
state variations and cyclic ENSO modulations, and 3)
which CMIP3 models reasonably simulate the ENSO—-
mean state interaction mechanism and are best suited
for furthering the understanding of this mechanism.

2. Data

Preindustrial simulations produced by 19 CMIP3 models
are analyzed. Their integration lengths range from 100
to 500 yr, with a median of 350 yr. At the time of writing,
detailed information on the CMIP3 preindustrial integra-
tions could be found online (http://www-pcmdi.llnl.gov/
ipcc/model_documentation/ipcc_model_documentation.
php). For comparison, observed SSTs from the ERSST
V3b (Smith et al. 2008) and HadISST (Rayner et al. 2003)
over 1870-2009 are used. Monthly anomalies are com-
puted by removing long-term seasonal monthly means
and the trend.

3. Results

To determine if the CMIP3 models simulate the ENSO—
tropical Pacific interaction mechanism, the associations
among three elements need to be examined: the spatial
asymmetries between El Nifio and La Nina, tropical
Pacific decadal variability, and decadal modulations in
ENSO intensity. We found that all but three { Geophysical
Fluid Dynamics Laboratory Climate Model, version 2.0
(GFDL CM2.0); Institute of Numerical Mathematics
Coupled Model, version 3.0 (INM-CM3.0); and Model for
Interdisciplinary Research on Climate 3.2, high-resolution
version [MIROC3.2(hires)]} of the CMIP3 models have
their peak ENSO intensity during the extended winter
season from October to March (not shown), and thus we
averaged the Nino-3.4 index for the extended winter to
represent the ENSO intensity. For the three models that
do not have their peak ENSO intensity in the winter,
their Nino-3.4 indices are averaged during their respec-
tive peak seasons, which are June—July—August for GFDL
CM2.0 and May—June—July for both INM-CM3.0 and
MIROC3.2(hires). These seasons are also used for these
three models in the other analyses reported in this study.
For the other 16 CMIP3 models, their analyses are al-
ways performed for the extended winter. We first iden-
tified ENSO events as those whose normalized Nino-3.4
index exceeds *0.3 standard deviation. The identified
events are then ranked from the strongest to the weakest
separately for El Nifio and for La Nifia. The top N% of the
ranked events are considered to be the strong events, and
the bottom N% are considered to be the weak events. This
selection method results in four groups: strong El Nifo,
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FIG. 1. Scatterplots of the central longitudes of the composite SST anomalies for (a),(c) strong El Nifios and
La Nifias and (b),(d) weak El Nifios and La Nifas. The ENSO events are selected on the basis of the extreme (top)
10% and (bottom) 20%. Red points indicate the central location difference between El Niflo and La Niiia is sig-

nificant at the 90% level using a Student’s ¢ test.

strong La Nifia, weak El Nifio, and weak La Nifa. SST
composites are then constructed for each group. The
central location of the composite SST anomalies is then
determined using a “center of mass’’ method as follows:

S0W
J xSSTA(x) dx
X 120E

center JSOW ’

SSTA(x) dx
120E

where x is the longitude and SSTA is the composite SST
anomalies averaged between 10°N and 10°S. When the
central longitudes (i.e., Xceneer) are calculated for the
composites of El Nifo, only grids with positive SST
anomalies are used. Similarly, only grids with negative
SST anomalies are used to calculate the central longi-
tudes of the La Nifia composites.

The El Nino-La Nifia asymmetry is quantified as the
central longitude of El Nifio minus the central longitude
of La Nifia. We tried the above procedure with N = 10,
20, 30, 40, and 50 and found that the asymmetries increase
sharply when N is reduced to 20 or 10 for the observations
and the models. This sensitivity test indicates that the
spatial asymmetries are best shown by comparing the
extreme 10% and 20% of the El Nifio and La Nifia events.
Results presented in this study are produced based on
the extreme 10% of the events, unless stated otherwise.

The scatter diagram in Fig. 1 shows the central longi-
tudes of the composite El Nifio and La Nina SST anom-
alies calculated from the CMIP3 simulations and the
observations. The dashed line indicates where the cen-
tral location of El Nifio would be the same as that of La
Nifia. Points below this line indicate positive asymme-
tries, in which El Nifio is located farther eastward than
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FI1G. 2. SST anomalies composited for (rows from top to bottom) strong El Nifios, strong La Ninas, weak El Nifos, and weak La Nifias
calculated from (a) ERSST, (b) HadISST, (c) CNRM-CM3, (d) MIUB-ECHOg, (¢) GFDL CM2.0, and (f) GFDL CM2.1. The composite
SST anomalies are scaled by the largest value in the composite. Contour intervals are 0.2.

La Nifia. Points above the dashed line represents negative
asymmetries with El Nifo located more westward than La
Nifia. Asymmetries significant at the 90% level according
to a Student’s ¢ test are colored red. Figure 1a shows that
positive asymmetries appear in the observations (points A
and B) for the strong ENSO group; SST anomalies are
centered at 127°W for strong El Nifios and at 143°W for
strong La Nifias. The El Nifio-La Nifia asymmetry is
characterized by a 16° longitudinal displacement of the
SST anomalies, which is statistically significant at the
90% level. Figure 1b shows that, in the weak ENSO

group, the asymmetry is reversed with points A and B
moved to the other side of the dashed line. The El Nifio—
La Nina asymmetry is statistically significant in the
HadISST dataset (point B) but not in the ERSST dataset
(point A). In HadISST, the composite weak El Nifo is
located in the central Pacific (149°W) and the composite
weak La Nifia is located in the eastern Pacific (130°W). The
observed El Nifio—La Nifia asymmetry for the weak ENSO
group is about —19°. This analysis confirms the finding by
Sun and Yu (2009), who used a different analysis method,
that spatial asymmetries between El Nifo and La Nifia
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exist not only in strong but also in weak ENSOs. Our
study further indicates that in the observations the spatial
asymmetry between weak El Nifio and La Nifa (i.e., —19°)
is comparable to the asymmetry between strong El Nifio
and La Nina (i.e., 16°).

For the CMIP3 models, 11 models produce statistically
significant positive asymmetries for the strong ENSO
group (Fig. 1a) and 5 models produce significant nega-
tive asymmetries for the weak ENSO group (Fig. 1b).
Therefore, there are five CMIP3 models that produce
the statistically significant reversed spatial asymmetries
between strong and weak ENSOs: the Canadian Centre
for Climate Modelling and Analysis (CCCma) coupled

120°E 180° 120°W

120°W
FI1G. 2. (Continued)

GCM (CGCM-T63) (point E); the Centre National de
Recherches Météorologiques Coupled Global Climate
Model, version 3 (CNRM-CM3) (point G); Meteorology
Institute of the University of Bonn ECHAM4 Hamburg
Ocean Primitive Equation model (MIUB-ECHOg) (point
I); GFDL CM2.0 (point K); and GFDL CM2.1 (point L).
To test the sensitivity of this result to the selection criteria
used for the strong and weak ENSO groups, we repeated
the calculation with the extreme 20% of the ENSO events.
As shown in Figs. 1c and 1d, only the CCCma CGCM-T63
fails to pass the significance test for spatial asymmetry
between strong El Nifio and La Nifia, although it still
shows a significant asymmetry between weak El Nifio
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and La Nifia. We conclude that at least four CMIP3 models
produce the reversed asymmetries with statistical signifi-
cance: CNRM-CM3, MIUB-ECHOg, GFDL CM2.0, and
GFDL CM2.1. Their spatial asymmetries vary from =10°
to £19°, comparable to the observed. Figure 2 shows the
composite SST anomalies from these four models and
the observations for strong El Nifio, strong La Nifia, weak
El Nifio, and weak La Nifia. To focus on the spatial asym-
metries, the composite anomalies are scaled by their
respective largest values. Figure 2 confirms that the
tropical Pacific SST anomalies are located farther to the
west for weak El Nifios and to the east for weak La Nifias
and the other way around for strong El Nifios and strong
La Ninas.

The residual effect on the tropical Pacific time mean
state resulting from the spatial asymmetries can be
assessed by adding together the scaled composite SST
anomalies of El Nifio and La Nifia, as shown in Fig. 3a
for strong El Nifo and La Nifia. The residuals calculated
from the weak El Nifio and La Nifia (not shown) are similar
to those shown in Fig. 3a, but with opposite sign. Figure 3a
shows that the observed residual effect is characterized
by azonal SST dipole with positive anomalies in the eastern
Pacific and negative anomalies in the central Pacific. Sim-
ilar SST dipole patterns appear in all four of the CMIP3
models that produce significant reversed asymmetries,
although the exact locations of the anomaly centers vary
among the models. We also analyzed the residual effects
for the other 15 CMIP3 models (not shown) and found no
similar, major dipole patterns. It should be mentioned that
a zonal dipole pattern can appear in the Meteorological
Research Institute Coupled General Circulation Model,
version 2.3.2a (MRI CGCM2.3.2a), if the residual effect
is calculated from the nonscaled composite SST anom-
alies, which suggests that the dipole residual pattern in
this model is probably a result of intensity asymmetries,
rather than spatial asymmetries, between El Nifio and La
Nifia.

According to the ENSO-tropical Pacific interaction
mechanism of Sun and Yu (2009), the reversed spatial
asymmetries should enable ENSO to modify the tropical
Pacific mean state and should result in a mode of tropical
Pacific decadal variability that resembles the residual
effect. We examined the decadal SST variability in the
tropical Pacific by applying an empirical orthogonal
function (EOF) analysis to 10-yr low-pass-filtered SST
anomalies from the simulations and observations. The
second EOF modes from HadISST and ERSST (the top
two panels of Fig. 3b) are found to be characterized by
zonal SST dipole patterns between the eastern and cen-
tral tropical Pacific. Although noticeable differences ex-
ist, the east-west contrast features of the EOF2 patterns
roughly resemble the residual effect of the EI Nifio—La
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Nifia asymmetries shown in Fig. 3a. To quantify the simi-
larity between the residual pattern and the EOF mode,
we calculated the pattern correlation between the two
patterns over the tropical Pacific region (20°S-20°N,
120°E-80°W). As shown in Table 1, the observed re-
sidual pattern of Fig. 3a has a larger pattern correlation
with the EOF2 mode of the decadal SST variability than
with the EOF1 mode. The correlation with EOF2 is 0.30
for the ERSST data and 0.37 for the HadISST. We notice
that the similarity is increased further when the EOF
analysis is applied to the bandpass (1020 yr)-filtered SST
anomalies that sharpen the focus to the decadal portion
of the SST variability only. As shown in Fig. 3c, the EOF2
calculated from the 10-20-yr-filtered SST anomalies is
more similar to the residual pattern shown in Fig. 3a for
both the ERSST and HadISST datasets. Their pattern
correlation increases to 0.62 for ERSST and to 0.63 for
HadISST.

For the CMIP3 models, we find that three of the four
models that produce the significant reversed asymmetries
have a second EOF (fourth-sixth panels in Fig. 3b) resem-
bling their residual effect patterns. As shown in Table 1,
the three models (MIUB-ECHOg, GFDL CM2.0, and
GFDL CM2.1) have a pattern correlation between the
EOF2 mode and the residual pattern of greater than 0.6.
For the CNRM-CM3 (third panel in Fig. 3b), it is the first
EOF mode that has a spatial pattern similar to the resid-
ual effect, with a pattern correlation of 0.57, but the out-
of-phase relation between the eastern and central Pacific
is less obvious in this EOF. For the rest of the 15 CMIP3
models (not shown), only 2 models have a zonal SST
dipole in their leading EOF modes: CCCma CGCM3.1-
T63, and MRI-CGCM2.3.2a. As mentioned, the SST
dipole pattern can be produced in the residuals of MRI-
CGCM2.3.2a as a result of intensity asymmetries between
El Nifio and La Nifia. The CCCMA CGCM3.1-T63 is able
to produce statistically significant reversed asymmetries
for the extreme 10% of its ENSO events but fails to
pass the significance test for the extreme 20% events. Our
CMIP3 model analyses, therefore, support the notion
that the reversed spatial asymmetries are one important
contributor to tropical Pacific decadal variability.

Last, we examined the linkage between the leading
mode of tropical Pacific decadal variability and the de-
cadal ENSO modulation. Following Sun and Yu (2009),
we used an “‘envelope function” to quantify the slow
modulation of ENSO intensity. To construct the enve-
lope function, the Nino-3.4 index was first squared and
then filtered with a 10-yr cutoff low-pass filter to high-
light the decadal variations. The resulting quantity was
multiplied by 2 in recognition of the fact that the ““power”’
of a pure harmonic oscillation of arbitrary frequency
averaged over one certain period is just one-half times
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FIG. 3. Spatial patterns of (a) the residual SST anomalies for strong ENSO events and (b) the EOF modes for the 10-yr low-pass-filtered
seasonally averaged SST anomalies. In (b), the pattern of the second EOF is shown for ERSST, HadISST, MIUB-ECHOg, GFDL CM2.0,
and GFDL CM2.1 and the pattern of the first EOF is shown for CNRM-CM3. (c) The second EOF modes obtained from 10-20-yr
bandpass-filtered anomalies for ERSST and HADISST. The percentage of variance explained by each EOF mode is shown in the bottom-
left corner of the panels in (b) and (c). Contour intervals are 0.1 for (a) and 0.2 for (b) and (c).

the squared intensity of the oscillation (Nakamura and
Wallace 1990). The resulting series is defined as the
envelope function (hereinafter ENVF) of the Nifio-3.4
index. The square root of this time series represents the
“true”” amplitude of the decadal (>10 yr) modulation.
We calculated the lead-lag correlation between the
square-rooted ENVF and the principal components of
both EOF1 and EOF2 of the tropical Pacific decadal

variability for the 19 CMIP3 models. The results are
displayed in Fig. 4 by ranking the models from the one
producing the largest correlation to the one producing
the smallest correlation. The figure shows that the first five
models produce larger correlation coefficients than the
rest of the models. The first three of them are MIUB-
ECHOg, GFDL CM2.0, and GFDL CM2.1, all of which
are the models that produce significant reversed



5430

TABLE 1. Pattern correlations between the residual SST anom-
alies for strong ENSO events and EOF modes for the 10-yr low-
pass-filtered and seasonally averaged SST anomalies from CMIP3
models and observations. For all of the CMIP3 models and ob-
servations, the SST anomalies are averaged for the extended winter
season (October—March) except GFDL CM2.0 (June—July-August),
INM-CM3.0 (May-June—July), and MIROC3.2(hires) (May-June—
July). The four models that produce the reversed El Nifio-La Nifia
asymmetries are shown in boldface.

Pattern correlations between
residuals (strong events)

and EOFs
Obs/models EOF1 EOF2
a ERSST 0.11 0.30
b HADISST 0.00 0.37
c BCCR-BCM2.0 0.37 0.09
d CCCma CGCM3.1-T47 0.14 0.09
e CCCma CGCM3.1-T63 0.19 0.20
f NCAR CCSM3 0.18 0.46
g CNRM-CM3 0.57 0.13
h CSIRO-MK3 0.46 0.26
i MIUB-ECHOg 0.32 0.86
j IAP-FGOALSI1.0g 0.04 0.64
k GFDL CM2.0 0.26 0.66
1 GFDL CM2.1 0.59 0.83
m GISS-EH 0.05 0.61
n UKMO-HADCM3 0.06 0.12
o UKMO-HADGEM1 0.62 0.48
p INGV-ECHAM4 0.09 0.18
q INM-CM3.0 0.30 0.36
r IPSL-CM4 0.05 0.11
s MIROC3.2(hires) 0.17 0.29
t MIROC3.2(medres) 0.35 0.00
u MRI-CGCM2.3.2a 0.43 0.01

asymmetries and a leading tropical Pacific decadal var-
iability resembling the residual pattern of the asymme-
tries. The largest correlation coefficients produced by
these three models are all greater than 0.6, with the
decadal EOF2 mode, and with the square-rooted ENVF
either leading the decadal EOF mode or at zero lag. GFDL
CM2.0 and GFDL CM2.1 produce the largest correla-
tion coefficient of 0.68 and 0.82, respectively, when their
square-rooted ENVF leads their EOF2 mode by 1 yr,
and MIUB-ECHOg produces the largest correlation co-
efficient of 0.92 at zero lag. The tendency for the square-
rooted ENVF to lead the principal component of the
decadal EOF mode is an indication of the decadal ENSO
modulation forcing to the decadal mean state variability
of the tropical Pacific. Figures 3 and 4 together suggest
that the decadal modulation cycle can be linked to slow
changes in the tropical Pacific mean state via the residual
effect. The fourth largest correlation coefficient in Fig. 4
is produced by CNRM-CM3. Consistent with the results
shown in Fig. 3, the square-rooted ENVF of CNRM-
CM3 has the largest correlation of 0.62 with the EOF1 of

JOURNAL OF CLIMATE

VOLUME 24

the decadal variability when the square-rooted ENVF
leads the EOF1 by 2 yr. The Institute of Atmospheric
Physics Flexible Global Ocean—Atmosphere—Land Sys-
tem Model, gridpoint version 1.0 (IAP-FGOALS1.0g),
also produces a large correlation coefficient of 0.61 at
zero lag, but neither its residual pattern nor its EOF2
shows a zonal SST contrast pattern. The rest of the 14
models produce small correlation coefficients between
their square-rooted ENVF and their leading two decadal
EOFs.

We also examine the overall intensity of the decadal
ENSO modulation in the CMIP3 models by calculating
the standard deviation of the square-rooted ENVF. The
results are ranked in Fig. 5 from the model with the
strongest modulation to the model with the weakest
modulation. It shows that the top six CMIP3 models that
produce the strongest standard deviation of the square-
rooted ENVF (i.e., strong decadal ENSO modulation)
are [JAP-FGOALS1.0g; MIUB-ECHOg; GFDL CM2.1;
CNRM-CM3; Bjerknes Centre for Climate Research
Bergen Climate Model, version 2 (BCCR-BCM2.0); and
GFDL CM2.0. Four of these models are the ones that
produced the reversed spatial asymmetries. This result
indicates that the CMIP3 models that produce stronger
reversed spatial asymmetries also have a tendency to
produce stronger decadal ENSO modulations. To further
verify that the occurrences of weak and strong ENSO
events are indeed closely linked to the decadal mean state
variability of the tropical Pacific, we plot in Fig. 6 the oc-
currence time of the extreme 10% of the strong and weak
ENSO events from the MIUB-ECHOg, GFDL CM2.0,
and GFDL CM2.1 on the principal components of their
decadal EOF2 modes. These three models have so far
been identified to produce 1) significant reversed asym-
metries between El Nifio and La Nifa, 2) high resemblance
between the residual pattern from the asymmetries and
a leading mode of tropical Pacific decadal variability,
and 3) a large decadal ENSO modulation. CNRM-CM3
could also be included in this group of the models, ex-
cept that its leading decadal EOF (i.e., its EOF1) does
not show an obvious zonal contrast pattern. In Fig. 6,
a red circle indicates a strong ENSO event occurring at
that particular year of the model simulation, and the red
circle is plotted on the principal component (the black
line) of the decadal EOF2 mode at that particular year.
Weak ENSO events are indicated by blue circles in the
figure. To be consistent with the ENSO-tropical Pacific
interaction mechanism, we should hope to see most of
the strong ENSO events (i.e., the red circles) to occur in
the positive phase of the principal component and most
of the weak ENSO events (i.e., the blue circles) to occur
in the negative phase. Figure 6 shows that, for all three
models, most of the strong ENSO events (red circles)
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FIG. 4. Lead-lag (10 yr) correlations between the square-rooted ENVF and the principal components of the first two leading EOFs of
the tropical Pacific decadal (>10 yr) variability.

occur during the positive phase of the principal com-
ponent and weak events (blue circles) occur during the
negative phase. We also show in Fig. 6 the percentage of
strong ENSO events occurring in the positive phase of the
decadal EOF mode (in the upper-right edge of each panel)
and the percentage of weak ENSO events occurring in
the negative phase of the EOF mode (in the lower-right
edge of the panel). The percentages of both strong and
weak ENSO are much larger than 50% for MIUB-
ECHOg, GFDL CM2.0, and GFDL CM2.1. Figure 6
indicates that a cyclic modulation of ENSO intensity
occurs in the CMIP3 models that produce the reversed

spatial asymmetries. We also conducted similar analyses
for the rest of the 16 CMIP3 models. The strong and
weak ENSO events in these other models show a weaker
tendency to favor particular phases of the leading modes
of tropical Pacific decadal variability.

4. Summary and discussion

This study finds that the reversed spatial asymmetries
between El Nifio and La Nifia identified in the observations
also exist in CMIP3 preindustrial simulations. At least
four CMIP3 models produce the reversed asymmetries
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FIG. 5. Bar charts of standard deviations of the square-rooted ENVF from the 19 CMIP3
models.

with statistical significance. This study further examines
the linkages among the reversed asymmetries, tropical
Pacific decadal variability, and decadal ENSO modula-
tion for the CMIP3 models in view of the ENSO-tropical
Pacific interaction mechanism proposed by Sun and Yu
(2009). It is concluded that three of the four CMIP3
models with the significant reversed asymmetries also
produce a leading mode of tropical Pacific decadal SST
variability resembling the residual effect of the El Nifio—
La Nina asymmetries, and all of these three models pro-
duce strong decadal modulation in ENSO intensity. These
results indicate that the ENSO-tropical Pacific interaction
induced by the reversed El Nifio-La Nifia asymmetries is
a plausible forcing mechanism for decadal modulation of
ENSO intensity and that at least three CMIP3 models can
be used for further studies of the ENSO-tropical Pacific
interaction mechanism.

It is important to note that all of the three CMIP3 models
(i.e., MIUB-ECHOg, GFDL CM2.0, and GFDL CM2.1)
are among the CMIP3 models identified by Yu and Kim
(2010) to realistically produce both the central Pacific (CP)
and eastern Pacific (EP) types of ENSO, both of which
were named by Kao and Yu (2009) to refer to tropical
Pacific warming and cooling events occurring, respectively,
near the central and eastern Pacific. This connection sug-
gests that a realistic simulation of the two types of ENSO
is required to produce the reversed spatial asymmetries
in the CMIP3 models. Although not addressed in this study,
how the reversed spatial asymmetries are produced may
be found in some clues from some recent studies. It was
suggested that the CP ENSO is excited by atmospheric
forcing from the extratropics and grows locally at the
equatorial Pacific via zonal ocean advection (Yu et al.
2010) and that an EP El Nifio (La Nifa) event can excite
sea level pressure variations in the extratropics that sub-
sequently lead to a CP La Nifia (El Nifio) event (Yu and

Kim 2011). As a result, El Nifio (La Nifia) events in the
eastern Pacific can be followed by La Nifia (El Nifio)
events in the central Pacific. Such an extratropical chan-
neling mechanism can lead to the spatial asymmetries
between El Nifio and La Nifia. Choi et al. (2011) also
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FIG. 6. Timing of the extreme 10% of the strong (red circles) and
weak (blue circles) ENSO events from (a) MIUB-ECHOg, (b)
GFDL CM2.0, and (c) GFDL CM2.1 superimposed onto the
principal components (black lines) of their second EOF modes. A
red (blue) circle indicates a strong (weak) ENSO event occurring at
that particular year of the model simulation and is plotted on the
principal component of the decadal EOF mode at that particular
year. The percentage of strong (weak) ENSO events occurring in
the positive (negative) phase of the principal component is shown
at the upper-right (lower right) edge of (a)—(c).
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proposed a selection mechanism to suggest that the re-
versed spatial asymmetries might be produced as the
coupling strength in the central and eastern tropical
Pacific varies with tropical Pacific decadal variability.
The three CMIP3 models identified in this study can be
used for further investigations of these issues.
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