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ABSTRACT
Theoretical and empirical studies have suggested that an underestimate of the ENSO asymmetry may be
accompanied by a climatologically smaller and warmer western Paciﬁc warm pool. In light of this suggestion,
simulations of the tropical Paciﬁc climate by 19 Coupled Model Intercomparison Project Phase 3 (CMIP3)
climate models that do not use ﬂux adjustment were evaluated. Our evaluation revealed systematic biases in
both the mean state and ENSO statistics. The mean state in most of the models had a smaller and warmer
warm pool. This common bias in the mean state was accompanied by a common bias in the simulated ENSO
statistics: a signiﬁcantly weak asymmetry between the two phases of ENSO. Moreover, despite the generally
weak ENSO asymmetry simulated by all models, a positive correlation between the magnitude of the bias in
the simulated warm-pool size and the magnitude of the bias in the simulated ENSO asymmetry was found.
These ﬁndings support the suggested link between ENSO asymmetry and the tropical mean state—the
climatological size and temperature of the warm pool in particular. Together with previous studies, these
ﬁndings light up a path to improve the simulation of the tropical Paciﬁc mean state by climate models:
enhancing the asymmetry of ENSO in the climate models.
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1.

Introduction

Of all regions in the Earth’s climate system, the
western Paciﬁc warm pool has one unique aspect that
deserves our special attention: it has the highest SST
among the world’s open oceans (Newell, 1979; Ramananthan and Collins, 1991). As we are increasingly
concerned with whether we have reached “the point of
no return” regarding Earth’s climate system (Hansen
et al., 2008), we are especially concerned with model
performance in simulating the warmest ocean region
on the Earth.
The western Paciﬁc warm pool (hereafter simply
the warm pool) has also been referred to as a major
∗ Corresponding

heat generator in the Earth’s climate system (Pierrehumbert, 1995). In this region, tropical deep convection is concentrated and latent heat release reaches a
broad maximum (Spencer, 1993). The latent heat release powers the Walker and Hadley circulations in the
atmosphere, which in turn drive the currents in the upper ocean (Held and Hou, 1980; Philander, 1990, Webster and Lukas, 1992; Trenberth and Solomon, 1994;
Dijkstra and Neelin, 1995; Sun and Trenberth, 1998).
The atmospheric Hadley circulation and its counterpart in the ocean, the meridional branch of the winddriven circulation, extend the inﬂuence of the warm
pool to the extratropical region (Hou, 1998; Lu et al.,
1998; Sun and Trenberth, 1998). This critical role
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of the warm pool in dynamics of the climate system
puts additional emphasis on the accuracy of our stateof-the-art climate models when simulating the major
characteristics of the warm pool.
Previous studies have reported some biases in the
mean state of the warm pool in coupled climate models. The earliest study using outputs from multiple
models was probably the seminal study by Mechoso et
al. (1995). They noted that an excessive cold tongue
was a common feature among the models they examined, implying that the zonal extent of the warm pool
in the models may be too conﬁned in the western Paciﬁc. Kiehl (1998) directly examined the warm pool
simulation by Community Climate System Model version 1 (CCSM1) (Boville and Gent, 1998; Kiehl, 1998)
and found the same bias as seen in Mechoso et al.
(1995) in other models. Kiehl (1998) hypothesized
that the excessive solar heating reaching the warmpool may force stronger zonal winds and therefore an
extended cold tongue (or a smaller warm pool). These
studies, however, examined only a single run of the
concerned models. As observations comprise a single
realization, it is important to examine the spread of
an ensemble of runs to draw a conclusion about the
biases in the models.
We attempted to evaluate the simulations by the
climate models of the warm pool and ENSO statistics in a more thorough way. The climate models
are in the Intergovernmental Panel on Climate Change
4th Assessment Report (IPCC AR4) and are also in
the Coupled Model Intercomparison Project Phase 3
(CMIP3). We not only examined a large set of models
[i.e., all of the no ﬂux adjustment IPCC AR4 (CMIP3)
models], but we also analyzed the available ensemble
runs of individual models. These outputs allowed us to
construct Probability Density Functions (PDFs) using
the largest data sets available and put the estimate of
bias on a stronger statistical footing than studies that
were limited to a single model or to a single run of
multiple models.
The main motivation for this study, however, was
to determine whether recent theoretical and empirical predictions regarding a role of ENSO events in
determining the mean state of the warm pool are indeed supported by, or at least consistent with, the results from models. Speciﬁcally, theoretical and empirical studies have suggested that if models underestimate the nonlinearity in the ENSO dynamics, then
the size of the warm pool should be smaller and the
mean warm-pool SST should be greater than the observations (Rodgers et al., 2004; Schopf and Burgman,
2006; Sun and Zhang, 2006; Sun and Yu, 2009; Sun,
2000, 2003, 2007, 2010). We further veriﬁed the simulations by the climate models collected by IPCC AR4
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(CMIP3) (Meehl et al., 2007) with empirical and theoretical ﬁndings. We want to determine whether bias of
the time mean state of the warm pool and the bias of
ENSO in the models had a consistent relationship with
the biases implied by empirical and theoretical results.
For this purpose, we also attempted to evaluate the
simulations by the climate models in CMIP3 of ENSO
statistics (ENSO asymmetry in particular) in a more
thorough way. Using the same method, we evaluated
the climatologic size and temperature of the warm pool
to evaluate the statistics of ENSO events. Many studies have evaluated ENSO asymmetry in climate models
previously (An et al., 2005; Zhang et al., 2009; Sun,
2010). However, previous studies have also examined
the climatology of the warm pool; these studies evaluating ENSO asymmetry examined only a single run of
the concerned models. The number of the models examined was also more limited in previous studies. For
example, An et al. (2005) employed 10 models. Zhang
et al. (2009) and Sun (2010) focused on the National
Center for Atmospheric Research models (NCAR) CCSMs [see the early versions of Community Earth System Model (CESM); see http://www.cesm.ucar.edu/].
The collective eﬀect of ENSO events on the mean
Paciﬁc climate in general and on the warm pool in particular was ﬁrst suggested by the asymmetry between
its warm phase (El Niño) and cold phase (La Niña).
The sum of the two do not cancel each other entirely
but result in a spatial pattern resembling the anomaly
in the warm phase (Burgers and Stephenson, 1999;
Rodgers et al., 2004; Sun and Yu, 2009; Sun, 2007).
This eﬀect has been regarded as the residual of ENSO
in these and related studies. Attempting to address
the questions of the time-mean eﬀects of ENSO events
more rigorously, Sun and Zhang (2006) employed a hybrid model (i.e., an empirical atmosphere coupled with
an ocean GCM) to contrast the response of the tropical
Paciﬁc mean climate to a perturbation in the presence
of ENSO events with a case in which ENSO events
are surgically suppressed. The results indicated that
ENSO events tend to cool the center of the western
Paciﬁc warm pool and warm the central Paciﬁc, thus
they eﬀectively extend the size of the warm pool but
reduce the mean warm pool SST. Sun (2010) further
reported some preliminary results from forced ocean
model experiments in which the strength of the ENSO
ﬂuctuations in the surface winds were varied. The preliminary results seem to conﬁrm the ﬁndings of Sun
and Zhang (2006).
The paper is organized as follows. Information
about the models and the data sets is provided in section 2. The results regarding the biases in the climatological state of the warm pool and ENSO statistics
are presented in section 3. A summary and conclusion
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Table 1. Color schemes used to denote the data from diﬀerent models
and observations. The number of runs for each model and origin of
the countries of the models used are also listed. The dominance of the
United States in climate modeling is apparent. Most of the models,
including those of the United States, have a very modest number of
runs. Note that only models without the use of ﬂux adjustment are
included in this study.

are provided in section 4.
2.
2.1

Data and methodology
Observations

The observational SST data used in this study was
the Hadley Centre sea ice and sea surface temperature
data set Version 1 (HadISST1, Rayner et al., 2003). It
was developed at the Met Oﬃce Hadley Centre, and
the monthly data have been available from 1871 to
the present. The SST ﬁeld was built from in situ and
satellite observations (1◦ ×1◦ grid resolution). Data
used in this study covered the period from January
1900 to December 1999.
2.2

Models

The model data are the results of the 20c3m scenario simulations by the CMIP3 climate models (also
in IPCC AR4), available from ftp-esg.ucllnl.org (Meehl

et al., 2007)a. The analysis was limited to the no-ﬂux
adjustment models. The 19 no-ﬂux adjustment models, together with the numbers of runs each individual
model in the CMIP3, are listed in Table 1. A total of 53 models runs was used in our construction of
the statistics of the warm-pool climatology and ENSO
characteristics. The entire 20th century (January 1900
to December 1999) was analyzed, though we focused
on the last 50 years in the present paper, as the observational data are more reliable during this latter
period.
3.
3.1

Results
Western Pacific warm pool simulation in
the models

The multi-model ensemble runs allowed us to construct a PDF for the warm-pool size. It is shown as
the blue curve in Fig. 1a. The vertical line in blue in-

a The descriptions of all the models listed are available from http://www-pcmdi.llnl.gov/ipcc/model documentation/ipcc model
documentation.php.
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Fig. 1. (a) Probability density function (PDF, blue curve) for the climatological annual mean warm-pool size. The red vertical line indicates
the observed value, and the blue vertical line indicates the averaged
value of all model runs. The short colored marks on the horizontal axis
indicate the values of individual runs in all models. (b) Time series for
the western Paciﬁc warm-pool size (m2 ) in observations (black) and 19
IPCC AR4 (CMIP3) models (colors) over the last century. Shown in
Fig. 1b are the multi-run ensemble mean values smoothed by a cosine
bell window with a width of 49 months. The warm pool is deﬁned as
the region where SST is higher than 28◦ C. Shown are the results using
the data from 1950 to 1999 period, which are considered more reliable.
The results based on the data over the entire 20th century are similar
to those shown here. Color scheme for identifying models is provided
in Table 1.

dicates the multi-model ensemble mean value, that is,
the averaged warm pool size simulated by all model
runs. The red line indicates the observed value. The
short colored bars on the horizontal axis mark the ensemble mean value of the size of the warm pool in each
model. Most of the model runs have a warm-pool size
that is smaller than that of the observations (Fig. 1a).
Measured by the ensemble mean value of each model,
75% of the models underestimated the size of the warm
pool. The multi-model ensemble mean value of the
warm-pool size was only ∼80% of the size of the warm
pool as given by observation data (Fig. 1a). The PDF
is also obviously negatively skewed, suggesting that it
is more diﬃcult to increase the size of the warm pool
in the models than to decrease it.
Figure 1b shows the time series of the ensemble
mean value of warm-pool size simulated by each model
over the entire period where model runs were available. The majority models underestimated the size of
the warm-pool size and did so throughout the entire

century. (The few models identiﬁed in Fig. 1a that
had a larger warm pool than the observations also did
so throughout the entire period). Redrawing Fig. 1a
using diﬀerent periods of data showed that the underestimate of the warm-pool size did not depend on
whether the data were for the entire 20th century, the
last 50 years in the 20th century, or the last 30 years
in the 20th century were used in the construction of
the PDF.
A major contributor to the smaller warm-pool size
in the models was the tendency of most models to
simulate an excessive westward extension of the cold
tongue (Fig. 2). The ﬁgure shows the time-mean position of the 28◦ C SST from models and observations.
The ensemble mean SST from each model was used to
obtain this ﬁgure. Another contributor to the smaller
size of the warm-pool is that the main part of the
warm pool (west of 160◦ E) in the models is more conﬁned meridionally to the equator, particularly in the
northern hemisphere (Fig. 2).
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Fig. 2. The climatology of 28◦ C SST in the models (colors) and observations (black). Shown are results for the period 1950–99. Only the
results for the ensemble mean of the models are shown in the ﬁgure for
clarity. Color scheme for identifying models is provided in Table 1.

The variation in warm-pool size among diﬀerent
runs in the same model was slightly relative to their
diﬀerences with the observation warm pools. An example in Fig. 3 shows the warm-pool size simulated
by all the runs of the same model—the (a) NCAR
CCSM3.0 (National Center for Atmospheric Research
models Community Climate System Model version
3.0) and (b) GFDL CM2.1 (Geophysical Fluid Dynamics Laboratory Climate Models version 2.1). Therefore, the intrinsic errors in individual models are responsible for the model–observation discrepancies.
Although the size of the warm pool in the models
was generally smaller than that in the observations,
the warm pool in the models was warmer than that
in the observations, measured either by the mean SST
over the warm pool (Figs. 4a and b) or its maximum
SST (Figs. 4c and d). Figures 4a, b and c, d are respectively the same as Figs. 1a and b except they are for the
mean SST of the warm pool (Figs. 4a and b) and for
the maximum SST over the warm pool (Figs. 4c and
d). The time series of these quantities (Figs. 4b and d)
shows that these discrepancies between the model simulations and observations remain relatively constant
over the entire period of the simulations. The model–

observation discrepancies in the maximum SST are
particularly striking given that, in the observation, the
maximum SST was almost always ∼30◦C; the variability was within 0.5◦ C over the entire century (Fig. 4d).
The maximum SST in models spread from 27◦ C to
35◦ C in comparison. Twelve of the 19 models simulated a higher maximum SST. The averaged maximum
SST over the tropical Indo-Paciﬁc of all model runs
was 30.85◦C, which was ∼0.4◦ C higher than the observations (30.44◦C, Fig. 4c). Also note that the PDF
for the maximum SST was highly positively skewed,
suggesting that, in the models, it is easier to increase
the maximum SST than to decrease it.
This assessment reveals systematic biases in both
the size and the mean temperature of the Paciﬁc
warm pool. Global coupled models tend to simulate
a smaller (i.e., zonally too conﬁned in the west and
meridionally too conﬁned in the equatorial band) and
warmer western Paciﬁc warm pool. This result conﬁrms the ﬁndings from previous inter-model comparison studies that diagnosed an exaggerated westward
extent of the western edge of the cold tongue (and
thus a warm pool too conﬁned in the west) (Latif et
al., 2001; AchutaRao and Sperber, 2002; Davey et al.,

Fig. 3. The same as Fig. 2, but for all the runs of the same model: (a) NCAR CCSM3.0 and (b)
GFDL CM2.1. Note that the variability among the diﬀerent runs is small in the same model, but
the variability is signiﬁcant between models and observations.
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Fig. 4. (a) The same as Fig. 1a, but for the mean warm-pool SST. (b) The same as Fig. 1b,
but for the mean warm-pool SST. (c) The same as Fig. 1a, but for the maximum SST. (d)
The same as Fig. 1b, but for the maximum SST.

2002; Hannachi et al., 2003; Kug et al., 2010).
3.2

ENSO asymmetry in the climate models

Using multi-model ensemble runs, we uncovered a
common bias among the models: the warm pool was
generally smaller and warmer than the observations.
This standout bias provides an opportunity to test
the theoretical and empirical predictions regarding the
nonlinear rectiﬁcation eﬀect of ENSO activity on the
warm pool. If the simulated ENSO statistics do have a
distinct bias, and the bias is in the direction that would
cause the bias, we have already uncovered the bias in
the climatology of the warm-pool in the manner suggested by the aforementioned empirical studies. These
results increased our suspicion of a nonlinear rectiﬁcation eﬀect of ENSO on the mean state. Toward this
end, we evaluated ENSO statistics in the models. In
particular, we evaluated ENSO asymmetry because it
is a measure of the nonlinearity of ENSO dynamics and
therefore is a measure of the time-mean eﬀect (Schopf
and Burgman, 2006; Sun and Zhang, 2006; Liang et
al., 2012; Sun et al., 2012b).
A typical way to measure ENSO asymmetry is
the skewness of Niño3 SST (Burgers and Stephenson,
1999; An et al., 2005). A PDF was constructed for the
skewness of the Niño3 SST in the models and observations in the same way as for the warm-pool size and
temperature. This PDF is shown in Fig. 5. (The same

multi-model ensemble runs were used for Fig. 5 and
Fig. 1a). The ﬁgure reveals that the models generally
underestimated ENSO asymmetry. The skewness of
Niño3 SST anomaly in the observations was positive
(redline in the Fig. 5) in contrast to the negative ones

Fig. 5. The PDF (blue curve) for the skewness of
monthly Niño3 SST anomaly. Data used to construct
this ﬁgure are the same as for Fig. 1a. The color scheme
for indicating the models is also the same. The red vertical line indicates the value for observations. The vertical
blue line is the multi-model ensemble mean. The short
color bars on the horizontal axis mark the values for the
individual runs in all the models.

b Sun, D.-Z., T. Zhang, Y. Sun, and Y. Yu, 2012: Rectification of El Niño Southern Oscillation into climate anomalies of longer
time-scales: Results from forced ocean GCM experiments. J. Climate submitted.
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models (Figs. 7c and d). Therefore, the intrinsic errors
in individual models were responsible for the model–
observation discrepancies.
3.3

Fig. 6. The frequency (%) distribution of monthly Niño3
SST anomaly. Only the ensemble mean of the models are
plotted. Color scheme for identifying the models is provided in Table 1.

in most of the model runs (Fig. 5). Some model runs
exhibited positive skewness, but none reached the observed value. The skewness of Niño3 SST anomaly
from the observations was 0.88 based on 50 years data
from 1950 to 1999. The minimum skewness of ENSO
anomalies in the model runs was −0.88, and the maximum was 0.80. The averaged skewness of Niño3 SST
anomaly in all model runs was −0.02, which was very
close to zero, indicating a near-symmetric ENSO in
the no-ﬂux-adjustment CMIP3 models (Fig. 5).
To show this common model bias using a more
traditional method, we plotted the histogram of the
Niño3 SST anomaly distribution (Fig. 6). The symmetric nature of ENSO in the models can be readily seen in this ﬁgure. In the observations, the cooling events occurred more frequently than the warming
events, and the strongest cooling events were weaker
than the strongest warm events. In contrast, there
were equal occurrences of cooling and warming events
in almost all the models. The modeled ENSO events
were very nearly symmetric in magnitude. The modeled ENSO asymmetry biases were noted by Leloup et
al. (2008) and An et al. (2005) in a more limited set of
climate models. Zhang et al. (2009) noted the underestimation of ENSO asymmetry in the NCAR CCSM
models and explored its causes by contrasting the differences among the successive versions of the NCAR
CCSM (which is now called CESM).
The diﬀerence in the frequency distribution of
Niño3 SST anomalies among diﬀerent runs by the
same model was also small relative to their diﬀerences from the observations. Figure 7 shows the frequency distribution of monthly Niño3 SST anomaly
simulated by all the runs of the same model, that
is, the GFDL models (Figs. 7a and b) and the NCAR

Biases in the ENSO asymmetry: A cause
of a smaller and warmer warm pool?

The weak ENSO asymmetry in the models may
provide an explanation of the biases in the warmpool simulation in the models. As suggested by the
aforementioned empirical as well as theoretical studies
(Rodgers et al., 2004; Schopf and Burgman, 2006; Sun
and Zhang, 2006; Sun and Yu, 2009; Sun, 2010; Liang
et al., 2012; Sun et al., 2012b), the time mean eﬀect
of ENSO in the observations was cooling in the center
of the warm pool and warming in the central Paciﬁc.
In other words, it reduced the maximum SST over the
warm pool and expanded the warm-pool size. Judging
from the lack of the asymmetry in the modeled ENSO,
such a time mean eﬀect of ENSO was either too weak
or was nonexistent in the models. This eﬀect caused a
warmer bias in the maximum SST and the mean SST
over warm pool but a smaller warm-pool size in the
models.
In the CMIP3 models, stronger ENSO activity—
measured by variance—tended to be accompanied by a
stronger ENSO asymmetry in model. The left panel in
Fig. 8a shows a slightly positive relationship between
the variance and the skewness of Niño3 SST anomalies
during the last 50 years of the 20th century. There was
also a positive relationship between ENSO asymmetry
and the mean western Paciﬁc warm-pool size, which
is demonstrated by a comparison of the scatterplots of
the mean Western Paciﬁc warm pool size and the skewness of Niño3 SST anomaly (Fig. 8b). This positive
relationship appears to be weak, and this may have
been because most of the models simulated too-weak
or non-existent ENSO asymmetry and thus a weak or
nonexistent time mean eﬀect of ENSO. If the models
showed large variation among simulations of ENSO
asymmetry, a more substantial relationship could be
diagnosed. Although the excessive cold tongue was
a common feature revealed by previous studies, none
linked the biases of ENSO asymmetry to warm-pool
simulation.
Considering that the deﬁnition of the ENSO in
models may not be accurate based on the Niño3 index
alone, weak ENSO asymmetry and the corresponding weak or non-existent time mean eﬀect of ENSO
in model simulations were also subjected to empirical orthogonal function (EOF) analysis. Three models
[i.e., GISS AOM (Goddard Institute for Space Studies Atmosphere Ocean Model, Russell et al., 1995),
GISS MODEL EH (GISS Model version E-H, Schmidt
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Fig. 7. The same as Fig. 3, but for runs from a single model—(a) the GFDL CM2.0, (b)
GFDL CM2.1, (c) NCAR CCSM3.0, and (d) NCAR PCM1.

et al., 2006) and GISS MODEL ER (GISS Model
version E-R, Schmidt et al., 2006)] simulated tooweak or nonexistent ENSO. And two models [i.e.,
BCCR BCM2.0 (Bjerknes Centre for Climate Research Bergen Climate Model Version 2.0, Furevik et
al., 2003) and CNRM CM3 (National Centre for Meteorological Research Climate Model version 3, SalasMélia et al., 2005)] simulated a stronger ENSO but
a very small or non-existent western Paciﬁc warm
pool. Among the rest of the models, only two models [i.e., IAP-FGOALS G1.0 (Institute of Atmospheric
Physics Flexible Global Ocean-Atmosphere-Land System Model Grid Version 1.0, Yu et al., 2004) and
IPSL CM4 (Institute Pierre Simon Laplace Climate
System Model version 4, Goosse and Fichefet, 1999)]
simulated a stronger ENSO than observations, and the
remaining ten models simulated weak or much weaker
ENSO than observations. Most of the modeled ENSOs were conﬁned to the narrow equator band (Fig. 9).
The ENSOs in the models showed large discrepancies
in both pattern and amplitude compared with the observations. The ENSOs in the models also exhibited
weak or non-existent ENSO asymmetry according to
the PDF analysis of skewness of the ﬁrst EOF time
series in the models and in the observations (Fig. 10).
The positive relationship between the time-mean west-

ern Paciﬁc warm pool size and skewness was somewhat
more distinct than the analysis based on the Niño3 index, but still the result was not robust.
The weak ENSO asymmetry and weak or nonexistent time mean eﬀect of ENSO in the CMIP3 models
was also seen in the composite analysis of ENSO based
on the Niño3 index. In addition to the two models
that simulated too-small or nonexistent warm pools
and the three CMIP3 models that simulated too-weak
or nonexistent ENSO, 9 models (i.e., CSIRO MK3.5
(Commonwealth Scientiﬁc and Industrial Research
Organization Climate System Model version MK3.5,
Gordon et al., 2002), GFSL CM2.0 (Geophysical
Fluid Dynamics Laboratory Climate Models version
2.0, Delworth et al., 2006), GDDL CM2.1 (Geophysical Fluid Dynamics Laboratory Climate Models version 2.1, Delworth et al., 2006), IPSL CM4,
MIROC3.2 Hires (Model for Interdisciplinary Research on Climate version 3.2-high-resolution, Nozawa
et al., 2005), MIROC3.2 Medres (Model for Interdisciplinary Research on Climate version 3.2-mediumresolution, Nozawa et al., 2005), NCAR CCSM3.0
(Kiehl and Gent, 2004), UKMO HadCM3 (Met Oﬃce
of Hadley Centre for Climate Prediction and Research
in United Kingdom Climate Model version 3., Gordon et al., 2000) and UKMO HadGEM1 (Met Oﬃce
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Fig. 8. (a) Scatterplot between variance (◦ C2 ) and skewness of Niño3 SST anomaly from 1950 to
1999 and (b) the scatter plot between mean western Paciﬁc warm-pool size (m2 ) and skewness of
Niño3 SST anomaly from 1950 to 1999. The black pentagram represents the observations, and the
hexagram represents the average of all CMIP3 model runs. Colors and their data names refer to
Table 1. The same color indicates the same and the diﬀerent markers in the same color represent
the diﬀerent runs in the same model.

Fig. 9. The ﬁrst EOF mode of the tropical paciﬁc SST from 1950 to 1999 in observation (HadISST)
and in CMIP3 models. The ﬁrst plot is for the observations, and the rest are for the models. Each
model is the result of the multi-run ensemble mean. The same color scale is used to depict the SST
anomaly in all plots.
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Fig. 10. (a) PDF analysis of the skewness of the time series in the ﬁrst EOF mode for observations
and model-ensemble means. The red vertical line indicates the value for observations. The vertical
blue line is the multi-model ensemble mean. The short color bars on the horizontal axis mark the
multi-run ensemble mean values for the individual models. (b) The scatterplot between mean western Paciﬁc warm-pool size (m2 ) and skewness of time series of ﬁrst EOF mode in model simulations
and observations from 1950 to 1999. The black pentagram represents the observations, and the
hexagram represents the average of all CMIP3 model-ensemble means. Please refer to Table 1 for
colors and their model names.

of Hadley Centre for Climate Prediction and Research
in United Kingdom Global Environmental Model version 1, Johns et al., 2006) of the 12 models simulated
similar patterns but with weak time mean eﬀects of
ENSO as measured by the residual of ENSO asymmetry (Fig. 11). In observations, the western Paciﬁc
warm pool was larger and narrower, and extended farther eastward during El Niño than La Niña. Several
models did simulate a larger El Niño warm pool and
a smaller La Niña warm pool, which was consistent
with the observations. But few models captured all
of the features of the ENSO time mean eﬀect both in
pattern and amplitude. The diﬀerences between the
El Niño warm pool and the La Niña warm pool in
most model simulations were smaller than in the observations (Fig. 11). The weak or nonexistent ENSO
asymmetry in nearly all of the CMIP3 models may
have contributed to the smaller and warmer western
Paciﬁc warm-pool simulations to some extent.
The Niño4 and Niño3.4 indices were are also used
to evaluate the simulation of ENSO asymmetry in the
climate models. As one aspect of ENSO asymmetry,
smaller absolute value of skewness, occurred in most
of the models. In the observations, the skewness of
Niño3 (or Niño3.4) was positive and the skewness of
Niño4 was negative. In the models, however, the absolute value of the skewness of all the three indices
was smaller, and the average of the skewness in all
the model runs was almost zero for all three indices
(Fig. 12).

The relationship between the biases in warm-pool
simulations, especially in warm-pool size and those
ENSO asymmetry simulation using Niño4 and Niño3.4
indexes, were also examined. The ﬁndings support
our conclusions using the Niño3 index. The larger
ENSO asymmetry biases (i.e., larger skewness biases
in Niño3, Niño3.4, and Niño4) usually corresponded to
larger biases in warm-pool size (i.e., smaller warm-pool
size) (Fig. 13). Figure 13 shows a positive relationship
between the biases of skewness in Niño3 (Niño3.4) and
the biases of warm-pool size, while there is a negative
relationship between the biases of skewness in Niño4
and the biases of warm-pool size.
4.

Conclusions

Motivated by recent empirical as well as theoretical results concerning the time-mean eﬀect of ENSO
events on the tropical Paciﬁc climatology, we examined the biases in the simulations of the western Paciﬁc
warm pool in relation to the biases in ENSO statistics.
A common bias in the simulation of the warm pool is a
smaller and warmer warm pool in the models than in
the observations. A corresponding common bias in the
simulation of ENSO is the lack of ENSO asymmetry.
The lack of variation among the models in simulating
ENSO asymmetry prevents the performance of a robust statistical correlation between the magnitude of
the warm-pool bias and the magnitude of the bias in
ENSO asymmetry. But given the model diversity and

950

WESTERN PACIFIC WARM POOL AND ENSO ASYMMETRY IN CMIP3

VOL. 30

Fig. 11. The residual time mean eﬀect of ENSO estimated from ENSO asymmetry. The residual effect was calculated using the mean SST anomaly in El Niño plus the mean SST anomaly in La Niña.
The contours in red represent the 28◦ C mean SST during El Niño; the contours in black represent
the 28◦ C mean SST during La Niña. El Niño was based on a threshold of +0.5◦ C, and La Niña was
based on a threshold of −0.5◦ C for the Niño3 region (5◦ N–5◦ S, 150◦ –270◦ W). Numbers and their
data names are listed in Table 1. Two models (BCCR-BCM2.0 and CNRM-CM3) with too-small
or no warm pools and three models (GISS-AOM, GISS-MODEL-EH, and GISS-MODEL-ER) with
no ENSO were removed from the plots.

the consistency in the results based on three indices of
ENSO (Niño3, Niño3.4, and Niño4), the chance of such
a correspondence between the warm-pool bias and the
bias in ENSO asymmetry being random is very small.
It follows that the suggested time-mean eﬀect needs to
be taken seriously, and that improving ENSO statistics
(i.e., ENSO asymmetry in particular) could represent
a path toward improving the simulation of the tropical
Paciﬁc climatology.
It should be emphasized that the biases in the
warm-pool climatology caused by a bias in ENSO
asymmetry may further enhance the bias in the ENSO
asymmetry. Thus, a vicious cycle is perpetuated that
is both hard to break and explains the persistence of

the biases that have been noted in the two key aspects of the tropical Paciﬁc climate. Fully recognizing
this possibility, however, may help us to formulate a
more complete strategy to improve the simulation and
modeling of tropical Paciﬁc climate on which climate
variability modeling over much of the world depends.
The importance of dynamical coupling in creating
the climatological warm-pool and cold-tongue conﬁgurations in the tropical Paciﬁc have long been recognized (Dijkstra and Neelin, 1995; Clement et al.,
1996; Jin, 1996; Sun and Liu, 1996). The relative
roles of clouds and ocean dynamics in creating and
maintaining the western Paciﬁc warm pool have also
been assessed (Clement et al., 2005). But these stud-
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ies have not addressed the collective role of ENSO
events from the scale-interaction perspective. Thus,
the present study, together with earlier studies that
followed this line of thinking (e.g., Rodger et al., 2004;
Schopf and Burgman, 2006; Sun and Zhang, 2006; Sun
and Yu, 2009; Sun, 2010; Liang et al., 2012; Sun et al.,
2012b) extends these theoretical and modeling studies
by pointing out the potential importance of rectiﬁca-

tion of ENSO events into the mean in shaping the size
and temperature of the warm pool.
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