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Abstract 20 

Theoretical and empirical studies have suggested that an underestimate of the 21 

ENSO asymmetry may result in a climatologically smaller and warmer western 22 

Pacific warm-pool. Simulations of the tropical Pacific climate by 19 IPCC AR4 23 

(CMIP3) climate models that do not use flux adjustment are evaluated in light of this 24 

suggestion. The evaluation reveals systematic biases in both the mean state as well as 25 

in the ENSO statistics. It is found that the mean state in most of the models has a 26 

smaller and warmer warm pool. This common bias in the mean state is accompanied 27 

by a common bias in the simulated ENSO statistics: a significantly weak asymmetry 28 

between the two phases of ENSO. Even though the too weak ENSO asymmetry and 29 

too weak or non-existent time mean effect of ENSO on the tropical mean climate are 30 

found in climate models, there are still consistent correlation evidence between warm 31 

pool simulation and ENSO asymmetry simulation based on different Niño index 32 

(Niño 3, 34 and 4), which can support our conclusion very well. Moreover, it seems 33 

that the stronger ENSO activity the climate models can simulate, the stronger ENSO 34 

asymmetry it can get. These findings add support for the suggested impact of ENSO 35 

asymmetry on the tropical mean state-the climatological size and temperature of the 36 

warm-pool in particular. More importantly, together with previous studies, the 37 

findings light up a path to improve the simulation of the tropical Pacific mean state by 38 

climate models: enhancing the asymmetry of ENSO in the climate models. 39 

�40 
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1. Introduction  41 

While fundamentally no region in the Earth’s climate system deserves special 42 

attention, the =+9:+84 Pacific warm-pool does have one unique aspect: it has the 43 

highest SST in the world’s open oceans (Newell 1979; Ramananthan and Collins 44 

1991).  As we are increasingly concerned with whether we have reached “the point 45 

of no-return” for the earth’s climate system (Hansen et al. 2008), we have good 46 

reasons to be especially concerned with our models’ performance in simulating the 47 

warmest region on the Earth.  48 

The western Pacific warm pool (here after we simply refer to as the warm-pool) 49 

has been also been referred to as a major furnace of the Earth’s climate system 50 

(Pierrehumbert 1995).  This is because that it is the region where tropical deep 51 

convection is concentrated and the latent heat release reaches a broad maximum 52 

(Spencer 1993). The latent heat release powers the Walker and Hadley circulation in 53 

the atmosphere, which in turn drives the currents in the upper ocean (Sun and Liu 54 

1996; Djikstra and Neelin 1995; Trenberth and Solomon 1994; Webster and Lukas 55 

1992; Philander 1990; Held and Hou 1980). The atmospheric Hadley circulation and 56 

its counterpart in the ocean: the meridional branch of the wind-driven circulation 57 

extends the influence of the warm pool to the extratropical region (Sun 1999; 58 

Hou1998; Lu et al. 1998). This critical role of the warm pool in dynamics of the 59 

climate system gives additional reason to know how well our state-of-the-art climate 60 

models simulate the major characteristics of the warm pool.  61 
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Some previous studies have reported some biases in the mean state of the warm 62 

pool in the coupled climate models. The earliest study using outputs from multiple 63 

models is probably the seminal one by Mechoso et al. (1995). They noted that an 64 

excessive cold-tongue was a common feature among the models they examined, 65 

implying the zonal extend of the warm pool in the models may be too confined to the 66 

west. Kiehl (1998) directly examined the warm pool simulation by CCSM1 (Kiehl et 67 

al. 1998; Boville and Gent 1998) and found the same bias as seen in Mechoso et al. 68 

(1995) in other models. Kiehl (1998) hypothesized that the excessive solar heating 69 

reaching the warm-pool may forces a stronger zonal winds and therefore an extended 70 

cold-tongue (or a smaller warm-pool). These studies, however, examined only a 71 

single run of the concerned models. As the observation is a single realization, it is 72 

important to examine the spread of the ensemble runs to draw a conclusion with 73 

confidence about the biases in the models.  74 

We attempt to evaluate the simulations by the climate models in the fourth 75 

Intergovernmental Panel on Climate Change (IPCC) assessment report (AR4) (phase 76 

3 of the Coupled Model Intercomparison Project (CMIP3) models) of the warm-pool 77 

and ENSO statistics in a more thorough way. We will not only examine a large set of 78 

models—we will examine all of the no flux adjustment IPCC AR4 models, but also 79 

the available ensemble runs of individual models. These ouputs allow us to construct 80 

PDFs using the largest data set available and put the estimate of bias in stronger 81 

statistical footing than studies that are limited to a single model, or to a single run of 82 

multiple models. 83 
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The main motivation for this study, however, is to check whether recent 84 

theoretical and empirical predictions regarding a role of ENSO events in determining 85 

the mean state of the warm-pool is indeed supported by, or at least consistent with the 86 

results from models. Specifically, theoretical and empirical studies have suggested 87 

that if models underestimate the nonlinearity in the ENSO dynamics, then the size of 88 

the warm-pool should be smaller, and the mean warm pool SST is greater than the 89 

observations (Rodgers et al. 2004; Schopf and Burgman 2006; Sun and Yu 2009; Sun 90 

and Zhang 2006; Sun 2010).  We will check whether the simulations by the climate 91 

models collected by IPCC AR4 (Meehl et al. 2007) support or contradict these 92 

empirical and theoretical findings. We want to check whether the way the time mean 93 

state of the warm-pool is biased and the way ENSO is biased in the models have a 94 

relationship that is consistent with what is implied by the aforementioned empirical 95 

and theoretical results. For this purpose, we also attempt to evaluate the simulations 96 

by the climate models in IPCC AR4 of ENSO statistics (ENSO asymmetry in 97 

particular) in a more thorough way—in the same aforementioned manner to evaluate 98 

the climatological size and temperature of the warm-pool to evaluate the statistics of 99 

ENSO events. Many studies have evaluated ENSO asymmetry in climate models 100 

before (An et al. 2009, Zhang et al. 2009, and Sun 2010). However, same as the 101 

previous studies that have examined the climatology of the warm-pool, these studies 102 

of evaluating ENSO asymmetry examined only a single run of the concerted models. 103 

The number of the models examined is also more limited.  For example, the study by 104 

An et al. (2005) employed 10 models. The study of Zhang et al. (2009) and Sun 105 



 6 

(2010) focused on the NCAR CCSMs (the early versions of CESM; see 106 

http://www.cesm.ucar.edu/ ). 107 

The collective effect of ENSO events on the mean Pacific climate in general and 108 

on the warm pool in particular was first suggested from the asymmetry between its 109 

warm phase (El Niño) and cold phase (La Niña)—the sum of the two does not cancel 110 

but has a spatial pattern resembling the anomaly in the warm phase (Burgers and 111 

Stephenson 1999, Rodgers et al. 2004, Sun and Yu 2009). This effect has been 112 

referred as the residual of ENSO in these and related studies. Attempting to address 113 

the questions of the time-mean effects of ENSO events more rigorously, Sun and 114 

Zhang (2006) employed a hybrid model—an empirical atmosphere coupled with an 115 

Ocean GCM—to contrast the response of the tropical Pacific mean climate to a 116 

perturbation in the presence of ENSO events with a case in which ENSO events are 117 

surgically suppressed. From the results, they found that ENSO events tend to cool the 118 

center of the western Pacific warm pool and warm the central Pacific, thus effectively 119 

extend the size of the warm pool but reducing mean warm pool SST. Sun (2010) 120 

further reported some preliminary results from forced ocean model experiments in 121 

which the strength of the ENSO fluctuations in the surface winds are varied. The 122 

preliminary results seem to confirm the findings of Sun and Zhang (2006).  123 

The paper is organized as follows. Information about the models and the data sets 124 

is provided in section 2. The results about the biases in the climatological state of the 125 
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warm-pool and ENSO statistics are presented in Section 3. Summary and conclusion 126 

are provided in section 4.  127 

2. Data and Methodology  128 

2.1 Observations  129 

 The observational SST data used in this study is the Hadley Centre sea ice and 130 

sea surface temperature data set Version 1 (HadISST1, Rayner et al. 2003). It has 131 

been developed at the Met Office Hadley Centre, and the monthly data are available 132 

from 1871 to present. The SST field is built from in-situ and satellite observations and 133 

is given on a 1ºx1º grid. Data used in this study cover the period from January 1900 to 134 

December 1999.  135 

2.2 Models  136 

 The model data are the 20c3m scenario simulations by climate models in :.+�137 

,5;8:.��4:+8-5<+843+4:'2�"'4+2�54��2/3':+��.'4-+���"����'99+993+4:�8+658:�138 

��#
���6.'9+���5,�:.+��5;62+*��5*+2��4:+8)536'8/954�"850+):�����"���139 

35*+29� (ftp-esg.ucllnl.org (Meehl et al. 2007)). The analysis is limited to the no flux 140 

adjustment models.  The 19 no flux adjustment models, together with the numbers of 141 

runs each individual model have in the IPCC AR4, are listed in Table 1. All together, 142 

53 models runs are used in our construction of the statistics of the warm-pool 143 

climatology and ENSO characteristics. The descriptions of all the models listed can 144 

be obtained from this website 145 
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.::6://www-pcmdi.llnl.gov/ipcc/model_documentation/ipcc_model_documentation.p146 

hp. The whole 20th century (January 1900 to December 1999) has been employed for 147 

the analysis, though we will focus on presenting the results of the last 50 years in the 148 

present paper, as the observational data are more reliable during this latter period.  149 

3. Results  150 

3.1 Western Pacific warm pool simulation in the models 151 

The multi-model ensemble runs allow us to construct a probability density 152 

function (PDF) for the warm-pool size. It is shown as the blue curve in Fig. 1a. The 153 

vertical line in blue indicates the multi-model ensemble mean value-the averaged 154 

warm pool size simulated by all model runs. The red line indicates the observed value. 155 

The short colored bars on the horizontal axis mark the ensemble mean value of the 156 

warm-pool size of each model.  Fig. 1a reveals that most of the model runs have a 157 

warm-pool size that is smaller than the observations. Measured by the ensemble mean 158 

value of each model, ¾ of the models underestimate the size of the warm-pool. The 159 

multi-model ensemble mean value of the warm-pool size is only about 80% of the 160 

size of the observed warm-pool (Fig. 1a). The PDF is also obviously negatively 161 

skewed, suggesting that it is more difficult to increase the size of the warm-pool in the 162 

models than to decrease it. 163 

Fig. 1b further shows the time series of the ensemble mean value of the 164 

warm-pool size simulated by each model over the entire period where model runs are 165 

available. The figure shows that the majority models that are identified to 166 
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underestimate the size of the warm-pool size do so throughout the entire century.  167 

(The few models that are identified in Fig.1a that have a larger warm-pool than in the 168 

observations do so also throughout the entire period). Redoing Fig. 1a using different 169 

periods of data show that the�underestimate of the warm pool size does not depend on 170 

whether the data are from the whole 20th century, the last 50 years or the last 30 years 171 

in the 20th century are used in the construction of the PDF.�172 

A major contributor to the smaller warm pool size in the models is that most of 173 

the models continue to have an excessive westward extension of the cold tongue (Fig. 174 

2). The figure shows the time-mean position of the 28oC SST from models and 175 

observations. The ensemble mean SST from each model is used to obtain this figure.  176 

Another contributor to the smaller size of the warm-pool is that the main part of the 177 

warm-pool (west of 160oE) in the models is more confined meridionally to the 178 

equator, particularly in the northern hemisphere (Fig. 2).  179 

The spread of the warm-pool size from different runs in the same model are 180 

found small relative to their differences with the observations. An example is given in 181 

Fig. 3 which shows the warm pool size simulated by all the runs of the same 182 

model--the NCAR CCSM3 (a) and GFDL CM2.1 (b).  This suggests that the 183 

intrinsic errors in individual models are responsible for the model-observation 184 

discrepancies.  185 

Although the size of the warm-pool in the models is generally smaller than that 186 

in the observations, the warm-pool in the models is warmer than that in the 187 

observations, measured either by the mean SST over the warm-pool (Fig. 4a,b) or its 188 
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maximum SST (Fig. 4c,d).  Fig. 4 a, b and c,d are respectively the same as Fig. 1a,b 189 

except they are for the mean SST of the warm-pool (Fig. 4a,b) and for the maximum 190 

SST over the warm-pool (Fig. 4c,d). The time series of these quantities (Fig. 4b and 191 

Fig. 4d) shows that these discrepancies between the model simulations and 192 

observations remain relatively constant in the entire period of the simulations. The 193 

model-observation discrepancies in the maximum SST are particularly striking given 194 

that in the observation, the maximum SST is almost always around 30ºC –the 195 

variability is within 0.5 ºC over the entire century (Fig. 4d). The maximum SST in 196 

models spreads from 27ºC to 35ºC in comparison. 12 of the 19 models simulate a 197 

higher maximum SST. The averaged maximum SST over the tropical Indo-Pacific of 198 

all model runs is 30.85ºC, which is about 0.4ºC higher than in the observation 199 

(30.44ºC, Fig. 4c). Also note that the PDF for the maximum SST is highly positively 200 

skewed, suggesting that in the models, it is easier to increase the maximum SST than 201 

decreasing it.  202 

This assessment reveals systematic biases in both the size and the mean temperature 203 

of the pacific Warm pool. Global coupled models tend to simulate a smaller (zonally 204 

too confined in the west and meridionally too confined in the equatorial band) and 205 

warmer western Pacific Warm Pool. This confirms the findings from previous models 206 

inter-comparison studies which diagnosed an exaggerated westward extent of the 207 

western edge of the cold tongue (and thus a Warm Pool too confined in the West) 208 

(Kug et al. 2010; AchutaRao and Sperber 2002; Davey et al. 2002; Hannachi et al. 209 

2003; Latif et al. 2001). 210 
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 211 

3.2  ENSO asymmetry in the climate models. 212 

Using multi-model ensemble runs, we have uncovered a common bias in the 213 

models: the warm-pool in the models is generally smaller and warmer than in the 214 

observations. This standing-out bias provides an opportunity to test the theoretical and 215 

empirical predictions about the nonlinear rectification effect of ENSO activity on the 216 

warm-pool. If the simulated ENSO statistics does have a distinct bias, and the bias is 217 

in the direction that would cause the bias we have already uncovered in the 218 

climatology of the warm-pool in the manner suggested by the aforementioned 219 

empirical studies, our suspicion of a nonlinear rectification effect of ENSO on the 220 

mean state will be enhanced. Towards this end, we have also evaluated ENSO 221 

statistics in the models, in particular, the ENSO asymmetry as it is a measure of the 222 

nonlinearity of ENSO dynamics and therefore time-mean effect (Sun and Zhang 223 

2006; Schopf and Burgman 2006).  224 

A typical way to measure ENSO asymmetry is the skewness of Niño3 SST 225 

(Burgers and  Stephenson 1999;  An et al. 2005). A PDF is constructed for the 226 

skewness of the Niño3 SST in the models and observations in the same way as for the 227 

warm-pool size and temperature. This PDF is shown in Fig 5. (The same multi-model 228 

ensemble runs are used for Fig. 5 and Fig. 1a.). The figure reveals that models 229 

generally underestimate the ENSO asymmetry. Skewness of Niño3 SST anomaly in 230 

observation is positive (redline in the Fig. 5) in contrast with the negative ones in 231 

most of the model runs (Fig. 5). Some model runs have positive skewness, but none of 232 
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them reach the observed value. The skewness of Niño3 SST anomaly from 233 

observations is 0.88 based on the 50 years data from 1950-1999. The minimum 234 

skewness of ENSO anomalies in the model runs is -0.60 and the maximum one is 235 

0.44. The averaged skewness of Niño3 SST anomaly in all model runs is close to 236 

zero, indicating a near symmetric ENSO in the no flux adjustment IPCC models (Fig. 237 

5).  238 

To show this common model bias in a more traditional method, we have also 239 

plotted the histogram of the Niño3 SST anomaly distribution (Fig. 6). The symmetric 240 

nature of ENSO in the models can be readily seen from this figure. In the 241 

observations, the cooling events occurred more frequently than the warming events 242 

and the strongest cooling events are weaker than the strongest warm events.  In 243 

contrast, there are equal occurrences of cooling and warming events in almost all the 244 

models. The modeled ENSO events are very near symmetric in magnitude. The 245 

modeled ENSO asymmetry biases has been noted by Leloup et al (2008) and An et al. 246 

(2009) in a more limited set of climate models. Zhang et al. (2009) noted the 247 

underestimate of the ENSO asymmetry in the NCAR CCSM models and explored its 248 

causes by contrasting the differences among the successive versions of the NCAR 249 

CCSM (and now is called CESM). 250 

The difference in the frequency distribution of Niño3 SST anomaly�among 251 

different runs by the same model is also found small relative to their differences from 252 

the observations. Fig. 7 shows the frequency distribution of monthly Niño3 SST 253 

anomaly simulated by all the runs of the same model--the GFDL models (Fig. 7ab) 254 
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and the NCAR models (Fig. 7cd). This suggests that the intrinsic errors in individual 255 

models are responsible for the model-observation discrepancies. 256 

3.3  Biases in the ENSO Asymmetry: A cause of a smaller and warmer warm-pool? 257 

The weak ENSO asymmetry in the models may give us an explanation of the 258 

biases in the warm pool simulation in the models.� As suggested by the 259 

aforementioned empirical as well as theoretical studies (Rodgers et al. 2004; Sun and 260 

Yu 2009; Schopf and Burgman 2006; Sun and Zhang 2006; Sun 2010), the time mean 261 

effect of ENSO in the observations is to cool the center of the warm-pool, and warm 262 

the central Pacific. In other words, it reduces the maximum SST over warm pool and 263 

expands the warm pool size. Judging from the lack of the asymmetry in the modeled 264 

ENSO, such a time mean effect of ENSO is either too weak, or non-existent in the 265 

models, causing a warmer bias in the maximum SST and the mean SST over warm 266 

pool, but a smaller size of the warm pool in the models. 267 

Such a relationship between the warm-pool simulation and ENSO asymmetry 268 

simulation in theoretical and emp/rical studies can be found in IPCC models but the 269 

relationship is really too weak, which shows the large model biases in the state-of the 270 

art climate models so far. In the IPCC AR4 models, the strong ENSO activity usually 271 

means the large ENSO asymmetry in model. The left panel in Fig. 8a shows the 272 

slightly positive relationship between the variance and the skewness of Niño3 SST 273 

anomaly during the last 50 years of the 20th century. And there is a more slightly 274 

positive relationship between the ENSO asymmetry and mean western Pacific warm 275 

pool size which can be seen from the scatter plot between the mean Western Pacific 276 
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warm pool size and the skewness of Niño3 SST anomaly (Fig. 8b). That means in 277 

IPCC models the relationship between the warm pool size and the ENSO asymmetry 278 

is partially included but is also too weak. Such relationship is clear in the observation, 279 

but few models can capture it. Most or near all of the models simulate too weak or 280 

non-existent ENSO asymmetry and thus the weak or non-existent time mean effect of 281 

ENSO. So the El Niño like residual time mean effect on the mean tropical Pacific is 282 

weak in IPCC models. Although the excessive cold tongue was a common feature 283 

founded by previous studies but no one linked the biases of ENSO asymmetry to 284 

warm pool simulation. 285 

The weak ENSO asymmetry and the resulting weak or non-existent time mean 286 

effect of ENSO in models are also examined with the Empirical Orthogonal Function 287 

(EOF) analysis considering the definition of the ENSO may not be accurate based on 288 

the Niño3 index in models. There are 3 models (GISS_AOM, GISS_MODEL_E_H 289 

and GISS_MODEL_E_R) simulate too weak or non-existent ENSO. And there are 290 

two models (BCCR_BCM2_0 and CNRM_CM3) simulate stronger ENSO but very 291 

small or non-existent western Pacific warm pool. Among the rest models there are 292 

only two models (FGOALS_0_G and IPSL_CM4) simulate stronger ENSO than 293 

observation and the rest 12 models simulate weak or much weaker ENSO than 294 

observation and most of the modeled ENSO are confined to the narrow equator band 295 

(Fig. 9). The modeled ENSO shows large discrepancies in both the pattern and the 296 

amplitude with the observation, and also shows the weak or non-existent ENSO 297 

asymmetry according to the PDF analysis of skewness of the first EOF time series in 298 
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models and in the observation (Fig. 10). The positive relationship between mean 299 

western Pacific warm pool size and skewness is a little more distinct than the analysis 300 

based on the Niño3 index, but still not so robust. 301 

The weak ENSO asymmetry and weak or non-existent time mean effect of ENSO 302 

in IPCC models can also be seen form the composite analysis of ENSO based on the 303 

Niño3 index. Besides the 2 models that simulate too smaller or non-existent 304 

warm-pool and 3 models simulate too weak or non-existent ENSO, there are 9 models 305 

(csiro_mk3_5, gfdl_cm2_0, gfdl_cm2_1, ipsl_cm4, miroc3_2_hires, 306 

miroc3_2_medres, ncar_ccsm3_0, ukmo_hadcm3 and ukmo_hadgem1) in the rest 12 307 

models simulate the similar pattern but too weak time mean effect of ENSO (Fig. 11). 308 

In observation, the western Pacific warm pool is larger, narrower and more westward 309 

extended during El Niño than La Niña. Several models do simulate the larger El Niño 310 

warm-pool and smaller La Niña warm-pool, which in some extent consistent with the 311 

observation. But few models can capture all the features of ENSO time mean effect 312 

both in pattern and amplitude. And the differences between the El Niño warm-pool 313 

and the La Niña warm-pool in most of the models are too smaller than that in the 314 

observations (Fig. 11). The weak or non-existent ENSO asymmetry in near all of the 315 

IPCC models can contribute to the smaller and warmer western Pacific warm pool 316 

simulation in some extent.  317 

Niño4 and Niño34 index are also examined to evaluate the ENSO asymmetry 318 

simulation in the climate models. As one aspect of the ENSO asymmetry, smaller 319 

absolute value of skewness was fond in most of the models. In observation, the 320 
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skewness of Niño3 (or Niño34) is positive and the skewness of Niño4 is negative 321 

while in models the absolute value of the skewness of all the three index is small and 322 

the average of the skewness in all model runs is almost zero in all three index (Fig. 323 

12).  324 

Biases relationship between the warm pool simulation (size, mean SST and 325 

maximum SST) and ENSO asymmetry simulation (skewness of Niño3,  /B54 and 326 

Niño34) are also examined. The findings support our conclusions very well. The 327 

larger ENSO asymmetry biases (larger skewness biases in Niño3, Niño34 and Niño4) 328 

usually correspond to the larger biases in warm pool size (smaller warm pool), in 329 

mean SST over warm pool (lower mean SST over warm pool) and in maximum SST 330 

over warm pool (lower maximum SST over warm pool) if we just focus the quadrant 331 

:.+�.+>'-8'39�25)':+*�=./).�3+'49�=+�0;9:�,5);9�54�359:�5,�:.+�35*+2�8;49�332 

45:�'22�5,�:.+�35*+2�8;49� That’s consistent with our findings: there is a positive 333 

correlation between the biases of skewness in Niño3 (Niño34) and the biases of warm 334 

pool size while there is a negative correlation between the biases of skewness in 335 

Niño4 and the biases of warm pool size; but there is a negative correlation between 336 

the biases of mean SST (maximum SST) over warm pool and the biases of skewness 337 

in Niño3 (Niño34) while the correlation between the biases of mean SST (maximum 338 

SST) over warm pool and the biases of skewness in Niño4 is positive. This method 339 

may not be able to give us a wholly understanding on the links between the 340 

biases in warm pool simulation and ENSO asymmetry simulation but it’s 341 

certainly consistent with and can support our conclusion. (Fig. 13)  342 
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4. Conclusions 343 

Motivated by recent empirical as well theoretical results concerning the time-mean 344 

effect of ENSO events on the tropical Pacific climatology, we have examined the 345 

biases in the simulations of the western Pacific warm-pool in relationship with the 346 

biases in the ENSO statistics. A common bias in the simulation of the warm pool is a 347 

smaller and warmer warm pool in the models than in the observations. A 348 

corresponding common bias in the simulation of ENSO is the lack of ENSO 349 

asymmetry. Such a correspondence can be partially found in IPCC models and 350 

partially in consistent with the empirical and theoretical prediction that the 351 

underestimate of ENSO asymmetry in most of the climate models may cause a 352 

smaller but warmer warm-pool. The relationships '354- models are not so distinct 353 

between the warm pool simulation and ENSO asymmetry simulation since there are 354 

many factors that can affect the simulation of the warm-pool and the diversity in the 355 

models, but there are consist evidence between ENSO asymmetry biases and warm 356 

pool simulation biases among models based on there index of ENSO (Niño3, Niño34 357 

and Niño4), the chance of such a correspondence coming out of random is likely 358 

small. It follows that the suggested time-mean effect needs to be taken seriously, and 359 

that improving ENSO statistics—the ENSO asymmetry in particular-- could be a path 360 

to improving the simulation of the tropical Pacific climatology.  361 

It is also possible that the biases in the warm-pool climatology caused by a bias in 362 

the ENSO asymmetry may further enhance the bias in the ENSO asymmetry, causing 363 

an vicious cycle that is hard to break and thus explaining the persistence of the biases 364 
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that have been noted in the two key aspects of the tropical Pacific climate. Fully 365 

recognizing this possibility, however, may help us to formulate a more complete 366 

strategy to improve the tropical Pacific climate on which climate variability over 367 

much of the world depend. 368 

The importance of dynamical coupling in creating the climatological warm-pool 369 

and cold-tongue configuration in the tropical Pacific has been long recognized 370 

(Dijkstra and Neelin 1995; Sun and Liu 1996; Clement et al. 1996; and Jin 1996). The 371 

relative roles of clouds and ocean dynamics in creating and maintaining the western 372 

Pacific warm-pool have also been assessed (Clement et al. 2005). But these studies 373 

have not addressed the collective role of ENSO events from the scale-interaction 374 

prospective. Thus, the present study, together with those ealier ones in this line of 375 

thinking (Rodger et al. 2004; Schopf and Burgman 2006; Sun and Zhang 2006; Sun 376 

and Yu 2009; Sun 2010; and Liang et al. 2011) extend these theoretical and modeling 377 

studies by pointing out the potential importance of rectification of ENSO events into 378 

the mean in shaping the size and temperature of the warm-pool.   379 

380 
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Table Legends:�515 

 516 

Table 1: Color schemes used to denote the data from different models and 517 

observations. The number of runs for each model and the origin of the countries of the 518 

models used are also listed. The dominance of the U.S. in climate modeling is 519 

apparent. Only models without the use of flux adjustment are included in this study. 520 

521 
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�Figure Legends: 522 

Figure 1 (a): Probability density function (PDF, blue curve) for the climatological 523 

annual mean warm pool size. The red vertical line indicates the observed value 524 

and the blue vertical line indicates the averaged value of all model runs. The 525 

short colored marks on the horizontal axis indicate the values of individual 526 

runs in all models. (b): Time series for the western Pacific warm-pool size in 527 

observations (black) and 19 IPCC models (colors) over the last century. 528 

Shown in Fig.1b are the multi-run ensemble mean values smoothed by a 529 

cosine bell window with a width of of 49 months. The warm pool is defined as 530 

the region where SST is higher than 28ºC. Shown are the results using the data 531 

from 1950 to 1999 period, which are considered more reliable. The results 532 

based on the data over the entire 20th  century are similar to those shown 533 

here. Color scheme for identifying models is provided in Table 1. 534 

 535 

Figure 2: The climatology of 28ºC SST in the models (colors) and observations 536 

(black). Shown are results for the period 1950 to 1999. Only the results for the 537 

ensemble mean of the models are shown in the figure for clarity. Color scheme 538 

for identifying models is provided in Table 1. 539 

Figure 3: Same as Fig. 2, but for all the runs of the same model--the NCAR CCSM3 540 

(a) and GFDL CM2.1 (b). Note that the variability among the different runs is 541 

small in the same model, but the variability is signigicant between models and 542 
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observations. 543 

Figure 4: (a) Same as Fig.1a, but for the mean warm-pool SST; (b) Same as Fig.1b, 544 

but for the mean warm-pool SST. (c) Same as Fig.1a, but for the Maximum 545 

SST, (d) Same as Fig.1b, but for the Maximum SST.  546 

Figure �: The probability density function (PDF) (blue curve) for the skewness of 547 

monthly Niño3 SST anomaly.  Data used to construct this figure are the same 548 

as for Fig. 1a. The color scheme for indicating the models is also the same. 549 

The red vertical line indicates the value for observations. The vertical blue line 550 

is the multi-model ensemble mean. The short color bars on the horizontal axis 551 

mark the values for the individual runs in all the models. 552 

Figure 6: The frequency distribution of monthly Niño3 SST anomaly. Data and color 553 

scheme used in this figure are the same as for Fig. 6. Only the ensemble mean 554 

of the models are drawn. Color scheme for identifying the models is provided 555 

in Table 1. 556 

Figure 7: Same as Fig. 7, but for runs from a single model—the GFDL_CM2_0 (a), 557 

GFDL_CM2_1 (b), NCAR CCSM3 (c) and NCAR PCM1 (d).  558 
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 610 
Table 1: Color schemes used to denote the data from different models and 611 
observations. The number of runs for each model and origin of the countries of the 612 
models used are also listed. The dominance of the U.S. in climate modeling is 613 
apparent. Most of the models, including those of the U.S., have a very modest number 614 
of runs.  Note that only models without the use of flux adjustment are included in 615 
this study. 616 

617 
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 621 
Figure 1 (a): Probability density function (PDF, blue curve) for the climatological 622 
annual mean warm pool size. The red vertical line indicates the observed value and 623 
the blue vertical line indicates the averaged value of all model runs. The short colored 624 
marks on the horizontal axis indicate the values of individual runs in all models. (b): 625 
Time series for the western Pacific warm-pool size in observations (black) and 19 626 
IPCC models (colors) over the last century. Shown in Fig.1b are the multi-run 627 
ensemble mean values smoothed by a cosine bell window with a width of of 49 628 
months. The warm pool is defined as the region where SST is higher than 28ºC. 629 
Shown are the results using the data from 1950 to 1999 period, which are considered 630 
more reliable. The results based on the data over the entire 20th century are similar to 631 
those shown here. Color scheme for identifying models is provided in Table 1. 632 



 34 

 633 
Figure 2: The climatology of 28ºC SST in the models (colors) and observations 634 
(black). Shown are results for the period 1950 to 1999. Only the results for the 635 
ensemble mean of the models are shown in the figure for clarity. Color scheme for 636 
identifying models is provided in Table 1. 637 
�638 
�639 
�640 

 641 

Figure 3: Same as Fig. 2, but for all the runs of the same model--the NCAR CCSM3 642 
(a) and GFDL CM2.1 (b). Note that the variability among the different runs is small 643 
in the same model, but the variability is significant between models and observations. 644 

 645 
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Figure 4: (a) Same as Fig.1a, but for the mean warm-pool SST; (b) Same as Fig.1b, 648 
but for the mean warm-pool SST. (c) Same as Fig.1a, but for the Maximum SST, (d) 649 
Same as Fig.1b, but for the Maximum SST.  650 

651 
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Figure 5: The probability density function (PDF) (blue curve) for the skewness of 653 
monthly Niño3 SST anomaly.  Data used to construct this figure are the same as for 654 
Fig. 1a. The color scheme for indicating the models is also the same. The red vertical 655 
line indicates the value for observations. The vertical blue line is the multi-model 656 
ensemble mean. The short color bars on the horizontal axis mark the values for the 657 
individual runs in all the models. 658 
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Figure 6: The frequency distribution of monthly Niño3 SST anomaly. Data and color 660 
scheme used in this figure are the same as for Fig. 6. Only the ensemble mean of the 661 
models are drawn. Color scheme for identifying the models is provided in Table 1. 662 
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Figure 7: Same as Fig. 7, but for runs from a single model—the GFDL_CM2_0 (a), 674 
GFDL_CM2_1 (b), NCAR CCSM3 (c) and NCAR PCM1 (d).  675 
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 694 
Figure 8. (a) is the scatter plot between variance (oC2) and skewness of Niño3 SST 695 
anomaly from 1950 to 1999 and (b) is the scatter plot between mean western Pacific 696 
warm pool size (m2) and skewness of Niño3 SST anomaly from 1950 to 1999.The 697 
black pentagram represents the observation and the hexagram represents the average 698 
of all IPCC model runs. Colors and its data names refer to Table 1. Same model use 699 
the same color and the different markers in the same color represent the different runs 700 
in the same model. 701 
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Figure 9. The first EOF mode of the tropical pacific SST from 1950 to 1999 in 703 
observation (HadISST) and in IPCC Ar4 models. The first plot is for the observation 704 
and the rest are for models. Each model is the result of the multi-run ensemble mean. 705 
The SST anomaly in all plots use the same color scale. �706 
 707 
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 717 
Figure 10. �'� is the PDF analysis of the skewness of the time series in 1 EOF mode 718 
in observation and in model ensemble means. The red vertical line indicates the value 719 
for observations. The vertical blue line is the multi-model ensemble mean.  The short 720 
color bars on the horizontal axis mark the multi-run ensemble mean values for the 721 
individual models.(b) is the scatter plot between mean western Pacific ='83�6552�722 
9/@+��3

�
��'4*�91+=4+99�5,�:/3+�9+8/+9�5,�,/89:��!��35*+�/4�35*+29�'4*�/4�723 

5(9+8<':/54� ,853� 
��	� :5� 
����%.+� (2')1� 6+4:'-8'3� 8+68+9+4:9� :.+�724 
5(9+8<':/54�'4*�:.+�.+>'-8'3�8+68+9+4:9�:.+�'<+8'-+�5,�'22��"���35*+2�725 
+49+3(2+�3+'49���52589�'4*�/:9�35*+2�4'3+9�8+,+8�:5�%'(2+�
�  726 
 727 

728 

729 

730 

731 

 732 
Figure 11. The residual time mean effect of ENSO due to ENSO asymmetry. The 733 
residual effect is calculated by the mean SST anomaly in El Niño plus the mean SST 734 
anomaly in La Niña. The contours in red (black) represent the 28ºC mean SST during 735 
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El Niño (La Niña). The El Niño (La Niña) is based on a threshold of +(-) 0.5oC for the 736 
Niño 3 region (5oN-5oS, 150o-270oW). Numbers and its data names are listed in Table 737 
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 743 
Figure 12. a,c,e are the distribution for the Niño4, Niño3.4 and Niño3 index from 744 
1950 to 1999. b,d,f are the probability density function for skewness of Niño4, 745 
Niño3.4 and Niño3 index from 1950 to 1999 respectively. 746 
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 748 
Figure 13. Scatter plot between the biases of warm pool simulation�(western Pacific 749 
warm pool size, mean SST over western Pacific warm pool and maximum SST over 750 
western Pacific warm pool) and the biases of Niño index (Niño4, Niño34 and Niño3). 751 
The black hexagram represents the average of all IPCC model runs. Colors and its 752 
data names refer to Table 1. Same model use the same color and the different markers 753 
in the same color represent the different runs in the same model. 754 
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