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Abstract	
  30	
  

 31	
  

The El Niño–La Niña asymmetry is evaluated in fourteen CMIP5 coupled models. 32	
  

The results show that an underestimate of ENSO asymmetry is a common problem in 33	
  

CMIP5 coupled models. The underestimate of the asymmetry also shows up in zonal 34	
  

wind stress, precipitation and subsurface temperature. The weaker SST warm anomalies 35	
  

and the westward shift of maximum center over the eastern Pacific are the main 36	
  

contributors to the weaker ENSO asymmetry in coupled models. Generally, SST 37	
  

anomalies for the La Niña phase are realistically simulated in CMIP5 coupled models. 38	
  

 SST-forced AMIP runs are analyzed to understand the cause for the underestimate of 39	
  

ENSO asymmetry in coupled models from the atmospheric origin. We found that during 40	
  

the warm phase, precipitation anomalies are too weak over the eastern Pacific and 41	
  

westerly wind anomalies have less shift to the east in most models. The time-mean zonal 42	
  

winds are stronger over the equatorial central and eastern Pacific for most models. Wind-43	
  

forced ocean GCM experiments suggest that the stronger time-mean zonal winds and 44	
  

weaker asymmetry in the inter-annual anomalies of the zonal winds in AMIP models can 45	
  

both be a contributing factor to a weaker ENSO asymmetry in the corresponding coupled 46	
  

models, but the former appears to be a more fundamental factor, possibly through its 47	
  

impact on the mean state. The study suggests that the underestimate of ENSO asymmetry 48	
  

in the CMIP5 coupled models is at least in part of atmospheric origin.  49	
  

50	
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1.	
  	
   Introduction	
  51	
  

	
   The El Niño–Southern Oscillation (ENSO), which has widespread effects on the 52	
  

weather and climate globally (Ropelewski and Halpert 1987; Kiladis and Diaz 1989; 53	
  

Hoerling et al. 1997; Larkin and Harrison 2005; Zhang et al. 2011), is the dominant 54	
  

driver for interannual climate variability. On the interannual timescales, the tropical 55	
  

Pacific SST is fluctuating with positive anomalies during warm (El Niño) phase and 56	
  

negative anomalies during cold (La Niña) phase. The two phases of ENSO are not mirror 57	
  

images of each other and the magnitude of SST anomalies over the eastern equatorial 58	
  

Pacific is larger during warm phase compared to cold phase, causing a non-zero residual 59	
  

effect or a positive ENSO asymmetry (Burgers and Stephenson 1999). 60	
  

	
   The asymmetry between two phases of ENSO shows up in both the surface fields as 61	
  

well as in the subsurface fields (Rodgers et al. 2004; Schopf and Burgman 2006; Sun and 62	
  

Zhang 2006; Zhang et al. 2009). Causes for such an asymmetry are not yet clearly 63	
  

understood, but many studies suggest that it is likely a consequence of nonlinearity of the 64	
  

ocean dynamics (Jin et al. 2003; An and Jin 2004; Su et al. 2010). By the analysis of the 65	
  

heat budget of the ocean surface layer, Jin et al. (2003) and An and Jin (2004) found that 66	
  

the nonlinear vertical temperature advections are a major contributor to the ENSO 67	
  

amplitude asymmetry. However, based on the updated ocean assimilation products, Su et 68	
  

al. (2010) suggested that the nonlinear zonal and meridional ocean temperature 69	
  

advections are essential to cause the asymmetry in the far eastern Pacific, while the 70	
  

vertical nonlinear advection has the opposite effect. Another possible cause for the ENSO 71	
  

asymmetry is the asymmetric negative feedback due to the tropical ocean instability 72	
  

waves in the eastern Pacific that has a relatively stronger impact on the La Niña than El 73	
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Niño (Vialard et al. 2001). Kang and Kug (2002) argued that the relatively weak SST 74	
  

anomalies during La Niña compared to those of El Niño are associated with a westward 75	
  

shift of zonal wind stress anomalies, which is in turn attributed to the nonlinear 76	
  

dependence of deep convection on the SST as noted by Hoerling et al. (1997). These 77	
  

suggested major physics mechanisms responsible for the asymmetry between El Niño 78	
  

and La Niña are also described in a review study of An (2009). 79	
  

	
   El Niño–La Niña asymmetry is also linked to the time-mean effect of ENSO (Sun and 80	
  

Zhang 2006; Schopf and Burgman 2006; Sun 2010, Liang et al. 2012). By using a 81	
  

coupled model to conduct numerical experiments with and without ENSO, Sun and 82	
  

Zhang (2006) demonstrated that ENSO works as a basin-scale mixer to regulate the time-83	
  

mean thermal stratification in the upper-equatorial Pacific. Schopf and Burgman (2006) 84	
  

proposed a kinematic effect of oscillating a nonlinear temperature profile to account for 85	
  

the long-term mean state as the ENSO amplitude changes. Understanding the causes and 86	
  

consequences of ENSO asymmetry may hold the key to understand decadal variability in 87	
  

the tropics and beyond (Rodgers et al. 2004; Sun and Yu 2009; Liang et al. 2012). In 88	
  

order to fully capture the role of ENSO in the climate system, the climate models need to 89	
  

simulate well the asymmetry of ENSO. 90	
  

 The ENSO asymmetry in coupled models has been extensively examined in previous 91	
  

studies (Burgers and Stephenson 1999; Hannachi et al. 2003; An et al. 2005; van 92	
  

Oldenborgh et al. 2005; Zhang et al. 2009). Measured by the skewness (Burgers and 93	
  

Stephenson 1999; Hannachi et al. 2003) or the asymmetricity (variance-weighted 94	
  

skewness) (An et al. 2005) of SST anomalies in the Niño-3 region (90oW-150oW, 5oS-95	
  

5oN), most models are found to underestimate the observed positive ENSO asymmetry. 96	
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However, those studies only focus on the evaluation of ENSO asymmetry in the coupled 97	
  

models and barely attempt to understand the weaker ENSO asymmetry separate from the 98	
  

bias in the stand-alone atmosphere model. In the complex coupled system it is difficult to 99	
  

identify the causes for the bias in ENSO asymmetry due to the coupled ocean-atmosphere 100	
  

feedbacks involved. By analyzing previous NCAR coupled models (CCSM1, CCSM2, 101	
  

CCSM3 at T42, CCSM3 at T85, and CCSM3+NR) in conjunction with the corresponding 102	
  

Atmospheric Model Intercomparison Project (AMIP) runs, Zhang et al. (2009) showed 103	
  

that all the models underestimate the observed ENSO asymmetry, but CCSM3+NR with 104	
  

Neale and Richter convection scheme (Neale et al. 2008) has significant improvements 105	
  

over the earlier versions with Zhang and McFarlane convection scheme (Zhang and 106	
  

McFarlane 1995). Enhanced convection over the eastern Pacific during the warm phase 107	
  

of ENSO appears to be the cause for the improvement. Zhang et al. (2009) also noted a 108	
  

warmer SST climatology in CCSM3+NR in contrast to other versions. 109	
  

 The purpose of this study is to evaluate the ENSO asymmetry in CMIP5 coupled 110	
  

models including the surface and subsurface signatures by extending the analysis in 111	
  

previous NCAR models. We attempt to test the hypothesis developed from previous 112	
  

analysis of NCAR models (Zhang et al. 2009) against the results from CMIP5 models 113	
  

(Taylor et al. 2012). We will explore whether the underestimate of ENSO asymmetry 114	
  

remains a common problem in the state-of-art coupled model; whether the underestimate 115	
  

of ENSO asymmetry in CMIP5 models is related to the weaker convection over the 116	
  

eastern Pacific during warm phase; and whether the mean SST state is important to 117	
  

ENSO asymmetry. 118	
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 This paper is organized as follows. We introduce the observational and model data 119	
  

sets as well as the methodology of our analysis in section 2. We present the analysis of 120	
  

ENSO asymmetry in CMIP5 models in the coupled runs, and then the asymmetry in the 121	
  

corresponding AMIP runs. To understand the effect of bias in the atmospheric response 122	
  

on ENSO asymmetry in coupled models, the numerical experiments forced by AMIP 123	
  

winds are conducted in section 3. Conclusions and discussions are presented in the last 124	
  

section. 125	
  

 126	
  

2.	
   Data	
  and	
  Methods	
  127	
  

	
   The ENSO asymmetry in fourteen coupled ocean-atmosphere models from CMIP5 128	
  

control runs (piControl) has been evaluated in this investigation. Presented here are the 129	
  

results from the coupled models whose corresponding AMIP runs are available for the 130	
  

analysis. We will first assess the ENSO asymmetry in the SST and then look at the 131	
  

asymmetry in upper ocean temperature in the models. We further analyze the 132	
  

corresponding fields of precipitation and surface wind stress in the coupled runs to 133	
  

understand whether the bias in ENSO asymmetry is linked to the bias in precipitation and 134	
  

associated surface wind stress. The corresponding AMIP runs from CMIP5 models are 135	
  

also examined to understand whether the biases in precipitation and surface wind stress in 136	
  

coupled runs stem from the biases in stand-alone atmosphere models. 137	
  

 In addition to analyzing the asymmetry in the CMIP5 AMIP runs, we also use the 138	
  

NCAR Pacific basin model to perform the forced ocean experiments driven by CMIP5 139	
  

AMIP winds.  Our model is the one used by Sun (2003), Sun et al. (2004) and Sun and 140	
  

Zhang (2006). The model uses the NCAR Pacific basin model (Gent and Cane, 1989) as 141	
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its ocean component. The model calculates the upper ocean temperatures based on first 142	
  

principles and simulates well the observed characteristics of ENSO in both the forced and 143	
  

coupled modes (Sun 2003). We will compare the ENSO asymmetry in the runs forced by 144	
  

AMIP winds with that by observed winds to understand the effect of the bias in the 145	
  

atmospheric response on ENSO asymmetry in CMIP5 coupled models. 146	
  

 The observational data used for examining the model results are the same as those 147	
  

used by Zhang et al. (2009). The SST data from the Hadley Centre Sea Ice and SST 148	
  

(HadISST) dataset (Rayner et al. 2003) are used for evaluating the asymmetry in the SST 149	
  

field in the CMIP5 coupled models. The simple ocean data assimilation (SODA) set 150	
  

(Carton et al. 2000) is used for validating the upper-ocean temperature in the models. 151	
  

Precipitation data are obtained from the Climate Prediction Center (CPC) Merged 152	
  

Analysis of Precipitation (CMAP; Xie and Arkin 1997). The wind stress data are 153	
  

obtained from the simple ocean data assimilation (SODA) set (Carton and Giese 2008) in 154	
  

which the surface winds are a combination of ERA-40 and Quick Scatterometer 155	
  

(QuikSCAT) satellite observations.  156	
  

 We will use the skewness (Burgers and Stephenson 1999) of interannual variability of 157	
  

SST to quantify the ENSO asymmetry. We will also conduct the composites of El Niño 158	
  

and La Niña and then use the sum of the composite between two phases of ENSO to 159	
  

measure the asymmetry. The definition of the warm phase and cold phase of ENSO 160	
  

follows that of Zhang et al. (2009). The composite analysis will help to identify which 161	
  

phase of ENSO the bias in ENSO asymmetry mainly originates from.  162	
  

	
  163	
  

3.	
  	
   Results	
  164	
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a.	
   Asymmetry	
  in	
  the	
  coupled	
  models	
  165	
  

 A quantitative measure of the ENSO asymmetry in CMIP5 coupled models reveals 166	
  

that an underestimate of the ENSO asymmetry remains a common bias in our state-of-167	
  

the-art climate models. Figure 1 shows the skewness of Niño-3 SST anomalies from 168	
  

observations and the models, together with their variance. Measured by the variance of 169	
  

Niño-3 SST, ENSO in many models is as strong as in observations. But measured by the 170	
  

skewness of Niño-3 SST, all the coupled models that we have analyzed underestimate the 171	
  

observed positive ENSO asymmetry. This indicates that the observed SST anomalies in 172	
  

the eastern Pacific are skewed toward warm events, while those in coupled models have a 173	
  

more Gaussian-like distribution. In comparison, the NCAR CCSM4 model (Gent et al. 174	
  

2011; Deser et al. 2012) stands out as the best model in simulating the ENSO asymmetry, 175	
  

whose variability of ENSO is also comparable to observations. The HadGEM2-ES model, 176	
  

which also has a comparable ENSO variability to observations, is found to have the 177	
  

largest bias in reproducing the observed positive skewness, because it shows a strong 178	
  

negative skewness, contrary to observations. The results suggest that the stronger 179	
  

variability of ENSO (measured by variance) does not guarantee a stronger asymmetry 180	
  

(measured by skewness) in CMIP5 coupled models. 181	
  

 Figure 2 shows the sum of the SST anomalies between the warm and cold phases of 182	
  

ENSO from observations and coupled runs from CMIP5. This sum has also been called 183	
  

SST anomaly residual and is a common measure of the ENSO asymmetry in the SST 184	
  

field. The SST anomaly residual results are similar to the skewness map of SST 185	
  

anomalies (not shown). All the CMIP5 models evaluated underestimate the observed 186	
  

positive SST residual and, therefore, the asymmetry over the eastern Pacific, consistent 187	
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with the results of skewness. There is an obvious negative SST residual over the eastern 188	
  

Pacific in HadGEM2-ES model, in agreement with a considerable negative skewness of 189	
  

Niño-3 SST anomalies in this model (Figure 1). Generally, CCSM4 model has a better 190	
  

simulation of the positive SST residual in the eastern Pacific than other models, which is 191	
  

also confirmed by the skewness results noted earlier. Despite the fact that all the models 192	
  

underestimate the positive SST residual over the eastern Pacific, the overestimate of the 193	
  

negative SST residual in the western Pacific is evident in many models (e.g. GISS-E2-R, 194	
  

MIROC5, CSIRO-MK3-6-0, CCSM4). 195	
  

 As already noted in the analysis of the previous NCAR models and consistent with 196	
  

earlier understanding of ENSO dynamics, the asymmetry in the subsurface temperature is 197	
  

more profound than in the surface  (Zhang et al. 2009). To obtain more information about 198	
  

the cause for the bias in simulated ENSO asymmetry, we look at the asymmetry of the 199	
  

subsurface signal. Figure 3 shows the sum of the equatorial upper-ocean temperature 200	
  

anomalies between the warm and cold phases of ENSO from observations and coupled 201	
  

runs from CMIP5 models. The observed subsurface temperature shows a positive 202	
  

asymmetry of about 1°C around 75-m depth over the eastern Pacific and a negative 203	
  

asymmetry of about -0.4°C around 150-m depth over the western Pacific. All the models 204	
  

underestimate the positive asymmetry in the subsurface temperature over the eastern 205	
  

Pacific. In contrast to the asymmetry in SST, the underestimate of the positive asymmetry 206	
  

in the subsurface temperature is more profound over the eastern Pacific (note the 207	
  

different scale in Figure 2 and Figure 3). Most models also have a weaker negative 208	
  

asymmetry in the subsurface over the western Pacific. Despite the comparable magnitude 209	
  

to observations, the negative asymmetry over the western Pacific extends too far to the 210	
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east in some models (CNRM-CM5, FGOALS-g2, CCSM4). There is a good match 211	
  

between SST and subsurface temperature for the negative asymmetry in HadGEM2-ES 212	
  

over the eastern Pacific (Figure 3 and Figure 2). Consistent with the stronger positive 213	
  

SST residual over the eastern Pacific, CCSM4 also has a stronger positive residual in the 214	
  

subsurface. Again, the bias in SST asymmetry appears to be linked to the bias in the 215	
  

asymmetry of the subsurface temperature, as noted in Zhang et al. (2009). 216	
  

 To explore which phase of ENSO is the major source for the weaker residual in the 217	
  

SST and the subsurface in CMIP5 models, we investigate the spatial distribution of 218	
  

composite anomalies during two phases of ENSO. Figure 4 gives the spatial pattern of 219	
  

composite SST anomalies during the warm phase of ENSO. Observations show that the 220	
  

stronger positive SST anomalies associated with warm events are located over the South 221	
  

American coast and the maximum value can reach about 1.6°C. Most models have a 222	
  

weaker SST warm anomaly over the eastern Pacific, and the underestimate of the warm 223	
  

SST anomaly is more serious in the coastal regions (100°W-80°W). The simulated 224	
  

maximum center is found to shift westward in many models. These biases contribute to 225	
  

the weak SST residual in the models (Figure 2). The observed maximum center around 226	
  

110°W is well captured in CCSM4 model that has an enhanced warm anomaly over the 227	
  

coastal regions which contributes to the increase in SST residual (Figure 2).  228	
  

 The bias in the warm anomalies also shows up in the subsurface (Figure 5). 229	
  

Consistent with the bias in the SST warm anomalies, most models have a weaker 230	
  

subsurface warm anomaly over the eastern Pacific and the simulated maximum center is 231	
  

shifted westward. The better simulation of SST warm anomalies in CCSM4 model is 232	
  

apparently associated with the improvement in the simulation of warm anomalies of 233	
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subsurface temperature. Over the western Pacific, the underestimate of the negative 234	
  

anomalies in the subsurface is also evident in many models. The negative anomalies in 235	
  

the subsurface over the western Pacific in NorESM1-M model are much stronger and 236	
  

extend too far to the east during the warm phase, causing a more stronger and eastward 237	
  

extended negative asymmetry in this model (Figure 3).  238	
  

 To better understand the cause for the underestimate of the skewness in CMIP5 239	
  

coupled models, the probability distribution function (PDF) pattern of Niño-3 SST 240	
  

anomalies from observations and CMIP5 coupled models is displayed in Figure 6. The 241	
  

observed maximum positive anomalies are about 3.5°C but the maximum negative 242	
  

anomalies are about -2°C, in agreement with the observed positive skewness (Figure 1). 243	
  

With the exception of CCSM4 model, all the CMIP5 models underestimate the observed 244	
  

warm anomalies and the maximum bias in the underestimate is close to 2°C. Compared 245	
  

to observations, the models do not bias toward the same direction for the cold anomalies 246	
  

and the bias during the cold phase is relatively small (about 0.5~1°C). The ensemble 247	
  

mean results indicate that the underestimate of the warm anomalies is the major cause for 248	
  

the weaker ENSO asymmetry in CMIP5 coupled models. 249	
  

 Figure 7 further shows the sum between the warm composite anomalies and cold 250	
  

composite anomalies in precipitation (shaded) and zonal wind stress (contours) from 251	
  

observations and coupled models. The observed precipitation is characterized by a strong 252	
  

positive asymmetry in the central and eastern Pacific and a strong negative asymmetry in 253	
  

the western Pacific, resulting from the westward shift during the cold phase compared to 254	
  

the warm phase (Zhang et al. 2009). The underestimate of the positive precipitation 255	
  

asymmetry over the central and eastern Pacific is prominent in the models. Consistent 256	
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with the weak asymmetry in the precipitation, the asymmetry in zonal wind stress is also 257	
  

weak in the coupled models, which is expected from the weak asymmetry in the 258	
  

subsurface temperature noted earlier. The bias in zonal wind stress revealed in the 259	
  

previous CMIP3 models is also found to be responsible for the weaker SST skewness in 260	
  

CMIP3 models. Van Oldenborgh et al. (2005) suggested that the weaker response in 261	
  

zonal wind stress over the central and eastern Pacific in most models explains the general 262	
  

lower thermocline variability than observed and will also suppress the nonlinear aspects 263	
  

of ENSO in the ocean in CMIP3 coupled models.  264	
  

b.	
   Asymmetry	
  in	
  the	
  AMIP	
  runs	
  265	
  

 To understand whether the weaker asymmetry in precipitation and wind stress in 266	
  

CMIP5 coupled models is a consequence of the corresponding SST fields or the cause of 267	
  

the latter, we perform the composite analysis from the corresponding AMIP runs of 268	
  

CMIP5 models that are forced by the observed SST boundary conditions. The AMIP runs 269	
  

involve subjecting the atmospheric component of CMIP5 coupled models to the observed 270	
  

ENSO SST variability and thus specifying the full ENSO asymmetry. The specification 271	
  

of the observed ENSO conditions in the AGCMs greatly increases the asymmetry in 272	
  

tropical Pacific rainfall, especially over the central Pacific where the AMIP results are in 273	
  

much better agreement with observations than the results from coupled runs (Figure 8). 274	
  

However, most models have a weaker precipitation asymmetry over the eastern Pacific. 275	
  

The NCAR model, which has proved to be the best model in simulating the ENSO 276	
  

asymmetry, is found to have a comparable precipitation asymmetry in the eastern Pacific. 277	
  

This suggests that the realistic simulation of precipitation asymmetry in the eastern 278	
  

Pacific may be an important factor for a better simulation of ENSO asymmetry.  279	
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  Figure 9 shows a quantitative measure of the precipitation asymmetry over the eastern 280	
  

Pacific. The top panel is results from the coupled runs and the bottom panel is those from 281	
  

the corresponding AMIP runs. All the coupled models have a weaker precipitation 282	
  

asymmetry over the eastern Pacific. By comparison, the CCSM4 coupled model has the 283	
  

largest value of precipitation asymmetry. The increase in precipitation asymmetry from 284	
  

coupled runs to AMIP runs is also evident over the eastern Pacific. We also note that nine 285	
  

of fourteen AMIP models have a weaker precipitation asymmetry over the eastern Pacific 286	
  

even driven by the observed SST forcing. Two AMIP models (NorESM1-M and MRI-287	
  

CGCM3) have a comparable precipitation asymmetry to the observed and the other three 288	
  

AMIP models (GISS-E2-R, CCSM4, and bcc-csm1-1) have a slightly larger precipitation 289	
  

asymmetry. The error of the weaker asymmetry in precipitation is apparently amplified in 290	
  

coupled runs as the coupled runs are found to have a much weaker precipitation 291	
  

asymmetry than their corresponding AMIP runs. There is a positive correlation (0.58) for 292	
  

the precipitation asymmetry averaged over the eastern Pacific between fourteen AMIP 293	
  

runs and coupled runs. The weak precipitation asymmetry over the eastern Pacific is 294	
  

mainly due to the bias in the warm phase (Figure 10). Nine of fourteen AMIP models 295	
  

have a weaker precipitation warm anomaly over the eastern Pacific. The precipitation 296	
  

warm anomaly is well captured in three models (HadGEM2-ES, MRI-CGCM3, and bcc-297	
  

csm1-1) and somewhat overestimated in the other two models (GISS-E2-R, and CCSM4). 298	
  

Again, the corresponding coupled models have a much weaker precipitation warm 299	
  

anomaly and all the coupled models underestimate the observed precipitation warm 300	
  

anomaly. This seems to indicate that the insufficient precipitation response to El Niño 301	
  

warming over the eastern Pacific is an intrinsic error of the majority of the atmospheric 302	
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models. 303	
  

	
   Figure 11 further shows the spatial pattern during the warm phase for observations, 304	
  

the ensemble mean AMIP runs, and the differences between them. The left panel shows 305	
  

the precipitation and the right one the zonal wind stress. Consistent with the results 306	
  

shown in Figure 10 bottom, there is a weaker precipitation response over the eastern 307	
  

Pacific in the AMIP runs. Note that the precipitation warm anomalies in the AMIP runs 308	
  

are somewhat stronger over the central Pacific, and this positive bias is also reflected in 309	
  

the precipitation residual (Figure 8), further confirming that the bias in the warm phase of 310	
  

ENSO is the major source for the bias in ENSO asymmetry. In contrast to observations, 311	
  

the precipitation response shows a less eastward extension (indicated by shaded values) 312	
  

in the AMIP runs during the warm phase. Linked to the precipitation response, the 313	
  

westerly wind (positive) anomaly is positioned too far to the west and shifts westward by 314	
  

about 10o (indicated by green lines shown on Figure 11 right panel, top two). Similar to 315	
  

the precipitation difference, there is an obvious negative (weaker westerly wind) anomaly 316	
  

over the eastern Pacific and a positive (stronger westerly wind) anomaly over the central 317	
  

Pacific (Figure 11 right panel, bottom). The westward shift of the zonal wind stress warm 318	
  

anomalies in the AMIP runs may contribute to the weaker warm anomaly of subsurface 319	
  

temperature in most coupled models during the warm phase (Kang and Kug 2002).  320	
  

 The CMIP5 AMIP runs are found to have biases in the mean zonal winds over the 321	
  

equatorial central and eastern Pacific and in the asymmetry in the central Pacific wind 322	
  

variability (Figure 12). Eleven of fourteen models have a stronger mean zonal wind in 323	
  

AMIP runs, and the other three models (HadGEM2-ES, CCSM4 and CSIRO-MK3-6-0) 324	
  

have a comparable mean wind to the observed. Ten of fourteen models underestimate the 325	
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observed positive skewness of central Pacific zonal winds in AMIP runs. Models CNRM-326	
  

CM5 and bcc-csm1-1 have a better simulation of the observed wind skewness, while 327	
  

models IPSL-CM5A-LR and MPI-ESM-LR have a stronger skewness in the zonal wind 328	
  

stress and the mean winds are also much stronger in these two models, especially in the 329	
  

latter. Generally, the ensemble mean results show that the AMIP runs have a stronger 330	
  

mean winds and a weaker skewness in the zonal winds. 331	
  

 The spatial map of time mean zonal wind stress shows that there is a stronger mean 332	
  

wind in the model over most regions of the equatorial Pacific (Figure 13). The bias in the 333	
  

mean wind (negative values) is more significant in the coastal regions (110oW-90oW, 0-334	
  

10oN), where the mean precipitation is also much underestimated in the AMIP run. The 335	
  

stronger tropical winds are accompanied with excessive precipitation over much of the 336	
  

tropics, especially over the regions off the equator. The similar biases in winds and 337	
  

precipitation were also found in the previous CMIP3 AMIP runs (Lin 2007). There is a 338	
  

clear east-west asymmetry in the precipitation bias and the resulting excessive zonal 339	
  

latent heating gradient associated with zonal precipitation gradient may drive the stronger 340	
  

winds in the model (Lin 2007). The biases in the surface winds from AMIP runs play a 341	
  

role in the ENSO asymmetry, which will be shown by the following numerical 342	
  

experiments. 343	
  

c.	
  	
   Numerical	
  experiments	
  	
  344	
  

	
   To understand the biases of model winds associated with convection in AMIP runs on 345	
  

the ENSO asymmetry in CMIP5 coupled models, we use the NCAR Pacific basin model 346	
  

(Sun 2003; Sun et al. 2004; Sun and Zhang 2006) to perform numerical experiments. We 347	
  

conduct the forced ocean model experiments with the use of ensemble mean AMIP winds 348	
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from fourteen CMIP5 models and compare the results with those from the forced ocean 349	
  

runs driven by the observed wind stress. Four groups of numerical experiments combined 350	
  

with different climatology and interannual anomalies of winds in observations and 351	
  

ensemble mean AMIP runs of CMIP5 models are listed in Table 1. We first perform the 352	
  

forced ocean experiments with both climatology winds and interannual anomalies of 353	
  

winds from observations (Experiment I). To understand the role of climatology winds in 354	
  

the models, we then replace the observed climatology winds by the modeled climatology 355	
  

winds but keep the observed interannual anomalies of winds unchanged in the forced 356	
  

experiments (Experiment II). Next, we use the actual AMIP model winds that include the 357	
  

simulated climatology and interannual anomalies to drive the ocean model, which will 358	
  

further explore the role of modeled interannual anomalies in the surface winds on ENSO 359	
  

asymmetry (Experiment III). Finally, to explore the role of observed climatology winds, 360	
  

we replace the modeled climatology winds with the observed climatology winds but keep 361	
  

the modeled interannual anomalies of winds to drive the ocean (Experiment IV). These 362	
  

experiments are designed to probe the relative role of the bias in climatology winds and 363	
  

interannual variability of winds in AMIP runs in causing the underestimate of ENSO 364	
  

asymmetry in CMIP5 coupled runs. 365	
  

	
   Table 1 shows the standard deviation and skewness of the interannual variability in 366	
  

Niño-3 SST from four forced ocean runs.	
  Driven by observed winds (Experiment I), the 367	
  

model can well reproduce the observed skewness value of Niño-3 SST anomalies. The 368	
  

skewness value of 1.16 in Experiment I is very close to the observed skewness value of 369	
  

1.05 over the same 30-year period.	
  The results in the table show that the skewness from 370	
  

the run forced by full model winds (0.70 in Experiment III) is about 40% weaker than 371	
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that from the run by the observed winds (1.16 in Experiment I) accompanied by a 372	
  

weakened variability. By comparing the results from two cases that use the same 373	
  

observed wind anomaly but different wind climatology (Experiment I and Experiment II), 374	
  

we find the bias in the modeled wind climatology is partially (~50%) responsible for the 375	
  

reduction in the ENSO asymmetry. The use of simulated wind interannual anomalies will 376	
  

further reduce the ENSO asymmetry, as the skewness in the run with full model winds is 377	
  

the smallest (Experiment III). Interestingly, we note that the skewness in the case with 378	
  

observed wind climatology but keeping simulated wind interannual anomalies 379	
  

(Experiment IV) is comparable to that in the run by the observed full winds (Experiment 380	
  

I), although the variability remains weak. The results from Experiments III and IV 381	
  

indicate that the improvement in mean winds play a dominant role in improving the 382	
  

simulation of ENSO asymmetry.	
  383	
  

 To further explore the cause for the difference in the skewness in the runs listed in 384	
  

Table 1, the probability distribution function (PDF) pattern of Niño-3 SST anomalies 385	
  

from four forced ocean experiments is shown in Figure 14. Consistent with the results in 386	
  

Table 1, the Niño-3 SST anomalies in the run driven by observed winds (black line) show 387	
  

a stronger positive skewness. The maximum positive anomaly can reach 3°C and the 388	
  

maximum negative anomaly is limited to about -1.6 °C. When the climatology winds 389	
  

from models are used to replace the observed wind climatology, the stronger warm 390	
  

anomalies (2°C~3°C) start to decrease while there is an increase in the warm anomalies 391	
  

of 1.6°C ~ 2°C (blue line). The increase in the cold anomalies of -1.25°C ~ -0.75°C 392	
  

contributes to a slightly weaker skewness in the run forced by modeled wind climatology 393	
  

and observed wind interannual anomaly (Experiment II). The underestimate of the warm 394	
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anomalies is more serious in the run with both modeled wind climatology and modeled 395	
  

wind interannual anomaly (green line), in agreement with the smallest skewness listed in 396	
  

Table 1. This also suggests that the biases in both climatology and interannual anomaly 397	
  

of AMIP model winds account for the weaker ENSO asymmetry in CMIP5 models.  398	
  

Comparing the results from Experiments III and IV, we find that replacing modeled wind 399	
  

climatology with observed wind climatology causes an overall increase in the stronger 400	
  

warm anomalies (2°C~3°C) and a decrease of the maximum negative anomaly from -2°C 401	
  

to -1.6°C, which is responsible for the increase in skewness (red line). 402	
  

 The residual pattern of SST shows that there is a progressive decrease in the positive 403	
  

SST residual over the Niño-3 region from Experiment I to Experiment III (Figure 15) 404	
  

consistent with the skewness value shown in Table 1. The decrease in the positive SST 405	
  

residual is more obvious in Experiment III when full model winds are used. There is also 406	
  

a gradual westward shift in the positive SST residual, and the westward shift is also 407	
  

visible in the subsurface. The positive SST residual over the Niño-3 region is greatly 408	
  

increased from Experiment III to Experiment IV when observed mean winds are used to 409	
  

replace the modeled mean winds, although there is a lack of evident positive SST residual 410	
  

over the coast regions (100°W-80°W) in these two cases. Thus compared to observed 411	
  

wind anomalies, the wind anomalies in models can reduce the positive SST residual over 412	
  

the coast regions. 413	
  

 Figure 16 shows the spatial map of the composite anomalies of SST (left panel) and 414	
  

the equatorial upper ocean temperature (right panel) during the warm phase of ENSO 415	
  

from four forced ocean experiments. The NCAR Pacific basin model used in this study 416	
  

reproduces the pattern of observed SST warm anomalies (Figure 4). The simulated 417	
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stronger SST warm anomalies in the run forced by observed winds (top left) are located 418	
  

over the South American coast. The bias in the modeled wind climatology causes a slight 419	
  

westward shift of stronger SST warm anomaly but does not reduce the magnitude 420	
  

(second row left). Accompanied with a weaker subsurface temperature warm anomaly 421	
  

(third row right), the westward shift of SST warm anomaly is more evident and the 422	
  

magnitude of SST warm anomaly becomes weaker if the bias in the interannual anomaly 423	
  

of modeled winds is also involved (third row left). The features of SST and subsurface 424	
  

temperature warm anomalies in the run forced by full model winds also exist in CMIP5 425	
  

coupled models (Figure 4 and Figure 5). The comparison between Experiments III and IV 426	
  

shows that changing mean winds from models to observations alone can increase SST 427	
  

warm anomalies. Due to the use of the same model wind anomalies, the westward shift of 428	
  

SST warm anomaly is still evident in Experiment IV. This is consistent with the lack of 429	
  

positive SST residual over the coast regions noted earlier (Figure 15). 430	
  

 During the cold phase of ENSO (Figure 17), bias in the modeled wind climatology 431	
  

somewhat increases the magnitude of cold SST anomalies over the Niño-3 region and 432	
  

thus reduces the SST skewness. The increase in cold SST anomaly magnitude is linked to 433	
  

the stronger cold subsurface temperature (second row). Interestingly, the inclusion of 434	
  

wind anomalies from models is found to significantly reduce the magnitude of SST warm 435	
  

anomalies, but does not deteriorate the bias in cold SST anomalies (third row). Instead, 436	
  

the cold SST anomalies and subsurface temperature anomalies are comparable to those in 437	
  

the run forced by observed full winds. This also supports the previous analysis that the 438	
  

underestimate of the SST skewness in CMIP5 models is mostly due to bias in the warm 439	
  

phase. The Experiment IV results show that the observed mean winds can reduce the cold 440	
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SST anomalies, favoring an increase of SST skewness. Among the four runs, Experiment 441	
  

IV has a more confined cold SST anomaly within the equatorial Pacific, while the other 442	
  

three runs show a more meridional	
   extension	
   of	
   the	
   cold	
   SST	
   anomalies, especially 443	
  

over the southern equatorial Pacific. The weakened cold SST anomalies over the Niño-3 444	
  

region in Experiment IV is linked to the reduction in cold subsurface temperature 445	
  

anomalies. 446	
  

 Figure 18 shows the time-mean SST difference and the equatorial upper ocean 447	
  

temperature difference of Experiments II, III, IV from Experiment I. Compared to 448	
  

Experiment I, there is a stronger cold SST over the cold-tongue regions in Experiments II 449	
  

and III, in which the observed mean winds are replaced with mean winds from models. 450	
  

The subsurface temperature is also colder in these two cases that have a weaker SST 451	
  

skewness. By comparison, the SST and subsurface temperature in Experiment IV are 452	
  

comparable to those in Experiment I, since these cases use the same observed mean 453	
  

winds. 454	
  

 Note that different from Experiment I, Experiment IV uses the interannual anomalies 455	
  

of winds from models but still has a comparable SST skewness to the observed. This 456	
  

suggests that the mean SST state induced by mean winds is fundamentally important to 457	
  

the simulation of ENSO asymmetry, and the bias in wind variability is secondary. 458	
  

 In general, the effect of the bias in interannual anomalies of modeled winds on ENSO 459	
  

asymmetry is mainly attributed to wind bias in the warm phase—a westward shift of the 460	
  

zonal wind stress warm anomalies in the AMIP runs, linked to the insufficient 461	
  

precipitation response over the eastern Pacific during the warm phase (Figure 11). These 462	
  

numerical experiments demonstrate that when there is a colder mean SST state due to the 463	
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stronger mean winds in models, the biases in interannual anomalies of winds from AMIP 464	
  

runs can weaken ENSO asymmetry by shifting SST warm anomalies westward and 465	
  

reducing their magnitude. When there is a warmer mean SST state, or the model mean 466	
  

winds are the same as observations, the ENSO asymmetry can be as large as that in the 467	
  

run with observed full winds, and the contribution to ENSO asymmetry from the bias in 468	
  

wind interannual variability is small. 469	
  

 470	
  

4.	
  Summary	
  471	
  

 In this study, we evaluated the fidelity of CMIP5 coupled models in simulating the 472	
  

ENSO asymmetry by extending the analysis in the previous NCAR models (Zhang et al. 473	
  

2009). Furthermore, causes for bias in ENSO asymmetry in CMIP5 coupled models are 474	
  

explored by analyzing the corresponding AMIP runs of CMIP5 coupled models and by 475	
  

conducting forced ocean GCM experiments with the winds from CMIP5 AMIP runs 476	
  

 Previous analysis of CMIP3 coupled models noted that, different from observations, 477	
  

most coupled models have a near zero SST skewness in the tropical Pacific and a linear 478	
  

ENSO (van Oldenborgh et al. 2005; Sun et al. 2013). The present findings show that the 479	
  

underestimate of observed positive ENSO asymmetry measured by skewness is still a 480	
  

common problem in CMIP5 coupled models, although many models have comparable 481	
  

variance in Niño-3 SST with respect to observations. When the asymmetry is measured 482	
  

by the SST residual between the two phases of ENSO, all the models are also found to 483	
  

have a weaker ENSO asymmetry than observations. The underestimate of the asymmetry 484	
  

in the subsurface temperature is more profound than that in the SST field in the CMIP5 485	
  

coupled models. The underestimate of the asymmetry in the subsurface signature is 486	
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consistent with the weaker asymmetry in the zonal wind stress, which is associated with 487	
  

the weaker asymmetry in the precipitation. The composite analysis indicates that the bias 488	
  

during the warm phase of ENSO is the major contributor to the weaker asymmetry of 489	
  

ENSO in CMIP5 coupled models. The SST warm anomalies over the far eastern Pacific 490	
  

are found to be weaker in the coupled models than in observations and the simulated 491	
  

maximum warm SST center over the eastern Pacific shifts westward. Examining the 492	
  

subsurface temperature warm anomalies reveals the same bias⎯most models have a 493	
  

weaker subsurface temperature warm anomaly over the eastern Pacific and the maximum 494	
  

center shifts westward. The underestimate of the negative anomaly in the subsurface over 495	
  

the western Pacific is also evident in many coupled models. 496	
  

 The asymmetry in the precipitation and zonal wind stress from the corresponding 497	
  

AMIP runs are first analyzed to understand the causes for the weaker ENSO asymmetry 498	
  

in CMIP5 coupled models. We found that mainly due to the weaker precipitation 499	
  

response to El Niño warming, most models have a weaker precipitation asymmetry over 500	
  

the eastern Pacific even driven by the observed SST forcing. This bias is further 501	
  

amplified in the coupled models that have a much weaker precipitation asymmetry over 502	
  

the eastern Pacific. During the warm phase, the weaker precipitation response over the 503	
  

eastern Pacific is accompanied by a stronger precipitation response over the central 504	
  

Pacific and linked to a westward shift of convection in the AMIP runs along with a clear 505	
  

westward shift of westerly wind anomaly. Compared to observations, the westward shift 506	
  

of zonal wind stress during the warm phase in the AMIP runs may play a role in the 507	
  

weaker subsurface temperature warm anomalies in the coupled models (Kang and Kug 508	
  

2002). Using two different coupled models to examine the sensitivity of ENSO amplitude 509	
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to the convection scheme parameters, Watanabe et al. (2011) and Kim et al. (2011) 510	
  

showed that the parameter change in the cumulus parameterization shifts the position of 511	
  

the precipitation anomalies and the zonal wind stress also shifts accordingly. The 512	
  

increased eastern Pacific precipitation tends to shift the wind stress anomalies to the east. 513	
  

Closer to the eastern Pacific, the wind stress forcing more effectively deepens the 514	
  

thermocline over the eastern Pacific. Watanabe et al. (2011) also demonstrated that the 515	
  

subsurface temperature anomalies over the eastern Pacific are much stronger when the 516	
  

zonal wind stress shifts to the east. This is consistent with what we see from the CCSM4 517	
  

model. The NCAR model, identified as the best model in simulating ENSO asymmetry, 518	
  

has a realistic simulation of subsurface temperature warm anomalies associated with 519	
  

sufficient precipitation response over the eastern Pacific in the AMIP run. An enhanced 520	
  

precipitation response over the eastern Pacific during the warm phase is essential to the 521	
  

improvement in the simulation of ENSO asymmetry in CMIP5 models, consistent with 522	
  

the previous findings of Zhang et al. (2009).  523	
  

 We also find that AMIP runs have biases in both the time-mean zonal winds over the 524	
  

equatorial central and eastern Pacific, and the asymmetry in the central Pacific wind 525	
  

variability. Most models have a stronger mean zonal wind and underestimate the 526	
  

observed positive skewness of zonal winds. The bias in the mean zonal winds is more 527	
  

prominent in the coastal regions over the eastern Pacific and the southern equatorial 528	
  

Pacific, where the bias in mean precipitation is also evident in the AMIP runs. The mean 529	
  

precipitation bias shows an east-west asymmetry. The latent heating asymmetry 530	
  

associated with the stronger zonal precipitation gradient may generate the stronger zonal 531	
  

pressure gradient force which then enhances the trade winds in the model (Lin 2007). 532	
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 To understand the effect of the bias in the mean and interannual variability of winds 533	
  

on ENSO asymmetry, forced ocean model experiments with the use of AMIP winds are 534	
  

performed. These results are compared to those from the experiments forced by observed 535	
  

winds. The numerical experiments show that when there is a colder mean SST state due 536	
  

to the stronger mean winds in models, the biases in interannual anomalies of winds from 537	
  

AMIP runs can weaken ENSO asymmetry by shifting SST warm anomalies westward 538	
  

and reducing the magnitude. This is consistent with what we have seen in CMIP5 539	
  

coupled models. The results from the run with full model winds confirm that the bias in 540	
  

the SST anomalies during the warm phase is found to be the major cause for the 541	
  

reduction in ENSO asymmetry. We note that with a warmer mean SST state, or when the 542	
  

mean winds in models are the same as observations, the contribution to ENSO 543	
  

asymmetry from wind interannual variability bias is negligible. Also ENSO asymmetry is 544	
  

significantly increased mainly due to the increase of SST warm anomalies. The results 545	
  

are consistent with those from an analytical model that the amplitude of warm events 546	
  

increases with enhanced radiative heating (Liang et al. 2012). This may also be useful to 547	
  

explain why coupled models tend to have a weaker ENSO asymmetry, given that the 548	
  

excessive cold tongue is still the problem in coupled models (Sun et al. 2006). These 549	
  

findings highlight the importance of a warmer mean SST state to ENSO asymmetry. It 550	
  

suggests that improving the mean winds in the atmosphere model is a key step to better 551	
  

simulate the ENSO asymmetry in CMIP5 models.  552	
  

 It should be noted that we fully consider the momentum forcing (both zonal and 553	
  

meridional components) from AMIP model winds in the experimental design as an 554	
  

attempt to reveal the role of the bias in model winds more realistically. We have also 555	
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performed additional ocean model experiments in which only zonal wind stress biases are 556	
  

considered. The results are found to be similar, suggesting a minor role of the biases in 557	
  

meridional wind stress. The meridional wind stress anomalies are not important in ENSO 558	
  

because they can not efficiently excite the oceanic Kelvin wave, one of the key dynamic 559	
  

processes in ENSO events (McCreary 1976; Zhang and McPhaden 2006). Using a high-560	
  

resolution Ocean General Circulation Model (OGCM) to examine the role of meridional 561	
  

wind stress anomalies in ENSO simulations, Zhu et al. (2007) shows that changes in the 562	
  

direction and magnitude of meridional wind stress anomalies have little influence on 563	
  

ENSO simulations until the anomalies are unrealistically enlarged by a factor of 5. 564	
  

 It is thus reasonable to argue that the weaker ENSO asymmetry in CMIP5 coupled 565	
  

models may be linked to the bias in the winds, especially the time-mean winds over the 566	
  

tropical Pacific in the stand-alone atmosphere model. The biases in surface winds in the 567	
  

stand-alone atmosphere model will lead to an initial weaker ENSO asymmetry in the 568	
  

ocean model. The initial bias of a weaker ENSO asymmetry can be amplified in coupled 569	
  

models through the feedbacks between precipitation, surface wind stress, subsurface 570	
  

signatures and SST, resulting in a much weaker ENSO asymmetry as noted in CMIP5 571	
  

coupled models. The role of a possible deficient response from the ocean models to a 572	
  

fixed wind forcing in causing the general underestimate of ENSO asymmetry is not 573	
  

considered in the present study, because the forced CMIP5 ocean models runs with 574	
  

observed wind stress were not available for analysis. A further investigation on the role 575	
  

of ocean dynamics in CMIP5 models is needed to better understand the causes of the bias 576	
  

in the simulated ENSO asymmetry. 577	
  

578	
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Table	
  and	
  Figure	
  Captions	
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Table 1: Standard deviation and skewness of the interannual variability in Niño-3 SST 698	
  

from four forced ocean model experiments. The mean as well as the anomaly part of the 699	
  

surface winds used in these experiments are listed. The length of observed wind data used 700	
  

in the forced runs is 30-year for SODA wind stress (1979–2008). The length of simulated 701	
  

wind data used is 27-year for CAM4 (1979-2005) and 30-year for other models (1979-702	
  

2008). 703	
  

 704	
  

Figure 1: Standard deviation (upper) and skewness (bottom) of the interannual variability 705	
  

in Niño-3 SST from observations and CMIP5 coupled models. The length of data used in 706	
  

the calculation is 50 years for all the models and observations (1950-99). 707	
  

 708	
  

 Figure 2: The sum of the composite SST anomalies between the two phases of ENSO 709	
  

from observations and CMIP5 coupled models. Following the study of Zhang et al. 710	
  

(2009), the positive (negative) anomalies of Niño-3 SST with a value greater than 0.5°C 711	
  

(−0.5°C) are selected to construct composites of warm (cold) events. Same data used as 712	
  

for Figure 1. 713	
  

 714	
  

Figure 3: The sum of the composite equatorial (5oS-5oN) upper ocean temperature 715	
  

anomalies between the two phases of ENSO from observations and CMIP5 coupled 716	
  

models. The length of data used in the calculation is 50 years for all the models and 717	
  

SODA data (1950-1999). 718	
  

  719	
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Figure 4: Composite SST anomalies for the warm phase of ENSO from observations and 720	
  

coupled models. 721	
  

 722	
  

Figure 5: Composite anomalies of equatorial (5oS-5oN) upper ocean temperature for the 723	
  

warm phase of ENSO from observations and coupled models. 724	
  

 725	
  

Figure 6: Probability distribution function (PDF) of monthly-mean Niño-3 SST 726	
  

anomalies from observations and CMIP5 coupled models. The ensemble mean of the 727	
  

results from fourteen coupled models is also included in the figure. A bin width of 0.2°C 728	
  

is used in the calculation. Same data used as for Figure 1. 729	
  

 730	
  

Figure 7: The sum of the composite anomalies for the two phases of ENSO for 731	
  

precipitation (shaded) and zonal wind stress (contours) from observations and CMIP5 732	
  

coupled models. The length of data used in the calculation is 50 years for all the models, 733	
  

30 years for CMAP precipitation (1979–2008), and 50 years for SODA zonal wind stress 734	
  

(1959–2008). 735	
  

 736	
  

Figure 8: The sum of the composite precipitation anomalies between the two phases of 737	
  

ENSO from observations and the corresponding AMIP runs of CMIP5 coupled models. 738	
  

The length of data used in the calculation is 30 years for CMAP precipitation (1979–739	
  

2008), 27 years for CAM4 (1979-2005) and 30 years for the other models (1979-2008). 740	
  

 741	
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Figure 9: The sum of the composite precipitation anomalies of the two phases of ENSO 742	
  

averaged over the eastern Pacific (120°W-70°W, 10°S-10°N) from CMIP5 coupled 743	
  

models (top panel) and the corresponding AMIP runs (bottom panel). The corresponding 744	
  

observational value is also included in the figures. The length of data used in the 745	
  

calculation is 30 years for CMAP precipitation (1979–2008), and 50 years for all the 746	
  

coupled models. The length of data used for AMIP runs is the same as for Figure 8. 747	
  

 748	
  

Figure 10: Composite precipitation anomalies for the warm phase of ENSO averaged 749	
  

over the eastern Pacific (120°W-70°W, 10°S-10°N) from CMIP5 coupled models (top 750	
  

panel) and the corresponding AMIP runs (bottom panel). 751	
  

 752	
  

Figure 11: The warm phase precipitation anomalies (left panel) and zonal wind stress 753	
  

anomalies (right panel) from observations, the ensemble mean of the model results, and 754	
  

their differences. Green lines indicate the positions that the equatorial westerly wind 755	
  

anomaly can reach. Fourteen CMIP5 AMIP runs during the warm phase are used in 756	
  

calculating the ensemble mean. The length of observational data used in the calculation is 757	
  

30 years for CMAP precipitation and SODA zonal wind stress (1979–2008). The length 758	
  

of data used for AMIP runs is the same as for Figure 8. 759	
  

 760	
  

Figure 12: The time-mean zonal wind stress (top) over the equatorial central and eastern 761	
  

Pacific (170°E-70°W, 5°S-5°N) and the skewness of the interannual anomalies of the 762	
  

zonal wind stress (bottom) over the central Pacific (160°E-140°W, 10°S-5°N) from 763	
  

observations and CMIP5 AMIP runs. The ensemble mean of the results from fourteen 764	
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AMIP runs is also included in the figure. Monthly anomalies are used to calculate the 765	
  

skewness. The length of observational data used in the calculation is 30 years for SODA 766	
  

zonal wind stress (1979–2008). The length of data used for AMIP runs is the same as for 767	
  

Figure 8. 768	
  

	
  769	
  

Figure 13: The difference between observations and the ensemble mean zonal wind stress 770	
  

annual climatology (top) and the difference between observations and ensemble mean 771	
  

precipitation annual climatology (bottom) from fourteen CMIP5 AMIP runs. The length 772	
  

of observational data used in the calculation is 30 years for CMAP precipitation and 773	
  

SODA zonal wind stress (1979–2008). The length of data used for AMIP runs is the same 774	
  

as for Figure 8. 775	
  

 776	
  

Figure 14: Probability distribution function (PDF) of monthly-mean Niño-3 SST 777	
  

anomalies from four forced ocean experiments as listed in Table 1. A bin width of 0.2°C 778	
  

is used in the calculation. The length of data used is 30 years (1979-2008).  	
  779	
  

	
  780	
  

Figure 15: The sum of the composite anomalies of the two phases of ENSO for SST (left 781	
  

panel) and the equatorial (5oS-5oN) upper ocean temperature (right panel) in the four 782	
  

forced ocean experiments as listed in Table 1. 783	
  

 784	
  

Figure 16: Composite anomalies of SST (left panel) and the equatorial (5oS-5oN) upper 785	
  

ocean temperature (right panel) for the warm phase of ENSO in the four forced ocean 786	
  

experiments as listed in Table 1. 787	
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  788	
  

Figure 17: Composite anomalies of SST (left panel) and the equatorial (5oS-5oN) upper 789	
  

ocean temperature (right panel) for the cold phase of ENSO in the four forced ocean 790	
  

experiments as listed in Table 1. 791	
  

 792	
  

Figure 18: Time mean SST difference (left panel) and the equatorial (5oS-5oN) upper 793	
  

ocean temperature difference (right panel) of Experiment II, Experiment III, and 794	
  

Experiment IV from Experiment I.	
  795	
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Table 1: Standard deviation and skewness of the interannual variability in 
Niño-3 SST from four forced ocean model experiments. The mean as well as 
the anomaly part of the surface winds used in these experiments are listed. The 
length of observed wind data used in the forced runs is 30 years for SODA 
wind stress (1979–2008). The length of simulated wind data used is 27 years 
for CAM4 (1979-2005) and 30 years for other models (1979-2008).	
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Figure 1: Standard deviation (upper) and skewness (bottom) of the interannual 
variability in Niño-3 SST from observations and CMIP5 coupled models. The 
length of data used in the calculation is 50 years for all the models and 
observations (1950-99). 
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Figure 2: The sum of the composite SST anomalies between the two phases of 
ENSO from observations and CMIP5 coupled models. Following the study of 
Zhang et al. (2009), the positive (negative) anomalies of Niño-3 SST with a 
value greater than 0.5°C (−0.5°C) are selected to construct composites of warm 
(cold) events. Same data used as for Figure 1. 
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Figure 3: The sum of the composite equatorial (5oS-5oN) upper ocean 
temperature anomalies between the two phases of ENSO from observations 
and CMIP5 coupled models. The length of data used in the calculation is 
50 years for all the models and SODA data (1950-1999). 
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Figure 4: Composite SST anomalies for the warm phase of ENSO from 
observations and coupled models. 
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Figure 5: Composite anomalies of equatorial (5oS-5oN) upper ocean 
temperature for the warm phase of ENSO from observations and coupled 
models. 
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Figure 6: Probability distribution function (PDF) of monthly-mean Niño-3 SST 
anomalies from observations and CMIP5 coupled models. The ensemble mean of 
the results from fourteen coupled models is also included in the figure. A bin width 
of 0.2°C is used in the calculation. Same data used as for Figure 1. 
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Figure 7: The sum of the composite anomalies for the two phases of ENSO 
for precipitation (shaded) and zonal wind stress (contours) from observations 
and CMIP5 coupled models. The length of data used in the calculation is 50 
years for all the models, 30 years for CMAP precipitation (1979–2008), and 
50 years for SODA zonal wind stress (1959–2008). 
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Figure 8: The sum of the composite precipitation anomalies between the 
two phases of ENSO from observations and the corresponding AMIP runs 
of CMIP5 coupled models. The length of data used in the calculation is 30 
years for CMAP precipitation (1979–2008), 27 years for CAM4 (1979-
2005) and 30 years for the other models (1979-2008).	
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Figure 9: The sum of the composite precipitation anomalies of the two phases 
of ENSO averaged over the eastern Pacific (120°W-70°W, 10°S-10°N) from 
CMIP5 coupled models (top panel) and the corresponding AMIP runs (bottom 
panel). The corresponding observational value is also included in the figures. 
The length of data used in the calculation is 30 years for CMAP precipitation 
(1979–2008), and 50 years for all the coupled models. The length of data used 
for AMIP runs is the same as for Figure 8. 
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Figure 10: Composite precipitation anomalies for the warm phase of ENSO 
averaged over the eastern Pacific (120°W-70°W, 10°S-10°N) from CMIP5 
coupled models (top panel) and the corresponding AMIP runs (bottom panel). 
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Figure 11: The warm phase precipitation anomalies (left panel) and zonal wind 
stress anomalies (right panel) from observations, the ensemble mean of the 
model results, and their differences. Green lines indicate the positions that the 
equatorial westerly wind anomaly can reach. Fourteen CMIP5 AMIP runs 
during the warm phase are used in calculating the ensemble mean. The length 
of observational data used in the calculation is 30 years for CMAP 
precipitation and SODA zonal wind stress (1979–2008). The length of data 
used for AMIP runs is the same as for Figure 8. 
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Figure 12: The time-mean zonal wind stress (top) over the equatorial central and 
eastern Pacific (170°E-70°W, 5°S-5°N) and the skewness of the interannual 
anomalies of the zonal wind stress (bottom) over the central Pacific (160°E-
140°W, 10°S-5°N) from observations and CMIP5 AMIP runs. The ensemble 
mean of the results from fourteen AMIP runs is also included in the figure. 
Monthly anomalies are used to calculate the skewness. The length of 
observational data used in the calculation is 30 years for SODA zonal wind stress 
(1979–2008). The length of data used for AMIP runs is the same as for Figure 8. 
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Figure 13: The difference between observations and the ensemble mean zonal 
wind stress annual climatology (top) and the difference between observations 
and ensemble mean precipitation annual climatology (bottom) from fourteen 
CMIP5 AMIP runs. The length of observational data used in the calculation is 
30 years for CMAP precipitation and SODA zonal wind stress (1979–2008). 
The length of data used for AMIP runs is the same as for Figure 8. 
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Figure 14: Probability distribution function (PDF) of monthly-mean Niño-3 
SST anomalies from four forced ocean experiments as listed in Table 1. A bin 
width of 0.2°C is used in the calculation. The length of data used is 30 years 
(1979-2008). 	
  



	
   52	
  

	
  985	
  

	
  986	
  
	
  987	
  
	
  988	
  
	
  989	
  
	
  990	
  
	
  991	
  
	
  992	
  

Figure 15: The sum of the composite anomalies of the two phases of ENSO 
for SST (left panel) and the equatorial (5oS-5oN) upper ocean temperature 
(right panel) in the four forced ocean experiments as listed in Table 1. 
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Figure 16: Composite anomalies of SST (left panel) and the equatorial (5oS-
5oN) upper ocean temperature (right panel) for the warm phase of ENSO in the 
four forced ocean experiments as listed in Table 1. 
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Figure 17: Composite anomalies of SST (left panel) and the equatorial 
(5oS-5oN) upper ocean temperature (right panel) for the cold phase of 
ENSO in the four forced ocean experiments as listed in Table 1. 
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Figure 18: Time mean SST difference (left panel) and the equatorial 
(5oS-5oN) upper ocean temperature difference (right panel) of 
Experiment II, Experiment III, and Experiment IV from Experiment I. 


