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Abstract

The El Niño–La Niña asymmetry is evaluated in fourteen CMIP5 coupled models. The results show that an underestimate of ENSO asymmetry is a common problem in CMIP5 coupled models. The underestimate of the asymmetry also shows up in zonal wind stress, precipitation and subsurface temperature. The weaker SST warm anomalies and the westward shift of maximum center over the eastern Pacific are the main contributors to the weaker ENSO asymmetry in coupled models. Generally, SST anomalies for the La Niña phase are realistically simulated in CMIP5 coupled models.
 SST-forced AMIP runs are analyzed to understand the cause for the underestimate of ENSO asymmetry in coupled models from the atmospheric origin. We found that during the warm phase, precipitation anomalies are too weak over the eastern Pacific and westerly wind anomalies have less shift to the east in most models. The time-mean zonal winds are stronger over the equatorial central and eastern Pacific for most models. Wind-forced ocean GCM experiments suggest that the stronger time-mean zonal winds and weaker asymmetry in the inter-annual anomalies of the zonal winds in AMIP models can both be a contributing factor to a weaker ENSO asymmetry in the corresponding coupled models, but the former appears to be a more fundamental factor, possibly through its impact on the mean state. The study suggests that the underestimate of ENSO asymmetry in the CMIP5 coupled models is at least in part of atmospheric origin. 
1. 
Introduction


The El Niño–Southern Oscillation (ENSO), which has widespread effects on the weather and climate globally (Ropelewski and Halpert 1987; Kiladis and Diaz 1989; Hoerling et al. 1997; Larkin and Harrison 2005; Zhang et al. 2011), is the dominant driver for interannual climate variability. On the interannual timescales, the tropical Pacific SST is fluctuating with positive anomalies during warm (El Niño) phase and negative anomalies during cold (La Niña) phase. The two phases of ENSO are not mirror images of each other and the magnitude of SST anomalies over the eastern equatorial Pacific is larger during warm phase compared to cold phase, causing a non-zero residual effect or a positive ENSO asymmetry (Burgers and Stephenson 1999).

The asymmetry between two phases of ENSO shows up in both the surface fields as well as in the subsurface fields (Rodgers et al. 2004; Schopf and Burgman 2006; Sun and Zhang 2006; Zhang et al. 2009). Causes for such an asymmetry are not yet clearly understood, but many studies suggest that it is likely a consequence of nonlinearity of the ocean dynamics (Jin et al. 2003; An and Jin 2004; Su et al. 2010). By the analysis of the heat budget of the ocean surface layer, Jin et al. (2003) and An and Jin (2004) found that the nonlinear vertical temperature advections are a major contributor to the ENSO amplitude asymmetry. However, based on the updated ocean assimilation products, Su et al. (2010) suggested that the nonlinear zonal and meridional ocean temperature advections are essential to cause the asymmetry in the far eastern Pacific, while the vertical nonlinear advection has the opposite effect. Another possible cause for the ENSO asymmetry is the asymmetric negative feedback due to the tropical ocean instability waves in the eastern Pacific that has a relatively stronger impact on the La Niña than El Niño (Vialard et al. 2001). Kang and Kug (2002) argued that the relatively weak SST anomalies during La Niña compared to those of El Niño are associated with a westward shift of zonal wind stress anomalies, which is in turn attributed to the nonlinear dependence of deep convection on the SST as noted by Hoerling et al. (1997). These suggested major physics mechanisms responsible for the asymmetry between El Niño and La Niña are also described in a review study of An (2009).

El Niño–La Niña asymmetry is also linked to the time-mean effect of ENSO (Sun and Zhang 2006; Schopf and Burgman 2006; Sun 2010, Liang et al. 2012). By using a coupled model to conduct numerical experiments with and without ENSO, Sun and Zhang (2006) demonstrated that ENSO works as a basin-scale mixer to regulate the time-mean thermal stratification in the upper-equatorial Pacific. Schopf and Burgman (2006) proposed a kinematic effect of oscillating a nonlinear temperature profile to account for the long-term mean state as the ENSO amplitude changes. Understanding the causes and consequences of ENSO asymmetry may hold the key to understand decadal variability in the tropics and beyond (Rodgers et al. 2004; Sun and Yu 2009; Liang et al. 2012). In order to fully capture the role of ENSO in the climate system, the climate models need to simulate well the asymmetry of ENSO.

The ENSO asymmetry in coupled models has been extensively examined in previous studies (Burgers and Stephenson 1999; Hannachi et al. 2003; An et al. 2005; van Oldenborgh et al. 2005; Zhang et al. 2009). Measured by the skewness (Burgers and Stephenson 1999; Hannachi et al. 2003) or the asymmetricity (variance-weighted skewness) (An et al. 2005) of SST anomalies in the Niño-3 region (90oW-150oW, 5oS-5oN), most models are found to underestimate the observed positive ENSO asymmetry. However, those studies only focus on the evaluation of ENSO asymmetry in the coupled models and barely attempt to understand the weaker ENSO asymmetry separate from the bias in the stand-alone atmosphere model. In the complex coupled system it is difficult to identify the causes for the bias in ENSO asymmetry due to the coupled ocean-atmosphere feedbacks involved. By analyzing previous NCAR coupled models (CCSM1, CCSM2, CCSM3 at T42, CCSM3 at T85, and CCSM3+NR) in conjunction with the corresponding Atmospheric Model Intercomparison Project (AMIP) runs, Zhang et al. (2009) showed that all the models underestimate the observed ENSO asymmetry, but CCSM3+NR with Neale and Richter convection scheme (Neale et al. 2008) has significant improvements over the earlier versions with Zhang and McFarlane convection scheme (Zhang and McFarlane 1995). Enhanced convection over the eastern Pacific during the warm phase of ENSO appears to be the cause for the improvement. Zhang et al. (2009) also noted a warmer SST climatology in CCSM3+NR in contrast to other versions.

The purpose of this study is to evaluate the ENSO asymmetry in CMIP5 coupled models including the surface and subsurface signatures by extending the analysis in previous NCAR models. We attempt to test the hypothesis developed from previous analysis of NCAR models (Zhang et al. 2009) against the results from CMIP5 models (Taylor et al. 2012). We will explore whether the underestimate of ENSO asymmetry remains a common problem in the state-of-art coupled model; whether the underestimate of ENSO asymmetry in CMIP5 models is related to the weaker convection over the eastern Pacific during warm phase; and whether the mean SST state is important to ENSO asymmetry.

This paper is organized as follows. We introduce the observational and model data sets as well as the methodology of our analysis in section 2. We present the analysis of ENSO asymmetry in CMIP5 models in the coupled runs, and then the asymmetry in the corresponding AMIP runs. To understand the effect of bias in the atmospheric response on ENSO asymmetry in coupled models, the numerical experiments forced by AMIP winds are conducted in section 3. Conclusions and discussions are presented in the last section.
2.
Data and Methods


The ENSO asymmetry in fourteen coupled ocean-atmosphere models from CMIP5 control runs (piControl) has been evaluated in this investigation. Presented here are the results from the coupled models whose corresponding AMIP runs are available for the analysis. We will first assess the ENSO asymmetry in the SST and then look at the asymmetry in upper ocean temperature in the models. We further analyze the corresponding fields of precipitation and surface wind stress in the coupled runs to understand whether the bias in ENSO asymmetry is linked to the bias in precipitation and associated surface wind stress. The corresponding AMIP runs from CMIP5 models are also examined to understand whether the biases in precipitation and surface wind stress in coupled runs stem from the biases in stand-alone atmosphere models.

In addition to analyzing the asymmetry in the CMIP5 AMIP runs, we also use the NCAR Pacific basin model to perform the forced ocean experiments driven by CMIP5 AMIP winds.  Our model is the one used by Sun (2003), Sun et al. (2004) and Sun and Zhang (2006). The model uses the NCAR Pacific basin model (Gent and Cane, 1989) as its ocean component. The model calculates the upper ocean temperatures based on first principles and simulates well the observed characteristics of ENSO in both the forced and coupled modes (Sun 2003). We will compare the ENSO asymmetry in the runs forced by AMIP winds with that by observed winds to understand the effect of the bias in the atmospheric response on ENSO asymmetry in CMIP5 coupled models.

The observational data used for examining the model results are the same as those used by Zhang et al. (2009). The SST data from the Hadley Centre Sea Ice and SST (HadISST) dataset (Rayner et al. 2003) are used for evaluating the asymmetry in the SST field in the CMIP5 coupled models. The simple ocean data assimilation (SODA) set (Carton et al. 2000) is used for validating the upper-ocean temperature in the models. Precipitation data are obtained from the Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP; Xie and Arkin 1997). The wind stress data are obtained from the simple ocean data assimilation (SODA) set (Carton and Giese 2008) in which the surface winds are a combination of ERA-40 and Quick Scatterometer (QuikSCAT) satellite observations. 

We will use the skewness (Burgers and Stephenson 1999) of interannual variability of SST to quantify the ENSO asymmetry. We will also conduct the composites of El Niño and La Niña and then use the sum of the composite between two phases of ENSO to measure the asymmetry. The definition of the warm phase and cold phase of ENSO follows that of Zhang et al. (2009). The composite analysis will help to identify which phase of ENSO the bias in ENSO asymmetry mainly originates from. 
3. 
Results

a.
Asymmetry in the coupled models


A quantitative measure of the ENSO asymmetry in CMIP5 coupled models reveals that an underestimate of the ENSO asymmetry remains a common bias in our state-of-the-art climate models. Figure 1 shows the skewness of Niño-3 SST anomalies from observations and the models, together with their variance. Measured by the variance of Niño-3 SST, ENSO in many models is as strong as in observations. But measured by the skewness of Niño-3 SST, all the coupled models that we have analyzed underestimate the observed positive ENSO asymmetry. This indicates that the observed SST anomalies in the eastern Pacific are skewed toward warm events, while those in coupled models have a more Gaussian-like distribution. In comparison, the NCAR CCSM4 model (Gent et al. 2011; Deser et al. 2012) stands out as the best model in simulating the ENSO asymmetry, whose variability of ENSO is also comparable to observations. The HadGEM2-ES model, which also has a comparable ENSO variability to observations, is found to have the largest bias in reproducing the observed positive skewness, because it shows a strong negative skewness, contrary to observations. The results suggest that the stronger variability of ENSO (measured by variance) does not guarantee a stronger asymmetry (measured by skewness) in CMIP5 coupled models.

Figure 2 shows the sum of the SST anomalies between the warm and cold phases of ENSO from observations and coupled runs from CMIP5. This sum has also been called SST anomaly residual and is a common measure of the ENSO asymmetry in the SST field. The SST anomaly residual results are similar to the skewness map of SST anomalies (not shown). All the CMIP5 models evaluated underestimate the observed positive SST residual and, therefore, the asymmetry over the eastern Pacific, consistent with the results of skewness. There is an obvious negative SST residual over the eastern Pacific in HadGEM2-ES model, in agreement with a considerable negative skewness of Niño-3 SST anomalies in this model (Figure 1). Generally, CCSM4 model has a better simulation of the positive SST residual in the eastern Pacific than other models, which is also confirmed by the skewness results noted earlier. Despite the fact that all the models underestimate the positive SST residual over the eastern Pacific, the overestimate of the negative SST residual in the western Pacific is evident in many models (e.g. GISS-E2-R, MIROC5, CSIRO-MK3-6-0, CCSM4).

As already noted in the analysis of the previous NCAR models and consistent with earlier understanding of ENSO dynamics, the asymmetry in the subsurface temperature is more profound than in the surface  (Zhang et al. 2009). To obtain more information about the cause for the bias in simulated ENSO asymmetry, we look at the asymmetry of the subsurface signal. Figure 3 shows the sum of the equatorial upper-ocean temperature anomalies between the warm and cold phases of ENSO from observations and coupled runs from CMIP5 models. The observed subsurface temperature shows a positive asymmetry of about 1°C around 75-m depth over the eastern Pacific and a negative asymmetry of about -0.4°C around 150-m depth over the western Pacific. All the models underestimate the positive asymmetry in the subsurface temperature over the eastern Pacific. In contrast to the asymmetry in SST, the underestimate of the positive asymmetry in the subsurface temperature is more profound over the eastern Pacific (note the different scale in Figure 2 and Figure 3). Most models also have a weaker negative asymmetry in the subsurface over the western Pacific. Despite the comparable magnitude to observations, the negative asymmetry over the western Pacific extends too far to the east in some models (CNRM-CM5, FGOALS-g2, CCSM4). There is a good match between SST and subsurface temperature for the negative asymmetry in HadGEM2-ES over the eastern Pacific (Figure 3 and Figure 2). Consistent with the stronger positive SST residual over the eastern Pacific, CCSM4 also has a stronger positive residual in the subsurface. Again, the bias in SST asymmetry appears to be linked to the bias in the asymmetry of the subsurface temperature, as noted in Zhang et al. (2009).

To explore which phase of ENSO is the major source for the weaker residual in the SST and the subsurface in CMIP5 models, we investigate the spatial distribution of composite anomalies during two phases of ENSO. Figure 4 gives the spatial pattern of composite SST anomalies during the warm phase of ENSO. Observations show that the stronger positive SST anomalies associated with warm events are located over the South American coast and the maximum value can reach about 1.6°C. Most models have a weaker SST warm anomaly over the eastern Pacific, and the underestimate of the warm SST anomaly is more serious in the coastal regions (100°W-80°W). The simulated maximum center is found to shift westward in many models. These biases contribute to the weak SST residual in the models (Figure 2). The observed maximum center around 110°W is well captured in CCSM4 model that has an enhanced warm anomaly over the coastal regions which contributes to the increase in SST residual (Figure 2). 

The bias in the warm anomalies also shows up in the subsurface (Figure 5). Consistent with the bias in the SST warm anomalies, most models have a weaker subsurface warm anomaly over the eastern Pacific and the simulated maximum center is shifted westward. The better simulation of SST warm anomalies in CCSM4 model is apparently associated with the improvement in the simulation of warm anomalies of subsurface temperature. Over the western Pacific, the underestimate of the negative anomalies in the subsurface is also evident in many models. The negative anomalies in the subsurface over the western Pacific in NorESM1-M model are much stronger and extend too far to the east during the warm phase, causing a more stronger and eastward extended negative asymmetry in this model (Figure 3). 

To better understand the cause for the underestimate of the skewness in CMIP5 coupled models, the probability distribution function (PDF) pattern of Niño-3 SST anomalies from observations and CMIP5 coupled models is displayed in Figure 6. The observed maximum positive anomalies are about 3.5°C but the maximum negative anomalies are about -2°C, in agreement with the observed positive skewness (Figure 1). With the exception of CCSM4 model, all the CMIP5 models underestimate the observed warm anomalies and the maximum bias in the underestimate is close to 2°C. Compared to observations, the models do not bias toward the same direction for the cold anomalies and the bias during the cold phase is relatively small (about 0.5~1°C). The ensemble mean results indicate that the underestimate of the warm anomalies is the major cause for the weaker ENSO asymmetry in CMIP5 coupled models.

Figure 7 further shows the sum between the warm composite anomalies and cold composite anomalies in precipitation (shaded) and zonal wind stress (contours) from observations and coupled models. The observed precipitation is characterized by a strong positive asymmetry in the central and eastern Pacific and a strong negative asymmetry in the western Pacific, resulting from the westward shift during the cold phase compared to the warm phase (Zhang et al. 2009). The underestimate of the positive precipitation asymmetry over the central and eastern Pacific is prominent in the models. Consistent with the weak asymmetry in the precipitation, the asymmetry in zonal wind stress is also weak in the coupled models, which is expected from the weak asymmetry in the subsurface temperature noted earlier. The bias in zonal wind stress revealed in the previous CMIP3 models is also found to be responsible for the weaker SST skewness in CMIP3 models. Van Oldenborgh et al. (2005) suggested that the weaker response in zonal wind stress over the central and eastern Pacific in most models explains the general lower thermocline variability than observed and will also suppress the nonlinear aspects of ENSO in the ocean in CMIP3 coupled models. 
b.
Asymmetry in the AMIP runs

To understand whether the weaker asymmetry in precipitation and wind stress in CMIP5 coupled models is a consequence of the corresponding SST fields or the cause of the latter, we perform the composite analysis from the corresponding AMIP runs of CMIP5 models that are forced by the observed SST boundary conditions. The AMIP runs involve subjecting the atmospheric component of CMIP5 coupled models to the observed ENSO SST variability and thus specifying the full ENSO asymmetry. The specification of the observed ENSO conditions in the AGCMs greatly increases the asymmetry in tropical Pacific rainfall, especially over the central Pacific where the AMIP results are in much better agreement with observations than the results from coupled runs (Figure 8). However, most models have a weaker precipitation asymmetry over the eastern Pacific. The NCAR model, which has proved to be the best model in simulating the ENSO asymmetry, is found to have a comparable precipitation asymmetry in the eastern Pacific. This suggests that the realistic simulation of precipitation asymmetry in the eastern Pacific may be an important factor for a better simulation of ENSO asymmetry. 
 
Figure 9 shows a quantitative measure of the precipitation asymmetry over the eastern Pacific. The top panel is results from the coupled runs and the bottom panel is those from the corresponding AMIP runs. All the coupled models have a weaker precipitation asymmetry over the eastern Pacific. By comparison, the CCSM4 coupled model has the largest value of precipitation asymmetry. The increase in precipitation asymmetry from coupled runs to AMIP runs is also evident over the eastern Pacific. We also note that nine of fourteen AMIP models have a weaker precipitation asymmetry over the eastern Pacific even driven by the observed SST forcing. Two AMIP models (NorESM1-M and MRI-CGCM3) have a comparable precipitation asymmetry to the observed and the other three AMIP models (GISS-E2-R, CCSM4, and bcc-csm1-1) have a slightly larger precipitation asymmetry. The error of the weaker asymmetry in precipitation is apparently amplified in coupled runs as the coupled runs are found to have a much weaker precipitation asymmetry than their corresponding AMIP runs. There is a positive correlation (0.58) for the precipitation asymmetry averaged over the eastern Pacific between fourteen AMIP runs and coupled runs. The weak precipitation asymmetry over the eastern Pacific is mainly due to the bias in the warm phase (Figure 10). Nine of fourteen AMIP models have a weaker precipitation warm anomaly over the eastern Pacific. The precipitation warm anomaly is well captured in three models (HadGEM2-ES, MRI-CGCM3, and bcc-csm1-1) and somewhat overestimated in the other two models (GISS-E2-R, and CCSM4). Again, the corresponding coupled models have a much weaker precipitation warm anomaly and all the coupled models underestimate the observed precipitation warm anomaly. This seems to indicate that the insufficient precipitation response to El Niño warming over the eastern Pacific is an intrinsic error of the majority of the atmospheric models.

Figure 11 further shows the spatial pattern during the warm phase for observations, the ensemble mean AMIP runs, and the differences between them. The left panel shows the precipitation and the right one the zonal wind stress. Consistent with the results shown in Figure 10 bottom, there is a weaker precipitation response over the eastern Pacific in the AMIP runs. Note that the precipitation warm anomalies in the AMIP runs are somewhat stronger over the central Pacific, and this positive bias is also reflected in the precipitation residual (Figure 8), further confirming that the bias in the warm phase of ENSO is the major source for the bias in ENSO asymmetry. In contrast to observations, the precipitation response shows a less eastward extension (indicated by shaded values) in the AMIP runs during the warm phase. Linked to the precipitation response, the westerly wind (positive) anomaly is positioned too far to the west and shifts westward by about 10o (indicated by green lines shown on Figure 11 right panel, top two). Similar to the precipitation difference, there is an obvious negative (weaker westerly wind) anomaly over the eastern Pacific and a positive (stronger westerly wind) anomaly over the central Pacific (Figure 11 right panel, bottom). The westward shift of the zonal wind stress warm anomalies in the AMIP runs may contribute to the weaker warm anomaly of subsurface temperature in most coupled models during the warm phase (Kang and Kug 2002). 

The CMIP5 AMIP runs are found to have biases in the mean zonal winds over the equatorial central and eastern Pacific and in the asymmetry in the central Pacific wind variability (Figure 12). Eleven of fourteen models have a stronger mean zonal wind in AMIP runs, and the other three models (HadGEM2-ES, CCSM4 and CSIRO-MK3-6-0) have a comparable mean wind to the observed. Ten of fourteen models underestimate the observed positive skewness of central Pacific zonal winds in AMIP runs. Models CNRM-CM5 and bcc-csm1-1 have a better simulation of the observed wind skewness, while models IPSL-CM5A-LR and MPI-ESM-LR have a stronger skewness in the zonal wind stress and the mean winds are also much stronger in these two models, especially in the latter. Generally, the ensemble mean results show that the AMIP runs have a stronger mean winds and a weaker skewness in the zonal winds.

The spatial map of time mean zonal wind stress shows that there is a stronger mean wind in the model over most regions of the equatorial Pacific (Figure 13). The bias in the mean wind (negative values) is more significant in the coastal regions (110oW-90oW, 0-10oN), where the mean precipitation is also much underestimated in the AMIP run. The stronger tropical winds are accompanied with excessive precipitation over much of the tropics, especially over the regions off the equator. The similar biases in winds and precipitation were also found in the previous CMIP3 AMIP runs (Lin 2007). There is a clear east-west asymmetry in the precipitation bias and the resulting excessive zonal latent heating gradient associated with zonal precipitation gradient may drive the stronger winds in the model (Lin 2007). The biases in the surface winds from AMIP runs play a role in the ENSO asymmetry, which will be shown by the following numerical experiments.
c. 
Numerical experiments 


To understand the biases of model winds associated with convection in AMIP runs on the ENSO asymmetry in CMIP5 coupled models, we use the NCAR Pacific basin model (Sun 2003; Sun et al. 2004; Sun and Zhang 2006) to perform numerical experiments. We conduct the forced ocean model experiments with the use of ensemble mean AMIP winds from fourteen CMIP5 models and compare the results with those from the forced ocean runs driven by the observed wind stress. Four groups of numerical experiments combined with different climatology and interannual anomalies of winds in observations and ensemble mean AMIP runs of CMIP5 models are listed in Table 1. We first perform the forced ocean experiments with both climatology winds and interannual anomalies of winds from observations (Experiment I). To understand the role of climatology winds in the models, we then replace the observed climatology winds by the modeled climatology winds but keep the observed interannual anomalies of winds unchanged in the forced experiments (Experiment II). Next, we use the actual AMIP model winds that include the simulated climatology and interannual anomalies to drive the ocean model, which will further explore the role of modeled interannual anomalies in the surface winds on ENSO asymmetry (Experiment III). Finally, to explore the role of observed climatology winds, we replace the modeled climatology winds with the observed climatology winds but keep the modeled interannual anomalies of winds to drive the ocean (Experiment IV). These experiments are designed to probe the relative role of the bias in climatology winds and interannual variability of winds in AMIP runs in causing the underestimate of ENSO asymmetry in CMIP5 coupled runs.

Table 1 shows the standard deviation and skewness of the interannual variability in Niño-3 SST from four forced ocean runs. Driven by observed winds (Experiment I), the model can well reproduce the observed skewness value of Niño-3 SST anomalies. The skewness value of 1.16 in Experiment I is very close to the observed skewness value of 1.05 over the same 30-year period. The results in the table show that the skewness from the run forced by full model winds (0.70 in Experiment III) is about 40% weaker than that from the run by the observed winds (1.16 in Experiment I) accompanied by a weakened variability. By comparing the results from two cases that use the same observed wind anomaly but different wind climatology (Experiment I and Experiment II), we find the bias in the modeled wind climatology is partially (~50%) responsible for the reduction in the ENSO asymmetry. The use of simulated wind interannual anomalies will further reduce the ENSO asymmetry, as the skewness in the run with full model winds is the smallest (Experiment III). Interestingly, we note that the skewness in the case with observed wind climatology but keeping simulated wind interannual anomalies (Experiment IV) is comparable to that in the run by the observed full winds (Experiment I), although the variability remains weak. The results from Experiments III and IV indicate that the improvement in mean winds play a dominant role in improving the simulation of ENSO asymmetry.

To further explore the cause for the difference in the skewness in the runs listed in Table 1, the probability distribution function (PDF) pattern of Niño-3 SST anomalies from four forced ocean experiments is shown in Figure 14. Consistent with the results in Table 1, the Niño-3 SST anomalies in the run driven by observed winds (black line) show a stronger positive skewness. The maximum positive anomaly can reach 3°C and the maximum negative anomaly is limited to about -1.6 °C. When the climatology winds from models are used to replace the observed wind climatology, the stronger warm anomalies (2°C~3°C) start to decrease while there is an increase in the warm anomalies of 1.6°C ~ 2°C (blue line). The increase in the cold anomalies of -1.25°C ~ -0.75°C contributes to a slightly weaker skewness in the run forced by modeled wind climatology and observed wind interannual anomaly (Experiment II). The underestimate of the warm anomalies is more serious in the run with both modeled wind climatology and modeled wind interannual anomaly (green line), in agreement with the smallest skewness listed in Table 1. This also suggests that the biases in both climatology and interannual anomaly of AMIP model winds account for the weaker ENSO asymmetry in CMIP5 models.  Comparing the results from Experiments III and IV, we find that replacing modeled wind climatology with observed wind climatology causes an overall increase in the stronger warm anomalies (2°C~3°C) and a decrease of the maximum negative anomaly from -2°C to -1.6°C, which is responsible for the increase in skewness (red line).

The residual pattern of SST shows that there is a progressive decrease in the positive SST residual over the Niño-3 region from Experiment I to Experiment III (Figure 15) consistent with the skewness value shown in Table 1. The decrease in the positive SST residual is more obvious in Experiment III when full model winds are used. There is also a gradual westward shift in the positive SST residual, and the westward shift is also visible in the subsurface. The positive SST residual over the Niño-3 region is greatly increased from Experiment III to Experiment IV when observed mean winds are used to replace the modeled mean winds, although there is a lack of evident positive SST residual over the coast regions (100°W-80°W) in these two cases. Thus compared to observed wind anomalies, the wind anomalies in models can reduce the positive SST residual over the coast regions.

Figure 16 shows the spatial map of the composite anomalies of SST (left panel) and the equatorial upper ocean temperature (right panel) during the warm phase of ENSO from four forced ocean experiments. The NCAR Pacific basin model used in this study reproduces the pattern of observed SST warm anomalies (Figure 4). The simulated stronger SST warm anomalies in the run forced by observed winds (top left) are located over the South American coast. The bias in the modeled wind climatology causes a slight westward shift of stronger SST warm anomaly but does not reduce the magnitude (second row left). Accompanied with a weaker subsurface temperature warm anomaly (third row right), the westward shift of SST warm anomaly is more evident and the magnitude of SST warm anomaly becomes weaker if the bias in the interannual anomaly of modeled winds is also involved (third row left). The features of SST and subsurface temperature warm anomalies in the run forced by full model winds also exist in CMIP5 coupled models (Figure 4 and Figure 5). The comparison between Experiments III and IV shows that changing mean winds from models to observations alone can increase SST warm anomalies. Due to the use of the same model wind anomalies, the westward shift of SST warm anomaly is still evident in Experiment IV. This is consistent with the lack of positive SST residual over the coast regions noted earlier (Figure 15).

During the cold phase of ENSO (Figure 17), bias in the modeled wind climatology somewhat increases the magnitude of cold SST anomalies over the Niño-3 region and thus reduces the SST skewness. The increase in cold SST anomaly magnitude is linked to the stronger cold subsurface temperature (second row). Interestingly, the inclusion of wind anomalies from models is found to significantly reduce the magnitude of SST warm anomalies, but does not deteriorate the bias in cold SST anomalies (third row). Instead, the cold SST anomalies and subsurface temperature anomalies are comparable to those in the run forced by observed full winds. This also supports the previous analysis that the underestimate of the SST skewness in CMIP5 models is mostly due to bias in the warm phase. The Experiment IV results show that the observed mean winds can reduce the cold SST anomalies, favoring an increase of SST skewness. Among the four runs, Experiment IV has a more confined cold SST anomaly within the equatorial Pacific, while the other three runs show a more meridional extension of the cold SST anomalies, especially over the southern equatorial Pacific. The weakened cold SST anomalies over the Niño-3 region in Experiment IV is linked to the reduction in cold subsurface temperature anomalies.

Figure 18 shows the time-mean SST difference and the equatorial upper ocean temperature difference of Experiments II, III, IV from Experiment I. Compared to Experiment I, there is a stronger cold SST over the cold-tongue regions in Experiments II and III, in which the observed mean winds are replaced with mean winds from models. The subsurface temperature is also colder in these two cases that have a weaker SST skewness. By comparison, the SST and subsurface temperature in Experiment IV are comparable to those in Experiment I, since these cases use the same observed mean winds.

Note that different from Experiment I, Experiment IV uses the interannual anomalies of winds from models but still has a comparable SST skewness to the observed. This suggests that the mean SST state induced by mean winds is fundamentally important to the simulation of ENSO asymmetry, and the bias in wind variability is secondary.

In general, the effect of the bias in interannual anomalies of modeled winds on ENSO asymmetry is mainly attributed to wind bias in the warm phase—a westward shift of the zonal wind stress warm anomalies in the AMIP runs, linked to the insufficient precipitation response over the eastern Pacific during the warm phase (Figure 11). These numerical experiments demonstrate that when there is a colder mean SST state due to the stronger mean winds in models, the biases in interannual anomalies of winds from AMIP runs can weaken ENSO asymmetry by shifting SST warm anomalies westward and reducing their magnitude. When there is a warmer mean SST state, or the model mean winds are the same as observations, the ENSO asymmetry can be as large as that in the run with observed full winds, and the contribution to ENSO asymmetry from the bias in wind interannual variability is small.
4. Summary


In this study, we evaluated the fidelity of CMIP5 coupled models in simulating the ENSO asymmetry by extending the analysis in the previous NCAR models (Zhang et al. 2009). Furthermore, causes for bias in ENSO asymmetry in CMIP5 coupled models are explored by analyzing the corresponding AMIP runs of CMIP5 coupled models and by conducting forced ocean GCM experiments with the winds from CMIP5 AMIP runs

Previous analysis of CMIP3 coupled models noted that, different from observations, most coupled models have a near zero SST skewness in the tropical Pacific and a linear ENSO (van Oldenborgh et al. 2005; Sun et al. 2013). The present findings show that the underestimate of observed positive ENSO asymmetry measured by skewness is still a common problem in CMIP5 coupled models, although many models have comparable variance in Niño-3 SST with respect to observations. When the asymmetry is measured by the SST residual between the two phases of ENSO, all the models are also found to have a weaker ENSO asymmetry than observations. The underestimate of the asymmetry in the subsurface temperature is more profound than that in the SST field in the CMIP5 coupled models. The underestimate of the asymmetry in the subsurface signature is consistent with the weaker asymmetry in the zonal wind stress, which is associated with the weaker asymmetry in the precipitation. The composite analysis indicates that the bias during the warm phase of ENSO is the major contributor to the weaker asymmetry of ENSO in CMIP5 coupled models. The SST warm anomalies over the far eastern Pacific are found to be weaker in the coupled models than in observations and the simulated maximum warm SST center over the eastern Pacific shifts westward. Examining the subsurface temperature warm anomalies reveals the same bias(most models have a weaker subsurface temperature warm anomaly over the eastern Pacific and the maximum center shifts westward. The underestimate of the negative anomaly in the subsurface over the western Pacific is also evident in many coupled models.

The asymmetry in the precipitation and zonal wind stress from the corresponding AMIP runs are first analyzed to understand the causes for the weaker ENSO asymmetry in CMIP5 coupled models. We found that mainly due to the weaker precipitation response to El Niño warming, most models have a weaker precipitation asymmetry over the eastern Pacific even driven by the observed SST forcing. This bias is further amplified in the coupled models that have a much weaker precipitation asymmetry over the eastern Pacific. During the warm phase, the weaker precipitation response over the eastern Pacific is accompanied by a stronger precipitation response over the central Pacific and linked to a westward shift of convection in the AMIP runs along with a clear westward shift of westerly wind anomaly. Compared to observations, the westward shift of zonal wind stress during the warm phase in the AMIP runs may play a role in the weaker subsurface temperature warm anomalies in the coupled models (Kang and Kug 2002). Using two different coupled models to examine the sensitivity of ENSO amplitude to the convection scheme parameters, Watanabe et al. (2011) and Kim et al. (2011) showed that the parameter change in the cumulus parameterization shifts the position of the precipitation anomalies and the zonal wind stress also shifts accordingly. The increased eastern Pacific precipitation tends to shift the wind stress anomalies to the east. Closer to the eastern Pacific, the wind stress forcing more effectively deepens the thermocline over the eastern Pacific. Watanabe et al. (2011) also demonstrated that the subsurface temperature anomalies over the eastern Pacific are much stronger when the zonal wind stress shifts to the east. This is consistent with what we see from the CCSM4 model. The NCAR model, identified as the best model in simulating ENSO asymmetry, has a realistic simulation of subsurface temperature warm anomalies associated with sufficient precipitation response over the eastern Pacific in the AMIP run. An enhanced precipitation response over the eastern Pacific during the warm phase is essential to the improvement in the simulation of ENSO asymmetry in CMIP5 models, consistent with the previous findings of Zhang et al. (2009). 

We also find that AMIP runs have biases in both the time-mean zonal winds over the equatorial central and eastern Pacific, and the asymmetry in the central Pacific wind variability. Most models have a stronger mean zonal wind and underestimate the observed positive skewness of zonal winds. The bias in the mean zonal winds is more prominent in the coastal regions over the eastern Pacific and the southern equatorial Pacific, where the bias in mean precipitation is also evident in the AMIP runs. The mean precipitation bias shows an east-west asymmetry. The latent heating asymmetry associated with the stronger zonal precipitation gradient may generate the stronger zonal pressure gradient force which then enhances the trade winds in the model (Lin 2007).

To understand the effect of the bias in the mean and interannual variability of winds on ENSO asymmetry, forced ocean model experiments with the use of AMIP winds are performed. These results are compared to those from the experiments forced by observed winds. The numerical experiments show that when there is a colder mean SST state due to the stronger mean winds in models, the biases in interannual anomalies of winds from AMIP runs can weaken ENSO asymmetry by shifting SST warm anomalies westward and reducing the magnitude. This is consistent with what we have seen in CMIP5 coupled models. The results from the run with full model winds confirm that the bias in the SST anomalies during the warm phase is found to be the major cause for the reduction in ENSO asymmetry. We note that with a warmer mean SST state, or when the mean winds in models are the same as observations, the contribution to ENSO asymmetry from wind interannual variability bias is negligible. Also ENSO asymmetry is significantly increased mainly due to the increase of SST warm anomalies. The results are consistent with those from an analytical model that the amplitude of warm events increases with enhanced radiative heating (Liang et al. 2012). This may also be useful to explain why coupled models tend to have a weaker ENSO asymmetry, given that the excessive cold tongue is still the problem in coupled models (Sun et al. 2006). These findings highlight the importance of a warmer mean SST state to ENSO asymmetry. It suggests that improving the mean winds in the atmosphere model is a key step to better simulate the ENSO asymmetry in CMIP5 models. 

It should be noted that we fully consider the momentum forcing (both zonal and meridional components) from AMIP model winds in the experimental design as an attempt to reveal the role of the bias in model winds more realistically. We have also performed additional ocean model experiments in which only zonal wind stress biases are considered. The results are found to be similar, suggesting a minor role of the biases in meridional wind stress. The meridional wind stress anomalies are not important in ENSO because they can not efficiently excite the oceanic Kelvin wave, one of the key dynamic processes in ENSO events (McCreary 1976; Zhang and McPhaden 2006). Using a high-resolution Ocean General Circulation Model (OGCM) to examine the role of meridional wind stress anomalies in ENSO simulations, Zhu et al. (2007) shows that changes in the direction and magnitude of meridional wind stress anomalies have little influence on ENSO simulations until the anomalies are unrealistically enlarged by a factor of 5.

It is thus reasonable to argue that the weaker ENSO asymmetry in CMIP5 coupled models may be linked to the bias in the winds, especially the time-mean winds over the tropical Pacific in the stand-alone atmosphere model. The biases in surface winds in the stand-alone atmosphere model will lead to an initial weaker ENSO asymmetry in the ocean model. The initial bias of a weaker ENSO asymmetry can be amplified in coupled models through the feedbacks between precipitation, surface wind stress, subsurface signatures and SST, resulting in a much weaker ENSO asymmetry as noted in CMIP5 coupled models. The role of a possible deficient response from the ocean models to a fixed wind forcing in causing the general underestimate of ENSO asymmetry is not considered in the present study, because the forced CMIP5 ocean models runs with observed wind stress were not available for analysis. A further investigation on the role of ocean dynamics in CMIP5 models is needed to better understand the causes of the bias in the simulated ENSO asymmetry.
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Table and Figure Captions
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-year for SODA wind stress (1979–2008). The length of simulated wind data used is 27-year for CAM4 (1979-2005) and 30-year for other models (1979-2008).
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).

 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.
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).
Figure 4: Composite SST anomalies for the warm phase of ENSO from observations and coupled models.
Figure 5: Composite anomalies of equatorial (5oS-5oN) upper ocean temperature for the warm phase of ENSO from observations and coupled models.
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.
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).
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).

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.
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).
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.
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.
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.
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).  
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.

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.
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.
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.
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[image: image4.png]Residuals in equatorial upper—ocean temperature (warm+cold) from CMIP5 piControl
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[image: image6.png]Composite equatorial upper—ocean temperature warm anomalies from CMIPS piControl
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[image: image9.png]Precipitation residuals (warm+cold anomalies) from CMIP5 AMIP runs
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[image: image10.png]piControl, eastern Pacific (120W-70W,10S-10N)
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[image: image12.png]warm anomalies of precipitation (left) and zonal wind stress (right) from CMIP5 AMIP (14 models ensemble)
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[image: image13.png]Time mean zonal wind stress from CMIP5 amip over (170E-70W,5S-5N)
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[image: image14.png]ensemble mean zonal wind stress climatology from CMIP5 AMIP runs (14 models)
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[image: image16.png]Residual (warm+cold) of SST (left) and subsurface temperature (right) from forced ocean experiments
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[image: image17.png]Composite warm anomalies of SST (left) and subsurface temperature (right) from forced ocean experiments
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[image: image18.png]Composite cold anomalies of SST (left) and subsurface temperature (right) from forced ocean
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[image: image19.png]Time—mean SST (left) & subsurface temperature (right) difference
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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).





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).





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.





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).





Figure 4: Composite SST anomalies for the warm phase of ENSO from observations and coupled models.





Figure 5: Composite anomalies of equatorial (5oS-5oN) upper ocean temperature for the warm phase of ENSO from observations and coupled models.





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.





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).








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).





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.





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).





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.





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.





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.





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). 





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.





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.





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.





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.
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