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Abstract 26 

 A fundamental aspect of the observed ENSO is the positive asymmetry between its 27 

two phases: the strongest El Niño is stronger than the strongest La Niña. The nonlinear 28 

term in the equation for the surface ocean heat budget has been theorized as a cause for 29 

the asymmetry. This theory is challenged by the diversity of asymmetry among the 30 

CMIP5 models: these models all employ primitive equations and thus have the nonlinear 31 

term in the heat budget equation for the surface ocean, yet the asymmetry simulated by 32 

these models ranges from significantly negative to significantly positive. The authors 33 

show here by employing an analytical but nonlinear model—a model that simulates the 34 

observed ENSO asymmetry—that the nonlinear heating term does not guarantee the 35 

oscillation in the system to possess positive asymmetry. Rather, the system can have 36 

regimes with negative, zero, and positive asymmetry, respectively. Which regime the 37 

system finds itself in depends on a multitude of physical parameters. Moreover, the range 38 

for certain physical parameters for the system to fall in the regime with positive 39 

asymmetry in the oscillation is rather narrow, underscoring the difficulty for simulating 40 

the observed ENSO asymmetry by CMIP5 models. Moreover, stronger positive 41 

asymmetry is found to be associated with a more complicated oscillation pattern: the two 42 

adjacent strongest warm events are spaced more apart and more small events occur in 43 

between. These results deepen our understanding of factors that are behind the 44 

asymmetry of ENSO and offer paths to take to improve model-simulated ENSO 45 

asymmetry. 46 

  47 
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1. Introduction 48 

ENSO, a natural “mode of oscillation” of the coupled tropical Pacific 49 

ocean-atmosphere system, affects climate and weather worldwide (Ropelewski and 50 

Halpert 1988; Huang and Wu 1989; Bove et al. 1998; Changnon 1999; McPhaden et al. 51 

2006). While decades of intense studies of this phenomenon have advanced our 52 

understanding considerably (Neelin et al. 1998; Sun and Bryan 2010), there are aspects of 53 

it that still puzzle us. One example concerns its asymmetry: the magnitude of the 54 

asymmetry between its two phases—the magnitude of El Niño on average tends to be 55 

bigger than the magnitude of La Niña, and the strongest El Niño is stronger than the 56 

strongest La Niña (Burgers and Stephenson 1999; Kessler 2002; Hannachi et al. 2003).  57 

This asymmetry is considered puzzling because it is not anticipated by prevailing 58 

dynamical theories of ENSO, being it the delayed oscillatory theory (Battisti 1988; 59 

Suarez and Schopf 1988) or the more recent recharge oscillatory theory (Jin 1997; 60 

Meinen and McPhaden 2000). Nonlinear aspects of the ENSO system that have not been 61 

considered as essential are naturally considered as a cause. Using ocean assimilation data 62 

from NCEP (Carton et al. 2000), Jin et al. (2003) [see also An and Jin (2004) and Su et al. 63 

(2010)] calculated the nonlinear heating term in the surface heat budget equation for the 64 

eastern surface Pacific SST and found that the nonlinear dynamical heating (NDH) is 65 

positive for both the cold phase and the warm phase, thus offers an explanation for the 66 

asymmetry between the two phases. This explanation, however, is called into question by 67 

the finding that the state-of-the-art models, as archived by CMIP5 for IPCC models that 68 

all have this nonlinear term in the heat budget equation for the tropical Pacific ocean 69 

(Taylor et al. 2012), have serious problems in simulating ENSO asymmetry. In a limited 70 
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set of CMIP5 models that have AMIP runs, Zhang and Sun (2014) noted that the models 71 

all underestimate the ENSO asymmetry severely. Some models even have negative 72 

asymmetry while most of the models underestimate the positive asymmetry as found in 73 

the observations (see Fig. 1 in that paper). A more recent study that encompasses the 74 

entire CMIP5 archive of the 20th century simulations revealed that the problem of 75 

underestimation of ENSO asymmetry is prevailing in almost all models, despite that 76 

many models have variance of ENSO that is twice as large as the observed (Sun et al. 77 

2016). 78 

The reason for deficiency in our state-of-the-art models in simulating this 79 

fundamental aspect of ENSO is the motivation for the present study. Here we take the 80 

position that the nonlinear term in the heat budget equation is still a viable mechanism to 81 

give rise to the asymmetry in ENSO, but only when the system is in the correct dynamic 82 

regime which is defined by a multitude of physical parameters. To help establish this 83 

position, we employ a lowest order model for the coupled tropical Pacific 84 

ocean-atmosphere system that is known to simulate ENSO asymmetry under the 85 

proper choice of parameters (Liang et al. 2012). In fact, the pattern of the oscillation with 86 

strong ENSO asymmetry from that model closely resembles the observed (Fig. 1). 87 

Although the model in the present case may be considered simple, it does not undercut its 88 

ability to simulate ENSO oscillation with the observed characteristics, and it allows 89 

experiments to be conducted to examine the dependence of ENSO asymmetry on a suite 90 

of physical parameters corresponding to different physical processes. Moreover, each 91 

physical parameter can be varied over a sufficient range to force the model to traverse 92 

different dynamic regimes that the model is capable to. We suspect that the diversity in 93 
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the simulated ENSO asymmetry from the CMIP5 models could suggest that the models 94 

encompass different dynamical regimes which are characterized by oscillations of 95 

different patterns and thus different asymmetries. As CMIP5 models have biased ENSO 96 

asymmetry, the complementary nature of simpler models to the state-of-the-art models 97 

[or more generally as advocated by Held (2005) a hierarchy of climate models] is again 98 

highlighted. We are particularly curious about the diversity of ENSO asymmetry 99 

simulated in GCMs that ranges from negative to positive values close to the observed, 100 

and we address this curiosity by taking advantage of the vagility of the simple model 101 

which allows us to conduct a set of sensitivity experiments. The goal is to shed some 102 

light on the question why GCMs models that all have the nonlinearity in the heat budget 103 

equation produce such a diversity in their simulations of ENSO asymmetry. We also hope 104 

that investigating the dependence of ENSO asymmetry on a multitude of physical 105 

parameters will result in suggestions of specific paths to take to alleviate the biases in 106 

GCM simulations of ENSO asymmetry. We are also interested in understanding how the 107 

system achieves a greater positive asymmetry. Does it achieve a greater positive 108 

asymmetry primarily through an increase in the magnitude of the warm-events relative to 109 

the magnitude of the cold events, or through something more complex?   110 

The paper is organized as follows. In section 2, we briefly describe the model. In 111 

section 3, we present the sensitivity study of the ENSO asymmetry to changes in the 112 

different parameters representing different physical processes. Summary and discussion 113 

are provided in section 4. 114 

2. The model 115 

The model that we use is the one by Sun (1997, 2000). It extends the model of Sun 116 
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and Liu (1996) by including the thermocline dynamics. It has two predictive equations 117 

for the SST of the tropical Pacific—the SST of the western Pacific (T1) (120qE–155qW) 118 

and the SST of the eastern Pacific (T2) (155qW–70qW), as  119 

    1
1 2 1( ) ( )e

dT c T T sq T T
dt
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and one predictive equation for the depth of thermocline of the western Pacific as 122 
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The formulation for the predictive equation for the depth of the thermocline of the 124 

western Pacific warm-pool follows that of Jin (1996). The value of q  is given by 125 

       1 2( )q T T
a
D

 � ,         (4) 126 

where a  defines the adjustment time scale of the ocean currents to surface winds. The 127 

full set of equations can be found in Sun (1997) or Liang et al. (2012) with the latter 128 

having a more complete description of the model parameters. The model has been used to 129 

study the decadal variability in El Niño events (Timmermann and Jin 2002a), and more 130 

recently to delineate the time-mean effects of ENSO on its decadal background state 131 

(Liang et al. 2012). The full list of the model parameters are provided in the appendix A 132 

of Liang et al. (2012). The set of physical parameters we will vary in our sensitivity study 133 

here are: (1) the radiative-convective equilibrium of the sea surface temperature (Te); (2) 134 

the thermal damping coefficient from the atmosphere (c); (3) the dynamical coupling 135 
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strength between the atmosphere and ocean (α); (4) the dynamical adjustment time-scale 136 

for the equatorial upper ocean (1/r); and (5) the relative strength between the zonal 137 

advection and the total equatorial upwelling (s).  138 

The radiative-convective equilibrium SST (Te) is a measure of the intensity of 139 

radiative heating. It represents the SST that the surface ocean would attain if there is no 140 

ocean dynamics. More discussion of this parameter can be found in Sun and Liu (1996). 141 

The thermal damping coefficient from the atmosphere (c) measures how fast a SST 142 

anomaly is damped by atmospheric processes alone. So it is a function of atmospheric 143 

feedbacks [see Eq. (4) in Sun 2003]. In fact, 1/c defines the time-scale that an SST 144 

anomaly is damped. The dynamical coupling strength between the atmosphere and ocean 145 

(α) measures the sensitivity of the zonal wind stress to changes in the zonal SST gradients. 146 

The dynamical adjustment time-scale for the equatorial upper ocean (1/r) measures how 147 

fast the equatorial upper ocean adjusts to a new equilibrium to a change in the surface 148 

winds (i.e., the memory of the equatorial upper ocean) (Jin 1996). The relative strength of 149 

zonal advection can be give as, 1 / xs UH WL , where W  and U  are respectively the 150 

upwelling and zonal velocity, and xL  and 1H  are respectively half width of the basin 151 

and the depth of the mixed layer (Liang et al. 2012).With proper choices of these 152 

parameters, the model simulates the asymmetry of observed ENSO as well as the details 153 

in the corresponding oscillatory patterns as seen in the observations (Fig. 1). 154 

We will investigate how the ENSO asymmetry in this model varies with the 155 

aforementioned key physical parameters. In line with earlier practice, we will use 156 

skewness of ENSO variability in the eastern tropical Pacific SST (T2) anomalies as the 157 

measure of the ENSO asymmetry (Burgers and Stephenson 1999; Sun and Zhang 2006; 158 
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An et al. 2009). We will present corresponding changes in the amplitude of ENSO as 159 

well. The amplitude of ENSO will be measured by the standard variations in T2. We 160 

integrate the model for 60,000 times steps which corresponds to about 245 years. Data 161 

from the second half of the integration (year 123 ~ 245) are employed for the analysis. 162 

Despite the expectation, Sun et al. (2016) only found a weak correlation between the 163 

amplitude of ENSO and the asymmetry of ENSO. We are curious about what is the 164 

relationship between the amplitude of ENSO and its asymmetry in this simple model as 165 

the different parameters are varied and more generally how the system achieves a greater 166 

asymmetry. 167 

3. Results 168 

3.1. Dependence of ENSO Asymmetry on Te 169 

Figure 2 shows ENSO asymmetry as measured by the skewness of variability in T2 170 

(the SST of the tropical eastern Pacific) as a function of Te. Shown in the plot is also 171 

ENSO amplitude (measured by the standard deviation of T2). From Fig. 2, we see that as 172 

the value of Te varies, ENSO asymmetry can be negative, zero, or positive. This confirms 173 

our suspicion that the nonlinearity in the heat budget equation does not guarantee a 174 

positive ENSO asymmetry to take place. In fact, as Fig. 2 shows, the regime with positive 175 

ENSO asymmetry corresponds to a rather narrow range of Te, roughly from 30.3qC to 176 

31.0qC. In contrast, the regime with negative ENSO asymmetry corresponds to a much 177 

broader range of Te. Over a broad range of Te, the amplitude and asymmetry increase with 178 

increases in Te. When Te becomes very large (larger than 30.6qC approximately), the 179 

amplitude actually decreases with further increases in Te. This is because the reference 180 

vertical temperature profile for the subsurface ocean is nonlinear [see Eq. (6) in Liang et 181 
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al. (2012)] and thus the effective lapse rate of the thermocline—a key factor in 182 

determining the amplitude of ENSO—depends on the value of the depth of the 183 

thermocline [see Eq. (5) in Liang et al. (2012)], which in turn depends on the value of Te 184 

[see Fig. 3 in Liang et al. (2012)]. Interestingly, the asymmetry does not decrease 185 

immediately as the amplitude starts to decrease, providing an example that the two may 186 

not always go in the same direction. A similar situation is found in the figure when the 187 

amplitude is very small due to a weak value of Te. The finding that whether amplitude 188 

and asymmetry goes in the same direction depends on where the dynamic system is (i.e, 189 

what the value of Te is) may serve as theoretical footing to understand the finding by Sun 190 

et al. (2016) that among CMIP5 models simulations, the amplitude and asymmetry are 191 

only weakly positively correlated. 192 

To understand in more detail how the system achieves a greater asymmetry as the 193 

value of Te is varied, we show in Fig. 3 some actual time series of T2 corresponding to 194 

different values of Te. Fig. 3a is a case with a significantly negative asymmetry. Figs. 3b 195 

and 3c give two cases with significantly positive asymmetry while the oscillation shown 196 

in Fig. 3d is nearly symmetric. Note that cases with positive asymmetry are characterized 197 

by a procession of strong warm events interrupted by smaller warm events, resembling 198 

the observed time series of tropical eastern Pacific SST (see the right panel of Fig. 1). 199 

The symmetric case (Fig. 3d) shows that the magnitude of warm (cold) events does not 200 

have to be uniform to achieve a symmetry. These time series show that a change in 201 

asymmetry tends to be associated with a change in the pattern of the oscillation, but not 202 

necessarily with a change in the mean amplitude. For example, the time series shown in 203 

Fig. 3d has a similar variance as that in Fig. 3a, but a much different asymmetry. The 204 
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oscillation in Fig. 3c has a much greater positive asymmetry than that in Fig. 3b (0.80 205 

versus 0.34), but the former actually has a smaller amplitude (2.36qC versus 2.75qC). 206 

Overall, the four time series shown in the figure suggest a correspondence between an 207 

increase in skewness and an increase in the complexity in the pattern of oscillation. 208 

Oscillation in Fig. 3d is more complex than that in Fig. 3a in that the former has one 209 

additional event of a weaker magnitude in between the two adjacent strong events. In the 210 

oscillation shown in Fig. 3b, the magnitude of the weak warm event becomes even 211 

weaker relative to the strong one following it, compared with Fig. 3d. Oscillation in Fig. 212 

3c has one more event between the two strongest events than the oscillation in Fig. 3b, 213 

and the former (Fig. 3c) has a greater positive skewness than the latter (Fig 3b). The 214 

spacing between the two adjacent strongest events also increases as the skewness 215 

increases. It would be interesting to see whether time series of tropical eastern Pacific 216 

SST from those CMIP5 models that have a zero or near zero asymmetry, a significantly 217 

negative asymmetry, and a significantly positive asymmetry have the same characteristics 218 

as exhibited here in the time series shown in Fig. 3. 219 

3.2. Dependence of ENSO Asymmetry on α 220 

As we have found with varying the value of Te, varying α can also result in regimes 221 

with negative asymmetry, no asymmetry, and positive asymmetry (Fig. 4). This result 222 

reinforces the inference from Fig. 2 that whether the system has positive asymmetry 223 

really depends on where the system is, as defined by the value of α or Te. Nonlinearity in 224 

the heat budget equation alone does not guarantee the oscillation in the system to possess 225 

a significantly positive asymmetry. 226 
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 Figure 4 also shows that with the exception of very large α, the asymmetry generally 227 

goes with the amplitude—large amplitude corresponds to a stronger (positive) asymmetry. 228 

But this positive correlation between the two breaks down when α becomes very large. 229 

Over the large range of the variation in the value of α in Fig. 4, the amplitude clearly does 230 

not always increase with the increase in α. This is again because the reference vertical 231 

temperature profile of the subsurface ocean is nonlinear [see Eq. (6) in Liang et al. (2012)] 232 

and consequently the effective lapse rate of the thermocline that is felt by the system [see 233 

Fig. 8 in Liang et al. (2012)] depends on where the system is. 234 

The characteristics of the time series of T2 corresponding to negative asymmetry, 235 

positive asymmetry, or near zero asymmetry found by varying the values of α are very 236 

similar to those in the time series corresponding to these three regimes (as measured by 237 

the asymmetry) by varying the value of Te (Fig. 5). Figure 5 shows a case with very 238 

strong asymmetry (skewness=0.93) (Fig. 5d) and it is characterized by more weak warm 239 

events in between two very strong events relative to the case shown in Fig. 3c that also 240 

has strong asymmetry (skewness=0.80), but not as strong as in Fig. 5d. Overall, it also 241 

confirms the inference we have from Fig. 3 that a change in the asymmetry is associated 242 

with a change in the oscillation pattern: the greater the asymmetry, the more complex the 243 

oscillation pattern. The change in the pattern associated with an increase in skewness is 244 

characterized by the appearance of one or more smaller events in between the original 245 

events and the spacing in between the strongest events increases.  246 

3.3. Dependence of ENSO Asymmetry on c 247 

By varying the value of c, we again find that the system can have three regimes with 248 

negative asymmetry, zero asymmetry, and positive asymmetry respectively (Fig. 6). 249 
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However, it's interesting that at least over the range displayed, a range that encompasses a 250 

considerable range of variability in the amplitude of ENSO, asymmetry increases 251 

monotonically with a decreasing c: the less the damping from the atmosphere, the 252 

stronger the asymmetry. As shown by Jin et al. (2003), the nonlinear heating originating 253 

from the nonlinear term in the heat budget equation of the eastern surface Pacific ocean 254 

[see the second term on the right hand side of Eq. (2)] is the source for positive 255 

asymmetry, so the weaker the damping from the atmosphere (smaller c) is, the more time 256 

the system provides the asymmetry of ENSO to grow, leading to a stronger asymmetry.  257 

Three time series of T2 under different values of c are shown in Fig. 7. The 258 

corresponding asymmetry and magnitude measured by skewness and standard deviations 259 

respectively are marked. These time series again show that a stronger skewness tends to 260 

correspond to a greater diversity in the magnitude of warm events and an increased 261 

spacing in time between the strongest warm events. 262 

3.4. Dependence of ENSO Asymmetry on s 263 

We have also investigated the dependence of the asymmetry of ENSO on the 264 

strength of the zonal advection (relative to the total upwelling) as measured in the present 265 

model by the parameter s. The results are shown in Fig. 8. The corresponding amplitude 266 

of ENSO (as measured by standard deviation) is also plotted there in order to show its 267 

relationship with the asymmetry of ENSO. Again, we find that the oscillation in the 268 

system can have negative asymmetry, zero asymmetry, and positive asymmetry, 269 

depending on the value of s. The relationship between the amplitude and asymmetry is 270 

not linear over the range of the variations in the parameter s considered here. For small 271 

value of s (s<0.1), the asymmetry stays positive and increases rapidly with the value of s. 272 
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Timmermann et al. (2003) estimated that the value of s is probably ranging from 0.04 to 273 

0.1 in the present climate based on a GCM simulation. Figure 8 shows that this range of s 274 

corresponds to a regime with positive skewness as seen in the observations. For s>0.1, 275 

the asymmetry starts to decrease rapidly to zero with the increase of s, then becomes 276 

negative. In the regime with negative asymmetry, the asymmetry further decreases with 277 

increasing s, albeit with a much slower rate. Since most CGCMs have an excessive cold 278 

tongue (Sun et al. 2003; Sun et al. 2016), the value of s may likely be commonly 279 

overestimated in the CGCMs. The fact that larger s tends to result in weak or even 280 

negative asymmetry as revealed here potentially links the excessive cold-tongue to the 281 

weak or even negative asymmetry in many CGCMs.  282 

3.5. Dependence of ENSO Asymmetry on r 283 

The weak or negative asymmetry can also be produced with a shorter memory of the 284 

equatorial upper ocean. Figure 9 shows a largely linear relationship between the ocean 285 

memory and the ENSO asymmetry. Note that the larger the parameter r, the shorter the 286 

corresponding ocean memory. Over a significant range of r (r<1.1 time of the standard 287 

value ro, ro=1/300 days), the asymmetry is significantly positive. But as the value of r 288 

exceeds the 1.1 times of the value ro, the asymmetry approaches to zero and even 289 

becomes slightly negative. Note that 1/r corresponds to the time-delay for the onset of the 290 

negative feedback in the delayed oscillatory theory (Battisti 1988; Suarez and Schopf 291 

1988). The finding that the asymmetry increases with 1/r (i.e., decreases with increases in 292 

r) may be explained by noting that a larger 1/r allows more time for the nonlinear heating 293 

to work on the growth of the asymmetry.  294 

4. Summary and discussion 295 
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Motivated to better understand factors/parameters that may be involved in 296 

determining the ENSO asymmetry and prepare a theoretical framework to shed light on 297 

the causes of the weak or even negative asymmetry shown up in many state-of-the-art 298 

coupled GCMs, we resort to a simple model that has been shown to capture the observed 299 

major characteristics of ENSO including its asymmetry to investigate the role of a 300 

multitude of factors/parameters in determining the ENSO asymmetry. The methodology 301 

is to conduct sensitivity studies to quantify the dependence of the variability in the 302 

eastern tropical Pacific SST on these key physical parameters. The simplicity of the 303 

model allows such sensitivity studies to be conducted over a range of a chosen parameter 304 

that is not practical to be carried out with a fully coupled GCM. 305 

The results from such a study show that different regimes corresponding to 306 

significantly positive, significantly negative, and zero or near zero asymmetry are all 307 

found in the model. Which regime the coupled ENSO system finds itself in depends on 308 

the values chosen for the physical parameters. The dependence of the asymmetry on the 309 

thermal damping from the atmosphere and on the dynamical adjustment scale of the 310 

equatorial upper ocean is largely linear, but the relationship of the asymmetry with the 311 

radiative-convective equilibrium SST, the dynamical coupling strength, and the strength 312 

of the zonal advection relative to the upwelling is quite nonlinear. Only within a very 313 

narrow range for the radiative-convective equilibrium temperature and for the strength of 314 

the zonal advection is the system found to produce a positive ENSO asymmetry. This 315 

finding is further shown by recapping the dependence of the ENSO asymmetry as 316 

measured by the skewness of eastern Pacific SST on Te and s using a more compact 317 

representation—a two dimensional contour plot in Fig. 10. We observe in the figure that 318 
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within the dynamic regime that has oscillation, the sub-regime that the oscillation has a 319 

positive skewness occupies a rather narrow area. The figure thus provides an explanation 320 

for the apparent difficulty of the GCMs in simulating the observed positive ENSO 321 

asymmetry. 322 

By varying these key physical parameters, we have also found that an increase in 323 

ENSO asymmetry is associated with a particular type of change in the oscillation patterns. 324 

This change is not characterized by a uniform increase or decrease in the magnitudes of 325 

warm or cold events, but rather by increasing the diversity of the magnitude of warm 326 

events. Such a change is also linked to a change in the time spacing between the strongest 327 

warm events (i.e., the extreme warm events). In particular, the significantly positive 328 

asymmetry is found to be associated with a more complicated oscillation pattern: the two 329 

adjacent strongest warm events are spaced more apart and more small events occur in 330 

between. We would like to check these findings further in future work whether time 331 

series of tropical eastern Pacific SST from those CMIP5 models that have a zero or near 332 

zero asymmetry, a significantly negative asymmetry, and a significantly positive 333 

asymmetry have the same characteristics or patterns as exhibited here in this simple 334 

model. 335 

We are interested in applying some of the insights gained from the present 336 

theoretical model to diagnose more specifically sources of errors for ENSO asymmetry in 337 

some specific CMIP5 models. Note that both the radiative-convective equilibrium of the 338 

sea surface temperature (Te) and the thermal damping coefficient from the atmosphere (c) 339 

are linked to the clouds feedbacks [see Eqs. (4) and (5) in Sun and Liu (1996)], thus the 340 

sensitivity of the ENSO asymmetry on Te or c opens a path to look at the role of cloud 341 
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feedbacks in simulating ENSO. Indeed, several studies have shown common biases in 342 

cloud feedbacks simulated by CMIP3 and CMIP5 models, the short-wave cloud feedback 343 

in particular (Sun et al. 2006; Sun et al. 2009; Bellenger et al. 2014; Li et al. 2015; Ying 344 

and Huang 2016). These studies have shown that the cloud short-wave feedback tends to 345 

be underestimated in the models which will lead to a systematic error in the value of Te or 346 

c, and thus is potentially a cause of the common bias in the ENSO asymmetry.  We also 347 

note the recent study by Sun et al. (2016). They found significantly weak ENSO 348 

asymmetry and weakly nonlinear air–sea interaction over the tropical Pacific in CMIP5 349 

climate models, compared with observation. Based on a statistical analysis, they 350 

suggested that a weak nonlinear air–sea interaction may play a role in the weak ENSO 351 

asymmetry. The present sensitivity results concerning the parameter α thus may provide a 352 

dynamic framework to understand findings from this statistical analysis by Sun et al. 353 

(2016).  354 

Another interesting finding from this study that we are eager to exploit to better 355 

understand causes of outstanding biases in the climate models is the impact of a strong 356 

zonal advection (measured relative to the strength of the total equatorial upwelling) 357 

(parameter s) on the ENSO asymmetry. A very strong zonal advection can result in a very 358 

weak or even negative asymmetry. This finding potentially implicates the excessive 359 

cold-tongue that prevails in many CGCMs as a possible cause of the weak or even 360 

negative asymmetry of ENSO in these models (Li and Xie 2014; Li et al. 2016), as the 361 

excessive cold-tongue likely implies an excessive zonal advection in these models. In 362 

addition, a weak ENSO asymmetry can also be resulted from a shorter ocean memory (or 363 

a faster adjustment time for the equatorial upper ocean). As the upper ocean adjustment 364 
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time-scale depends on the meridional scale of the winds (or SST) (Wang and An 2001; 365 

Chen et al. 2015), could the weak ENSO asymmetry in the state-of-the-art models 366 

suggest that the model ocean adjust to a wind change too fast? This question is clearly 367 

worth of further investigation. 368 

 Although in the present paper, we have chosen to focus on the role of nonlinear 369 

heating term in the surface heat budget equation for the eastern surface Pacific SST in 370 

creating ENSO asymmetry, we realize that there are some other nonlinear processes that 371 

have been noted as potential candidates to explain ENSO asymmetry, such as, the 372 

asymmetric negative feedback due to tropical oceanic instability waves (Vialard et al. 373 

2001), which has a relatively stronger influence on the La Niña event; the nonlinear 374 

physics of the ocean mixed layer (Galanti et al. 2002); the nonlinear interaction between  375 

Madden-Julian-Oscillation and ENSO events (Kessler and Kleeman 2000); the 376 

biological-physical feedback process (Timmermann and Jin 2002b); and the nonlinear 377 

responses of the tropical atmospheric convection to El Niño and La Niña conditions 378 

(Hoerling et al. 1997; Kang and Kug 2002). We are also aware of other mechanisms that 379 

emphasize more on the role of weather events. Levine et al. (2016) has suggested that the 380 

state dependence of weather events may play a role in giving rise to ENSO asymmetry. 381 

Chen et al. (2015) has suggested that the asymmetry, irregularity and extremes of El Niño 382 

result from westerly wind bursts, a type of state-dependent atmospheric perturbation in 383 

the equatorial Pacific, and westerly wind bursts strongly affect El Niño but not La Niña 384 

because of their unidirectional nature. Monahan and Dai (2004) has pointed out that the 385 

anomalous wind field in the tropical western Pacific is dominated by westerly bursts 386 

which would send down-welling Kelvin waves to the east and warm the SST there, thus, 387 
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on average, making El Niño stronger than La Niña. These mechanisms, however, remain 388 

more qualitative than the mechanism of nonlinear dynamical heating that the present 389 

paper focuses on. Future studies will need to investigate more quantitatively to what a 390 

degree these mechanisms may be responsible for the observed ENSO asymmetry and 391 

whether they can account for what we see in GCM simulations of this fundamental aspect 392 

of ENSO.  393 

  394 
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Figure captions 548 

FIG. 1. (a) Time series of the eastern tropical Pacific SST from the nonlinear model of 549 

Sun (1997) and (b) from the real world. Note both time series exhibit strong asymmetry 550 

between the warm and cold events. The parameters used for the time series from the 551 

model shown in Fig. 1a are the same as used for Fig. 5b in Liang et al. (2012) ( 31eT C q , 552 

0.096s  , 1 150c  days, 1 300r  days, 8 1 13.0 10a K sD � � � u ). The time series for 553 

the real world shown in the figure are Niño3 SST anomalies. The SST data for the real 554 

world used are from the Hadley Center for Climate Prediction and Research (Rayner et al. 555 

1996). 556 

FIG. 2. ENSO asymmetry (lower panel) measured by the skewness of variability in 2T  557 

as a function of eT . Shown in the upper panel is the ENSO amplitude measured by the 558 

standard deviation of 2T . 559 

FIG. 3. Time series of 2T under different values of eT . The corresponding values of the 560 

standard deviation (SD) (qC) and skewness are indicated on the top of the time series. 561 

The skewness and standard deviation shown on the figure correspond to the periods 562 

shown, but are the same as that when a much longer period is used. 563 

FIG. 4. ENSO asymmetry (lower panel) measured by the skewness of variability in 2T as 564 

a function of 0/D D , where 0D is the parameter value used in Fig. 1a. Shown in the upper 565 

panel is the ENSO amplitude measured by standard deviation of 2T . 566 
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FIG. 5. Time series of 2T corresponding to different values of 0/D D , where 0D is the 567 

parameter value used in Fig. 1a. The corresponding values of the standard deviation (SD) 568 

(qC) and skewness are indicated on the top of the time series. 569 

FIG. 6. ENSO asymmetry (lower panel) measured by the skewness of variability in 2T  570 

as a function of 0/c c , where 0c  is the reference value used in Fig. 1a. Note that 0/c c571 

is in decreasing order from the left to the right. Shown in upper panel is the ENSO 572 

amplitude measured by the standard deviation of 2T . 573 

FIG. 7. Time series of 2T  corresponding to different values of 0/c c , where 0c  is the 574 

parameter value used in Fig. 1a. The corresponding values of the standard deviation (SD) 575 

(qC) and skewness are indicated on the top of the time series. 576 

FIG. 8. Amplitude and asymmetry of ENSO, measured respectively by the standard 577 

deviation and skewness of the variability in 2T , as a function of the strength of the zonal 578 

advection parameter s . 579 

FIG. 9. Amplitude and asymmetry of ENSO, measured respectively by the standard 580 

deviation and skewness of variability in 2T , as a function of the upper ocean memory 581 

parameter 0/r r . Note that increasing r  corresponds to a shorter upper ocean memory. 582 

0r  is the parameter value used in Fig. 1a. 583 

FIG. 10. Contour map on a eT - s plane showing the dependence of skewness on these 584 

two parameters. Outside shaded area are regimes with no oscillation. 585 
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 586 
 587 

FIG. 1. (a) Time series of the eastern tropical Pacific SST from the nonlinear model of 588 

Sun (1997) and (b) from the real world. Note both time series exhibit strong asymmetry 589 

between the warm and cold events. The parameters used for the time series from the 590 

model shown in Fig. 1a are the same as used for Fig. 5b in Liang et al. (2012) ( 31eT C q , 591 

0.096s  , 1 150c  days, 1 300r  days, 8 1 13.0 10a K sD � � � u ). The time series for 592 

the real world shown in the figure are Niño3 SST anomalies. The SST data for the real 593 

world used are from the Hadley Center for Climate Prediction and Research (Rayner et al. 594 

1996). 595 
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        597 
 598 
FIG. 2. ENSO asymmetry (lower panel) measured by the skewness of variability in 2T  599 

as a function of eT . Shown in the upper panel is the ENSO amplitude measured by the 600 

standard deviation of 2T . 601 
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         603 
FIG. 3. Time series of 2T under different values of eT . The corresponding values of the 604 

standard deviation (SD) (qC) and skewness are indicated on the top of the time series. 605 

The skewness and standard deviation shown on the figure correspond to the periods 606 

shown, but are the same as that when a much longer period is used. 607 

(a)  Te=28qC, SD=1.69, Skewness=-0.77

(b)  Te=30.6qC, SD=2.75, Skewness=0.34

(c) Te=30.9qC, SD=2.36, Skewness=0.80

(d)  Te=31.05qC, SD=1.71, Skewness=0.08
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      608 
 609 

FIG. 4. ENSO asymmetry (lower panel) measured by the skewness of variability in 2T as 610 

a function of 0/D D , where 0D is the parameter value used in Fig. 1a. Shown in the upper 611 

panel is the ENSO amplitude measured by standard deviation of 2T . 612 
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            614 
 615 

FIG. 5. Time series of 2T corresponding to different values of 0/D D , where 0D is the 616 

parameter value used in Fig. 1a. The corresponding values of the standard deviation (SD) 617 

(qC) and skewness are indicated on the top of the time series. 618 
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         619 
 620 

FIG. 6. ENSO asymmetry (lower panel) measured by the skewness of variability in 2T  621 

as a function of 0/c c , where 0c  is the reference value used in Fig. 1a. Note that 0/c c622 

is in decreasing order from the left to the right. Shown in upper panel is the ENSO 623 

amplitude measured by the standard deviation of 2T . 624 
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     626 
 627 

FIG. 7. Time series of 2T  corresponding to different values of 0/c c , where 0c  is the 628 

parameter value used in Fig. 1a. The corresponding values of the standard deviation (SD) 629 

(qC) and skewness are indicated on the top of the time series. 630 
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 632 
 633 

FIG. 8. Amplitude and asymmetry of ENSO, measured respectively by the standard 634 

deviation and skewness of the variability in 2T , as a function of the strength of the zonal 635 

advection parameter s . 636 
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 638 
 639 
FIG. 9. Amplitude and asymmetry of ENSO, measured respectively by the standard 640 

deviation and skewness of variability in 2T , as a function of the upper ocean memory 641 

parameter 0/r r . Note that increasing r  corresponds to a shorter upper ocean memory. 642 

0r  is the parameter value used in Fig. 1a. 643 
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          645 
 646 
FIG. 10. Contour map on a eT - s plane showing the dependence of skewness on these 647 

two parameters. Outside shaded area are regimes with no oscillation.   648 
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