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2	
  

ABSTRACT 22	
  

To better understand the causes of climate change in the tropical Pacific on the 23	
  

decadal and longer time scales, we delineate the rectification effect of ENSO events 24	
  

into the mean state by contrasting the time-mean state of a low-order model for the 25	
  

Pacific with its equilibrium state. The model encapsulates the essential physics of the 26	
  

ENSO system, but remains simple enough to allow us to obtain its equilibrium state. 27	
  

The model has an oscillatory regime that resembles the observations. In this 28	
  

oscillatory regime, the time-mean SST in the eastern equatorial Pacific is found to be 29	
  

significantly different from the corresponding equilibrium SST, with the former being 30	
  

warmer than the latter. The difference is found to be proportional to the amplitude of 31	
  

ENSO. In addition, the zonal SST contrast of the time-mean state is found to be less 32	
  

sensitive to increases in external forcing than that of the equilibrium state, due to 33	
  

warming effect of ENSO events on the eastern Pacific. It is further shown this 34	
  

rectification effect of ENSO events owns to the nonlinear advection term in the heat 35	
  

budget equation. The study elucidates the role of ENSO events in shaping the tropical 36	
  

mean climate state and suggest that decadal warming in the recent decades in the 37	
  

eastern tropical Pacific may be more a consequence than a cause of the elevated 38	
  

ENSO activity during the same period. The results also provide a simple explanation 39	
  

for why it is difficult to detect an anthropogenically forced trend in the zonal SST 40	
  

contrast in the observations. 41	
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1.  Introduction 42	
  

The importance of the tropical Pacific sea surface temperature (SST) in predicting 43	
  

climate variability over North American and the world at larger has been vividly 44	
  

demonstrated in our rich experience with ENSO (Philander 1990). The apparent 45	
  

regime-like shift in the tropical Pacific SST from about 1976 has underscored another 46	
  

fact about tropical Pacific SST: it also varies on decadal time-scales (Wang and 47	
  

Ropelewski 1995; Zhang et al. 1997; Fedorov and Philander 2000). As the society 48	
  

increasingly needs a climate outlook beyond the time-scale of ENSO, understanding 49	
  

the mechanisms that give rise to the decadal variability in the background state of 50	
  

ENSO (or the time-mean state relative to the time-scale of ENSO) has become a 51	
  

forefront issue facing climate research community (Meehl et al. 2010). 52	
  

This regime shift shown in Fig. 1a is accompanied with the change in the level of 53	
  

ENSO variability – the variance of the interannual variability of the tropical Pacific 54	
  

SST (Fig. 1b). The level of ENSO activity during the epoch with a warmer time-mean 55	
  

SST in the eastern tropical Pacific is anomalously higher than the previous epoch with 56	
  

a colder time-mean SST in the eastern tropical Pacific. Is the change in the level of 57	
  

ENSO activity caused by the change in the time-mean state, or the change in the 58	
  

time-mean state is a consequence of the change in the level of ENSO activity? A 59	
  

numbers of studies have examined the impact of a warming in the mean state of the 60	
  

tropical Pacific on the level of ENSO activity (Fedorov and Philander 2000, 2001; An 61	
  

and Jin 2001; and Wang and An 2001 among others). These studies employ the 62	
  

traditional linear instability analysis of the mean state and deduce the impact of 63	
  

changes in the mean state on the growth rate of the ENSO modes. These studies have 64	
  

nicely illuminated a consistency between the changes in the level of ENSO activity 65	
  

and the corresponding changes in the time-mean state, within the mathematical 66	
  



4	
  

framework of linear instability analysis. However, these studies do not address the 67	
  

cause of the warming in the time-mean state, in particular the question whether an 68	
  

increase in the level of ENSO activity can induce a warming in the time-mean state. 69	
  

We here employ a different methodology and explore the possibility that the decadal 70	
  

warming over the eastern Pacific is due to the rectification effect of elevated ENSO 71	
  

events into the mean state (i.e. the time-mean effect of ENSO events).  72	
  

The possibility that ENSO may have an important time-mean effect on the tropical 73	
  

Pacific climatology has been highlighted by preliminary studies of the role of ENSO 74	
  

in the heat balance of the tropical Pacific. In a numerical experiment with a coupled 75	
  

model, Sun and Zhang (2006) found that the response in the upper ocean temperature 76	
  

to an increase in the tropical heating is very different between the case with ENSO 77	
  

and the case without ENSO. The presence of ENSO can increase considerably the 78	
  

response in the subsurface temperature, and shift the maximum surface level response 79	
  

from the western Pacific warm-pool to a broad region in the central and eastern 80	
  

Pacific. Sun and Zhang (2006) further noted that this time-mean effect of ENSO is 81	
  

linked to an asymmetric response to an increase in the tropical heating between the 82	
  

two phases of ENSO. 83	
  

The surface manifestation of the asymmetry between El Niño and La Niña events – 84	
  

the strongest El Niño event, measured by the Niño3 SST anomaly, being stronger than 85	
  

the strongest La Niña event – has long been noted (Zebiak and Cane 1987; Burgers 86	
  

and Stephenson 1999). It has also been suggested by recent studies that decadal 87	
  

variability may result from a “residual” effect of ENSO on the background state due 88	
  

to the asymmetry between El Niño and La Niña events (Rodger et al. 2004; Sun and 89	
  

Yu 2009). Rodgers et al. (2004) found in a long simulation by a coupled GCM that 90	
  

changes in the mean state between decades with high ENSO activity and decades with 91	
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low ENSO activity resemble the residual of the two phases of ENSO in the model. 92	
  

They thereby suggest that the asymmetry could be a mechanism for decadal changes 93	
  

in the tropical Pacific SST. Noting a 15 year cycle in the level of ENSO activity in an 94	
  

extended SST data set consisting of historical and paleo-climate data, and a change in 95	
  

the asymmetry of ENSO with this decadal cycle, Sun and Yu (2009) has argued that 96	
  

the residual effect from the ENSO asymmetry may provide an explanation for the 97	
  

decadal cycle they have noted in the level of ENSO activity. 98	
  

Specific mechanisms have also been proposed to explain the asymmetry between 99	
  

the two phases of ENSO. Jin et al. (2003) and An and Jin (2004) suggested that the 100	
  

asymmetry is due to the nonlinear term in the heat budget equation for the surface 101	
  

ocean. Schopf and Burgman (2006) showed that the skewness of the SST distribution 102	
  

could be due to a kinematic effect of oscillating a nonlinear temperature profile. 103	
  

While the relative contributions to the asymmetry between the two phases of ENSO 104	
  

from these two mechanisms need to be further studied, these studies suggest that the 105	
  

nonlinear aspects of ENSO are important, and a climate regime that has a higher level 106	
  

of ENSO activity may result in a different time-mean climate because the effects of 107	
  

stronger El Niño events may not be balanced by a corresponding change in the 108	
  

strength of the La Niña events. 109	
  

Although the aforementioned studies are suggestive about a significant time-mean 110	
  

effect of ENSO on the climatology, this effect remains to be delineated clearly. We 111	
  

may divide the observations and model simulations of ENSO into epochs with 112	
  

different levels of ENSO activity and then try to discern the time-mean effect of 113	
  

ENSO by contrasting the mean states of these epochs as done in Rodgers et al. (2004), 114	
  

but this approach only confirms a correspondence between a change in the level of 115	
  

ENSO activity and a change in the mean state. The asymmetry between the two 116	
  



6	
  

phases of ENSO only suggests a non-zero residual effect of ENSO, to the extent that a 117	
  

finite threshold value is used to define El Niño and La Niña events. But the 118	
  

asymmetry alone is not a sufficient condition for a significant time-mean (or 119	
  

rectification) effect of ENSO because such a residual effect will depend quantitatively 120	
  

on how you define El Niño and La Niña events. 121	
  

Ideally, we want to contrast the equilibrium state of the coupled tropical 122	
  

ocean-atmosphere in which ENSO as an instability has not manifested with the actual 123	
  

realized climatology in which ENSO has manifested. The difficulty for doing so is 124	
  

that if the equilibrium state of the coupled tropical ocean-atmosphere is unstable, it is 125	
  

by definition not observed. The same difficulty exists for complex GCMs whose state 126	
  

evolutions have to be obtained by numerical integration of a set of equations which 127	
  

also misses the unstable equilibrium state. In this paper, we present a low-order 128	
  

analytical system for the coupled tropical ocean-atmosphere to explore the effects of 129	
  

ENSO on the time-mean state. The model encapsulates the essential physics of ENSO 130	
  

and has been shown to capture the major characteristics of ENSO (Sun 1997; 131	
  

Timmerman and Jin 2002). The realized time-dependent state in the model can be 132	
  

calculated numerically; the equilibrium state can be obtained analytically. Thereby, 133	
  

we can delineate the role of ENSO events in the climatology (i.e., the time-mean state) 134	
  

by comparing the two states. With this methodology, we will also be able to address 135	
  

another question, which is whether ENSO plays a role in determining the sensitivity 136	
  

of the climatology of the tropical Pacific to a change in external forcing. This 137	
  

methodology we employ is analogous to that used by Manabe and his collaborators in 138	
  

their attempt to establish the effect of moist convection on the mean climate – they 139	
  

calculated the radiative equilibrium of their model atmosphere and compared with the 140	
  

radiative convective equilibrium of their model atmosphere (Manabe and Moller 1961; 141	
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Manabe and Strickler 1964; Manabe and Wetherald 1967). 142	
  

This paper is organized as follows. We first briefly describe the model in section 2. 143	
  

We then present the main results concerning the differences between the time-mean 144	
  

state and the equilibrium state in section 3. In section 4 we will discuss the asymmetry 145	
  

of the oscillation in the model in connection with the differences between the 146	
  

time-mean state and the equilibrium state.  The nonlinearity responsible for the 147	
  

rectification effect of ENSO events is isolated in section 5. Summary and discussion 148	
  

are provided in section 6. 149	
  

 150	
  

2.  The Model 151	
  

We use the model of Sun (1997, 2000). It is an extension of the model of Sun and 152	
  

Liu (1996) by adding the thermocline dynamics in the manner given by Jin (1996). 153	
  

The heat budget of the ocean surface layer can be written as  154	
  

1
1 2 1( ) ( )e

dT c T T sq T T
dt

= ! + !                    (1) 155	
  

2
2 2( ) ( )e sub

dT c T T q T T
dt

= ! + !                     (2) 156	
  

                            
1

/
x

U Ws
L H

=                           (3) 157	
  

where T1 and T2 represent the western and eastern equatorial Pacific surface 158	
  

temperature, respectively; Te is the radiative–convective equilibrium temperature; 159	
  

1 c is a typical thermal damping time scale; Tsub is the subsurface ocean temperature; 160	
  

1q W H= , where W is the upwelling velocity in the equatorial eastern Pacific and H1 161	
  

is the depth of the mixed layer; zonal mass flux is assumed to be a fraction of the total 162	
  

upwelling and this fraction can be measured by s. Lx in Eq. (3) represents the half 163	
  

zonal width of the basin, and U represents the zonal velocity. The value of q is given 164	
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by 165	
  

                           1 2( )q T T
a
α

= −                          (4) 166	
  

where ! measures the sensitivity of wind-stress to changes in the SST gradients; a 167	
  

defines the adjustment time scale of the ocean currents to surface winds. The 168	
  

subsurface temperature Tsub depends strongly on the eastern Pacific thermocline depth 169	
  

and can be parameterized as 170	
  

'
1 2( )subT H h= ! " +                         (5) 171	
  

                     0

*
( ) (1 tanh( ))

2
e b

e
T T z z

z T
H

! +
" = ! !                  (6) 172	
  

h1
’ and h2

’ are the western and eastern equatorial thermocline anomalies; z0 is the 173	
  

depth at which W takes its characteristic value. H* measures the sharpness of the 174	
  

thermocline. Tb may be regarded as the temperature of the deep ocean. Following Jin 175	
  

(1996), h1
’ and h2

’ are governed by the following two equations: 176	
  

                        ' ' 1
2 1 1 22

2

( )
H

h h H T T
H b

!
" = " "                    (7) 177	
  

'
'1 1
1 1 22

2

1 ( )
2

dh Hh H T T
r dt H b

!
= " + "                  (8) 178	
  

A balance between zonal pressure gradients and zonal wind stress is shown in Eq. 179	
  

(7). H2=H–H1 with H being the zonal mean depth of the upper ocean at rest. b=ck/Lx 180	
  

where ck is the speed of the first baroclinic Kevin wave. A slow adjustment process of 181	
  

the thermocline depth to its equilibrium value determined by the surface wind-stress 182	
  

and mass conservation is adopted in Eq. (8). Parameter r in Eq. (8) measures the time 183	
  

scale for this slow adjustment process. As shown by Sun (1997) and Timmerman and 184	
  

Jin (2002), the model simulates the major characteristics of observed ENSO. Readers 185	
  

are referred to these two studies for temporal characteristics of the oscillation (i.e., 186	
  



9	
  

time series of T1, T2, h1
’ and h2

’) simulated by the model.  The focus of the present 187	
  

presentation is on the differences between the time-mean state and the equilibrium 188	
  

state of the model. We will discuss, however, the asymmetry of the oscillation in the 189	
  

model in relation to the differences between the time-mean state and the equilibrium 190	
  

state of the model. 191	
  

 192	
  

3.  The Differences between the Time-Mean State and the Equilibrium State 193	
  

The time-mean state and the equilibrium state of the western equatorial Pacific SST 194	
  

(T1) and the eastern equatorial Pacific SST (T2) as a function of Te are shown in Fig. 195	
  

2a. The equilibrium state of the system has already been shown in Fig. 2 in Sun 196	
  

(1997); here we add the plot of time-mean state to contrast its difference from the 197	
  

equilibrium state. The parameters used here are the same as in Sun (1997). A standard 198	
  

Runge-Kutta method of fourth order is used to integrate the model equations and 199	
  

thereby obtain the time-mean state. The equilibrium state is obtained by setting the 200	
  

time derivatives on the left side of Eqs. (1), (2), (7) and (8) to zero, and then reducing 201	
  

Eqs. (1)–(8) to a single nonlinear algebraic equation. 202	
  

As described by Sun (1997), Figure 2a shows that when the radiative forcing Te 203	
  

achieves 25.5°C, a pitch-fork bifurcation (Strogatz 2001) of the system takes place 204	
  

and the coupled system starts to have SST gradients, winds, and currents. Further 205	
  

increasing Te to 29.3°C, the system experiences a Hopf bifurcation (Strogatz 2001) 206	
  

and begins to enter an oscillatory state. The amplitude of the oscillation increases with 207	
  

further increase in Te (Fig. 2b). The time-mean value and the equilibrium value of 208	
  

either T1 or T2 are the same before the occurrence of Hopf bifurcation, validating the 209	
  

accuracy of the numerical methods used to obtain the time-mean state. After the 210	
  

system enters the oscillatory regime, the two states are significantly different. The 211	
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time-mean value of T2 (or T1) in the presence of ENSO are observed to be larger than 212	
  

the corresponding equilibrium value under a given radiative forcing, and this 213	
  

discrepancy between the two values becomes even larger as we further increase the 214	
  

value of Te to increase the amplitude of ENSO. 215	
  

The difference in T2 between the two states is much more profound than the 216	
  

difference in T1. The two T2 actually go to opposite directions as Te increases in the 217	
  

presence of ENSO oscillation. The equilibrium T2 decreases as Te increases, a result 218	
  

that is reminiscent of that from Clement et al. (1996) [see also Cane et al. (1997)]. 219	
  

However, the time-mean value of T2 increases with the increase of Te. Note that in the 220	
  

present model, the background subsurface temperature is allowed to change in 221	
  

response to changes in Te according to (5) and (6) while that in the Zebiak-Cane 222	
  

model (Zebiak and Cane 1987) – the model used by Clement et al. (1996) – is fixed. 223	
  

As discussed by Sun (2003) which employs an ocean model [the model of Gent and 224	
  

Cane (1989)] that has a heat budget for the subsurface ocean, the present approach 225	
  

implicitly takes into account the rectification effect of ENSO events into the reference 226	
  

subsurface temperature profile in a way that is consistent with the results from the 227	
  

more complicated ocean model used in Sun (2003). 228	
  

For a given Te, the time mean value of T2 is much warmer than its equilibrium 229	
  

value. Correspondingly, the zonal SST contrast in the time-mean state is much 230	
  

reduced from that in the equilibrium state. Given the stability of the system is 231	
  

determined by the zonal SST contrast (Jin 1997; Sun 1997), the time-mean state is 232	
  

more stable than the equilibrium state. So the reason behind the warming effect of 233	
  

ENSO events on the eastern Pacific is that ENSO events tend to neutralize the 234	
  

equilibrium state. [Just in case it helps to bring this explanation to a general 235	
  

framework for what instability generally does to its mean state, we recall that tropical 236	
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deep convection collectively warms the upper troposphere and maintain a moist 237	
  

adiabatic lapse rate (Xu and Emanuel 1989). In other words, what ENSO events in the 238	
  

coupled ocean-atmosphere system do to the time-mean zonal SST contrast is 239	
  

analogous to what convective events in the tropical atmosphere do to the time-mean 240	
  

lapse rate]. 241	
  

Because the time-mean value of T2 increases as Te increases while the equilibrium 242	
  

T2 actually decreases, the time-mean zonal SST contrast in the presence of ENSO 243	
  

increase at a much smaller rate than the equilibrium zonal SST contrast. The former is 244	
  

about 0.25oC per 1oC increase in Te while the latter is 0.58oC per 1oC increase in Te. 245	
  

This reduced sensitivity may explain the difficulty in detecting the anthropogenically 246	
  

forced increase in the zonal SST contrast in the observations (Vecchi et al. 2008): the 247	
  

data we have are yet good enough to detect this small change. We will return to this 248	
  

point in the summary section. 249	
  

Differences between the time-mean subsurface ocean temperature Tsub and the 250	
  

equilibrium Tsub in the presence of ENSO oscillation are similar to those between the 251	
  

time-mean and the equilibrium T2, but are more pronounced, consistent with the 252	
  

observations (Fig. 3a). The time-mean value of Tsub increases as Te increases in the 253	
  

presence of ENSO, in contrast with its equilibrium solution which decreases. The 254	
  

relationship between Tsub and Te shows even stronger nonlinearity than that between 255	
  

T2 and Te, indicating the importance of subsurface dynamics. As expected, the 256	
  

time-mean upwelling is less strong than that in the equilibrium state [recall Eq. (3)] 257	
  

(Fig. 3b). In the presence of ENSO, the depth of the thermocline in the east is deeper 258	
  

in the time-mean state than in the equilibrium state (Fig. 3c). The reverse is true for 259	
  

the thermocline in the west (Fig. 3d). As the amplitude of ENSO increases, the depth 260	
  

of the thermocline in the time-mean state in the east Pacific becomes increasingly 261	
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deeper than that in the equilibrium state, underscoring the impact of ENSO on the 262	
  

depth of the thermocline. 263	
  

Using the same model, Timmermann and Jin (2002) showed that the temporal 264	
  

characteristics of the oscillation can be sensitive to the choice of s. For example, they 265	
  

found that a periodic solution described by Sun (1997) can become chaotic when the 266	
  

strength of zonal advection relative to the strength of the upwelling (the parameter s) 267	
  

is reduced while keeping the value of Te fixed. We investigate whether the findings 268	
  

concerning the effect of ENSO on the tropical Pacific mean state depends on the 269	
  

details of ENSO characteristics by varying the value of s.  270	
  

The case shown in Fig. 2 has the value of s set to 1/3. Figure 4 shows two more 271	
  

cases with s set respectively to 0 (a, b) and 0.096 (c, d). The two panels (a and b, or c 272	
  

and d) correspond to the two panels in Fig. 2. When we reduce the strength of zonal 273	
  

advection to be neglected (s=0), the two states of eastern equatorial Pacific SST T2 274	
  

again diverges after the Hopf bifurcation takes place and brings in the existence of 275	
  

ENSO. Note that Hopf bifurcation occurs at a much smaller value of Te (Te=26.8°C), 276	
  

indicating a stabilizing role from the existence of zonal advection. Unlike the case 277	
  

with s=1/3, the difference in T2 between the two states in the case with s=0 doesn’t 278	
  

increase monotonically as Te increase. It comes to its maximum value at Te=28°C, 279	
  

when the amplitude of ENSO reaches its maximum, and then decreases rapidly as the 280	
  

amplitude of ENSO decreases (Fig. 4b). The two states merges into a single one again 281	
  

at Te=28.3°C when the oscillation disappears completely. This confirms that the 282	
  

differences between the two states are proportional to the amplitude of ENSO. Figure 283	
  

4a shows clearly again that in the presence of ENSO, the time-mean T2 is warmer than 284	
  

the equilibrium T2. (i.e., the time mean state of the equatorial eastern Pacific in the 285	
  

presence of ENSO is warmer than the equilibrium state in which ENSO is 286	
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mathematically prevented from occurring). Figure 4c and 4d show the case with 287	
  

s=0.096, a value close to the one used by Timmermann and Jin (2002). Again, the 288	
  

results confirm the effect of ENSO on the mean state of the tropical Pacific: In the 289	
  

presence of ENSO, the two states are different with the time-mean T2 warmer than the 290	
  

equilibrium T2. Also, note that the regime of oscillation becomes wider as the value of 291	
  

s increases, presumably because zonal advection plays a stabilizing role as zonal 292	
  

advection is a cooling mechanism for the western Pacific. It has been shown by earlier 293	
  

studies that zonal advection is significant in observations and may play an important 294	
  

role in ENSO dynamics (Picaut et al. 1997; Fedorov and Philander 2001). 295	
  

 296	
  

4.  The Asymmetry of the Oscillation in the Model 297	
  

The oscillation immediately after the Hopf bifurcation is regular. As the value of Te 298	
  

further increases, the oscillation can become irregular. Fig. 5ab presents the time 299	
  

series of T2	
    at Te =28.5 oC and Te =31 oC for the case with s=0.096. The equilibrium 300	
  

and time-mean values of T2	
  are also added to the figure as horizontal lines to highlight 301	
  

the asymmetry of the oscillation and its possible connections with the differences 302	
  

between the equilibrium value and the time mean value. The figure shows that the 303	
  

system has a regular oscillation at Te =28.5 oC (Fig. 5a) and an irregular oscillation at 304	
  

Te =31 oC (Fig.5b). 305	
  

 306	
  

In either the regime with regular oscillation or the regime with irregular oscillation, 307	
  

oscillations are asymmetric with respect to the time-mean value:  the warm anomaly 308	
  

relative to the long-term time mean is not a mirror image of the cold anomaly relative 309	
  

the same long-term time mean. In the regime with regular oscillation, the main 310	
  

asymmetry is in the duration of the warm and cold events. The warm anomaly 311	
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(relative to the time-mean) lasts longer than the cold events. The asymmetry of the 312	
  

oscillation is more profound measured by the departure from the equilibrium state. It 313	
  

is interesting to see that the system lingers on the warmer side of the system longer 314	
  

than its colder side. Note that the cold side has a stronger zonal SST contrast and 315	
  

therefore a stronger current (recall Eq. (4)). 316	
  

  317	
  

As the system enters the irregular regime, the main asymmetry is in the magnitude 318	
  

of the warm and cold events (Fig. 5b). In the irregular regime, the system has weak 319	
  

and strong warm events. The stronger warm events now have a larger amplitude than 320	
  

the cold events. The cold events also vary in magnitude, but the variation is less than 321	
  

in the magnitude of the warm events. The asymmetry in the irregular regime has a 322	
  

close resemblance to the observed ENSO asymmetry (Burgers and DStephenson, 323	
  

1999).  324	
  

Relative to the equilibrium state, the asymmetry between the warm events and the 325	
  

cold events in the irregular case is more profound. The equilibrium state almost sets 326	
  

the limit how cold the system can get (Fig.5b). When the system does get to the colder 327	
  

side, it quickly escapes to the warmer side. This asymmetry of the oscillation relative 328	
  

to the equilibrium state is even more profound measured in the subsurface. Fig. 6a 329	
  

shows the time series of h1
’ that corresponds to Fig. 5b. The dashed line again denotes 330	
  

the corresponding equilibrium value.  Measured by h1
’
, the system rarely exceeds the 331	
  

limit set by the equilibrium state. As found in Zhang et al. (2009), ENSO in the 332	
  

observations also has a stronger asymmetry in its subsurface signature than the 333	
  

surface signature. To highlight this impression, we further present in Fig. 6b the 334	
  

trajectory of the system projected to the plan of T2 and h1
’ with the equilibrium state 335	
  

and the time mean state also marked on the figure. It shows more vividly the 336	
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one-sided preference of the system relative to its equilibrium state. It suggests 337	
  

strongly that the rectification effect of ENSO into the time-mean state stems 338	
  

fundamentally  from the asymmetry of the dynamics of the system relative to its 339	
  

equilibrium state.   340	
  

 341	
  

The asymmetry of the dynamics of the system relative to its equilibrium point is 342	
  

consistent with the fact that the Hopf bifurcation (an instability) that brings the 343	
  

oscillation into being takes place only when the equilibrium state has a zonal SST 344	
  

contrast that is sufficient strong, and a depth of thermocline in the western Pacific that 345	
  

is sufficiently deep. In a sense, the zonal SST contrast may be regarded the thermal 346	
  

stress actually “felt” by the system, and the Hopf bifurcation (an instability) takes 347	
  

place when this “stress” is too strong to “bear”. After breaking away from the 348	
  

equilibrium point through an instability, the system finds itself mostly on the more 349	
  

stable (or less stressful) side of its phase space—leading to a warmer eastern Pacific 350	
  

(and a reduced zonal SST contrast)---on average!  This insight into the nature of 351	
  

ENSO—its asymmetry and its contribution to the time-mean state---will not be easily 352	
  

obtained if we do not subject the system to a gradually varying external thermal 353	
  

forcing as we have done here. In the next section, we explore which nonlinearity in 354	
  

the system that enables it to be capable of this seemingly “purposeful” behavior.    355	
  

 356	
  

5.  The Nonlinearity Responsible for Rectification  357	
  

In addition to the nonlinear advection term in the system (the second term on the 358	
  

right hand of Eq. (2)), there is another source of nonlinearity—the reference 359	
  

temperature profile for the subsurface ocean (Eq. (6)) used to parameterize Tsub (Eq. 360	
  

(5)).  With a linear profile is used, the rectification effect of ENSO events is found to 361	
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be equally profound (Fig. 7ab), indicating that it is the nonlinear advection term on 362	
  

the right hand of Eq. (2) that provides the underlying mechanism for the rectification 363	
  

effect.  364	
  

The linear profile used to obtain Fig. 7 is the same used in the stability analysis of 365	
  

Sun (1997, 2000),  366	
  

0 1( ) ( )sz T z HγΦ = + +             (9) 367	
  

where 0 (1 )s e bT T Tλ λ= + − and ( ) / 2e b refT T Hγ = − !  is a numerical constant. refH has 368	
  

the dimension of depth. The corresponding Eq. (5) becomes 369	
  

'
0 2sub sT T hγ= + 	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
   	
      (10) 370	
  

Fig. 7 shows the results corresponding to Fig. 2, but now with the linear profile Eq 371	
  

(9) used to parameterize Tsub (Eq. (10)). As anticipated from the stability analysis of 372	
  

Sun (2000), the system with a linear profile undergoes the same regime transitions as 373	
  

the one with a nonlinear profile. As the value of Te progressively increases, the system 374	
  

first experience a pitch-fork bifurcation first to create the zonal SST contrast, then a 375	
  

Hopf bifurcation when the zonal SST is sufficiently large. The system then starts to 376	
  

oscillate and the time-mean solution and the equilibrium solution start to diverge. It is 377	
  

evident that the warming effect of ENSO events on the eastern Pacific time-mean 378	
  

state is equally profound in Fig. 7 as in Fig. 2. There are quantitative differences 379	
  

between Fig. 2 and Fig. 7 even in the region immediately following the Hopf 380	
  

bifurcation. Fig. 8 contrasts the nonlinear profile with the linear profile at Te=29.5°C. 381	
  

Note the two profiles have slightly different slope even in the region in the upper part 382	
  

of the thermocline. The constants used in defining the linear profile are tuned to get a 383	
  

Hopf bifurcation point that is close to that with the tangent profile, not to match the 384	
  

lapse rate implied from the tangent profile at any particular depth.   385	
  

 386	
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With Eq. (9) replacing Eq. (6), it has been shown in Sun (2000) that the dynamic 387	
  

behavior of the system is controlled by the following 4 non-dimensional parameters: s, 388	
  

R , ! , !  with the latter three parameter are given as (see Appendix II for details) 	
  389	
  

0( )e sT TR
ac

α −
=              (11) 390	
  

*pκγΛ =              (12) 391	
  

! =
r
c

          (13) 392	
  

where 1 1

2 2

(1 )
2
H Hp
H H

= + , 2

ac
b

κ = , b = ck
Lx

 with kc being phase speed of the first 393	
  

baroclinic Kelvin wave and xL  is the half of the zonal width of the basin, and 394	
  

*
0/γ γ γ=  with 0 0 2( ) /e sT T Hγ = − .	
   (For convenience of reference, Appendix I lists 395	
  

the definition of all the symbols and parameters used in this article).  396	
  

An exhaustive numerical exploration of the rectification effect in the entire parameter 397	
  

space is beyond the scope of the present study. We only present two situations here in 398	
  

which an analytical form for the rectification effect can be obtained to underscore the 399	
  

fundamental importance of the nonlinear advection term in Eq. (2) in giving rise to 400	
  

this effect. The details of the derivations are given in Appendix III.  401	
  

With s =0, ! =
r
c
>>1, it can be shown that 402	
  

T1 ! T1eq                       (14) 403	
  

T2 ! T2eq +
T2
'2

T1 !T2
            (15) 404	
  

where over bar refers to time-mean, “eq” refers to equilibrium, and “ ' ” detonates the 405	
  

anomaly above the time-mean (Details of derivation are given in Appendix III). Eq. 406	
  

(15) links the refection effect (the difference between the time-mean T2 and the 407	
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equilibrium T2 to the variance of the anomaly about the time-mean—the level of 408	
  

ENSO activity).  409	
  

The simplest advective case (or convective case) (Fig. 9) – the situation considered in 410	
  

Sun (2000) and Schopf and Burgman (2006) as a thought experiment in which the 411	
  

eastern Pacific is periodically (or episodically with a 50% frequency) flooded by 412	
  

warm water due to an expanding warm-pool—appears to satisfy Eq. (15). In that 413	
  

situation, 1 1~ eqT T , 1
2 1 22~ ( )eq eqT T T+ , %T 2

' ~ T1 !T2 ! 1
2 (T1eq !T2eq )  with %T 2

'= T 2
''2 , a 414	
  

measure of the magnitude of T2
'  (the anomaly about the time-mean). 415	
  

 416	
  

For a more general value of ! , but with !R >>1 , we have 417	
  

T2 ! T2eq +
T2
'2

T1 !T2
cos!          (16) 418	
  

where !  is the phase difference between Tsub and T2.  The details of derivation are 419	
  

provided in the Appendix III. !R >>1  corresponds to a situation with strong 420	
  

Bjerknes feedback, because  421	
  

!R =
H1
2H2

H !"
b2

                               (17) 422	
  

Recall that !  and !  in Eq. (17) are respectively the coupling strength and the lapse 423	
  

rate of the thermocline (Appendix I). 424	
  

Presenting Eq. (15) and Eq. (16) here is to further show that the rectification 425	
  

effect appears to be a robust property of the nonlineity in Eq. (2), and at least 426	
  

qualitatively does not appear to be sensitive to the choice of parameters.  427	
  

 428	
  

6.  Summary and Discussion 429	
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Motivated for a more complete understanding about the observed co-occurrences of 430	
  

an elevated (reduced) level of ENSO activity and a background warming (cooling) in 431	
  

the eastern tropical Pacific, we have employed a novel methodology to delineate the 432	
  

effect of ENSO events on the time-mean equatorial upper ocean. This new 433	
  

methodology is to contrast the time-mean state of a low-order nonlinear model with 434	
  

its equilibrium state. The realized time-dependent state in this model is calculated 435	
  

numerically, and the corresponding equilibrium state is obtained analytically, 436	
  

allowing us to compare the two states of coupled equatorial Pacific hand by hand, and 437	
  

thereby delineate the role of ENSO in shaping the tropical Pacific climatology.  438	
  

The results from such an exercise show unambiguously that in the presence of 439	
  

ENSO, the differences between the equilibrium state and the realized time-mean state 440	
  

is significant. In particular, it is found that the time-mean equatorial eastern Pacific 441	
  

SST is significantly higher than that in the equilibrium state and that the time-mean 442	
  

zonal SST contrast is significantly weaker than that in the equilibrium state. The 443	
  

differences between the two states are further shown numerically to be proportional to 444	
  

the magnitude of ENSO oscillation. 445	
  

The present results advance our understanding of the effect of ENSO events on the 446	
  

time-mean equatorial ocean beyond that from the empirical studies (Rodger et al. 447	
  

2004; Sun and Yu 2009). This result, together with that from Sun and Zhang (2006) 448	
  

and Schopf and Burgman (2006) add weight to the argument that the recent decadal 449	
  

warming in the eastern tropical Pacific may be a consequence of the elevation of 450	
  

ENSO events during this period.  451	
  

Although the present results strengthens the argument that the recent decadal 452	
  

warming in the eastern tropical Pacific may be a consequence of the elevation of 453	
  

ENSO events during this period, such a causality can not be firmly established unless 454	
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the causes of the elevation of ENSO activity are shown independent of the decadal 455	
  

background warming in the tropical Pacific. As earlier studies have shown that a 456	
  

decadal warming in the background state can cause an elevation of ENSO activity 457	
  

(Fedorov and Philander 2000, 2001; An and Jin 2001; and Wang and An 2001), the 458	
  

possibility is raised that a nonlinear interaction between ENSO events and the 459	
  

time-mean state may act as a viable mechanism for decadal variability in the tropical 460	
  

Pacific region. We note, however, the study by Wittenberg (2009) which shows that 461	
  

the level of ENSO activity in a GFDL model can change substantially from one 462	
  

decadal epoch to another without any notable change in the time mean state over the 463	
  

epoch. We agree that there may be other causes for decadal variability in the level of 464	
  

ENSO activity, such as random forcing from weather events. An interesting venue to 465	
  

pursue is how the collective effect of weather events over the warm-pool influences 466	
  

the decadal variability in the tropical maximum SST and thereby the decadal 467	
  

variability in the value of Te.  We may not be conclude that the apparent lack of 468	
  

rectification into the mean state in the GFDL model, contradict our conclusion here  469	
  

also before we fully assess whether the ENSO events in the model is too linear 470	
  

relative to what we see in observations (Sun et al. 2011). In fully assessing ENSO 471	
  

asymmetry, it is important to examine its subsurface signatures (Zhang et al. 2009).  472	
  

 473	
  

The analytical model also shows that at least in certain regimes, the amplitude of 474	
  

ENSO events increase with enhanced radiative heating. Thus an interesting emerging 475	
  

scenario is that ENSO events become stronger in response to an enhanced radiative 476	
  

heating, which causes a warming in the tropical Pacific. Such a scenario is not 477	
  

supported by coupled GCM simulations, however. A survey of coupled GCM 478	
  

simulations has not revealed any systematic change in the level of ENSO activity in 479	
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response to global warming (Collins et al. 2010). This apparent contradiction may be 480	
  

again due to that the nonlinearity of ENSO is either nonexistent or severely 481	
  

underestimated by coupled GCMs (An et al. 2005; Sun 2010; Sun et al. 2011). 482	
  

Related to this consideration is the question whether the tropical Pacific region in the 483	
  

coupled GCMs is in the same dynamic regime as in the real world (Sun et al. 2006; 484	
  

Guilyardi et al. 2009; Guilyardi et al. 2011). Of course, it is also possible that the 485	
  

present model is too simple. A key issue ahead is to bridge the gap between simple 486	
  

models and GCMs in their predictions of the response of ENSO to global warming. 487	
  

Addressing this issue may necessarily entail a more critical assessment of the 488	
  

nonlinearity of ENSO events in the models including a quantification of the 489	
  

rectification effect of ENSO into the mean state in the various GCMs. 490	
  

The results from the present analysis also suggest that the sensitivity of the tropical 491	
  

Pacific mean climate, the zonal SST contrast in particular, to an increase in the 492	
  

greenhouse effect, may be a function of the time-mean effect of ENSO events. The 493	
  

reduced rate of increase in the time-mean zonal SST contrast (T1－T2) in the present 494	
  

model in response to an increase in the radiative-convective equilibrium SST (Te), 495	
  

compared to that in the equilibrium state, suggests that the zonal SST contrast may be 496	
  

regulated by ENSO events. Whether this provides a viable explanation for the 497	
  

difficulty to detect a significant trend in the zonal SST contrast in the observations 498	
  

discussed by Vecchi et al. (2008) is a question worth exploring. In the same vein, 499	
  

recognizing this nonlinear effect of ENSO and the apparent inability to fully capture 500	
  

this effect by all the models may prove useful for fully understanding the differences 501	
  

among model predictions of the response of the zonal SST contrast to global warming. 502	
  

The results thus underscore the importance for climate models to correctly simulate 503	
  

ENSO, its nonlinear dynamics in particular, to be able to capture correctly the 504	
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response of the ENSO and the climatological state it determines. 505	
  

We would like to note that the results reported in this article are from a highly 506	
  

truncated version of the real coupled tropical Pacific ocean-atmosphere system. A 507	
  

salient feature in the decadal warming of the east tropical Pacific (Fig. 1) is that the 508	
  

maximum warming is not right on the equator. But the model in its current form does 509	
  

not carry any information about the meridional structure of the rectification effect. 510	
  

The results will have to be compared with those obtained by more sophisticated 511	
  

models in order to fully ascertain the time mean effect of ENSO events. Regardless 512	
  

the accuracy of the present results, the framework they constitute is likely to be useful 513	
  

for diagnosing and understanding the results from more complicated climate models, 514	
  

such as GCMs.  515	
  

It has been suggested that ENSO variability may be simulated by a stable linear 516	
  

system forced by weather noise (Penland and Sardeshmukh 1995, Penland 1996, 517	
  

Moor and Kleeman 1999, Flugel et al. 2004, Kleeman 2008, among others). Indeed, 518	
  

these models have performed remarkably well in simulating the SST anomalies 519	
  

associated with ENSO events. Hence came the debate whether ENSO dynamics is 520	
  

“linear” or “nonlinear”. It is often overlooked, however, that these studies take the 521	
  

stability of the time-mean state as a given, and does not address the question why the 522	
  

time-mean state appears to hover near the critical point. The present study may have 523	
  

accidentally addressed this question and provided a potential underpinning for these 524	
  

studies using anomaly models: ENSO events result from an instability of the 525	
  

equilibrium state and through its time-mean effect, creates a stable or nearly stable 526	
  

time-mean state. A subsequent study is planned to test this hypothesis. We also like to 527	
  

include weather noise explicitly into the model to bridge the present work 528	
  

quantitatively with those studies underscoring the role of noise in the irregularity of 529	
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ENSO. For now, the results from this simple nonlinear model shall help to underscore 530	
  

the fact that the equilibrium state of the coupled tropical ocean-atmosphere may not 531	
  

be the same as its time-mean state (i.e. the climatological state). With this difference 532	
  

in mind, we have a reason to be hopeful that the gap between the two schools of 533	
  

thoughts about the nature of ENSO dynamics may turn out to be not that big after all.   534	
  

535	
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Appendix I: Definition of the symbols used in this study 536	
  

eT : the radiative–convective equilibrium temperature 537	
  

bT : deep ocean temperature 538	
  

1T : equatorial western Pacific SST (120E-155W) 539	
  

2T : equatorial eastern Pacific SST (155W-70W) 540	
  

subT : subsurface temperature 541	
  

1H : depth of the mixed layer 542	
  

H : zonal mean depth of the upper ocean 543	
  

2 1H H H= −  544	
  

xL : half width of the basin 545	
  

u : zonal velocity 546	
  

w : upwelling velocity 547	
  

q : 1/w H  548	
  

s : 1 / xuH wL  549	
  

1/ a : adjustment time scale of the surface ocean currents to changes in the surface 550	
  

winds 551	
  

1/ c : time scale of removing a SST anomaly by surface fluxes 552	
  

1/ r : time scale of the slow adjustment in the ocean 553	
  

α : sensitivity of the surface wind stress to changes in the SST gradients 554	
  

'
1h : deviation of the depth of the upper ocean in the western Pacific from its reference 555	
  

valueH  556	
  

'
2h : deviation of the depth of the upper ocean in the eastern Pacific from its reference 557	
  

valueH  558	
  

kc : phase speed of the first baroclinic Kelvin wave 559	
  

b : /k xc L  560	
  

p : 1 2 1 2/ 2 (1 / )H H H H+  561	
  

κ : 2/ac b  562	
  

σ : /r c  563	
  

0sT : characteristic value of the subsurface temperature 564	
  

λ : parameter used to link 0sT  with eT  and bT  through a linear extrapolation.  565	
  

γ : lapse rate of the subsurface ocean 566	
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0γ : 0 2( ) /e sT T H− , a reference lapse rate for the subsurface ocean. 567	
  

*γ : 0/γ γ  568	
  

R : 0( )e sT T acα −  569	
  

Λ : *pκγ  570	
  
571	
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Appendix II: A nondimensional analysis of the dynamic system  572	
  

With the nonlinear profile shown in Eq. (6) replaced by a linear profile shown in Eq. 573	
  

(9), the equations governing the behavior of the system are 574	
  

1
1 2 1( ) ( )e

dT c T T sq T T
dt

= − + −                 (A1) 575	
  

2
2 2( ) ( )e sub

dT c T T q T T
dt

= − + −               (A2) 576	
  

1 2( )q T T
a
α

= −                   (A3) 577	
  

'
0 2sub sT T hγ= +                  (A4) 578	
  

0 (1 )s e bT T Tλ λ= + −                 (A5) 579	
  

* 0

2

e sT T
H

γ γ
−

=                  (A6) 580	
  

' ' 1
2 1 1 22

2

( )
H

h h H T T
H b

α
− = − −               (A7) 581	
  

1
1 22

2

'
'1
1 ( )
2

1 H
H T T

H b
dh h
r dt

α
= − −+              (A8) 582	
  

 583	
  

By introducing ctτ = , *
1 1 0( ) /e e sT T T T T= − − , *

2 2 0( ) /e e sT T T T T= − − , *
0( ) /s sub e e sT T T T T= − − , 584	
  

* /q q c= , *
2 0/ ( )e sH T Tγ γ= − , '* '

1 1 2/h h H= , and ' * '
2 2 2/h h H= , we have the nondimensional 585	
  

form of (A1) - (A8) as, 586	
  
*

* * * *1
1 2 1( )dT T sq T T

dτ
= − + −                    (A9) 587	
  

*
* * * *2
2 2( )s

dT T q T T
dτ

= − + −                (A10) 588	
  

'*
'* * *1
1 1 2[ ( )]dh h p R T T

d
σ κ

τ
= − − −                  (A11) 589	
  

* * *
1 2( )q R T T= −                          (A12) 590	
  

* * ' *
21sT hγ= − +                        (A13) 591	
  

' * '* * *
2 1 1 22 ( )h h p R T Tκ= − −                    (A14) 592	
  

where 0( ) /e sR T T acα= − , 2/ac bκ = , /r cσ = , and 1 2 1 2/ 2 (1 / )p H H H H= + . 593	
  

Plugging (A12) - (A14) into (A9) - (A11), and replacing * '*
1hγ  by *

1η  and 594	
  

* ' *
2hγ by *

2η , we have  595	
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*
* * * 21
1 2 1( )dT T sR T T

dτ
= − − −                                (A15) 596	
  

*
* * * * * * *2
2 1 2 1 2 2( )[ 1 2 ( ) ]dT T R T T R T T T

d
η

τ
= − + − − + − Λ − −            (A16) 597	
  

*
* * *1
1 1 2

1 ( )d R T T
d
η

η
σ τ

= − +Λ −                             (A17) 598	
  

* *
21sT η= − +                   (A18) 599	
  

* * * *
2 1 1 22 ( )R T Tη η= − Λ −                   (A19) 600	
  

where *pκγΛ = . After such a manipulation to consolidate the parameters, we see that 601	
  

the dynamic behavior of the coupled system is determined by four non-dimensional 602	
  

parameters:R ,Λ ,σ and s . 603	
  
604	
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Appendix III: An analysis of the relationship among the time-mean 605	
  
solution, the equilibrium solution, and the amplitude of the anomaly 606	
  
about the time-mean. 607	
  

a．The equilibrium solutions 608	
  

The equilibrium solutions can be obtained by setting the time derivatives on the left 609	
  

side of (A1), (A2), and (A8) to zero, and then reducing (A1) - (A8) to a single 610	
  

nonlinear algebraic equation. Here we only present the case for s=0. With s=0, (A1) - 611	
  

(A8) can be rewritten as 612	
  

1eq eT T=                     (A20) 613	
  

* '0
2 1 2 0 2 2

2

( ) ( )( ) 0e s
e eq eq eq s eq eq

T Tc T T T T T h T
a H
α

γ
−

− + − + − =         (A21) 614	
  

1 2( )eq eq eqq T T
a
α

= −                  (A22) 615	
  

' 1
2 1 22

2

( )
2 eq eqeq
H

h H T T
H b

α
= − −                (A23) 616	
  

1
1 22

2

'
1 ( )

2 eq eqeq
H

H T T
H b

h α
−=                (A24) 617	
  

(The subscript ‘eq’ denotes the corresponding equilibrium solution of each variable.) 618	
  

Plugging (A20), (A23) into equation (A21), we have 619	
  

1
22

2

* 0
2 2 0 2

2

( )
2

( ) ( )( ) 0e eq
e s

e eq e eq s eq
H
H T T

H b
T Tc T T T T T T

a H
αα

γ
−

−
−

− + − + ⋅ − =  620	
  

1
22

2

* 0
0 2

2

( )
2

0eq e
e s

s eq
H

H T T
H b

T Tac T T
H

α
γ

α
−

−
→ + + ⋅ − =          (A25) 621	
  

By introducing the nondimensional parameters R , Λ , p , κ ,σ , (A25) can be 622	
  

rewritten as 623	
  

20 2( ) 0eq es eqT T
ac T R T
α
+ +Λ − − =  624	
  

2
0

1
e

eq
s

ac T
T

T R
R

α + −Λ ⋅
→ =

−Λ
                (A26) 625	
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Equations (A20) and (A26) are the equilibrium solutions of the linear system. 626	
  

 627	
  

b. Relationship among the time-mean solution, the equilibrium solution, and the 628	
  

amplitude of the anomaly about the time-mean. 629	
  

As a variable (e.g. T ) in its oscillatory state can be decomposed into its 630	
  

climatological mean (T ) and corresponding fluctuating part ( 'T ), the western and 631	
  

eastern equatorial Pacific SST can be respectively written as: '
1 1 1T T T= + , '

2 2 2T T T= + , 632	
  

also ' ' ''
2 2 2h h h= + . The difference between the two solutions can be expressed either in 633	
  

the dimensional and nondimensional forms.  Here we only present the derivation in 634	
  

the dimensional form, and only refer the non-dimensional form of the equations when 635	
  

asymptotic approximation is needed to obtain a clearer relation among the time-mean 636	
  

value, the equilibrium value, and the amplitude of the anomalies about the time-mean.  637	
  

We do time average to both the two sides of (A1), (A2), (A7), and (A8) in the 638	
  

case 0s = , and also combine equations (A3) - (A6), then we have, 639	
  

1
1( )e

dT c T T
dt

= −                           (A27) 640	
  

'2
2 1 2 0 2 2( ) ( )( )e s

dT c T T T T T h T
dt a

α
γ= − + − + −              (A28) 641	
  

' ' 1
2 1 1 22

2

( )
H

h h H T T
H b

α
− = − −               (A29) 642	
  

1
12

2

'
'1
1 2( )
2

1 H
H T T

H b
dh h
r dt

α
= − −+             (A30) 643	
  

Simplify (A27) - (A30), we can get 644	
  

1 eT T=                    (A31) 645	
  

'
2 1 2 0 2 2( ) ( )( ) 0e sc T T T T T h T

a
α

γ− + − + − =            (A32) 646	
  

' 1
2 1 22

2

( )
2
H

h H T T
H b

α
= − −                (A33) 647	
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1
12

2

'
1 2( )

2
H

H T T
H b

h α
−=                (A34) 648	
  

Simplify (A32), we have 649	
  

' ' ' ' ' '
2 1 2 1 2 0 2 2 2 2( )( ) 0e scT cT T T T T T h T h T
a
α

γ γ− + − + − + − + − =650	
  

( )' ' ' ' ' '
2 1 2 0 2 2 1 2 2 2( ) ( ) ( ) ( )( ) 0e s

ac T T T T T h T T T h Tγ γ
α

→ − + − ⋅ + − + − − =      (A35) 651	
  

As we can easily get 1 eq eT T T= =  due to a combination of (A20) and (A31), and 652	
  

there is no oscillation for 1T  at this time, '
1 0T = . Also by combining (A33), equation 653	
  

(A35) can be further simplified as, 654	
  

1
1 22

2

* ' ' ' '0
2 2 0 2 2 2 2

2

( )
2

( ) ( ) ( ) ( )( ) 0e s
e e s

H
H T T

H b
T Tac T T T T T T T h T
H

α
γ γ

α
−

−
−

− + − ⋅ + ⋅ − + − − =655	
  

2
' ' ' '

2 2 0 2 2 2 2( )( ) ( ) ( ) ( )( ) 0e e s eT
ac T T T T T R T T T h Tγ
α

−→ − + − ⋅ +Λ − + − − =  656	
  

2

' ' ' '
2 2 2

0
2

( )( )( 1) 0s e
e

T
T h Tac T R R T
T T
γ

α
− −

→ + + Λ − −Λ ⋅ + =
−

 657	
  

2

' ' ' '2
0 2 2 2

2(1 1) ( )
s e

e

ac
T

T R T h T T
R R T T

α γ+ −Λ ⋅ −
→ = +

−Λ Λ − ⋅ −
          (A36) 658	
  

As shown by (A26), 2
0

1
e

eq
s

ac T
T

T R
R

α + −Λ ⋅
=

−Λ
, the relationship between 2T and 659	
  

2eqT is 660	
  

' ' ' '2
2 2 2

2 2
2( 1) ( )eq

e

h T TT T
R T T
γ −

= +
Λ − ⋅ −

              (A37) 661	
  

As we get easily get ' ''
2subT hγ= , (recall '

0 2sub sT T hγ= +  (A4)), (A37) can be rewritten 662	
  

as  663	
  

' ' '2
2 2

2 2
2( 1)( )

sub
eq

e

T T TT T
R T T

−
= +

Λ − −
              (A38) 664	
  

When r
c

σ = >>1, equation (A17) becomes * * *
1 1 2( )R T Tη = Λ − . As *

1 0T = ( 0s = ) 665	
  

at this time, combining equations (A18) and (A19), we can get * *
21sT RT+ = Λ . We 666	
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can further get ' '
2subT RT= Λ  easily as we return it to its dimensional form. (A38) can 667	
  

thereby be derived as 668	
  
'2
2

2 2
2

eq
e

TT T
T T

= +
−

                       (A39) 669	
  

Recall in this particular case 1 eT T= , we have  670	
  

T2 =T2eq +
T2
'2

T1 !T2
                   (A40) 671	
  

The simple advective case (that the eastern Pacific is periodically invaded or flooded 672	
  

by an expanding warmpool (Fig. 9) appears to satisfy this equation, 673	
  

with %T 2
' ~ T1 !T2 = 1

2 (T1eq !T2eq ) , 1 1~ eqT T , 1
2 1 22~ ( )eq eqT T T+ , %T 2

'  is the magnitude of 674	
  

the anomaly above the time-mean ( %T 2
''2 ) 675	
  

For a more general case, we take '
2 cosT A tω= , ' cos( )subT RA tω β= Λ − ( 0)β > , 676	
  

' ' 2
2

2

2 2 2

cos cos( )

cos (cos cos sin sin )

cos cos cos sin sin

subT T R A t t

R A t t t

R A t A t t

ω ω β

ω ω β ω β

ω β ω ω β

⎡ ⎤= Λ ⋅ −⎣ ⎦

⎡ ⎤= Λ +⎣ ⎦

⎡ ⎤= Λ +⎣ ⎦

 677	
  

' ' 2 2 '2
2 2cos cos cossubT T RA t R Tω β β= Λ = Λ  678	
  

Equation (A38) becomes 
'2
2

2 2
1 2

cos 1
1eq

TRT T
R T T
βΛ −

= +
Λ − −

        (A41) 679	
  

When !R >>1 , equation (A41) becomes 680	
  
'2
2

2 2
1 2

coseq
TT T
T T

β= +
−

                  (A42) 681	
  

Note, 682	
  

1 1
2 2

* 02 1
2 2 2

0 2

(1 )
2

H H e s
H H

e s

T TH H HacR p R
b T T ac H b

γ αγ
κγ α

−
Λ = = + ⋅ ⋅ ⋅ =

−
          (A43) 683	
  

Therefore (A42) corresponds to the case with a very strong Bjerknes feedback. Recall 684	
  

that !  and !  in (A43) are respectively the coupling strength and the lapse rate of 685	
  

the thermocline (Appendix I). 686	
  

 687	
  
688	
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Figure Captions: 816	
  

 817	
  

FIG. 1. (a) Sea Surface Temperature (SST) differences between two epochs: 818	
  

1977–2003 and 1950–1976. (b) Niño3 SST time series. Niño3 SST (anomalies) (in 819	
  

color). The black solid line is the variance of Niño3 SST anomalies obtained by 820	
  

sliding a moving window of a width of 16 years. Note the epoch 1977–2003 has 821	
  

higher level of ENSO activity than the previous period 1950–1976. (SST data used 822	
  

are from the Hadley Center for Climate Prediction and Research) (Rayner et al. 1996). 823	
  

	
  824	
  

FIG. 2. (a) Equatorial Pacific SST as a function of Te. T1 and T2 are respectively for 825	
  

the western and eastern Pacific SST. Solid lines are for the time-mean state, and the 826	
  

dashed lines are for the equilibrium state. (b) Amplitude of oscillation for T2 as a 827	
  

function of Te. The amplitude is defined here as the half value of the difference 828	
  

between the maximum and minimum value of T2. Also shown are the zonal SST 829	
  

contrast as measured by the difference between T1 and T2 for the equilibrium state 830	
  

(red) and the time-mean state (blue).  Note that the rate of increase in the zonal 831	
  

contrast in the time-mean state with Te is less than half of the corresponding rate of 832	
  

increase in the equilibrium state (0.25 versus 0.56). The parameter values used in this 833	
  

figure are the same as in Sun (1997, 2000) (s=1/3, Tb=17.3°C, 1
c

=150day, 834	
  

1
r

=300day, H*=65m, H1=50m, H2=150m, z0=75m, a
α

=3.0×10-8K-1s-1, 835	
  

H1(H1 +H2 )
2H2

!
!
b2

=11.5mK-1) 836	
  

	
  837	
  

FIG. 3. Same as in Fig. 2a except for the subsurface temperature (a), the upwelling 838	
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(b), the thermocline depth of the eastern equatorial Pacific (anomaly) (c), and the 839	
  

depth of the thermocline in the western equatorial Pacific (anomaly) (d). Note that a 840	
  

negative anomaly in h2’ means a reduction in the thermocline depth. The positive 841	
  

difference between the time-mean solution of h2’ and the equilibrium h2’ in the 842	
  

presence of ENSO implies a deepening of h2’ in the eastern Pacific due to the 843	
  

presence of ENSO.  844	
  

	
  845	
  

FIG. 4. Same as in Fig. 2, except for s=0 (a, b) and s=0.096 (c, d). 846	
  

	
  847	
  

FIG. 5.  Time series of T2 when Te=28.5°C and Te=31°C. The time series are taken 848	
  

from the case with s=0.096 (Fig. 4cd). The two horizontal lines in the figure indicate 849	
  

respectively the time-mean value of T2 (solid line) and its equilibrium value (dashed 850	
  

line). 851	
  

	
  852	
  

FIG. 6. (a) The time series of !h1 , corresponding to the time series of T2 shown in 853	
  

Fig.5b.  The time mean value and the equilibrium value of !h1  are also plotted in the 854	
  

figure—the solid and dashed horizontal lines. (b) The corresponding trajectory of the 855	
  

system, projected onto the plan of T2 and !h1 .  The small red circle and square in the 856	
  

figure mark the positions of the equilibrium and time-mean state respectively.  857	
  

	
  858	
  

FIG. 7. Same as in Fig. 2a and 2b, but with the reference profile used to parameterize 859	
  

the subsurface temperature Tsub (Eq. (6)) replaced by 0 1( ) ( )sz T z HγΦ = + + , where 860	
  

0 (1 )s e bT T Tλ λ= + − and ( ) / 2e b refT T Hγ = − . Parameter values used for this the linear 861	
  

profile areλ =17/24, refH =64m. Other parameters are the same as in Fig. 2.  862	
  

	
  863	
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FIG. 8. The profile for the reference subsurface temperature used to link the 864	
  

subsurface temperature to the depth of the thermocline for the linear case (Fig. 7) and 865	
  

the nonlinear case (Fig.2). Solid line is for the linear case, while dashed line is for the 866	
  

nonlinear case. Only the profile corresponding to Te =29.5°C is plotted here.  867	
  

	
  868	
  

FIG. 9. A schematic illustration of the simple advective model (a and b), in which El 869	
  

Nino event is viewed as a periodical (or episodical) “flooding” event of the eastern 870	
  

Pacific region – a region that is otherwise cold (when instability does not take place) 871	
  

--by warm water in the western Pacific. Fig. 7c shows the resulting time-mean state. 872	
  

In the situation of a sinusoidal expansion of the warm-pool, 1 1~ eqT T , 873	
  

1
2 1 22~ ( )eq eqT T T+ , %T 2

' ~ T1 !T2 = 1
2 (T1eq !T2eq )  with %T 2

'  being the magnitude of '
2T  874	
  

or ENSO anomaly. 	
  875	
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 878	
  

 879	
  

 880	
  

FIG. 1. (a) Sea Surface Temperature (SST) differences between two epochs: 881	
  
1977–2003 and 1950–1976. (b) Niño3 SST time series. Niño3 SST (anomalies) (in 882	
  
color). The black solid line is the variance of Niño3 SST anomalies obtained by 883	
  
sliding a moving window of a width of 16 years. Note the epoch 1977–2003 has 884	
  
higher level of ENSO activity than the previous period 1950–1976. (SST data used 885	
  
are from the Hadley Center for Climate Prediction and Research) (Rayner et al. 1996). 886	
  
 887	
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FIG. 2. (a) Equatorial Pacific SST as a function of Te. T1 and T2 are respectively for 890	
  
the western and eastern Pacific SST. Solid lines are for the time-mean state, and the 891	
  
dashed lines are for the equilibrium state. (b) Amplitude of oscillation for T2 as a 892	
  
function of Te. The amplitude is defined here as the half value of the difference 893	
  
between the maximum and minimum value of T2. Also shown are the zonal SST 894	
  
contrast as measured by the difference between T1 and T2 for the equilibrium state 895	
  
(red) and the time-mean state (blue).  Note that the rate of increase in the zonal 896	
  
contrast in the time-mean state with Te is less than half of the corresponding rate of 897	
  
increase in the equilibrium state (0.25 versus 0.56). The parameter values used in this 898	
  

figure are the same as in Sun (1997, 2000) ((s=1/3, Tb=17.3°C, 1
c

=150day, 899	
  

1
r

=300day, H*=65m, H1=50m, H2=150m, z0=75m, a
α

=3.0×10-8K-1s-1, 900	
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FIG. 3. Same as in Fig. 2a except for the subsurface temperature (a), the upwelling 907	
  
(b), the thermocline depth of the eastern equatorial Pacific (anomaly) (c), and the 908	
  
depth of the thermocline in the western equatorial Pacific (anomaly) (d). Note that a 909	
  
negative anomaly in h2’ means a reduction in the thermocline depth. The positive 910	
  
difference between the time-mean solution of h2’ and the equilibrium h2’ in the 911	
  
presence of ENSO implies a deepening of h2’ in the eastern Pacific due to the 912	
  
presence of ENSO.  913	
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FIG. 4. Same as in Fig. 2, except for s=0 (a, b) and s=0.096 (c, d). 917	
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FIG. 5.  Time series of T2 when Te=28.5°C and Te=31°C. The time series are taken 925	
  
from the case with s=0.096 (Fig. 4cd). The two horizontal lines in the figure indicate 926	
  
respectively the time-mean value of T2 (solid line) and its equilibrium value (dashed 927	
  
line). 928	
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FIG. 6. (a) The time series of !h1 , corresponding to the time series of T2 shown in 936	
  
Fig.5b. The time mean value and the equilibrium value of !h1  are also plotted in the 937	
  
figure—the solid and dashed horizontal lines. (b) The corresponding trajectory of the 938	
  
system, projected onto the plan of T2 and !h1 . The small red circle and square in the 939	
  
figure mark the positions of the equilibrium and time-mean state respectively   940	
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FIG. 7. Same as in Fig. 2a and 2b, but with the reference profile used to parameterize 947	
  
the subsurface temperature Tsub (Eq. (6)) replaced by 0 1( ) ( )sz T z HγΦ = + + , where 948	
  

0 (1 )s e bT T Tλ λ= + − and ( ) / 2e b refT T Hγ = − . Parameter values used for this the linear 949	
  

profile are 17 / 24λ = , 64refH m= . Other parameters are the same as in Fig. 2.  950	
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FIG. 8. The profile for the reference subsurface temperature used to link the 955	
  
subsurface temperature to the depth of the thermocline for the linear case (Fig. 7) and 956	
  
the nonlinear case (Fig.2). Solid line is for the linear case, while dashed line is for the 957	
  
nonlinear case. Only the profile corresponding to Te =29.5°C is plotted here.  958	
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FIG. 9. A schematic illustration of the simple advective model (a and b), in which El 963	
  

Nino event is viewed as a periodical (or episodical) “flooding” event of the eastern 964	
  

Pacific region – a region that is otherwise cold (when instability does not take place) – 965	
  

by warm water in the western Pacific. Fig.9c shows the resulting time-mean state. In 966	
  

the situation of a sinusoidal expansion of the warm-pool, 1 1~ eqT T , 1
2 1 22~ ( )eq eqT T T+ , 967	
  

%T 2
' ~ T1 !T2 = 1

2 (T1eq !T2eq )  with %T 2
'  being the magnitude of '

2T  or ENSO anomaly. 	
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