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Abstract 22 

Climate models project an El Niño-like SST response in the tropical Pacific Ocean to 23 

global warming (GW). By employing the Community Earth System Model (CESM) and 24 

applying an overriding technique to its ocean component, Parallel Ocean Program 25 

version 2 (POP2), this study investigates the similarity and difference of formation 26 

mechanism for the changes in the tropical Pacific Ocean under El Niño and GW. Results 27 

show that, despite sharing some similarities between the two scenarios, there are many 28 

significant distinctions between GW and El Niño: 1) the phase locking of the seasonal 29 

cycle reduction is more notable under GW compared with El Niño, implying more 30 

extreme El Niño events in the future; 2) in contrast to the penetration of the equatorial 31 

subsurface temperature anomaly that appears to propagate in the form of an oceanic 32 

equatorial upwelling Kelvin wave during El Niño, the GW-induced subsurface 33 

temperature anomaly manifest in the form of off-equatorial upwelling Rossby waves; 3) 34 

while significant across-equator northward heat transport (NHT) is induced by the wind 35 

stress anomalies associated with El Niño, little NHT is found at the equator due to a 36 

symmetric change in the shallow meridional overturning circulation that appears to be 37 

weakened in both North and South Pacific under GW; and 4) the maintaining 38 

mechanisms for the eastern equatorial Pacific warming are also substantially different. 39 

 40 

Key words: Tropical Pacific Ocean; Global warming; El Niño; El Niño-like response.  41 
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1. Introduction 42 

El Niño-Southern Oscillation (ENSO) is the leading mode of the interannual variability in 43 

the Earth‟s climate system and has significant impacts on climate variability across much of 44 

the globe. The warm phase of ENSO, or El Niño, is characterized by unusually warm ocean 45 

temperature in the eastern equatorial Pacific (EEP), accompanying with an eastward shift of 46 

the warm pool and rainfall, a reduction of the equatorial easterly winds, and a flattening of 47 

the zonal thermocline slope (Rasmusson et al., 1982, Neelin et al., 1998; Wang and 48 

McPhaden, 2000, 2001). Ocean-atmosphere coupling is a major cause of ENSO (Bjerknes, 49 

1969; Zebiak and Cane, 1987), and the thermocline-SST positive feedback (i.e., the Bjerknes 50 

feedback) is believed to be responsible for the onset and strengthening of El Niño. For the 51 

termination of El Niño or its transition to the cold phase (i.e., La Niña), four negative 52 

feedbacks have been proposed: the delayed oscillator (Suarez and Schopf, 1988; Battisti, 53 

1988), discharge–recharge oscillator (Jin, 1996, 1997a and 1997b), western Pacific oscillator 54 

(Wang and Weisberg, 1994; Weisberg and Wang, 1997), and advective–reflective oscillator 55 

(Picaut et al., 1996, 1997). Due to the complexity of the evolution of ENSO, more than one 56 

of the above negative feedbacks may be operating in a variety of combinations (Wang and 57 

Picaut, 2004).  58 

 59 

On the other hand, a majority of climate models (e.g., Liu et al 2005, Held and Soden 2006, 60 

Xie et al 2010, Lu and Zhao 2012) has projected that the mean climate condition in the 61 

tropical Pacific Ocean shifts towards an „El Niño-like‟ state under global warming (GW), 62 

with features such as an enhanced warming in the EEP, a shoaling of the thermocline in the 63 

western equatorial Pacific (WEP), and a weakening of the south equatorial current (SEC). 64 

These oceanic changes are generally interpreted as a direct response to a weakening of 65 

easterly wind anomalies in the equatorial Pacific associated with the slowdown of the Walker 66 

circulation, a robust signature of the atmospheric response to GW (e.g., Vecchi and Soden, 67 

2007). However, it has been found that the physical mechanisms that drive tropical Pacific 68 

climate change depart substantially from the ENSO analogy (DiNezio et al., 2009). Recently, 69 
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Luo et al. (2014) demonstrated that the weakening of the equatorial easterlies contributes 70 

only marginally to the El Niño-like SST warming pattern under GW, which in stead appears 71 

to be mainly controlled by the air-sea thermal interaction. Their model experiments revealed 72 

further differences between the El Niño-like response to GW and El Niño: although in both 73 

cases the upwelling in the EEP weakens, the total effect of vertical temperature advection in 74 

the mixed layer is opposite, cooling for GW (due to enhanced upper-ocean stratification) but 75 

heating for El Niño. 76 

 77 

Since the shift of mean climate conditions toward the „El Niño-like‟ state could alter the 78 

amplitude, frequency, seasonal timing or spatial patterns of ENSO and then affect a range of 79 

weather phenomena (Collins et al., 2010; Vecchi and Wittenberg, 2010; DiNezio et al., 2012), 80 

it is of great importance to understand the differences and similarities of underlying 81 

formation mechanisms for the tropical Pacific between GW and El Niño. However, it is still 82 

debatable as to whether ENSO activity will be weakened or strengthened, owing to the 83 

delicate balance of competing processes under GW. For example, an enhanced thermal 84 

stratification and associated shallower thermocline along the equatorial Pacific tends to 85 

destabilize the tropical coupling system, increase the sensitivity of SST to an anomaly in 86 

thermocline or wind stress, and thus increase the amplitude of ENSO; on the other hand, the 87 

higher Newtonian damping on the SST (Xie et al. 2010 ) and more stable atmosphere due to 88 

a less vigorous zonal circulation tend to reduce the amplitude of ENSO (Philip and 89 

Oldenborgh, 2006; Zhang et al., 2008)  90 

 91 

These existing studies above focused mainly on the annual mean state differences between 92 

GW and El Niño, and little attention has been given to their different seasonalities. The 93 

seasonal cycle can contribute to the irregularity and phase locking of ENSO, and the 94 

intra-seasonal variability can be a source of both ENSO variability and irregularity (Wang 95 

and Picaut, 2004). In addition, the seasonal cycle is responsible for around 90% of the total 96 

surface temperature variance on annual and longer time scales (Dwyer et al. 2012). In this 97 
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study we investigate the similarity and difference of the SST formation processes between 98 

GW and El Niño, with a focus on their seasonal evolution. To this end, we conducted a suite 99 

of numerical experiments using the NCAR‟s Community Earth System Model version 1.1 100 

(CESM1.1) and its ocean component, the Parallel Ocean Program version 2 (POP2). In 101 

particular, an overriding technique is employed as a diagnostic tool to isolate and evaluate 102 

the role of wind changes in the robust features of the tropical Pacific Ocean under GW 103 

versus El Niño. The overriding technique enables us to isolate individual feedbacks (e.g., the 104 

wind-thermocline-SST feedback) from other factors (Lu and Zhao, 2012; Luo et al., 2014). 105 

In addition, a heat budget analysis will be performed to further diagnose the mechanisms of 106 

the SST formation under GW versus El Niño. 107 

 108 

The rest of the paper is structured as follows. The model and numerical experiments are 109 

described in the next section. In section 3, the methods used to calculate energy budget and 110 

construct an El Niño composite are explained. In section 4, we compare the oceanic and 111 

atmospheric changes over the tropical Pacific between GW and El Niño, including mean 112 

patterns, seasonal evolutions, subsurface changes and northward heat transports. The results 113 

of heat budget analysis are presented in section 5. Finally, a summary and a discussion of our 114 

findings are given in section 6. 115 

 116 

2. Model and experiment design 117 

The main modeling tool for this study is CESM1.1, which is comprised of the Community 118 

Atmospheric Model version 5 (CAM5), the Community Land Model version 4 (CLM4) and 119 

the POP2 ocean component. The horizontal resolution of CAM5 and CLM4 is 1.9° longitude x 120 

1.9° latitude, with the atmospheric component having 30 vertical levels. The horizontal 121 

resolution of the POP2 is nominal 1°, telescoped meridionally to ~0.3° at the equator. 122 

Vertically, it has 60 uneven levels with the thickness varying from 10 m near the surface to 123 

250 m near the bottom.  124 

 125 
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Initialized from the end of the historical experiment (1861-2005) available at NCAR, we 126 

conduct a 94-year projection run under the Representative Concentration Pathway (RCP) 8.5 127 

scenario from 2006 to 2099 using CESM1.1, and save its daily outputs of various oceanic 128 

and atmospheric variables. This experiment is labeled “CPL85” (Table 1). GW-induced 129 

linear trends are derived from least-squared linear fitting from this experiment. In addition, 130 

the data from the CPL85 simulation will be used to construct an El Niño composite, the 131 

procedure for which will be explained in details in section 3. 132 

 133 

Applying the daily surface atmospheric forcing fields (including winds, air temperature, air 134 

pressure, specific humidity, precipitation rate, air density, and net short-wave and downward 135 

long-wave radiations) from CPL85, the POP2 is then integrated for 94 years from 2006 to 136 

2099, and this experiment is called “FULL” (Table 1). Note that in POP2 bulk formulae are 137 

used to calculate evaporation as well as latent and sensible heat fluxes. A comparison of the 138 

SST trend in the tropics between CPL85 and FULL demonstrates that the signature of the 139 

SST response in CPL85 is well reproduced by FULL, including an „El Niño-like‟ warming 140 

pattern in the tropical Pacific Ocean (see Figure 2 of Luo et al., 2014). As we are aware of 141 

that the way how the ocean interacts with the atmosphere is changed in the ocean-alone 142 

experiments and this might introduce a shock at year 2006 and an artificial trend as a result 143 

of the adjustment to the shock, we conduct another experiment with POP2 driven repeatedly 144 

by the same atmospheric fields from year 2006 for 94 years. This experiment serves as the 145 

control run for the overriding experiments and is referred to as CTRL (Table 1). 146 

 147 

In order to isolate the effect of changing wind stress (wind speed), experiment STRS (SPED) 148 

is performed with the wind stress (wind speed) fixed at repeating annual cycle of year 2006 149 

while all other fields being the same as FULL. The wind stress contribution to the oceanic 150 

changes can be derived by subtracting STRS from FULL, and the wind speed contribution 151 

by subtracting SPED from FULL, the latter reflecting the effect of wind speed on 152 

evaporation through the bulk formula (referred to as Wind-Evaporation-SST or WES effect 153 
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hereafter). It should be stressed that this WES effect only accounts for the direct thermal 154 

effect on ocean of the changing wind speed, not including the indirect feedbacks through the 155 

atmospheric processes as the WES in the fully coupled model (Lu and Zhao, 2012). The 156 

experiment WIND with both wind stress and wind speed fixed at year 2006 values is 157 

conducted to assess the linearity of the oceanic response to the two aspects to wind forcing, 158 

which turns out to hold accurately. 159 

 160 

In brief, the wind stress effect (WS) can be deduced from FULL – STRS, the wind speed 161 

effect (WES) from FULL – SPED, and the effect of warming in the absence of wind stress 162 

and wind speed changes from WIND – CTRL, hereafter referred to as thermal warming 163 

effect (TW). FULL – CTRL mimics the full response in the coupled CESM1.1, 164 

encompassing all the effects above. Our analysis is based on monthly mean fields, and all El 165 

Niño-induced anomalies are computed with respect to each experiment‟s own climatology 166 

while the GW-induced changes are the linear trends over 2006-2099 periods. 167 

 168 

3. Methods of analysis 169 

3.1 Temperature budget equation 170 

A temperature budget analysis is performed to diagnose the leading maintaining mechanisms 171 

for the SST anomalies revealed by the experiments. Since the 0-55 m layer temperature 172 

(referred to as mixed layer temperature, MLT, hereafter) has very similar interannual 173 

variability (not shown) to the SST, a fixed bottom at 55 m is chosen for the heat budget to 174 

avoid entrainment terms. Reducing the number of terms eases interpretation but also reduces 175 

potential error sources in the computation (Alory and Meyers, 2009). The temperature budget 176 

equation is expressed as: 177 

𝑇𝑡 = 𝐻 − 𝑢𝑇𝑥 − 𝑣𝑇𝑦 − 𝑤𝑇𝑧 + 𝑇𝑑𝑖𝑓𝑓      (1) 178 

where 𝑇𝑡  represents the tendency of the mixed layer temperature (MLT); 𝐻 =  (𝑄0 −179 

𝑄ℎ)/(𝜌0𝑐𝑝ℎ) is the net heat flux, in which 𝑄0 and 𝑄ℎ  are the heat fluxes at the surface 180 
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and heat penetration at the water depth of 55 m, respectively, and 𝜌0 and 𝑐𝑝  are the density 181 

and specific heat of sea water; −𝑢𝑇𝑥 , −𝑣𝑇𝑦 , and −𝑤𝑇𝑧  are the zonal, meridional, and 182 

vertical advection of temperature, respectively; and 𝑇𝑑𝑖𝑓𝑓  represents the sum of 183 

contributions from the horizontal and vertical diffusion, as well as the convergence of heat 184 

by the transient eddies. For brevity, it will be referred to as diffusion term hereafter. Since the 185 

diffusion and eddy terms are not stored as part of the model‟s outputs, we can only infer the 186 

values of 𝑇𝑑𝑖𝑓𝑓  as the residual of equation (1). A positive (negative) 𝑇𝑑𝑖𝑓𝑓  indicates a 187 

heating (cooling) effect by diffusion. 188 

 189 

It is worthwhile to note that there is a significant negative correlation (r = -0.68) between 190 

diffusion and MLT anomaly in the EEP region (5°S-5°N, 130°W-80°W). This indicates that 191 

the diffusion acts to damp the MLT anomaly. Given this correlation, almost half of the 192 

variation in the diffusion term can be accounted for by the time series of the MLT. With the 193 

least squares fitting (Fig. 1), 𝑇𝑑𝑖𝑓𝑓  may be expressed in a Newtonian cooling form as 194 

follows: 195 

𝑇𝑑𝑖𝑓𝑓 (𝑡) = −0.192 × 𝑇′ 𝑡 + 0.804      (2) 196 

where 𝑇′ refers to the monthly MLT anomaly over the EEP region. The relationship (2) can 197 

be used to roughly estimate the effects of vertical and eddy diffusion from the evolution of 198 

the MLT in the EEP, the most important region over global oceans in terms of impacts on 199 

climate. 200 

 201 

3.2 Temperature budget balance 202 

Using the budget equation (1), we first evaluate the interannual variability of the MLT and the 203 

related processes. Figure 2 shows the annual mean values of heat budget terms over the WEP 204 

(135°E-170°E, 5°S-5°N) and EEP, and their corresponding climatological mean values over 205 

the 2006-2099 periods are listed in Table 2. They are computed from the monthly outputs 206 

from CPL85, and depict the interannual variability as well as the mean balance. It is found that 207 
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the main balance terms are different between the EEP and WEP. Over the EEP, the main 208 

cooling term is the vertical advection (-19.5°C per year), and the main warming terms are the 209 

diffusion (9.6°C per year) and net heat flux (10.2°C per year), while both the zonal and 210 

meridional advections has much less contribution to the heat balance. In the WEP region, the 211 

main balance is maintained among the surface warming (3.2 °C per year) by the net heat flux, 212 

the zonal advective cooling (-2.0 °C per year), and the vertical advective cooling (-1.2 °C per 213 

year). The meridional advection and diffusion play a minor role for the heat balance there.  214 

 215 

The simulated annual mean temperature tendency time series (𝑇𝑡 , expressed in black lines in 216 

Fig. 2) and that reconstituted from the temporal integration of the sum of the all the explicit 217 

terms [𝑑(𝐻 − 𝑢𝑇𝑥 − 𝑣𝑇𝑦 − 𝑤𝑇𝑧), expressed in gray lines in Fig. 2] are highly correlated and 218 

their correlation coefficient reaches 0.93 in both the WEP and EEP, suggesting that this heat 219 

budget formulation without resolving explicitly the diffusion term can account for 220 

considerable interannual variability of the MLT in the tropical Pacific Ocean. The difference 221 

between the simulated and reconstituted temperature change (purple lines in Fig. 2) is an 222 

estimate of the importance of the total diffusion-eddy processes, which turns out to be a 223 

significant warming term over the EEP (with an average ~9.6°C per year; Table 2). In addition, 224 

its variation at the interannual scale is found to be comparable to that of the vertical advection 225 

(upwelling), indicating that the diffusion and subgrid-scale mixing are important for the 226 

closure of the interannual heat budget in the EEP. 227 

 228 

3.3 El Niño composite 229 

We construct an El Niño composite following the procedure of Huang et al (2012). After the 230 

simulated time series from 2006–2099 in CPL85 are detrended to remove the GW signal, the 231 

MLT anomaly over the Nino3.4 region (170°W~120°W, 5°S ~ 5°N) are obtained. In this 232 

analysis, a criterion of 2 °C of the anomaly is chosen to define an El Niño event, and 17 El 233 

Niño events are identified during the 94-year simulation period (Fig. 3). Figure 4a shows the 234 

seasonal evolution of their composite. The composite reaches its peak during the boreal 235 
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winter of year 00 and its magnitude is consistent with observations (e.g., Rasmusson and 236 

Carpenter, 1982). For convenience of discussion, we divide the evolution of El Niño into 237 

four different stages: (a) the development phase extending from Jan. to May of year 00; (b) 238 

the peak phase from Jul. to Dec. of year 00; (c) the decay phase from Jan. to Jun. of year 01; 239 

(d) the demise phase from Jul. to Dec. of year 01. In addition, to facilitate the comparison 240 

between El Niño and GW, we define a 12-month "El Niño year" to be the average from July 241 

of year 00 to June of year 01, thus the annual mean state of El Niño can be compared with 242 

that of GW. As will be shown in section 4, the composite El Niño captures well the major 243 

characteristics of the observed El Niño. 244 

 245 

As the experiment of FULL – CTRL reproduces faithfully the interannual variability of 246 

CPL8.5, we use the same 17 events as in CPL85 for the El Niño composite for the overriding 247 

experiments. It is found that the evolution of the El Niño composite in CPL85 (Fig. 4a) is 248 

well reproduced by FULL – CTRL (Fig. 4b), but with a slightly larger amplitude, likely due 249 

to the lack of higher-than-daily-frequency air-sea fluxes in the ocean-alone experiments. The 250 

WS effect plays a dominant role in the El Niño evolution (Fig. 4c), while the contribution 251 

from the WES effect is negligible (Fig. 4d). Interestingly, in the absence of the wind stress 252 

and wind speed changes, the TW effect can also produce weak El Niño events (Fig. 4e), 253 

consistent with the notion of Clement et al. (2011) that El Niño-like variability can arise 254 

solely from thermal coupling between the ocean and atmosphere without the Bjerknes 255 

feedback. 256 

 257 

The analysis in the following sections is based primarily on the CPL85 simulation, and the 258 

overriding experiments will be used to further isolate the role of individual feedbacks in the 259 

formation of El Niño and GW. Due to the high similarities between CPL85 and FULL − 260 

CTRL, all the discussions related to the CPL85 run can be carried over to FULL − CTRL. 261 

Besides, since the magnitude of the modeled WES-induced oceanic change is negligible (Fig. 262 

4d), we will not show the results of FULL – SPED (WES feedback) in the rest of this paper. 263 
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 264 

To facilitate the comparison of the SST pattern with El Niño, the basin mean warming 265 

(averaged over 20°S – 20°N in the Pacific Ocean) in GW is first removed and the resultant 266 

anomalies are then rescaled to have a maximum of 3°C--the maximum MLT anomaly of El 267 

Niño. In so doing, MLT warming less than the basin mean warming is represented by a 268 

cooling in Figs. 5b, 6b and 7b. Note the rescaling is only applied to GW-induced MLT 269 

anomalies (i.e., Figs. 5b, 6b and 7b), and the temperature anomalies along the equator on the 270 

right panels of Fig.8 are original values. 271 

 272 

4. Oceanic and atmospheric changes in the tropical Pacific 273 

4.1 Mean patterns 274 

Various features of the El Niño composite are shown on the left panels of Fig. 5. In 275 

comparison with observations (e.g. Rasmusson and Carpenter, 1982; Wang and McPhaden, 276 

2000 and 2001), the CESM model shows considerable realism in simulating the El Niño 277 

spatial distributions over the tropical Pacific. Warm MLT anomalies appears in the EEP with 278 

maximum warming ~3°C around 100°W (Fig. 5a), accompanied by easterly wind anomalies 279 

(Fig. 5c) in the central equator as well as less net heat flux along the entire equator (Fig.11g). 280 

The oceanic changes also include a weakening of the westward SEC (Fig. 5e), a slowdown 281 

of the Tropical Cells (TCs) (Fig. 11a) and a reduction of the upwelling along the equator (Fig. 282 

5g). A note is that over the EEP region the westward anomalous current (color in Fig. 5e) 283 

appears to counter the eastward mean current (contours in Fig. 5e), likely due to that fact that 284 

the modeled thermocline is shallower than 55 m and the change of the 55-m mean current is 285 

dominated by that of the equatorial undercurrent (EUC). In the EEP, another signature of 286 

change is a significant reduction of the upper-ocean stratification (Fig. 5i) due to a deepening 287 

of the thermocline there (Fig. 8i). 288 

 289 

GW-induced changes are shown on the right panels of Fig. 5. The MLT exhibits a clear El 290 

Niño-like pattern in the tropical Pacific (Fig. 5b), with enhanced warming in the central and 291 
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eastern equator and less warming in the west. The differences between the GW pattern and 292 

that of the El Niño are also salient. For example, the El Niño warming extends to ±15° 293 

latitude, and displays a greater symmetry about the equator than the GW pattern. For the 294 

latter, however, there is a pronounced cooling (lack of warming) in the southeastern tropical 295 

Pacific, which has no counterpart in the northern tropical Pacific. This asymmetry has been 296 

suggested to be rooted in the asymmetry of the pattern of the change of the trade winds (see 297 

Fig. 5d) through the WES feedback (Xie et al., 2010, Lu and Zhao, 2012; Luo et al., 2014). 298 

 299 

In addition, the westerly anomalies along the equator under GW are found to shift eastward 300 

in comparison with the those during El Niño (compared Fig. 5d to Fig.5c), with the center of 301 

the anomalies around 120°W in the former but around 160°W in the latter. The zonal shift of 302 

the wind stress plays a decisive role in the oceanic anomalous patterns along the equator (An 303 

and Wang, 2000). For example, in response to the shift of the weakened easterlies, the 304 

GW-induced weakening of the SEC is more significant in the eastern equatorial region 305 

compared to that during El Niño, in which the maximum weakening appears to be around the 306 

central equatorial region (comparing Fig. 5f to Fig. 5e). 307 

 308 

The most striking difference between GW and El Niño may be the upper-ocean stratification 309 

in the EEP, which is enhanced under GW (Fig. 5j) but weakened under El Niño (Fig. 5i). The 310 

overriding experiments reveal that the weakening of the stratification during El Niño is due 311 

mainly to the WS effect (Fig. 7c), in agreement with previous studies (Rasmusson and 312 

Carpenter, 1982; Neelin et al., 1998; Wang and McPhaden, 2000 and 2001). Under GW, 313 

however, both the WS and the TW effects appear to be responsible for the enhanced 314 

stratification (Fig. 7d). More specifically, during El Niño, the weaker-than-normal easterlies 315 

along the equator deepen the thermocline and induce larger warming in the subsurface than 316 

surface in the EEP (Fig. 8i), thus reducing the temperature gradient in the vertical there. 317 

However, the GW scenario produces a more stratified upper layer due to an ocean warming 318 

that is greater near the surface and decreasing with depth (Fig. 8j) (Luo et al., 2009). These 319 
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changes in stratification will be further discussed together with the vertical velocity change 320 

in section 5. 321 

 322 

4.2 Seasonal evolution 323 

The seasonal evolutions of the MLT and the related circulation features along the equator are 324 

shown in Fig. 6 for El Niño and GW, respectively. As in the observations and previous 325 

modeling studies (e.g. Zhang et al., 2007; Huang et al., 2010 and 2012), during El Niño, 326 

westerly anomalies start to build up west of dateline in the El Niño development phase, 327 

propagate eastward and strengthen in the following months, and then reach the peak 328 

magnitude around Dec. of year 00 (Fig. 6c). In company with the evolution of the wind 329 

anomalies, the oceanic response include an enhanced MLT warming (Fig. 6a), a reduction of 330 

SEC (Fig. 6e), and a weakening of both upwelling (Fig. 6g) and upper-ocean stratification 331 

(Fig. 6i) during the El Niño development phase, and these changes reach their maxima 332 

around the peak phase of El Niño. These are followed by a delayed basin warming of the 333 

Indian Ocean, that forces a baroclinic atmospheric Kelvin wave into the western Pacific, 334 

causing the transition from the anomalous westerly winds to easterly winds over the WEP 335 

(e.g., Okumura et al., 2011; Wang and McPhaden, 2000; Wang and Zhang, 2002). The 336 

gradual weakening of the dominant westerly anomalies along the equatorial Pacific leads to 337 

the transition from El Niño to La Niña during year 01. The major contribution of the wind 338 

changes during El Niño described above is further confirmed by the results of our overriding 339 

experiments (Fig. 7a), that is, the WS effect plays an important role for the magnitude as well 340 

as seasonal evolution of MLT anomaly over the equatorial Pacific, while the TW effect 341 

makes only a minor contribution to the equatorial warming as well as its seasonal evolution. 342 

 343 

The GW-induced seasonal evolution of MLT and wind anomalies in the tropical Pacific 344 

differs from that of El Niño on many aspects. Under GW, the anomalous westerly propagates 345 

westward from the eastern to central equatorial Pacific during July of year 00 to January of 346 

year 01 (Fig. 6d). In response to the wind stress change, the maximum warming signal is also 347 
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found to propagate correspondingly but with a lag of about 1-2 months (Fig. 6b). The 348 

overriding experiments help isolate the role of individual feedback for the warming and its 349 

propagation. Over the EEP region (Fig. 7b), the most striking feature is that the seasonal 350 

variation of the MLT due to the WS effect is just the opposite to that due to the TW effect 351 

(their correlation r = -0.90), e.g., the WS-induced warming reaches a maximum during 352 

May-Jul when the warming resulting from the TW effect happens to be a minimum. Their 353 

combined effects lead to small seasonal variation amplitude over the EEP region, which 354 

seems to follow the anomalous seasonal evolution induced by the change of WS (their 355 

correlation r = 0.67). Also, the seasonal evolution of MLT is characterized by an „M‟-shaped 356 

pattern, with two peaks in Apr. and Oct. respectively, which will be examined in detail 357 

through the heat budget analysis later in section 5. This above result about the seasonal MLT 358 

analysis complements the work by Luo et al. (2014), who focused on the annual mean 359 

response in the tropical Pacific to GW and found that only 20% of the annual warming in the 360 

EEP can be attributed to the WS effect. The analysis here, on the other hand, indicates that 361 

the WS effect is dominant in the seasonal evolution of the MLT response to GW in the 362 

equatorial Pacific. 363 

 364 

ENSO events tend to peak during boreal winter and can be viewed as a disruption of the 365 

seasonal cycle (Fig. 6a). It can be seen that GW projects even more strongly on to a 366 

weakening of the seasonal cycle of the MLT, expressed as greater warming during cold 367 

months (boreal winter) in the central and eastern equatorial Pacific (Fig. 6b). Note that the 368 

response of the seasonal cycle of the tropical Pacific SST to global warming could be 369 

model-dependent. For example, Jia and Wu (2013) found an enhanced seasonal cycle of SST 370 

in the equatorial Pacific in response to GW in a simple coupled model, while Zelle et al. 371 

(2005) found no obvious changes in the SST seasonal cycle from an earlier version of the 372 

community climate model. 373 

 374 

Notwithstanding the model sensitivity, our overriding experiments helps to identify the 375 
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source of the change of the seasonal cycle in both MLT and the tropical Pacific circulation: 376 

the reduction during El Niño is dominated by WS effect (Fig. 7a), while that under GW is 377 

resulted from the superposition of the WS and TW effects (Fig. 7b). In addition to the MLT, 378 

under GW, other near-surface variables (such as zonal wind stress, zonal current, vertical 379 

velocity and mixed layer stratification) also demonstrate notable reductions in seasonal cycle 380 

that are strongly phase-locked to the mean seasonal cycle especially in the central and 381 

eastern Pacific (right panels of Fig. 6). In comparison, however, their reductions during El 382 

Niño are less phase-locked. Take vertical velocity for example, the GW-induced 383 

downwelling reaches a maximum during boreal winter when the climatological vertical 384 

velocity happens to be largest upward, while the downwelling induced by El Niño is about 2 385 

months earlier and is somewhat westward shifted (Figs. 6g and 6h). 386 

 387 

4.3 Subsurface changes 388 

Substantial differences between El Niño and GW are also found at the subsurface in the 389 

equatorial Pacific. The model reproduces well the major features of the thermocline change 390 

in the tropical Pacific Ocean typical to El Niño (Wang and McPhaden, 2000 and 2001), 391 

including a shoaling in the west and a deepening in the east, i.e., in a form of a seesaw during 392 

much of the El Niño year (Fig. 8i). As the development phase of the El Niño cycle proceeds, 393 

a westerly wind anomaly (Fig. 6c) results in anomalous eastward current (Fig. 6e) and 394 

downwelling (Fig. 6g) east of 150°E through anomalous Ekman convergence, leading to 395 

positive temperature anomaly at subsurface and the deepening of the thermocline in the 396 

eastern Pacific. Then, this anomaly gradually amplifies and expands, and reaches a 397 

maximum in Oct.-Dec. of year 00 (Fig. 8c). During this process, a cold subsurface 398 

temperature anomaly also starts to develop in the western Pacific in order to compensate for 399 

upwelling and the eastward current near the surface, and the thermocline water further 400 

diverges and upwells, resulting in a significant cooling at subsurface and a shoaling of the 401 

thermocline in the decay phase of El Niño. This anomalous cooling gradually propagates 402 

eastward and upward to the eastern Pacific and replaces the warm anomaly during demise 403 
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phase, and then leads to a La Niña. As in the observations (Ohba and Ueda, 2007), the 404 

penetration of the subsurface temperature anomaly appears in the form of an upwelling 405 

oceanic equatorial Kelvin wave, which is forced by the anomalous easterly winds over the 406 

western Pacific. 407 

 408 

Under GW, however, the subsurface change is featured with an overall shoaling of the 409 

equatorial thermocline, with more shoaling in the central and west together with a cooling 410 

there (Fig. 8j). The shoaling of the thermocline in the east is resulted from a more stratified 411 

upper layer due to ocean warming that is greater near the surface and decreasing with depth 412 

(Luo et al., 2009), while the shoaling as well as the associated cooling in the central and west 413 

Pacific arise mainly from the WS effect (as found in Luo et al. 2014), that can be 414 

conveniently explained by the relaxation of the equatorial easterlies associated with the 415 

slowdown of Walker circulation (Vecchi and Soden 2007). Another difference from El Niño 416 

is that the seasonal evolution of the subsurface cooling in the equatorial Pacific can not be 417 

characterized by a Kelvin wave propagation (right panels of Fig. 8). In stead, we find hints of 418 

westward propagation of upwelling Rossby waves off the equator under GW (not shown).  419 

 420 

4.4 Northward heat transport 421 

Meridional heat transport is one of the most fundamental properties of the climate system 422 

(Hazeleger et al., 2004). Here we examine the changes in the annual mean northward heat 423 

transport (NHT) for the Pacific Ocean resulting from both El Niño and GW (Fig. 9). The 424 

climatological NHT appears to have a high degree of inter-hemispheric anti-symmetry with 425 

its sign reversed at the equator. Its peak values are 0.8 PW around 15°N and -0.9 PW around 426 

15°S respectively, which are within the uncertainty range found by Trenberth and Caron 427 

(2001). This NHT dipole is believed to be associated with the shallow meridional 428 

overturning circulation (MOC) in the Pacific (McPhaden and Zhang, 2002), i.e., the 429 

Subtropical Cells (STCs; McCreary and Lu, 1994) and its equatorial components, the TCs 430 

(Perez and Kessler, 2009). While the TCs takes surface water away from the equator and 431 
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then recirculates vertically within the tropics, the STCs transports warmer water out of the 432 

tropics within the surface layer and brings colder water from the subtropics back to the 433 

equator in the thermocline (contours in Fig. 10). 434 

 435 

During El Niño, it is found that the NHT increases greatly in the tropics from 10°S to 20°N, 436 

with the maximum of ~0.9 PW at 7°N, and decreases north of 20°N and between 10°S and 437 

30°S. The above response of the NHT is related to the changes in the Pacific shallow MOC 438 

during El Niño (Fig. 10a), i.e., the STCs both in the north and south appear to spin up but the 439 

TC in the south slows down significantly. The overriding experiments reveal that the El 440 

Niño-induced NHT change is due mainly to the WS effect (Fig. 9b) that is further confirmed 441 

by the MOC response to the WS change during El Niño (Fig. 10c). 442 

 443 

Under GW, however, it is found that the response of the NHT is not so significant in 444 

comparison with El Niño, and appears to be anti-symmetric about the equator with a 445 

decrease in the northern hemisphere but an increase in the southern hemisphere (Fig. 9a). 446 

This change of the NHT represents a reduction of the poleward transports in both 447 

hemispheres, which is again consistent with the symmetric change in MOC that appears to 448 

be weakened in both hemispheres under GW (Fig. 10b). According to the overriding 449 

experiments, the reduction in the north is due mainly to the weakened trade winds that lead 450 

to a slowdown of the northern STC, while the reduction in the south is caused by the 451 

superposition of the WS change and the TW effect (Figs. 10d and 10f). The strengthening of 452 

the southern STC due to the intensified southeast trade winds (Fig. 10d) is overwhelmed by 453 

the weakening resulting from the TW effect (Fig. 10f), leaving an overall weakened STC 454 

(Fig. 10b) and thus a positive (northward) NHT anomaly in the South Pacific (Fig. 9a). 455 

 456 

The reduced poleward heat transport by the tropical Pacific, if acting in isolation, would 457 

induce a net heating to the atmosphere, driving a stronger Hadley cell in the atmosphere (see 458 

also Feldl and Bordoni, 2015). This might be the underlying mechanism for why overall the 459 



 18 

Hadley cell weakens more in the slab model simulation than in the climate models coupled 460 

with full ocean dynamics under increasing CO2 forcing (G. Vecchi, 2007, personal 461 

communication). 462 

 463 

5. Analysis of mixed layer heat budget 464 

In this section we analyze each term on the right hand side of equation (1) and examine their 465 

responses to El Niño versus GW, respectively. Figure 11 shows the annual-mean forcing 466 

terms for the tendency of MLT during El Niño and GW. It is found that there are substantial 467 

differences on the major balance terms as well as their roles that maintain the warming in the 468 

EEP. During El Niño, they are vertical advection (warming), net heat flux (cooling) and 469 

diffusion (cooling). Under GW, however, the most prominent terms in the balance are the 470 

cooling from vertical advection and warming from diffusion. More details are discussed 471 

below. 472 

 473 

5.1 Vertical advection 474 

In the balance of the climatological state, the vertical advection is the major cooling term 475 

over the EEP region (contours in Fig. 11a; Table 2), resulting from wind-induced strong 476 

upwelling (contours in Fig. 5g) and large vertical temperature gradients (contours in Fig. 5i). 477 

In the western and central equatorial Pacific, while the vertical advection is still a source of 478 

cooling to the surface layer, its contribution is the same order of magnitude as the zonal and 479 

meridional advection (Table 2). 480 

 481 

In agreement with previous observational studies of the ENSO cycle (e.g., Wang and 482 

McPhaden, 2000; 2001), the reduction of cold vertical advection plays a critical role for the 483 

anomalous surface warming in the EEP (Fig. 11a), dominating the development and decay of 484 

El Niño events (compared Fig. 12a with Fig. 12c). More specifically, the anomalous vertical 485 

advection is resulted from both decreased vertical velocity (Fig. 6g) and weakened 486 

stratification (Fig. 6i), with the latter playing a larger role. The decrease of the vertical 487 
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velocity is due to anomalous Ekman convergence from the reduction of the surface easterly, 488 

while the weakening of the stratification is due to the deepening of the thermocline. However, 489 

both changes are resulted from the weakened easterlies along the equator. This is confirmed 490 

by the overriding experiments, which reveals that the WS change dominates overwhelmingly 491 

the magnitude and seasonal evolution of the vertical advection while the TW effect tends to 492 

damp the effect from the WS change (Fig. 13c). 493 

 494 

In sharp contrast, the response of the vertical advection to GW exerts a cooling effect on the 495 

surface layer in the central and eastern equatorial region (Fig. 11b). The cooling results from 496 

the significantly enhanced stratification (Fig. 5j), despite the reduced vertical velocity 497 

induced by the weakened equatorial easterlies under GW (Fig. 5h). The important controlling 498 

role of the stratification for the vertical advection is further confirmed by its seasonal 499 

evolution: the vertical advection (Fig. 12d) evolves synchronously with the stratification (Fig. 500 

6j), and the anomalous warming induced by vertical advection in Mar. leads to the first 𝑇𝑡  501 

maxima over the EEP (Fig. 13b), while the second 𝑇𝑡  maxima in Oct. is from other budget 502 

terms including the zonal and meridional advection, net heat flux as well as diffusion (Figs. 503 

13f-13l). The overriding experiments further reveal that, unlike El Niño, both the WS and 504 

TW effects are important in shaping the seasonal cycle of the EEP response to GW (Fig. 13d). 505 

However, as far as the quantitative contribution to the phase evolution of the GW response is 506 

concerned, WS effect seems more prevalent (Table 3). 507 

 508 

5.2 Zonal advection 509 

The effect zonal advection on the budget is characteristic of a dipole, with a cooling over the 510 

western and central equatorial Pacific and a warming over the EEP (contours in Fig. 11c; 511 

Table 2), owing to the negative zonal temperature gradient along the entire equator (contours 512 

in Fig. 5a) and the opposite sign of zonal current between west and east of 130°W (contours 513 

in Fig. 5e). As mentioned previously, the latter is due to the shallow EUC over the EEP 514 

region (see Johnson et al. 2001 for the corresponding observational feature) . 515 
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 516 

We find that El Niño induces a warming anomaly of the zonal advection in the western and 517 

central equatorial Pacific but a cooling anomaly in the EEP (Fig. 11c). This result is 518 

consistent with the modeling work by Huang et al. (2012) but with different mechanism. In 519 

our analysis, the warm zonal advection over the western and central equator is resulted from 520 

the decrease of both zonal surface current and temperature gradient associated with the 521 

weakened easterlies, and the cooling over the eastern equator is due to the anomalous 522 

westward zonal currents there. In the study of Huang et al. (2012), however, it is the opposite 523 

zonal gradient of anomalous temperature rather than anomalous surface current that 524 

determines the reversal of the sign of anomalous zonal advection between west and east of 525 

110°W. Nevertheless, the anomalous zonal advection is a major warming term in the western 526 

and central Pacific and its seasonal evolution is in phase with the evolution of 𝑇𝑡  (compared 527 

Fig. 12e to Fig. 12a), indicating its important role in the surface heat balance there, which is 528 

consistent with previous studies (McPhaden and Picaut 1990; Picaut and Delcroix 1995; 529 

Picaut et al. 1996). In addition, the contribution from zonal advection to the negative peak of 530 

𝑇𝑡  over the EEP region is comparable with that from vertical advection during the decay 531 

phase of El Niño (compared Fig. 13e with Fig. 13c), indicating its importance to the 532 

transition of ENSO phase. The overriding experiments further confirm the evolution of the 533 

anomalous zonal advection in the EEP is dominated by the WS change (Fig. 13e). 534 

 535 

The changing pattern of the zonal advection in the western and central Pacific under GW 536 

(Figs. 11d and 12f) is similar to what happens during El Niño (Figs. 11c and 12e). Over the 537 

EEP, however, instead of a cooling factor during El Niño, it appears to be a minor warming 538 

owing to the eastward shift of the weakened easterlies under GW. Additional difference from 539 

El Niño revealed by the overriding experiments is that the zonal advection in the EEP under 540 

GW is induced by a combination of the WS effect and the TW effect (Fig. 13f). Note that the 541 

strong anti-correlation between the WS- and TW-induced zonal advective changes (r = -0.81) 542 

indicates a cancellation between the two effects (Table 3). 543 
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 544 

5.3 Meridional advection 545 

The meridional advection cools the equatorial upper ocean and is in the same order of 546 

magnitude as the zonal advection (contours in Fig. 11e). The meridional advection around 547 

the equator is associated with the TCs (contours in Fig. 10a), which transports relatively cold 548 

water out of the equator in the surface layer. 549 

 550 

During El Niño, the cooling effect of the meridional advection is reduced, and the maximum 551 

reduction appears a few degrees latitude off the equator (Fig. 11e), resulting from a 552 

weakening of both the meridional temperature gradients associated with the enhanced 553 

equatorial SST and the Ekman divergence (Fig. 10a) associated with the weaker easterlies 554 

(Fig. 5c). Figure 12g shows that the anomalous meridional advection contributes to the 555 

warming in the central and western Pacific that is in the same order of magnitude as the 556 

anomalous zonal advection. The overriding experiments further reveal the dominant role of 557 

the WS change in the anomalous meridional advection during El Niño (Fig. 13g). 558 

 559 

GW also leads to a reduction of the meridional advection with its maxima off the equator by 560 

a few degrees latitude. However, their locations move eastward in direct response to the 561 

eastward shift of the weakened easterlies relative to that of El Niño. Under GW, in addition, 562 

the anomalous meridional advection appears to be a warming source to the EEP and plays a 563 

more significant role for the heat balance there than the anomalous zonal advection (Figs. 11f 564 

and 12h). The strong correlations between full response and WS and TW effects (r = 0.81 565 

and 0.77, respectively) reveal that both effects may work cooperatively to drive the changes 566 

in meridional advection under GW (Fig. 13h). 567 

 568 

5.4 Net heat flux 569 

The net surface heat flux in the climatology is a prominent warming effect for the mixed 570 

layer in the entire equatorial Pacific, with a maximum exceeding 10°C/year at the eastern 571 
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equatorial Pacific (contours in Fig. 11g; Table 2). 572 

 573 

During El Niño, the net heat flux is significantly reduced (implying heat leaving the ocean, 574 

see Fig. 11g) and this change acts to damp the El Niño development due to its negative 575 

correlation with MLT anomaly (Fig. 12i), as suggested by Wang and McPhaden (2000; 2001). 576 

Our overriding experiments further suggest that the net heat flux would have reduced even 577 

more were the ocean only under the forcing of the varying wind stress (without the thermal 578 

feedback from the atmosphere) (Fig. 13i). This exemplifies the active role of the wind-driven 579 

ocean dynamics in the surface energetics of the ENSO life cycle. 580 

 581 

In contrast to the remarkable reduction of the net heat flux during El Niño, GW induces 582 

much weaker annual mean change in the net heat flux (Fig. 11h), which is due to a 583 

cancellation between the heating during Jul.-Dec. and the cooling during Jan.-Jun. (Fig. 12j). 584 

The overriding experiments reveal that the thermal warming acts to inject warming into the 585 

EEP region by average while the WS effect acts to extract heat from the ocean (Fig. 13j). 586 

Unlike other ocean circulation related budget terms, the evolution of net heat flux response is 587 

clearly dominated by TW effect (Table 3), which can be attributed to the dominant role of 588 

air-sea thermal interaction in regulating the heat flux under GW. 589 

 590 

5.5 Diffusion 591 

Many previous studies ascribe an important role to vertical diffusion in the cold tongue 592 

region (e.g., Harrison et al., 1990; Frankignoul et al., 1996; Wang and McPhaden, 2000; 593 

Zhang and McPhaden, 2006; Zhang et al., 2007). Derived as the residual of the 594 

thermodynamic equation in our research, the diffusion term acts as a primary warming 595 

source to the equatorial Pacific with the maximum over the EEP region (contours in Fig. 11i; 596 

Table 2). 597 

 598 

During El Niño, the diffusive warming in the EEP is significantly decreased (Fig. 11i) and 599 
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the resultant cooling anomaly acts to compensate the strong vertical advective warming there 600 

(Figs. 11a). This change in the diffusion may be explained as below. The ocean stability in 601 

the upper layer of the EEP is decreased due to the greater anomalous warming at subsurface 602 

than surface during El Niño (Fig. 8i). This stimulates the vertical diffusivity through a 603 

Richardson number-dependent parameterization (Pacanowski and Philander, 1981) and, in 604 

turn, the cold diffusive flux and entrainment, resulting in an anomalous cold vertical 605 

diffusion (e.g., Yang et al., 2009). Seasonally, the diffusive cooling reaches the maximum 606 

during the peak phase of El Niño over the EEP (Fig. 12k), and its seasonal variation is 607 

mainly controlled by the WS effect (Fig. 13k). 608 

 609 

Under GW, in stark contrast to El Niño, the anomalous diffusion is a warming effect in the 610 

EEP (Fig. 11j), compensating the vertical advective cooling there (Fig. 11b). The diffusive 611 

warming is resulted from greater warming in the surface than subsurface under GW, opposite 612 

to what happens during El Niño as being explained in the last paragraph. 613 

 614 

This compensation relationship between the diffusion and the vertical advection in our model 615 

is further verified by their seasonal evolution (Figs. 12d and 12l), that is, when the 616 

anomalous diffusion appears to be a cooling during Jan.-Mar., the anomalous vertical 617 

advection is a warming; whereas when the anomalous diffusion is a warming during 618 

Apr.-Dec., the anomaly vertical advection is a cooling. Further, the overriding experiments 619 

reveal that the diffusive cooling anomaly during Jan.-Mar. is mainly driven by the WS 620 

change, while its warming anomaly during Apr.-Dec. is largely controlled by the TW effect 621 

(Fig. 13l). In terms of overall impact on the seasonality, the WS effect dominates as the 622 

correlation between full response and WS induced diffusive changes attains 0.81 (Table 3). 623 

 624 

Our above result of the heat budget analysis is in qualitative agreement with Jia and Wu 625 

(2013) whose analysis were based upon an intermediate climate model with a full 626 

atmospheric generation circulation model coupled to a 1.5-layer reduced-gravity ocean 627 
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model. For example, they also found that anomalous horizontal advection contributes to the 628 

warming in the central and eastern Pacific, and a total contribution of changes in entrainment 629 

and horizontal diffusion (comparable to the total contribution of vertical advection and 630 

diffusion in our model) is to cool the central and eastern Pacific Ocean. However, there is a 631 

difference regarding the role of surface net heat flux change: it contributes to the warming in 632 

their model, while the annual mean contribution of the surface net flux is a weak cooling in 633 

our model due to the cancellation among different months mentioned above. 634 

 635 

6. Summary and discussion 636 

There is increasing evidence that climate models tend to produce an El Niño-like sea surface 637 

response in the tropical Pacific under the forcing of increasing concentration of greenhouse 638 

gases. However, through a GW-El Niño inter-comparison analysis, we find that many of the 639 

GW response features in the ocean as well as the related maintaining mechanisms turn out to 640 

be quite different from a typical El Niño. As summarized in Fig. 14, the major similarities 641 

and differences for the annual mean response are: 642 

 643 

1. Both El Niño- and GW-induced patterns are featured with weakened equatorial trade 644 

winds. In response to the slowdown of the trade winds, there appears to be 645 

weakening in zonal SEC and meridional STC, enhancements in surface warming 646 

over the EEP and shoaling of thermoclines in the WEP. 647 

2. Associated with the eastward shift of the weakened easterlies, the surface-warming 648 

center moves eastward and the weakening of the SEC are more significant in the EEP 649 

under GW in contrast to El Niño. 650 

3. Over the EEP region, GW induces greater warming in the surface than subsurface 651 

while it is the other way around during El Niño. Taken together, GW-induced 652 

response is characteristic more of an enhanced stratification in the upper ocean than a 653 

shallower thermocline, whereas El Niño corresponds to a weaker upper ocean 654 

stratification and a deeper thermocline. 655 
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 656 

By implementing a suite of numerical experiments, this study has focused on identifying the 657 

similarities and differences of their seasonal evolution as well as examining the underlying 658 

formation mechanisms in the tropical Pacific between GW and El Niño. In spite of sharing 659 

some similarities between the two scenarios, many significant distinctions under GW from 660 

El Niño are found and summarized as below: 661 

 662 

1. The GW-induced surface warming propagates from the eastern to central Pacific 663 

during Jul.-Dec. when the El Niño-induced surface warming propagates eastward 664 

characterized by a downwelling equatorial Kelvin wave. 665 

2. The upper ocean of the EEP is less stratified during the entire El Niño year with the 666 

maximum on its peak phase in winter while the GW-induced stratification is 667 

weakened in Jan-Mar and then strengthened the rest of the year. 668 

3. There are an overall reduction in the amplitude of the seasonal cycle of the MLT 669 

under both El Niño and GW. However, the reduction of the seasonal cycle is closely 670 

phase-locked with the background mean seasonal cycle for the case of GW and 671 

manifested in both the equatorial wind and the wind-driven upper ocean circulation 672 

(such as zonal wind stress, vertical velocity and mixed layer stratification). 673 

4. In contrast to the penetration of the equatorial subsurface temperature anomaly that 674 

appears to propagate in the form of an oceanic equatorial Kelvin wave during El 675 

Niño, the GW-induced subsurface temperature anomaly propagates in the form of 676 

upwelling Rossby waves. 677 

5. In the context of the designed overriding experiments, the development of El Nino is 678 

resulted mainly from the WS effect is responsible for the evolution of El Niño, while 679 

the oceanic response to GW is due to a combination of both the WS change and the 680 

TW effect, with the former making a larger contribution to the seasonal cycle and the 681 

latter to the annual mean warming. 682 

6. The integrated NHT also exhibits distinct characters between El Niño and GW in the 683 
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tropical Pacific. The wind stress anomalies associated with El Niño drive 684 

across-equatorial cell between 10°S and 20°N, which transports net heat northward 685 

across the equator. However, the GW-induced reduction of the poleward oceanic heat 686 

transport is overall symmetric, with little cross-equatorial component. 687 

7. There are substantial differences in the major balance terms that maintain the 688 

warming over the EEP region. During El Niño, the balance is among vertical 689 

advection (warming), net heat flux (cooling) and diffusion (cooling). Under GW, 690 

however, the budget is balanced mainly between vertical advection (cooling) and 691 

diffusion (warming). 692 

 693 

To further validate the results here based on our own CESM run (i.e., the CPL85), three 694 

members of RCP8.5 simulations with CESM are also obtained from NCAR. All the features 695 

regarding El Niño and GW found from the CPL85 run are replicated and confirmed with the 696 

NCAR ensemble simulations (now shown), suggesting that our modeling approach is reliable 697 

for examining the oceanic response in the tropical Pacific to GW. 698 

 699 

While the projected seasonal mean changes in the eastern Pacific (i.e., an El Niño-like 700 

warming pattern) are largely consistent among different climate models, the changes in the 701 

ENSO statistics are quite different. A recent study by Cai et al. (2014) suggested that, 702 

although the total number of El Niño events does not appear to have a significant change due 703 

to GW, the frequency of extreme El Niño events will increase substantially. Interestingly, our 704 

CPL85 simulation seems to corroborate this notion (Fig. 3). If an extreme El Niño event is 705 

defined as the MLT anomaly at Nino3.4 region exceeding 3.0 °C during the peak phase, its 706 

frequency is found to double from about one event every 23 years during the first half of the 707 

21
st
 century (2 events from 2006 to 2052) to one every 12 years during the second half of the 708 

21
st
 century (4 events from 2053 to 2099). The increase of extreme El Niño events have 709 

further been confirmed through the three ensemble members conducted by NCAR, in which 710 

the number of extreme El Niño events increases from 6 in the first half of 21
st
 century to 12 711 
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in the second half of 21
st
 century. This increase may be associated with the El Niño-like 712 

mean warming response under GW, i.e., more surface warming in the EEP than the 713 

surrounding ocean waters, facilitating more occurrences of maximum SSTs, and hence 714 

convection for a given SST anomaly (Cai et al., 2014). In addition, this may also be linked to 715 

the reduction in the amplitude of the seasonal cycle, which usually implies a strong El Niño, 716 

because when less energy is within the seasonal cycle, more is left for inter-annual signal 717 

(Fedorov and Philander 2001; Guilyardi 2006). 718 

The result that the WES feedback on the changes in the Pacific is negligible should be taken 719 

with caution, since prescribing the atmospheric conditions in the ocean-alone setting 720 

compromises the full WES effect, which can in turn feed back to the atmosphere (Lu and 721 

Zhao, 2012). Further experiments with the CESM in partially coupled settings are underway 722 

to tease out the specific effects of WES in the SST response of the tropical Pacific to global 723 

warming. 724 
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Fig. 1 Scatter plot of MLT anomaly and diffusion term averaged over the EEP. 885 

Fig. 2 Interannual variations of temperature simulated (Tt; black) and reconstituted (ReTt; 886 

gray) from the heat budget defined as the sum of net surface heat flux (H; green), zonal 887 

(−uTx; red), meridional (−vTy; yellow), and vertical (−wTz; blue) advection heat terms, 888 

as well as the difference between the temperature simulated and reconstituted from this 889 

heat budget (Tdiff; purple) for the top 55 m of (a) the WEP and (b) the EEP. 890 

Fig. 3 Monthly MLT anomaly at Nino3.4 region. The horizontal dashed line at 2.0°C is used 891 

as the criterion to define the El Niño events. 17 El Niño events (red) are identified 892 

during the 94-year simulation period.  893 

Fig. 4 Seasonal evolution of the El Niño composite at Nino3.4 region: (a) CPL85, (b) FULL 894 

– CTRL (full response), (c) FULL – STRS (wind stress effect), (d) FULL – SPED 895 

(wind speed effect), (e) WIND – CTRL (thermal warming effect). Pink area denotes the 896 

upper and lower limits of the 17 composite members. 897 

Fig. 5 The El Niño- (left) and GW-induced (right) changes in the “El Niño year”:(a) & (b) 898 

MLT, (c) & (d) wind stress and its magnitude, (e) & (f) zonal velocity averaged over 899 

the top 55m, (g)&(h) vertical velocity at depth of 50 m, and (i) & (j) mixed layer 900 
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stratification. The GW-induced changes are their trends over 2006-2099 normalized by 901 

multiplying 100 years, and the MLT in (b) is further normalized by subtracting the 902 

mean value of field over 20°S – 20°N in the Pacific Ocean and then rescaled to 903 

correspond to a 3°C increase. Superimposed are their climatological fields of the 904 

corresponding variables in CPL85. The boxes in (a) represent the WEP (5°S-5°N, 905 

135°E-170°E) and the EEP (5°S-5°N, 130°W-80°W) regions, respectively. 906 

Fig. 6 Seasonal evolution of anomalies during the El Niño composite (left) and GW (right) 907 

along equator (between 2.5°S and 2.5°N): (a) & (b) MLT, (c) & (d) zonal wind stress, 908 

(e) & (f) zonal velocity averaged over top 55m layers, (g) & (h) vertical velocity at 909 

depth of 50 m, and (i) & (j) mixed layer stratification. The anomalies under GW are 910 

their trends over 2006-2099 normalized by multiplying 100 years. Superimposed are 911 

their climatological fields of the corresponding variables in CPL85. 912 

Fig. 7 The El Niño- (left) and GW-induced (right) changes in (a) & (b) MLT, (c) & (d) mixed 913 

layer stratification, and (e) & (f) vertical velocity at depth of 50 m over the EEP in 914 

CPL85 simulation (black), wind stress effect (FULL – STRS) (blue), and the thermal 915 

warming effect (WIND – CTRL) (red). 916 

Fig. 8 Seasonal evolution of temperature anomalies along the equator (averaged between 917 

2.5°S-2.5°N) during the El Niño composite (left) and GW (right). Superimposed are 918 

the thermocline depths (thick purple lines from an average of 2006-2025; thick yellow 919 

lines on the left-hand side panels from an average of the 17 El Niño composite 920 

members, and thick yellow lines on the right-hand side panels from an average of 921 

2080-2099) and the climatological temperature in CPL85 (black contours). The 922 

thermocline depth is identified as the location of the maximum vertical gradient of 923 

temperature. 924 

Fig. 9 The El Niño- (blue) and GW-induced (red) Pacific northward heat transports (NHT) in 925 

(a) full response (FULL-CTRL), (b) wind stress effect (FULL – STRS), and (c) thermal 926 

warming effect (WIND – CTRL). Black lines are the climatological Pacific NHTs in 927 

CPL85. 928 
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Fig. 10 The El Niño- (left) and GW-induced (right) changes in the Pacific meridional 929 

overturning circulation (MOC) in (a) & (b) full response (FULL-CTRL), (c) & (d) 930 

wind stress effect (FULL – STRS), and (e) & (f) thermal warming effect (WIND – 931 

CTRL). Superimposed are the climatological Pacific MOCs in CPL85, and positive 932 

(negative) values indicate a clockwise (counterclockwise) circulation. 933 

Fig. 12 Seasonal evolution of changes in the heat budget terms during El Niño (left) and GW 934 

(right) along the equator (averaged between 2.5°S and 2.5°N): (a) & (b) temperature 935 

tendency, (c) & (d) vertical advection, (e) & (f) zonal advection, (g) & (h) meridional 936 

advection, (i) & (j) net surface heat flux, and (k) & (l) diffusion. Superimposed are 937 

their climatological fields of the corresponding variables in CPL85. 938 

Fig. 13 The El Niño- (left) and GW-induced (right) changes over the EEP in (a) & (b) 939 

temperature tendency, (c) & (d) vertical advection, (e) & (f) zonal advection, (g) & (h) 940 

meridional advection, (i) & (j) net surface heat flux, and (k) & (l) diffusion from 941 

CPL85 simulation (black), wind stress effect (FULL – STRS) (blue), and thermal 942 

warming effect (WIND – CTRL) (red). 943 

Fig. 14 Schematic depicting the changes for El Niño (left) and GW (right). Color shading 944 

indicates temperature anomalies at the sea surface (Northern Hemisphere only), along 945 

140°W in the latitude-depth sense, and along the equator in the longitude-depth plane 946 

(averaged between 2.5°S-2.5°N). Superimposed are the thermocline depths similar to 947 

those in Figs. 8i and 8j. The mean and anomalous circulation is represented by bold and 948 

thin arrows, respectively. 949 



 

 

Fig. 1 Scatter plot of MLT anomaly and diffusion term averaged over the EEP. 
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Fig. 2 Interannual variations of temperature simulated (Tt; black) and reconstituted (ReTt; 

gray) from the heat budget defined as the sum of net surface heat flux (H; green), zonal (−uTx; 

red), meridional (−vTy; yellow), and vertical (−wTz; blue) advection heat terms, as well as the 

difference between the temperature simulated and reconstituted from this heat budget (Tdiff; 

purple) for the top 55 m of (a) the WEP and (b) the EEP. 

  



 

 

Fig. 3 Monthly MLT anomaly at Nino3.4 region. The horizontal dashed line at 2.0°C is used 

as the criterion to define the El Niño events. 17 El Niño events (red) are identified during the 

94-year simulation period.  

  



 
 

Fig. 4 Seasonal evolution of the El Niño composite at Nino3.4 region: (a) CPL85, (b) FULL 

– CTRL (full response), (c) FULL – STRS (wind stress effect), (d) FULL – SPED (wind 

speed effect), (e) WIND – CTRL (thermal warming effect). Pink area denotes the upper and 

lower limits of the 17 composite members. 

  



 

 

Fig. 5 The El Niño- (left) and GW-induced (right) changes in the “El Niño year”:(a) & (b) 

MLT, (c) & (d) wind stress and its magnitude, (e) & (f) zonal velocity averaged over the top 

55m, (g)&(h) vertical velocity at depth of 50 m, and (i) & (j) mixed layer stratification. The 

GW-induced changes are their trends over 2006-2099 normalized by multiplying 100 years, 

and the MLT in (b) is further normalized by subtracting the mean value of field over 20°S – 

20°N in the Pacific Ocean and then rescaled to correspond to a 3°C increase. Superimposed 

are their climatological fields of the corresponding variables in CPL85. The boxes in (a) 

represent the WEP (5°S-5°N, 135°E-170°E) and the EEP (5°S-5°N, 130°W-80°W) regions, 

respectively. 

  



 
 

Fig. 6 Seasonal evolution of anomalies during the El Niño composite (left) and GW (right) 

along equator (between 2.5°S and 2.5°N): (a) & (b) MLT, (c) & (d) zonal wind stress, (e) & (f) 

zonal velocity averaged over top 55m layers, (g) & (h) vertical velocity at depth of 50 m, and 

(i) & (j) mixed layer stratification. The anomalies under GW are their trends over 2006-2099 

normalized by multiplying 100 years. Superimposed are their climatological fields of the 

corresponding variables in CPL85. 

  



 

 

Fig. 7 The El Niño- (left) and GW-induced (right) changes in (a) & (b) MLT, (c) & (d) mixed 

layer stratification, and (e) & (f) vertical velocity at depth of 50 m over the EEP in CPL85 

simulation (black), wind stress effect (FULL – STRS) (blue), and the thermal warming effect 

(WIND – CTRL) (red). 

  



 

 

Fig. 8 Seasonal evolution of temperature anomalies along the equator (averaged between 

2.5°S-2.5°N) during the El Niño composite (left) and GW (right). Superimposed are the 

thermocline depths (thick purple lines from an average of 2006-2025; thick yellow lines on 

the left-hand side panels from an average of the 17 El Niño composite members, and thick 

yellow lines on the right-hand side panels from an average of 2080-2099) and the 

climatological temperature in CPL85 (black contours). The thermocline depth is identified as 

the location of the maximum vertical gradient of temperature.  



 

 

Fig. 9 The El Niño- (blue) and GW-induced (red) Pacific northward heat transports (NHT) in 

(a) full response (FULL-CTRL), (b) wind stress effect (FULL – STRS), and (c) thermal 

warming effect (WIND – CTRL). Black lines are the climatological Pacific NHTs in CPL85. 



 
 

Fig. 10 The El Niño- (left) and GW-induced (right) changes in the Pacific meridional 

overturning circulation (MOC) in (a) & (b) full response (FULL-CTRL), (c) & (d) wind 

stress effect (FULL – STRS), and (e) & (f) thermal warming effect (WIND – CTRL). 

Superimposed are the climatological Pacific MOCs in CPL85, and positive (negative) values 

indicate a clockwise (counterclockwise) circulation. 



 
 

Fig. 11 The El Niño- (left) and GW-induced (right) changes in the heat budget terms during 

the “El Niño year”: (a) & (b) vertical advection, (c) & (d) zonal advection, (e) & (f) 

meridional advection, (g) & (h) net surface heat flux, and (i) & (j) diffusion. Superimposed 

are their climatological fields of the corresponding variables in CPL85.  



 

 

Fig. 12 Seasonal evolution of changes in the heat budget terms during El Niño (left) and GW 

(right) along the equator (averaged between 2.5°S and 2.5°N): (a) & (b) temperature tendency, 

(c) & (d) vertical advection, (e) & (f) zonal advection, (g) & (h) meridional advection, (i) & (j) 

net surface heat flux, and (k) & (l) diffusion. Superimposed are their climatological fields of 

the corresponding variables in CPL85. 

  



 
 

Fig. 13 The El Niño- (left) and GW-induced (right) changes over the EEP in (a) & (b) 

temperature tendency, (c) & (d) vertical advection, (e) & (f) zonal advection, (g) & (h) 

meridional advection, (i) & (j) net surface heat flux, and (k) & (l) diffusion from CPL85 

simulation (black), wind stress effect (FULL – STRS) (blue), and thermal warming effect 

(WIND – CTRL) (red). 

 

 



 

 

Fig. 14 Schematic depicting the changes for El Niño (left) and GW (right). Color shading 

indicates temperature anomalies at the sea surface (Northern Hemisphere only), along 140°W 

in the latitude-depth sense, and along the equator in the longitude-depth plane (averaged 

between 2.5°S-2.5°N). Superimposed are the thermocline depths similar to those in Figs. 8i 

and 8j. The mean and anomalous circulation is represented by bold and thin arrows, 

respectively. 
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Table 1 Experiments with CESM1.1 and POP2 1 

 2 

NAME 

RUN 

(yrs.) 

DESCRIPTION 

CPL85 94 RCP8.5 simulation with NCAR’s Community Earth System Model from 2006 to 2099  

FULL 94 POP2 is integrated from 2006 to 2099 with daily wind stress and fluxes from CESM 

CTRL 94 POP2 is forced repeatedly by the 2006 daily wind stress and fluxes from CESM 

STRS 94 Same as FULL, but wind stress is specified to that of 2006 

SPED 94 Same as FULL, but wind speed is specified to that of 2006 through bulk formula 

WIND 94 Same as FULL, but both wind stress and wind speed are specified to those of 2006 

3 

Table



 2 

Table 2 Annual mean values of the heat budget terms (°C /year) during the 94-year 4 

simulation period over the WEP region (135°E-170°E, 5°S-5°N) and the EEP region 5 

(130°W-80°W, 5°S-5°N). 6 

Term 

Region 

 

Tt  ReTt  -wTz -uTx -vTy H Ttiff 

WEP 0.02 -0.18 -1.21 −2.02 -0.14 3.20 0.15 

EEP 0.04 -9.62 -19.53 1.21 -1.50 10.20 9.58 

 7 

  8 



 3 

Table 3 The correlation between FULL and overriding experiments of the heat budget terms 9 

over the EEP region under GW. 10 

 11 

Term 

Correlation 

 

-wTz -uTx -vTy H Ttiff 

FULL and WS 0.76 0.86 0.81 -0.11 0.81 

FULL and TW 0.56 -0.41 0.77 0.96 0.44 

WS and TW -0.11 -0.81 0.27 -0.39 -0.16 

 12 




