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The El Niño Southern Oscillation (ENSO) is the strongest pattern of year-to-year 39 

climate variability found in the equatorial Pacific Ocean with global impacts. 40 

However, it is not fully understood how ENSO responds to different warming 41 

scenarios. In the warmer climate (~2-3K) of the mid-Pliocene Warm Period (~3 Ma 42 

BP), models consistently suggest a weakening of ENSO variability, with a mean 43 

reduction of 25% (±16%). We show that a near unanimous weakening of ENSO 44 

across models cannot be fully explained simply by mean state changes in the 45 

equatorial Pacific Ocean. Instead, robust off-equatorial mean state changes in the 46 

mid-Pliocene are not favourable for ENSO activity. A northward displacement of the 47 

Pacific Inter-Tropical Convergence Zone (ITCZ) is found to be significantly linked to 48 

the ENSO weakening across models. This is accompanied by increased south-easterly 49 

trade winds in the western Pacific and an intensified South Pacific Subtropical High, 50 

which are consistent with suppressed activity of processes that initiate ENSO. Our 51 

results provide a constraint to past and future changes to ENSO associated with the 52 

climatological ITCZ position. 53 

 54 

ENSO warm (El Niño) and cold (La Niña) events cause significant changes in weather 55 

patterns and ocean circulations, impacting on agriculture, fisheries, coral bleaching, 56 

cyclogenesis, among a host of other impacts1. Given its pronounced social and economic 57 

impacts and potential predictability of a few seasons in advance, ENSO has been a subject 58 

of intense investigation2.  Whether and how ENSO changes in response to greenhouse and 59 

other external forcings may be studied by investigating past, present, and future climates 60 

with paleo-reconstructions, instrumental records, and numerical simulations.  There is a 61 
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lack of consensus among climate models as to how ENSO characteristics, such as 62 

amplitude and flavour, will respond to future warming3–7. Nonetheless, recent studies show 63 

that models that are better at capturing ENSO nonlinearity tend to simulate enhanced sea 64 

surface temperature (SST) variability in the eastern equatorial Pacific8 and increased 65 

frequency of events that exhibit intensified ENSO characteristics9,10. The increased 66 

frequency is attributed to changes in the Pacific mean state which is marked by a weakened 67 

Walker Circulation, increased upper-ocean stratification, and equatorially enhanced 68 

warming that causes the Intertropical Convergence Zone (ITCZ) to be displaced 69 

equatorward10–12.  70 

 Studies based on paleo-reconstructions have also indicated that ENSO activity is 71 

sensitive to the mean climate. A synthesis of mid-Holocene (~6 ka [thousand years] BP) 72 

records indicates a 33% reduction in ENSO amplitude in the eastern Pacific during this 73 

period13. ENSO activity over the last millennium was shown to be weaker when compared 74 

to the last half-century14, potentially suggesting global warming induced changes.  75 

Furthermore, there is evidence of significantly reduced ENSO variability during the last 76 

interglacial period15 (~127 ka BP). However, proxy data for the Pliocene (~5 to ~3 Ma 77 

[million years] BP) are controversial on tropical Pacific changes16–18. A Pliocene El-Niño 78 

like mean state has been hypothesized to reduce ENSO variability18, although there is 79 

evidence of significant interannual variability during this period19. As such, tropical Pacific 80 

mean state changes during the mid-Pliocene and how it has impacted ENSO activity are 81 

still uncertain. 82 

If there was a time in the distant past that provides an analogue to a warmer end-83 

of-century climate, it would be the mid-Pliocene Warm period (mPWP; ~3.3Ma BP)20.  84 
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The mPWP was marked by warmer SSTs of up to 9 K and 4 K in the Northern and Southern 85 

Hemisphere, respectively21, compared to pre-industrial times (~1850 Common Era), with 86 

orbital forcing22 and elevated atmospheric CO2 concentrations similar to present day23 87 

(~400 ppm) while polar ice was reduced24. Partly motivated by the similarities between the 88 

mPWP and scenarios of future projected warming, the Pliocene Model Intercomparison 89 

Project (PlioMIP)25,26 initiative was developed. Here we examine the broad PlioMIP 90 

ensemble, including phases 1 and 2, to better understand how ENSO activity might change 91 

under warmer climates.  92 

 93 

Reduced ENSO amplitude 94 

The PlioMIP ensemble simulate a significant reduction in the amplitude of SST 95 

variability across most of the global tropics (Figure 1a; see Supplementary Figure S1 for 96 

PlioMIP1). In the Indian Ocean, there is a robust weakening in the western sector while no 97 

significant changes in the eastern sector (Figure 1a). The tropical Atlantic shows reduced 98 

SST variability in both sides of the equator likely indicating reduced variability of the 99 

Atlantic Meridional Mode27 (Figure 1a). The most pronounced weakening of tropical 100 

variability occurs in the equatorial Pacific (Figure 1a).  The reduced amplitude in SST 101 

variability in the eastern equatorial Pacific (Niño 3 region; 5ºN-5ºS; 150º-90ºW) is 102 

simulated by 21 out of 23 PlioMIP models (including phases 1 and 2 of PlioMIP). 103 

Considering PlioMIP2 models only, there is a multi-model mean amplitude reduction of 104 

25% (±16% standard deviation; Figure 1b).  105 

Separating the Niño3 variability change into interannual and longer timescales (>10 106 

yrs) components shows that all but one model simulate reduced amplitude in the 107 
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interannual band (Supplementary Figure S2), a timescale that is dominated by ENSO. 108 

Additionally, 75% (17 out of 23) of the models indicate a tendency for a shift towards 109 

lower frequencies as indicated by either an increased amplitude at low-frequency (>10 yr) 110 

or a more pronounced weakening at interannual than on longer time scales (Supplementary 111 

Figure S2). However, changes in decadal or longer periods must be further evaluated using 112 

longer timeseries data. Here due to data availability, we only use the last 100 years of each 113 

model’s simulation. 114 

 115 

Role of Equatorial Pacific Ocean changes 116 

ENSO dynamics is mostly dominated by equatorial processes, which are influenced by the 117 

background state28.  The PlioMIP models simulate a basin-wide surface warming of the 118 

Equatorial Pacific (Figure 2a). The multi-model mean indicates higher levels of warming 119 

in the eastern Pacific, although there are large inter-model differences in this pattern29 120 

(Supplementary Figures S3 and S4). These are likely associated with differences in wind 121 

changes, suggestive of wind-evaporation-SST feedback, especially in the eastern Pacific30 122 

(Figure 2a, see Supplementary Figure S5 for PlioMIP1). Of particular importance for 123 

ENSO dynamics are changes in equatorial thermal gradients. Recent studies have shown 124 

the importance of changes in the oceanic zonal equatorial dynamics9,31 and vertical 125 

equatorial gradients8 to our understand on how ENSO might change in the future. 126 

 Firstly, we evaluate changes in the thermocline slope as a proxy for changes in 127 

equatorial ocean dynamics. Strong (weak) westward equatorial currents drive increased 128 

(decreased) east-west thermocline slope, as it shoals (deepens) the eastern thermocline 129 

while deepening (shoaling) its western sector9. We find that models with a steeper mean 130 
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thermocline in the mPWP (i.e. a La Niña-like mean state) are typically associated with 131 

larger ENSO amplitude reductions, while a flatter mean thermocline (i.e. an El Niño-like 132 

state) is associated with either an slight increase or a weak decrease in ENSO variability 133 

(r=-0.52; Figure 2b). This indicates that equatorial Pacific mean state with a steeper 134 

thermocline, which corresponds to intensified ocean-atmosphere circulations, is less 135 

favourable to strong ENSO variability. Under such La Niña-like mean state, stronger initial 136 

anomalies are required to substantially weaken the climatological states in order to provide 137 

favourable conditions for strong El Niño development9. 138 

 We further examine possible changes in the equatorial oceanic conditions that could 139 

be unfavourable to ENSO development18,32. Ocean stratification has been hypothesized to 140 

influence the variability of extreme ENSO events, as an increased ocean stratification 141 

would tend to increase the dynamical coupling between the ocean and the atmosphere8. As 142 

such, we evaluate ocean stratification in the central-west Pacific near the warm pool edge, 143 

a region of maximum wind variability and where wind anomalies trigger ocean waves and 144 

initiate ENSO development. Indeed, we find that models with decreased ocean 145 

stratification are associated with major ENSO reductions, and the reduction is weaker with 146 

increased ocean stratification (Figure 2c).  However, an increased stratification seen in nine 147 

models cannot support the fact that the ENSO variability is reduced in each of seven of 148 

those models.  A similar inconsistency also applies for the thermocline slope change 149 

(Figure 2b).  Thus, while changes in the thermocline and stratification help to explain inter-150 

model differences in ENSO amplitude changes, there must be other processes that apply 151 

across models, which provide an explanation for the overall weakening of ENSO 152 

variability. 153 
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 154 

Off-Equatorial Pacific changes 155 

Whilst ENSO development is closely related to the zonal equatorial dynamics28, 156 

ENSO events are also affected by a variety of other large-scale processes beyond the 157 

equatorial Pacific10,33,34.  For instance, changes to the mean meridional SST gradient or 158 

processes in the extratropics can play an important role in triggering ENSO events. In 159 

particular, all PlioMIP models simulate a weaker equator-to-pole temperature gradient 160 

associated with polar amplified warming35. 161 

To investigate processes outside the equatorial Pacific, we first evaluate the role of 162 

meridional SST gradients through possible displacements of the ITCZ in the mPWP. 163 

Southward (northward) ITCZ displacements, due to changes in off-equatorial SST 164 

gradients, have been shown to affect ENSO activity through increased (reduced) 165 

probability of occurrences of deep convection in the central-eastern Pacific11. Here we 166 

show that a mean northward ITCZ shift during austral spring-summer, i.e., during 167 

developing and mature ENSO phases, is significantly related to the ENSO weakening 168 

across models (Figure 3a). This northward shift in the ITCZ generally acts to supress El 169 

Niño development, via a reduced probability of deep convection occurrences in the eastern 170 

Pacific11. To illustrate this, we evaluate models’ performance in simulating the non-linear 171 

relationship between ENSO SST anomalies and anomalous precipitation events in the 172 

eastern Pacific (see Methods; Supplementary Figure S6). Five models correctly simulate 173 

this characteristic and indicate that the further north the mean ITCZ migrates the less 174 

probable are occurrences of anomalous rainfall events in the eastern Pacific associated with 175 
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ENSO SST anomalies (Figure 3b-f). The ITCZ shift can fully explain ENSO weakening 176 

across these 5 models (r=0.99; Supplementary Figure S7). 177 

We also evaluate possible changes to the processes that are known to initiate ENSO 178 

events. Firstly, the reversal of the circulation of easterly trade winds in the western Pacific 179 

is known to initiate ENSO development36. In the PlioMIP models, the annual mean 180 

intensification of the western Pacific trade winds corresponds with weaker wind variability 181 

over this region (Figure 4a). Climatologically stronger easterly trades tend to inhibit: 1) the 182 

stochastic forcing of westerly wind bursts in the western Pacific37 that triggers the positive 183 

thermocline feedback; 2) southward shifts of the ITCZ through positive Wind-184 

Evaporation-SST feedback which cools the equatorial Pacific Ocean, thereby increasing 185 

the meridional SST gradient; and 3) eastward displacements of the Walker circulation.  186 

Secondly, we evaluate the South Pacific Meridional Mode (SPMM), which induces 187 

an anomalous zonal pressure dipole across the tropical South Pacific that facilitates 188 

westerly wind anomalies in the equatorial region, acting as a precursor for strong El Niño 189 

events34. We find that all but two PlioMIP2 models simulate a decreased amplitude of the 190 

SPMM in the mPWP (Figure 4b). Finally, extreme El Niño events have been shown to be 191 

amplified by an anomalous zonal pressure dipole in the Southern Hemisphere33. In such 192 

condition, an anomalous high pressure over Australia facilitates cold surges through the 193 

Coral Sea, called the Southern Hemisphere Booster (SHB)33, that promote westerly wind 194 

anomalies in the western Pacific conducive for El Niño development. The meridional wind 195 

variability in the SHB region also decreases in 10 out of 12 PlioMIP2 models in the mPWP 196 

simulations (Figure 4c).  These aforementioned changes are associated with reduced 197 
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probability of El-Niño initiation that would otherwise contribute to stronger ENSO 198 

variability. 199 

 200 

Large-scale forcing 201 

 The Pacific ITCZ-ENSO relationship demonstrated in the previous section can be 202 

either a result of a large-scale global ITCZ shift modulating ENSO or a local response of 203 

the Pacific ITCZ to changes in ENSO activity. The PlioMIP models indicate that the 204 

northward shift of the ITCZ during the mPWP occurs in all basins, given the typical rainfall 205 

fingerprint of a meridional dipole change found across the global tropics (Figure 5a; see 206 

Supplementary Figure S8 for PlioMIP1). Additionally, the PlioMIP models systematically 207 

simulate polar amplified warming in both hemispheres (Figure 5b), which can give rise to 208 

large-scale changes in the meridional temperature gradient and affect the ITCZ position 209 

through changes in atmospheric heat fluxes39. 210 

To further evaluate the cause of the ITCZ shift, we performed sensitivity 211 

experiments using the NCAR Community Atmospheric Model version 4 (CAM4; See 212 

Methods). The atmospheric model experiments forced with PlioMIP mean SSTs allow us 213 

to isolate changes in atmospheric features and circulation, due to mPWP surface warming, 214 

from changes in climate variability such as ENSO. It is worth noting the mPWP 215 

climatological-mean warming pattern, used to force the atmospheric model, may still 216 

contain some non-linear influence of ENSO changes, but here we assume these are 217 

negligible (see Methods).  We also investigate the link between the global ITCZ shift to 218 

possible changes in the large-scale inter-hemispheric temperature contrast through 219 

energetic constraints. 220 
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 In the present climate, during austral summer, the ITCZ shifts southwards toward 221 

the equator due to increased insolation in the Southern Hemisphere of which the excess 222 

heat is transported to the Northern Hemisphere (implying a northward energy flux across 223 

the equator), through an intensification of the Northern Hemisphere Hadley circulation40.  224 

In the mid Pliocene, the CAM4 model simulates a decreased northward heat transport 225 

across the equator during the austral summer (Figure 5c). Due to the mutual relationship 226 

between changes in the energy flux across the equator and ITCZ position, a decreased 227 

northward energy flux at the equator is accompanied by a northward ITCZ shift. This result 228 

from a reorientation of the meridional circulation of the atmosphere within the tropics. 229 

Higher rates of warming in the Northern Hemisphere drive an intensification and 230 

northward expansion of the Southern Hemisphere Hadley cell and weaker circulation in 231 

the Northern counterpart (Figure 5d; see Supplementary Figure S8 for PlioMIP1), which 232 

reduces the atmospheric energy input from the Southern to the Northern Hemisphere 233 

during the austral summer.  234 

The CAM4 experiments suggest that the meridional displacement of the ITCZ is a 235 

global feature of the PlioMIP simulations and occurs due to the mean mPWP warming. 236 

One of the most robust features of the mPWP simulations is the polar amplified warming, 237 

especially in the Northern Hemisphere which increases the inter-hemispheric temperature 238 

gradient (Figure 5b). However, whether the mPWP ITCZ shift is a response to tropical or 239 

extratropical warming is still an open question. For instance, CAM4 experiments indicate 240 

an overall decrease in the northward atmospheric heat transport (AHT) in the Northern 241 

Hemisphere and overall increase in the southward AHT in the Southern Hemisphere 242 

(Figure 5b), which initially points to changes in pole-to-pole temperature gradient. 243 
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 The large-scale changes in the meridional circulation likely induce changes in 244 

horizontal circulation. Meridional displacements of the ITCZ have been shown to affect 245 

trade winds in the Atlantic basin41. In the Pacific Ocean, the PlioMIP models indicate that 246 

a northward ITCZ shift is significantly related to intensified western Pacific trades (Figure 247 

5d), which is analogous to synchronized shifts of the Walker and Hadley circulations 248 

during different ENSO phases42. An analysis of the global low-level circulation indicates 249 

that the anomalously stronger western trades in the mPWP are sourced at the subtropical 250 

South Pacific due to an intensified circulation of the South Pacific Subtropical High system 251 

(Figure 5e; see Supplementary Figure S8 for PlioMIP1). These changes are not exclusive 252 

to the South Pacific but occur in all ocean basins (Figure 5e). The synchronized changes in 253 

the meridional and zonal atmospheric circulation are likely a result of global changes in 254 

atmospheric heat fluxes during the warmer mPWP. Thus, this illustrates a possible 255 

influence of changes in global atmospheric dynamics on ENSO in a warmer climate. 256 

 257 

Discussion 258 

The results presented here suggest a link between reduced ENSO amplitude and the 259 

northward shift of the ITCZ in the mPWP, associated with stronger climatological 260 

circulation in the Southern Hemisphere (Figure 6). The northward shift of the ITCZ reduces 261 

the probability of occurrence of ENSO-related rainfall events in the eastern Pacific (Figure 262 

6). Enhanced mean western Pacific trade winds are associated with reduction in the 263 

variability and, thus, possibly the occurrences of stochastic westerly wind anomalies 264 

(Figure 6). A  strengthened Southern Hemisphere Subtropical High pressure system in the 265 

Pacific, and intensified Southern Hemisphere Hadley circulation are thought to be a 266 
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response to enhanced Northern Hemisphere warming through changes in the inter-267 

hemispheric meridional heat fluxes43 via energetic constraints for the ITCZ position39,44. 268 

An intensified South Pacific Subtropical High weakens and shifts the South Pacific 269 

Convergence Zone polewards43, reducing its interaction with equatorial processes, and may 270 

suppress zonal sea-level pressure anomalies imposed by the South Pacific Meridional 271 

Mode and the Southern Hemisphere Booster, which otherwise favour ENSO development 272 

(Figure 6). As such, the climatological stability imposed by intensified tropical Southern 273 

Hemisphere circulation acts to increase ENSO stability, as ENSO by definition is a 274 

deviation from the mean climate, and thus stronger climatological circulations can be 275 

viewed as unfavourable to ENSO-induced changes10.  276 

In addition to the reduced ENSO amplitude, SST variability in other tropical basins 277 

is also found to decrease (Figure 1a). This may contribute to weakened ENSO variability 278 

via pan-tropical interactions45 due to a delayed and weaker negative feedback46,47, although 279 

reduced variability in other tropical basins itself might also be a consequence of reduced 280 

ENSO variability.  For instance, an anomalously warm tropical North Atlantic is known to 281 

support the initiation of La Niña events48. Pontes et al.27 reported that all PlioMIP1 models 282 

simulate reduced tropical North Atlantic variability associated with a warming of this basin 283 

and northward Atlantic ITCZ shift. Taken together, these results suggest that a northward 284 

shift of the global ITCZ can likely mute tropical Pacific and Atlantic SST variability. 285 

Our results are subject to a number of uncertainties in the simulations tied to sparse 286 

and limited proxy data, which are used to constrain the PlioMIP experiments, and 287 

systematic climate model biases49. Changes in the inter-hemispheric SST gradient for 288 

example could be affected by uncertainties in the extension of the mPWP ice sheets50,51, 289 
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poor representation of certain polar feedbacks52 (i.e. interactive land-ice), climate 290 

sensitivity53, and biases in tropical convection and SST of the climate models, such as 291 

double-ITCZs54 and an overly strong cold tongue. Despite data uncertainties and different 292 

model biases, we show that the current generation of climate models simulate a robust 293 

response of ENSO to changes in the ITCZ position in a warmer past climate. 294 

With respect to future warming, paleoclimate studies have been investigating 295 

whether there was a past warm climate that would serve as an analogue to the current 296 

warming. Our findings indicate that, although the mPWP surface warming is comparable 297 

in magnitude as projected toward the end of 21st century under a ‘business as usual’ 298 

scenario (~3K)20, ENSO shows an opposite response to that projected8,11. It is worth noting 299 

the mPWP exemplifies an equilibrium climate with similar CO2 concentration as today, 300 

indicating we could end-up in a similar-to-Pliocene climate if CO2 is maintained at present 301 

levels once a steady state is reached. However, the current rate of atmospheric CO2 rise is 302 

unprecedented in Earth’s history, which differs from how Earth has warmed in the past. 303 

Thus, linking past and future warmings is not straightforward. Here the evaluation of the 304 

mPWP shows that in an empirically based equilibrium warming a northward ITCZ shift 305 

drives reduced ENSO activity. If this mechanism can be applied to the 21st century 306 

projections where a southward shift of the Pacific ITCZ is projected10, then an increase in 307 

ENSO variability8 in the coming decades appears to be a potential outcome. 308 

 309 

Methods 310 

Models and data. Models were selected according to data availability in the PlioMIP1 and 311 

PlioMIP2 databases. See Supplementary Table S1 for a list of the models included in our 312 



 

 

14 

 

analysis. A total of 9 PlioMIP1 and 16 PlioMIP2 models were analysed. PlioMIP1 and 313 

PlioMIP2 boundary conditions are specified in Supplementary Table S2 and describes in 314 

more detail in the Supplementary Text S1. The last 100 years of each model’s simulation 315 

is used.  316 

Statistical significance of the changes. This is measured through model agreement on the 317 

sign of the change. This method is based on a binomial distribution of equal probability 318 

(i.e. p = q = 0.5). Here, we consider that all models have an equal probability of simulating 319 

positive and negative changes in the mPWP simulation. As such, the cumulative 320 

probability distribution function of a binomial distribution of N=9 (PlioMIP1) and N=16 321 

(PlioMIP2) models shows that the 95% probability level is reached when there is a model 322 

agreement on the sign of the change of 7 and 11 models, respectively.  323 

ENSO amplitude. The standard deviation of Niño3 index is used to represent ENSO 324 

amplitude. The Niño3 index is calculated from SST anomaly averaged over the eastern 325 

Pacific region between 5ºN-5ºS latitude and 150º-90ºW longitude. 326 

Frequency separation. The amplitude of decadal or higher periods is evaluated through 327 

the variance of the 11-year running mean Niño3 time series in each model. The amplitude 328 

of the interannual period is estimated as the variance of the residual time series, i.e. original 329 

Niño3 timeseries subtracted from the Niño3 decadal timeseries. 330 

Thermocline Slope. Difference between the mean eastern Pacific thermocline depth (5ºS-331 

5ºN; 210º-270ºW) and the western Pacific thermocline depth (5ºS-5ºN; 160º-210ºW). The 332 

thermocline depths are computed from the mean temperature profile in each of the boxes 333 

indicated above. This is the weighted average depth, based on depths in which the 334 

temperature gradients are greater than 50% of its maximum. 335 
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Equatorial Pacific Ocean stratification. Difference between the mean temperature in the 336 

top 75 meters and the temperature at 100m from 150ºE to 140ºW, as indicated in Figure 337 

2a. 338 

Pacific ITCZ position43. The ITCZ position is taken as the average latitudes over which 339 

precipitation over the Pacific Ocean is greater than 50% of the maximum zonally averaged 340 

precipitation over 120ºE-90ºW. This method may take into account double-ITCZ and 341 

double-ITCZ biases if the double-ITCZ associated precipitation is greater than 50% of the 342 

maximum. 343 

Criteria for model selection11. Models were selected according to their ability to simulate 344 

ENSO non-linear characteristics. Selected models were required to have DJF Niño3 345 

precipitation greater than 5 mm per day and precipitation skewness greater than 1 in the 346 

pre-industrial control run. Out of 14 PlioMIP2 models, five models met these criteria 347 

(Supplementary Figure S6). The skewness criterion filters out models that systematically 348 

simulate overly wet and dry conditions in the eastern equatorial Pacific. These biases tend 349 

to reduce rainfall skewness in the models as they simulate SSTs well below or above the 350 

convective threshold of 26-28ºC55, affecting Niño3 precipitation variability. 351 

Atmospheric Subtropical High systems. Quantifying the intensity of the subtropical 352 

highs is not a simple task when dealing with different climate backgrounds (+ 2–3K) as the 353 

global pressure weakens in a warmer atmosphere. To overcome this pressure issue, we 354 

compute the streamfunction at 850 hPa to identify the position and intensity of the 355 

Subtropical High systems. 356 

South Pacific Meridional Mode amplitude.  Computed as the amplitude (standard 357 

deviation) of mean SST anomalies from 15ºS to 25ºS and from 250ºW to 260ºW. 358 
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Southern Hemisphere Booster amplitude. Computed as the amplitude (standard 359 

deviation) of meridional wind anomalies from 10ºS to 30ºS and from 140ºW to 170ºW. 360 

CAM4 experiments. We undertook four experiments, with multiple ensemble members, 361 

using the NCAR Community Atmospheric Model version 4 (CAM4): 1) mean mid-362 

Pliocene SST and sea-ice forcing from PlioMIP1. PlioMIP1 SST and sea-ice were time 363 

and ensemble averaged to force the CAM4 model; 2) mean pre-industrial SST and sea-ice 364 

as simulated by PlioMIP1 models for comparison; experiments 3 and 4 consisted in 365 

repeating experiments 1 and 2 but with PlioMIP2 SST and sea-ice. For each experiment 5 366 

ensemble members were integrated with slightly different initial conditions: each ensemble 367 

member was initialised from a different day of the year. The CO2 forcing was kept as pre-368 

industrial at 280 ppm and no changes over continental areas were made in all experiments. 369 

Each experiment was run for 31 years. The first year of each simulation was discarded due 370 

to the atmospheric spin-up. To check if non-linearities in ENSO affected the mean SST 371 

change we compared the multi-model mean mPWP warming during all years and during 372 

non-ENSO years only. Differences in the tropical Pacific were approximately two orders 373 

of magnitude (<0.05 K) lower than the mean tropical Pacific warming (~2 K). 374 
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Figures 537 

 538 

 539 

Figure 1 – Simulated Mid-Pliocene tropical variability changes. a) multi-model mean 540 

change in the amplitude (variance) of SST variability in the PlioMIP2 models (see 541 

Supplementary Figure S1 for PlioMIP1 models). Stippling indicates locations where there 542 

is a significant model agreement (at least 70%) in the sign of the change. b) change in the 543 

amplitude (standard deviation) of the Niño3 (5ºS-5ºN; 210º-270ºE) time series in each 544 

PlioMIP model. 545 
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 546 
Figure 2 – Equatorial Pacific Ocean changes. a) PlioMIP2 multi-model mean change in 547 

surface tropical and sub-surface equatorial Pacific temperatures. The vertical profile is 548 

averaged between 5ºS and 5ºN. Stippling indicates significant change at the 95% level (in 549 

the SST panel the entire basin-wide warming is significant at the 95% level). See 550 

Supplementary Figures S3 and S4 for individual PlioMIP2 models and Supplementary 551 

Figures S5 and S6 for PlioMIP1 models. b) inter-model relationship between the change 552 

in the thermocline slope between the eastern and western Pacific (see Methods) and the 553 

change in the Niño3 amplitude. c) inter-model relationship between the change in ocean 554 

stratification and in the Niño3 amplitude. Ocean stratification was measured as the 555 

difference between the average temperature in the top 75m (green box, panel a) and at 556 

100m (blue line), from 150ºE to 140ºW.  557 
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 559 

Figure 3 – ENSO-ITCZ inter-model relationship. a) PlioMIP2 inter-model relationship 560 

between the change in the Niño3 amplitude and mean ITCZ shift from October to February. 561 

b) to f) model relationship between DJF Niño3 SST anomalies and DJF Niño3 rainfall 562 

anomalies for pre-industrial (blue) and mid-Pliocene simulations (yellow). Models were 563 

selected according to their ability to simulate non-linear ENSO characteristics (See 564 

Methods). PlioMIP1 precipitation data for the last 100 years was not available so these 565 

models could not be included in this analysis (see Methods). 566 
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 569 

 570 

Figure 4 – Changes to potential ENSO triggers. a) inter-model relationship between the 571 

change in the intensity of the western Pacific trade winds (from 160ºE to 150ºW and from 572 

10ºS to 10ºN) and the amplitude (standard deviation) of its monthly variability. To ideally 573 

examine changes in the western wind bursts we would daily output, however high 574 

frequency output was not available for the PlioMIP models. b) Change in the amplitude 575 

(standard deviation) of the South Pacific Meridional mode time series, defined as the mean 576 

SST anomaly between 15ºS-25ºS and 250ºW-260ºW. c) Change in the amplitude (standard 577 

deviation) of the meridional wind variability over the Southern Hemisphere Booster region 578 

(from 10ºS to 30ºS and from 140ºW to 170ºW). PlioMIP2 models in panels ‘b’ and ‘c’: a 579 

– CCSM4-UofT; b – CCSM4-2deg; c – CESM2; d – COSMOS; e – EC-EARTH3.3; f – 580 

GISS-E2-1-G; g – HadCM3; h – IPSL-CM6A-LR; i – IPSL-CM5A; j – IPSL-CM5A2; k 581 

– MIROC4m; l – MRI-CGCM2.3; m – NorESM-L; n – NorESM1-F. 582 
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 584 

Figure 5 – Energetics constraints for the ITCZ position. a) DJF precipitation change in the 585 

PlioMIP2 models (mPWP minus pre-industrial). Stippling indicates where the change is 586 

significant at the 95% level. b) multi-model mean change zonally averaged SST for the 587 

PlioMIP1 (magenta) and PLioMIP2 (red). Banding indicates standard deviation range. c) 588 

Changes in DJF atmospheric energy flux, computed as the residual between the total top-589 

of-the-atmosphere and surface energy fluxes, in the CAM4 experiments forced with 590 

PlioMIP1 and 2 climatological SST and sea-ice (see Methods). Banding indicates standard 591 

deviation range of a 5-member ensemble. d) Changes in the meridional streamfunction in 592 

the CAM4 experiment forced with PlioMIP2 SST and sea-ice (see Methods). y-axis: 593 

Pressure [mb]. Contours indicate pre-industrial streamfunction (zero contour in bold). 594 

Colours indicate change (mPWP minus pre-industrial) e) Inter-model relationship between 595 

changes in the intensity of the zonal western Pacific trades and ITCZ shift during austral 596 

summer. f) Changes in global low-level (850 hPa) winds and stream function in the 597 

PlioMIP2 models. Wind changes are only plotted where there is a significant change at the 598 

95% level. 599 
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Figure 6 – Schematic of the drivers of suppressed ENSO activity in the mPWP. A 604 

northward ITCZ shift reduces the probability of occurrence of deep convection in the 605 

central-eastern Pacific. Energetic constrains for the ITCZ position indicates that higher 606 

rates of warming in Northern Hemisphere drive a northward ITCZ shift and intensified 607 

enhanced Southern Hemisphere Hadley circulation. These changes are also associated with 608 

enhanced subtropical high and intensified western Pacific trades. Enhanced trade winds 609 

suppress wind variability in the western Pacific, which are important for El Niño initiation. 610 

An intensified subtropical high is thought to impede zonal pressure anomalies across the 611 

tropical South Pacific and, thus, suppress the activity of the South Pacific Meridional Mode 612 

(SPMM) and Southern Hemisphere Booster that are important for the development of 613 

strong El Niño events.  614 



Figures

Figure 1

Simulated Mid-Pliocene tropical variability changes. a) multi-model mean change in the amplitude
(variance) of SST variability in the PlioMIP2 models (see Supplementary Figure S1 for PlioMIP1 models).
Stippling indicates locations where there is a signi�cant model agreement (at least 70%) in the sign of the
change. b) change in the amplitude (standard deviation) of the Niño3 (5ºS-5ºN; 210º-270ºE) time series
in each PlioMIP model. Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning
the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.



Figure 2

Equatorial Paci�c Ocean changes. a) PlioMIP2 multi-model mean change in surface tropical and sub-
surface equatorial Paci�c temperatures. The vertical pro�le is averaged between 5ºS and 5ºN. Stippling
indicates signi�cant change at the 95% level (in the SST panel the entire basin-wide warming is
signi�cant at the 95% level). See Supplementary Figures S3 and S4 for individual PlioMIP2 models and
Supplementary Figures S5 and S6 for PlioMIP1 models. b) inter-model relationship between the change
in the thermocline slope between the eastern and western Paci�c (see Methods) and the change in the
Niño3 amplitude. c) inter-model relationship between the change in ocean strati�cation and in the Niño3
amplitude. Ocean strati�cation was measured as the difference between the average temperature in the
top 75m (green box, panel a) and at 100m (blue line), from 150ºE to 140ºW.



Figure 3

ENSO-ITCZ inter-model relationship. a) PlioMIP2 inter-model relationship between the change in the
Niño3 amplitude and mean ITCZ shift from October to February. b) to f) model relationship between DJF
Niño3 SST anomalies and DJF Niño3 rainfall anomalies for pre-industrial (blue) and mid-Pliocene
simulations (yellow). Models were selected according to their ability to simulate non-linear ENSO
characteristics (See Methods). PlioMIP1 precipitation data for the last 100 years was not available so
these models could not be included in this analysis (see Methods).



Figure 4

Changes to potential ENSO triggers. a) inter-model relationship between the change in the intensity of the
western Paci�c trade winds (from 160ºE to 150ºW and from 10ºS to 10ºN) and the amplitude (standard
deviation) of its monthly variability. To ideally examine changes in the western wind bursts we would
daily output, however high frequency output was not available for the PlioMIP models. b) Change in the
amplitude (standard deviation) of the South Paci�c Meridional mode time series, de�ned as the mean
SST anomaly between 15ºS-25ºS and 250ºW-260ºW. c) Change in the amplitude (standard deviation) of
the meridional wind variability over the Southern Hemisphere Booster region (from 10ºS to 30ºS and from
140ºW to 170ºW). PlioMIP2 models in panels ‘b’ and ‘c’: a – CCSM4-UofT; b – CCSM4-2deg; c – CESM2;
d – COSMOS; e – EC-EARTH3.3; f – GISS-E2-1-G; g – HadCM3; h – IPSL-CM6A-LR; i – IPSL-CM5A; j –
IPSL-CM5A2; k – MIROC4m; l – MRI-CGCM2.3; m – NorESM-L; n – NorESM1-F.



Figure 5

Energetics constraints for the ITCZ position. a) DJF precipitation change in the PlioMIP2 models (mPWP
minus pre-industrial). Stippling indicates where the change is signi�cant at the 95% level. b) multi-model
mean change zonally averaged SST for the PlioMIP1 (magenta) and PLioMIP2 (red). Banding indicates
standard deviation range. c) Changes in DJF atmospheric energy �ux, computed as the residual between
the total top-of-the-atmosphere and surface energy �uxes, in the CAM4 experiments forced with PlioMIP1
and 2 climatological SST and sea-ice (see Methods). Banding indicates standard deviation range of a 5-
member ensemble. d) Changes in the meridional streamfunction in the CAM4 experiment forced with
PlioMIP2 SST and sea-ice (see Methods). y-axis: Pressure [mb]. Contours indicate pre-industrial
streamfunction (zero contour in bold). Colours indicate change (mPWP minus pre-industrial) e) Inter-
model relationship between changes in the intensity of the zonal western Paci�c trades and ITCZ shift
during austral summer. f) Changes in global low-level (850 hPa) winds and stream function in the
PlioMIP2 models. Wind changes are only plotted where there is a signi�cant change at the 95% level.



Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.

Figure 6

Schematic of the drivers of suppressed ENSO activity in the mPWP. A northward ITCZ shift reduces the
probability of occurrence of deep convection in the central-eastern Paci�c. Energetic constrains for the
ITCZ position indicates that higher rates of warming in Northern Hemisphere drive a northward ITCZ shift
and intensi�ed enhanced Southern Hemisphere Hadley circulation. These changes are also associated
with enhanced subtropical high and intensi�ed western Paci�c trades. Enhanced trade windssuppress
wind variability in the western Paci�c, which are important for El Niño initiation. An intensi�ed subtropical
high is thought to impede zonal pressure anomalies across the tropical South Paci�c and, thus, suppress
the activity of the South Paci�c Meridional Mode (SPMM) and Southern Hemisphere Booster that are
important for the development of strong El Niño events. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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