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59  Abstract  |  Originating in  the equatorial  Pacific, El  Niño-Southern  Oscillation  (ENSO)  
60 has highly  consequential global impacts. ENSO’s  response  to  greenhouse  warming  is  
61  therefore one  of the most important issues of climate science  today.   There  is   an  inter-
62  model consensus of an increase  in  future  ENSO rainfall variability, but debate  
63  continues on the disparity between observed  and  projected  tropical Pacific mean  state 
64  change, and its ramifications for projected  ENSO change. Progress  has been made  on 
65 the response  of ENSO sea surface temperature (SST) variability, the role  of internal  
66  variability,  and the  effects of remote  ocean forcing in the ENSO  response. In  this  review,  
67  we  synthesise these advances. Models that best  capture  key  ENSO  dynamics  tend  to  
68  project an increase  in  future ENSO  SST variability and an eastward  shift and 
69  intensification of ENSO teleconnections  under greenhouse warming, consistent with  
70 paleoclimate  evidence  of stronger ENSO variability since  the 1950s compared to  past 
71  centuries.  The  increase  in  ENSO  variability,  though  underpinned  by  increased  
72  equatorial Pacific upper ocean stratification, is strongly  influenced by internal   ENSO   
73  variability,  raising issues about its  quantifiability and detectability. Ongoing 
74  coordinated community efforts and  computational advances are enabling long-
75 simulation, large-ensemble experiments, and high-resolution  modelling, offering  
76  encouraging  prospects for alleviating model biases,  incorporating fundamental 
77  dynamical processes, and reducing uncertainties  in  projections.   

78  Key Points 

79  •  Under greenhouse warming, majority  of  climate models project a  faster  background 

80 warming  in  the  eastern  equatorial  Pacific  with  an  increase  in  ENSO  rainfall  variability.  

81  This  SST warming pattern continues for a century  after global mean  temperature  

82  stabilises.  

83   

84  •  ENSO  rainfall response in the equatorial Pacific intensifies and shifts eastward,  

85 leading  to  an  eastward  intensification  of  extratropical  teleconnections.   

86   

87  •  The observed equatorial Pacific surface warming pattern since 1980, though opposite 

88  to the projected faster warming in  the  equatorial eastern Pacific, is  within  the inter-

89  model  range  in  terms  of  SST  gradients  and  is  subject  to  influence  from  internal  

90 variability.    

91   

92  •  Variability  of ENSO SST and extreme ENSO  events are projected to increase under 

93  greenhouse warming,  with  a stronger  inter-model consensus in  the latest generation of  

94  climate  models,  but  time  of  emergence  for  ENSO  SST  variability  is  later  than  that  for  

95 ENSO  rainfall variability, opposite to that for mean SST versus mean rainfall.   

96   

97  •  The future  ENSO change  is likely  influenced by  past variability,  such that  

98  quantification of future ENSO  in the  only  realization of the real world is challenging.   

99   
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• Although there is no definitive relationship of ENSO variability with the mean zonal 

101 SST gradient or seasonal cycle, paleoclimate records suggest a causal connection 

102 between vertical temperature stratification and ENSO strength, and a greater ENSO 

103 strength since the 1950s than in past centuries, supporting an emerging increase in 

104 ENSO variability under greenhouse warming.  

106 El Niño-Southern Oscillation (ENSO), an alternation between warm phase El Niño and cold 

107 phase La Niña events, is the most consequential year-to-year climate phenomenon on the 

108 planet1,2,3. During El Niño, as in the 2015-2016 extreme event4,5, an anomalous warming in 

109 the central and eastern equatorial Pacific weakens the west-minus-east zonal sea surface 

temperature (SST) gradient along the equator. The associated weakening of the trade winds in 

111 turn intensifies the warm anomaly, a process referred to as Bjerknes feedback6. Atmospheric 

112 convection over the west Pacific moves eastward, resulting in global impacts that include 

113 droughts and forest fires in countries bordering the western Pacific, but torrential rains and 

114 floods in regions of the eastern equatorial Pacific1,2,3,7,8. During a La Niña event, anomalously 

low SST occurs in the central and eastern Pacific, convection over the western Pacific 

116 intensifies and becomes more concentrated, and global impacts roughly opposite to those of 

117 El Niño occur. ENSO’s global reach  affects agriculture, public health, infrastructure, 

118 transportation, water security, ecosystems, and biodiversity1,2,3,9. 

119 Because of its widespread and consequential impacts, how ENSO may change in a warming 

climate is one of the most compelling issues in climate change research today. A series of the 

121 Intergovernmental Panel on Climate Change (IPCC) assessments10,11 have  found  that long-

122 term climatic conditions have changed, with historically high anthropogenic emissions of 

123 greenhouse gases post 1990. Furthermore, there is no sign on the horizon that there will be an 

124 abatement of these emissions, highlighting the urgency to understand ENSO’s response to 

greenhouse warming now and in the future12,13. 

126 Likely future ENSO changes and underpinning dynamics have been periodically 

127 synthesized12,13 (Fig. 1). In a framework of ocean-atmosphere instability, in which ENSO is 

128 sensitive to ocean-atmosphere coupling between equatorial trade winds and the west-minus-

east zonal SST gradient1,14,15,16 129 , a mean state change with weakened trade winds and a 

reduced west-minus-east zonal SST gradient, as projected by most climate models12,13, would 

131 imply that ENSO would become more unstable16, therefore favoring greater amplitude under 

132 global warming. However, from the 1990s, when climate models were first used to 

133 investigate ENSO response to greenhouse forcing17,18, to the fifth IPCC assessment report10, 

134 climate models had shown no consensus on ENSO SST variability change in conventionally 

defined regions in the central-eastern equatorial Pacific. 

136 Instead, as synthesized in a 2015 review13, models that more realistically simulate 

137 characteristics of extreme ENSO events tend to project systematic changes. These changes 

138 include an increased frequency of El Niño events with extreme rainfall in the eastern 



 

equatorial Pacific19-22 ,  more  frequent  extreme  equatorward  swings  of  large-scale  

convergence zones23, a higher frequency  of El Niño events  featuring  eastward propagating  

SST anomalies24, and  a  higher  frequency  of  extreme  La  Niña  events25. The projected  changes  

are consistent  with proxy  records of ENSO  variability  suggesting  that  twentieth-century  

ENSO activity  is stronger than that during the previous centuries26,27,28. A key  development is 

a realization  that  projection  of the fundamental variable  of ENSO  SST  variability should  be  

made  at ENSO  anomaly  centres  unique  to  each  climate  model29.   Meanwhile,  advances  

continue  on our understanding of  processes controlling the mean state changes30-33 , ENSO’s 

interactions with  variability  in  other  ocean  basins34, and role of internal variability  of the 

climate  system  in the  response  of  ENSO  SST variability35-38 . Although uncertainty  remains,  

an inter-model  consensus on increased ENSO SST variability  is  emerging, with  additional  

support from  models participating in the  sixth  phase  of Coupled Model Intercomparison  

Projects39 (CMIP6).   

In this  review, we summarize the advances since 2015. We begin  by  describing  ENSO  event 

diversity  and asymmetry,  changing  ENSO  in observations and proxy-data, and mean state 

impacts  on  ENSO  feedbacks.  We  subsequently  discuss  factors  that  contribute  to  the  observed  

and  projected  mean  state  changes. We  continue  by  outlining  the  projected  ENSO  SST  

variability  change  and associated mechanism, focusing on proposed   mechanisms involving   

mean state changes  and other factors  such as internal variability  and inter-basin interactions  

(Fig. 1).  We  then synthesize insight from  paleo-proxy  records  in ENSO  sensitivity  to 

external forcing. The review  ends with identification of uncertainties and prospects for 

improved  quantification,  detection,  and  high-resolution modelling of ENSO SST variability 

change.  

  ENSO in observations 
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An  important advance in  ENSO research is  the discovery  that  ENSO  events  are diverse and  

their anomaly  centres can be in the equatorial eastern Pacific  (EP) or central Pacific  (CP)8,40-

44. Observed ENSO  evolution  and  the associated  feedbacks therefore need to be  assessed in  

terms  of the diversity, as summarised in this section.  

  ENSO event diversity and asymmetry 

Strong El Niño  events tend to  peak  in the  EP, whereas strong La  Niña  and moderate El Niño  

events  tend to peak  in the CP region,  and La Niña  events tend  to be  weaker than  EP El Niño  

events, and last for multiple  years contributing to ENSO diversity  and asymmetry5,42-45 (Fig. 
2, a-d). The  EP ENSO and  CP  ENSO can be approximated by  spatially-fixed indices of SST 

anomaly  such as Niño3 (averaged  SST anomaly  over 5oS-5oN, 150oW-90oW) and Niño4  

(5oS-5oN, 160oE-150oW),  respectively,  of  which  the  combination  is  captured  by  the  Niño3.4  

(5oS-5oN, 170oW-120oW) index. The fundamental dynamics  for ENSO diversity  and  

asymmetry  is a nonlinear Bjerknes feedback,  whereby  after anomalous warming in the 

eastern  Pacific locally  triggers atmospheric deep  convection,  zonal winds respond nonlinearly  
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with a greater response to additional warming. The nonlinear wind response leads to further 

warming, resulting in an extreme EP El Niño, a process distinctively weaker in the central 

Pacific44,46. Heat discharge of the equatorial Pacific during strong El Niño cools the 

equatorial Pacific subsurface conducive to development of La Niña. Mathematically, the 

dynamics is reflected by a nonlinear relationship between the leading two Empirical 

Orthogonal Functions of tropical Pacific SST variability such that their linear combination 

E-index and C-index29,46,47,48 represents EP and CP ENSO events, referred to as . For 

observations, time series of Niño3 and Niño4 can be approximately represented by E-index 

and C-index (Fig. 2a, b), respectively. 

Observed ENSO changes 

ENSO has been changing. At the turn of the 21st century,  there was a  marked increase  in  

occurrences of CP El Niño events, which are weaker than EP El Niño events, contributing to 

weaker ENSO SST variability49. Since the 1970s, statistically significant changes have been 

shown to occur in the evolution of El Niño and La Niña events from their embryonic to fully 

mature stages50, with both CP and EP ENSO events tending to originate from the western 

Pacific, rather than the central and eastern Pacific before the 1970s51. Since late 1950s, CP 

and EP ENSO variability has shown an increasing trend52,53,54. Using data further back in 

time, both EP-ENSO and CP-ENSO variability show an approximately 20% increase in the 

post-1960 compared to the pre-1960 period (Fig. 2a, b), characterised by more frequent 

extreme El Niño and extreme La Niña, respectively, with asymmetric spatial patterns (Fig. 2c, 
d) and impact. However, there is uncertainty in  data  before  the  1950s due  to  sparse  

observations and sampling errors55 which  makes  assessment of  a  potential  impact of  

greenhouse warming difficult. 

Multiple paleo-ENSO proxy datasets do point to an approximately 25% intensification of 

ENSO variability during the late 20th Century, relative to the pre-industrial period or 

before26,27,28,56-59. The intensification is supported by ENSO reconstructions that show greater 

CP57,60 and EP58 ENSO variability relative to the pre-industrial era. While these results imply 

that anthropogenic greenhouse forcing might have already contributed to an increase in 

ENSO variability, because these proxy records reflect both ENSO-related temperature and 

rainfall variability, the extent of an increase in SST variability is unclear. 

ENSO feedbacks and mean state 

Observations since 1950 have identified ocean-atmosphere feedbacks responsible for ENSO 

SST anomaly growth. During an El Niño, mean upwelling of cold water in the eastern 

equatorial Pacific and the mean subsurface horizonal advection act to strengthen the 

climatological horizontal and vertical SST gradients, and thus damp an initial warm SST 

anomaly. In addition to this mean advective damping, the warm SST anomaly promotes deep 

atmospheric convection and increasing tropical cloud amounts, consequently reducing 

surface radiative and latent and sensible heat fluxes into the ocean, a process referred to as 

thermal damping. On the other hand, the warm SST anomaly and the associated west-
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minus-east SST gradient is reinforced by weakened equatorial trade winds through three 

positive feedbacks12,61,62,63: the Ekman feedback, in which the weakened trade winds reduce 

upwelling of mean cold subsurface water in the eastern equatorial Pacific; the thermocline 

feedback, whereby the weakened trade winds lead to a flattened thermocline with 

anomalously warm subsurface water that is advected by mean upwelling to the surface; and 

the zonal advective feedback, in which the weakened trade winds reduce the mean westward 

oceanic transport of cold waters from the eastern Pacific. The relative importance of the 

feedback processes differs across events. During a CP El Niño, for instance, the zonal 

advective feedback tends to be more important than the thermocline feedback. Nonetheless, 

the three positive feedbacks increase with the upper ocean stratification of the equatorial 

Pacific29,64-67. 

Thus, the background climate state of the equatorial Pacific Ocean affects ENSO feedbacks 

and ENSO intensity1,14,15,16. Therefore, assessing ENSO response to greenhouse warming 

requires an understanding of how the tropical Pacific mean state will change. 

Changes in mean state 

Based on ocean-atmosphere reanalyses68,69,70, the observed mean state changes since 1980s, 

in which emissions of greenhouse gases increase substantially, feature a strong strengthening 

of the Walker circulation, west-minus-east SST gradient and equatorial easterly winds71-74 

(Fig. 3a). However, the simulated multi-model averaged changes by state-of-the-art climate 

models over the same period are small (Fig. 3b), and the projected future mean state changes 

are generally opposite to the observed since the 1980s (compare Fig. 3a and Fig. 3c). The 

climate models, while continuing to show a persistent too-cold and too-west equatorial 

Pacific cold-tongue bias (Fig. 3d), project a tropical Pacific future mean state change that 

features a weakening of the Walker Circulation, a reduction of the equatorial west-minus-east 

SST gradient, and an enhanced equatorial warming compared to off-equatorial regions12,13,75 

(Fig. 3b). Trends over the 1980-2019 period of the west-minus-east SST gradients in 

individual models and in the reanalyses show that the observed changes since the 1980s are 

within the inter-model range (Fig. 3e), before the long-term reductions in the west-minus-east 

SST gradients in majority of models emerge (Fig. 3f). In this section, we outline processes 

that contribute to the observed and projected future mean state changes, and their differences. 

Forcing of the observed mean state changes since 1980 

The observed changes result from a balance of several processes including  atmospheric  

damping differential between the west and the east, an oceanic thermostat mechanism in the 

east, internal variability on multidecadal scales, and inter-basin interactions. Most of these 

processes contribute to the enhanced west-minus-east SST gradient. 
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West-east damping differential.  The mean SST, and hence evaporative damping, is higher in 

the western Pacific than in the east76,77,78. In addition, the higher mean SST in the western 

Pacific induces a greater net negative cloud-radiation feedback compared to the east79. These 

two processes are conducive to a reduced equatorial west-minus-east zonal SST gradient78, 

which in turn weakens equatorial easterly winds through Bjerknes feedback, leading to the 

enhanced equatorial warming strongest in the east76,77. 

Ocean thermostat. On the other hand, assuming that the ocean is in quasi-equilibrium with 

greenhouse gas forcing, these changes in atmospheric processes must be compensated by 

changes in oceanic processes. Consistently, ocean upwelling in the equatorial eastern Pacific 

can facilitate divergence of some of the added heat away from the eastern Pacific cold tongue 

region, favouring less warming in the eastern than the western Pacific-an ocean thermostat 

mechanism80 also amplified by the Bjerknes feedback. 

Internal variability. Multidecadal  internal  variability might  also  contribute to the  observed  

enhancement in the zonal SST gradient since 1980. However, limitations of in situ 
observations and reanalyses have hindered an unambiguous  attribution  of  the equatorial  

33,81 Pacific trends since the 1980s to either natural or anthropogenic causes . For instance, 

satellite-observed changes indicate a smaller strengthening of the Walker Circulation than 

implied by reanalyses33. While the satellite trend is still opposite to the simulated changes 

averaged over large ensemble of model simulations, some ensemble members are also able to 

reproduce the observed strengthening of the Walker Circulation33and the equatorial zonal 

SST gradients81 (Fig. 3e), despite an overall underestimation of internal decadal variability in 

models82. Thus, internal multi-decadal variability could be offsetting greenhouse warming-

induced changes and therefor leading to the observed trend since 1980s33,81,83, which is, 

therefore, likely transient in nature81. 

Inter-basin interactions. Interactions with the two other  tropical oceans on  multi-decadal  

timescales are shown to also play an important role in forcing the observed intensification of 

zonal SST gradient since 1980 (REF.34) (Fig. 3a). There has been faster warming in the 

tropical Indian Ocean84, Atlantic85,86, or both87,88 since  1980, with anomalous atmospheric  

sinking motion in the tropical Pacific conducive to an enhanced equatorial easterly surface 

wind trend, and hence to a cooling in the eastern Pacific85. 

Processes affecting projected future mean state changes 

For the projected long-term mean state changes, the competing processes between the 

atmospheric damping differential and the oceanic thermostat mechanism also operate, 

whereas multidecadal internal variability plays a diminishing role. Studies have found that 

state-of-the-art climate models underestimate inter-basin interactions30,34,89,90,91, which might 

contribute to the long-term faster warming in the equatorial eastern Pacific than otherwise the 

case34. Additional factors that influence future mean state changes include impact from off-

equatorial Pacific Ocean warming, ENSO rectification, and the too-cold and too-west 
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equatorial Pacific cold tongue bias in climate models, though their relative importance is 

unclear and likely model-dependent. 

Off-equatorial Pacific warming. The equatorial Pacific mean state changes involve 

processes outside the equatorial Pacific. The equatorial warming can partly be forced by 

oceanic subduction of anomalous off-equatorial warming  advected  towards  the  equatorial  

upwelling region, or a weakening of the Hadley circulation and wind-driven oceanic 

subtropical overturning cells92,93. Because of the multidecadal timescale involved in the off-

equatorial forcing, modelling studies suggest a mean state change with an initially 

strengthened zonal SST gradient from the oceanic thermostat mechanism followed decades 

later by a gradient weakening through oceanic subduction of anomalous off-equatorial 

warming92,93,94. This time-varying mean state change is supported by a modelling study 

showing that models and ensemble members in a signal model that simulate historical 

strengthening of the zonal SST gradient commonly exhibit a reversed future trend81. 

ENSO rectification.  While mean state changes such as the equatorial SST warming pattern 

and enhanced stratification can change the balance of ENSO feedbacks and thereby ENSO 

variability29,75,95, ENSO variability change can rectify onto the mean state altering the 

warming pattern in the tropical Pacific via nonlinear oceanic temperature advection96,97. For 

example, if extreme El Niño events become less frequent relative to La Niña events, a La 

Niña–like mean state warming can emerge96, although this is a case seen in only a small 

number of models. In models with realistic nonlinear dynamical heating, that is, an 

anomalous oceanic advection of temperature anomalies, or in models with realistic nonlinear 

Bjerknes feedback, an increase in ENSO variability contributes to the emergence of an El 

Niño-like warming pattern29,97. 

Cold tongue bias. Common  present-day model  biases within the tropical  Pacific  are  

suggested to have contributed to a fast warming in the east in most climate models30,31,32. For 

example, the common too-cold and too-west cold tongue (Fig. 3d) might produce excessive 

SST sensitivity to radiative warming in the cold tongue region, resulting in the erroneous 

warming and weakening in west-minus-east SST gradient32. On the other hand, the cold 

tongue bias can lead to an overestimated ocean thermostat mechanism under greenhouse 

warming and spuriously weak shortwave radiation reduction in response to surface warming 

in the central-to-western Pacific98 such that  alleviation of this bias would favour a  faster  

eastern Pacific warming than in the west95. Despite the disparity between the observed 

changes since 1980 and the projected future changes, the change might not be unidirectional 

but time-varying. For example, the change in mean west-minus-east SST gradient could 

initially be dominated by oceanic thermostat and subsequently by other processes leading to 

opposite trends in late 21st century92,93,94. 

In terms of changes in the upper ocean temperature structure, ocean reanalyses over the 1910-

2017 period show an intensified equatorial Pacific upper-ocean stratification51. Although the 

extent to which the intensified stratification is due to internal variability or greenhouse 

warming is unclear, the increased stratification is consistent with the projected change for the 



  

     

 

 

 

           

   

  

   

  

    

       

 

   

              

   

   

             

     

 

     

      

        

    

     

   

    

   

    

      

           

    

             

     

      

   

    

      

332 
333 
334 

335 

336 

337 
338 
339 
340 
341 
342 
343 
344 

345 
346 
347 
348 
349 
350 
351 

352 
353 
354 
355 
356 

357 

358 
359 
360 
361 
362 
363 
364 
365 
366 
367 
368 
369 

21st century when a transient  increase in CO2 continues13. The intensified stratification 

underpins the projected increase in ENSO  SST variability over  the  21st century, as  

summarised in the upcoming sections. 

Projected ENSO variability changes 

Climate model projections of ENSO SST change have generally been based on conventional 

ENSO SST indices evaluated at fixed anomaly centres defined from observations12,13,35,99, 

such as Niño3, without considering ENSO diversity. Projected changes in SST variability at 

the fixed centre show no inter-model consensus. Much progress has occurred since the 90’s 

in understanding ENSO response to greenhouse forcing (see timeline in Fig. 1), including 

that the lack of the inter-model consensus was in part due to competing changes between the 

main ENSO linear positive and negative feedbacks despite robust change in individual 

feedback term12,63,100,101,102 (Fig. 1, by 2010).  

Robust changes emerged in key characteristics that underpin ENSO extremes19,21,24,25,75,103,104 

(Fig. 1, by 2015); for example, a doubling in frequency of El Niño events with extreme 

rainfall impacts from about one event per 20 years in the century before 1990 to one event 

per 10 years in the century after21. Such increasing frequency is also seen in CMIP6 

models20,105, and continues for as long as a century even after global mean temperature 

stabilises at the warming target of the Paris Agreement, that is, 1.5-2.0oC warming relative to 

the pre-industrial level22,106. 

Subsequently (by 2018, Fig. 1), emerging projection of enhanced ENSO SST variability was 

found at anomaly centres unique to individual CMIP3 and CMIP5 models29 in models with 

more realistic ENSO diversity and nonlinearity, which are underestimated by most 

models29,107,108. The increase in ENSO SST variability is supported by CMIP6 models109 with 

a stronger inter-model consensus, as outlined below. 

Increased ENSO SST variability 

The locations of ENSO SST anomaly centres can be different across models and from those 

observed by as much as 30o longitude29. Therefore, assessment of ENSO SST variability 

change should consider CP and EP ENSO anomaly centres simulated in individual models, 

and recent increased model agreement is partially due to correcting for model-specific 

anomaly centres29. Climate models tend to simulate a weaker distinction between EP and CP 

events than observed29. However, in CMIP5 models that reasonably simulate the distinction 

between these two types of events, EP ENSO variance is projected to increase by 

approximately 15% from the century before 2000 to the century after 2000 under ‘business as 

usual’ emission scenario, with 88% of models producing an increase; CP ENSO variance is 

also projected to increase, although the inter-model agreement is low29 (59%). Similar  

conclusions were found in an analysis of 11 CMIP6 models109. A larger group of 23 CMIP6 

models show an even stronger inter-model agreement, with all 23 models (100%) which 
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capture EP and CP events, generating an enhanced EP ENSO variance (Fig. 4a) and 65% of 

the models generating an increase in CP ENSO variance (Fig. 4b). The stronger inter-model 

agreement may be related to modest improvements in the simulated ENSO, such as pattern 

and event diversity, and a slight reduction in the Pacific mean state biases110,111. An overall 

increase in climate sensitivity112 might  also  be  a  factor.  Even  without  model  selection,  the  

majority of CMIP6 models generate an increase in Niño3 and Niño4 SST variability, with 28 

and 27 out of 34 models, respectively, producing an increase of about 10-15% when 

comparing variability over the 20th and 21st centuries. 

The enhanced variability in EP and CP ENSO is associated with more occurrences of extreme 

EP El Niño and extreme La Niña events29 (Fig. 4c, d), increasing from 5.6 and 5.6 events per 

century in the present-day to 8.9 and 8.3 events per century in the future climate, respectively. 

In particular, dramatic swings from an extreme EP El Niño in a year to an extreme La Niña 

the next year (Fig. 4c, d), as seen in 1997-1998, increase from 1.1 events per century in the 

present day to 2.8 events per century in the future climate. 

The implication of increased ENSO SST variability is expected to be greater than the changes 

in teleconnection per se would  suggest,  due to the compounding  effect  of the  mean  state  

change. In the presence of faster warming in the eastern equatorial Pacific Ocean than in the 

surrounding regions, even weak El Niño events are able to induce strong atmospheric 

convection13,21,64,104. This would lead to extreme impacts via atmospheric teleconnection as 

discussed next. 

Eastward intensification of teleconnections 

As a result of a projected faster warming in eastern equatorial Pacific under greenhouse 

warming, the mean convection center shifts eastward during during both CP and EP ENSO 

events113-119 , and the response of tropical eastern Pacific rainfall to ENSO strengthens19,20,21 

(lower panels of Fig. 5, a-d). In association, ENSO-induced Rossby wave trains, such as the 

Pacific North America (PNA) and South Pacific America (PSA) teleconnection patterns, are 

projected to shift eastward7,113-120 (upper panels of Fig. 5, a-d), despite uncertainties in early 

generations of CMIP models121,122. The large deepening/shallowing of the North Pacific 

trough in the PNA teleconnection is likely to attain a stronger sensitivity to CP SST 

anomalies than to EP SST anomalies under greenhouse warming116 (Fig. 5c, d). 

These projected changes have important climatic implications for affected regions. For 

example, as the ENSO-induced PNA pattern shifts eastward, El Niño-induced rainfall 

anomalies are expected to intensify on the west coast of North America, and El Niño–induced 

surface warming to expand eastward to occupy all of northern North America113. As a 

consequence, many regions affected by ENSO in the present climate are likely to experience 

more intense ENSO-driven rainfall variability in the future123 . 

In addition, due to increased mean-state moisture and increased ENSO variability under 

greenhouse warming, the asymmetric atmospheric response between El Niño and La Niña are 

expected to increase115,120. As a result, over many land areas, there will be a robust increase in 
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the spatial extent of ENSO teleconnections during austral summer in both temperature and 

precipitation124, leading to an increased impact in El Niño-induced droughts125,126. 

Furthermore, the projected increase in El Niño amplitude provides more favorable large-scale 

conditions for tropical cyclone formation in the tropical Pacific127,128 such that island states, 

such as Fiji, Vanuatu, Marshall Islands, and Hawaii, are likely to see a larger number of 

tropical cyclones during El Niño events and reduced occurrences during La Niña events in 

the future128. 

Mechanism and processes influencing ENSO projection 

The increase in ENSO SST variability is underpinned by a stronger air-sea coupling arising 

from an intensification of the equatorial Pacific upper-ocean stratification29. The enhanced 

stratification is caused by surface-intensified warming due to increasing greenhouse gas-

induced radiative forcing and freshening owing to increased precipitation, enhancing the 

response of the surface mixed-layer to a given wind forcing29,64-67. Thus, the projected 

increase in ENSO SST variability is independent of faster warming in the eastern equatorial 

Pacific than the west, a trend that underpins the projected increase in ENSO rainfall 

variability21. Although models with stronger warming in the eastern equatorial  Pacific  do  

tend to generate a greater increase in ENSO SST variability, and vice versa95,97,129, the greater 

warming can result from rectification of the increased ENSO SST variability onto the mean 

state96,97. Nevertheless, many factors affect the projection, such as interannual inter-basin 

interactions, internal variability, and a too-cold equatorial Pacific cold tongue, as discussed 

below. 

Inter-basin interactions 

A strong appreciation has formed (Fig. 1, by 2019) that on interannual time scales, Atlantic 

Niña with an anomalous cooling in the equatorial east Atlantic is conducive to a Pacific El 

Niño130,131, and an anomalous warming over the tropical North Atlantic may trigger a Pacific 

La Niña132, whereas an Indian Ocean basin-wide warming can contribute to a transition from 

El Niño to La Niña133. The majority of models underestimate these remote impacts on 

ENSO134-138, with implications on ENSO projections34,139. 

Under greenhouse warming, projected slower warming in the Atlantic Ocean than the Pacific, 

due to a weakened oceanic heat transport from the South Atlantic induced by a weakened 

Atlantic Meridional Overturning Circulation140, can reduce the ability for Atlantic variability 

to influence ENSO events, as convection is overall skewed toward the Pacific sector136. In 

addition, under greenhouse warming tropical North Atlantic SST anomalies decay faster due 

to stronger thermal damping in a warmer climate137, and tropospheric stability increases as 

the lower atmosphere warms less than the upper troposphere138, both acting to decrease the 

forcing of Atlantic variability on ENSO. This scenario contrasts to what has occurred in the 

post-1980 period, in which the Atlantic has exhibited rapid warming85,141 with more biennial 

ENSO variability142 . 
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Although there is no inter-model consensus on how interactions between ENSO and Indian 

Ocean variability will change under greenhouse warming143, the inter-basin warming 

contrasts may vary with time, inducing non-unidirectional projected changes in ENSO, as 

previously demonstrated in the case of a projected relative warming between the Pacific and 

the Indian Ocean53. However, the impact of the Atlantic and Indian Ocean future warming on 

future ENSO is likely to be underestimated in climate models, because the simulated present-

day inter-basin interactions are underestimated30,34,85,89. 

Internal variability 

It is also realised that ENSO projections are influenced by internal variability (Fig. 1, by 

2020). ENSO variability and its future change differ vastly across ensemble members in a 

single model under the same emission scenario due to internal variability, for example, 

arising from small random perturbations to the same initial condition35-38. The inter-member 

spread of future ENSO variability is not completely random, but dependent on past ENSO 

behaviour: greater initial variability over a multi-decadal period being associated with smaller 

future variability35. Because of greater El Niño amplitude than that of La Niña, ocean-to-

atmosphere net heat loss during El Niño events is greater than heat gain during La Niña 

events144,145. The asymmetric heat flux results in a cumulative heat loss that is greater in 

experiments with initially stronger ENSO variability, causing the thermocline to shoal in the 

upper western Pacific and deepen in the eastern Pacific initially. Over time, the cumulative 

heat loss leads to a cooling in the upper central and eastern equatorial Pacific. The cooling 

partly offsets the greenhouse-forced upper-ocean stratification, such that initially strong 

ENSO variability tends to be associated with future weak ENSO variability35. 

Such relationships are also seen in models with higher ENSO nonlinearity tending to project 

weaker Niño3.4 variability and a reduced eastern equatorial Pacific warming48. As 

greenhouse gas concentrations increase further, the impact of internal variability relative to 

the effect from greenhouse-induced change is expected to decrease, and uncertainty in the 

projections is expected to be dominated by inter-model differences from the 2040’s onward141. 

Impact from the cold-tongue bias 

Assessment of ENSO response mechanisms is affected by persistent model biases, of which 

the common equatorial Pacific too-cold cold-tongue and too-west extension (Fig. 3d) is 

suggested to have impact on ENSO simulation and projected ENSO changes147 . For instance, 

the too-cold equatorial eastern Pacific cold tongue can lead to a spuriously weak Bjerknes 

feedback that, despite being typically offset by a too-weak thermal damping148,149,150, can 

hamper simulation of realistic ENSO asymmetry97 as warm anomalies are harder to grow to 

establish atmospheric deep convection150. While model selection based on realistic ENSO 

asymmetry is used for ENSO projections, the asymmetry in selected models is still low 

compared to the observed35,97. 

To summarise, although uncertainties remain, a scenario of increased ENSO SST variability 

with more frequent ENSO SST extremes continues to emerge, with intensified ENSO 
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teleconnections. Thus, there are multiple lines of evidence indicating that ENSO can be 

sensitive to climate change. Below we synthesize findings of ENSO sensitivity to past 

climate change using proxy-based climate reconstructions to provide a historical perspective 

of changing ENSO. 

Paleoclimatic context of ENSO changes 

Tropical Pacific interannual variability has been a feature of the Earth’s climate system for 

millions of years151 . As such, assessments of forced changed in ENSO properties have been 

carried out in the context of changes in Earth’s orbit, volcanic eruptions, and greenhouse gas 

forcing, as captured in both paleoclimate datasets, observational data, and climate models. 

This section summarises new advancements of our understanding of ENSO response to past 

climate forcings that might improve our understanding of its response to future anthropogenic 

forcings, such as greenhouse gases and aerosols.  

Mean circulation and ENSO 

External paleoclimate forcings alter the mean state of the tropical Pacific, including the mean 

surface temperature and its zonal and meridional gradients, surface wind patterns, the depth 

of the thermocline, the magnitude of the annual cycle, and background noise. However, 

comparison across periods finds no stable relationship in simulated climate between ENSO 

variability and many mean circulation features. Since each past climate can be characterized by 

multiple changes which can be coupled, it is often challenging to separate their role in influencing 

ENSO variability in proxy records and model simulations alike. 

Recent analysis of foraminifera from the eastern equatorial Pacific showed that in the 

Pliocene weaker ENSO was associated with weaker zonal SST and vertical temperature 

studies153,154,155 gradients152, in agreement with modelling . Last Glacial Maximum 

reconstructions have corroborated the association of a weaker zonal SST gradient with 

weaker ENSO variability156, opposing interpretations from other proxy data that were 

confounded by changes in the eastern Pacific seasonal SST cycle157,158,159, as discussed in 

REF.160. Paleoclimate Model Intercomparison Project phase 3 and 4 (PMIP3 and PMIP4) 

model experiments show no clear relationship between ENSO variance and zonal SST 

gradient (Fig. 6a, b) or mean SST (Fig. 6c). The lack of a clear relationship is also true when 

the climate system has not reached equilibrium, for example, last millennium simulations and 

proxy synthesis161 show that  models  that  best simulate  modern tropical Pacific  climate  

frequently have a stronger ENSO SST variance when the west-minus-east mean SST contrast 

is weaker, and vice versa, potentially as a result of ENSO rectification on the mean state162,163. 

However, there is vast diversity in the strength and direction of this relationship, suggesting 

that it is not constant through time164, and is likely controlled by multiple mechanisms161. 

Reconstructed temperature variability at the equatorial Pacific during Last Glacial Maximum 

and Pliocene suggests that ENSO strength is tied to the mean thermocline depth of the eastern 

equatorial Pacific and the strength of the thermocline feedback152,156,165. Modelling studies 

support the idea that changes in ENSO variance during the mid- and early Holocene and 



      

 

  

    

       

     

    

    

 

   

    

     

        

     

  

        

     

    

  

  

      

     

   

 

    

     

      

     

 

     

       

            

   

   

       

    

    

     

527 
528 

529 
530 
531 
532 
533 
534 

535 

536 

537 
538 
539 
540 
541 
542 
543 
544 
545 
546 
547 
548 
549 
550 
551 

552 
553 
554 
555 
556 
557 
558 
559 
560 

561 
562 
563 
564 
565 

Pliocene can be attributed to the vertical ocean structure in the central and east equatorial 

Pacific155,166,167,168. 

Overall, coupling of the zonal, meridional and vertical gradients, the lack of clear relationship 

between changes in many mean circulation features and ENSO variability in paleoclimate 

records and model experiments, and the fact that many of the available climate proxies 

resolve equilibrium conditions rather than transient response to external forcings, make it 

challenging to the use of any one of the past climates as analogues or reverse-analogue for 

centennial-scale anthropogenic climate change. 

Orbital forcing and ENSO 

Changes in Earth’s orbital characteristics modulate the seasonal amplitude of solar radiation, 

generating changes in the mean climate and inducing seasonal shifts in  temperature  and  

winds in the tropical Pacific, potentially influencing ENSO properties. General circulation 

models forced with different orbital conditions simulate on average a 30-40% suppression of 

the seasonal cycle amplitude of eastern tropical Pacific SST variability during the mid-

Holocene (6,000yrs ago) and a weak (10-20%) suppression of ENSO variability105,169, but 

large internal variability and inter-model spread challenge the robustness of these conclusions 

(Fig. 6a, d). In the last interglacial, when orbital forcing was similar to that in mid-Holocene 

forcing but stronger, models show a correspondingly larger decrease in ENSO variance (Fig. 
6a) in agreement with limited coral records170. The simulated orbital sensitivity of ENSO 

stands in contrast to findings from paleoclimate reconstructions of ENSO variability, which 

show intervals of reduced ENSO variance that are not in phase with orbital changes in 

equatorial insolation166,171. The simulated magnitude of the annual cycle in the last 

interglacial is not distinguishable from historical simulations (Fig. 6d), challenging the notion 

of a positive correlation between ENSO variance and annual cycle magnitude59. 

Spanning the last 7,000 years, ENSO proxy-based reconstructions show no clear orbitally 

forced trend in ENSO variability since the mid-Holocene. Instead, there appears to be a 

pronounced reduction in ENSO variability and the magnitude of the seasonal cycle between 
58,172 3,000-5,000 years ago , a period which does not coincide with any known external 

forcings. On the contrary, single foraminiferal records173 and ENSO-related hydroclimate 

proxy records from lakes and speleothems174-178 show significant changes in ENSO variance 

under orbital forcing, in agreement with ENSO sensitivity to orbital forcing in paleoclimate 

model experiments but several times of magnitude higher than the changes found in these 

experiments, sometimes of opposite direction59. 

Some of the model-proxy discrepancies can be reconciled by considering changes in ENSO 

flavours and their different teleconnection patterns167,179. For example, the mid-Holocene 

ENSO reduction was most pronounced in the eastern equatorial Pacific, whereas CP ENSO 

events remained relatively unaffected or even slightly increased167. Given the model 

uncertainties as well as the discrepancy between paleo-climate reconstructions and model 
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simulations, it appears that ENSO’s sensitivity to orbital forcing remains highly uncertain59. 

Volcanic forcing and ENSO 

The impact of strong volcanic forcing on ENSO variability in the past also remains an open 

question; an answer to this question can improve our understanding of the role of natural and 

anthropogenic aerosols in ENSO variability in present and future climates180. Some model 

and proxy studies suggest an increase in the probability of El Niño events in the year 
186,187 following an eruption27,181-185, whereas others show a weak La Niña response , or no 

188,189,190 clear response . Multiple factors are involved, including the Pacific-wide initial 

conditions, and the location and season of the eruption and the spatial structure of the 

volcanic aerosols191-195. For example, the impact of tropical eruptions on ENSO is modelled 

to enact via movement of the inter-tropical convergence zone and extratropical 

teleconnections and northern hemisphere tropical eruptions generate an El Niño-like response. 

Conversely, southern hemisphere tropical eruptions induce a La Niña-like response194, as 

does a uniform negative radiative forcing over the tropics contrary to the expectation from the 

ocean dynamical thermostat mechanism80. Thus, reducing proxy dating uncertainties and 

accounting for the latitude and timing of eruptions is important for assessing ENSO’s 

sensitivity to aerosol forcing. 

In summary, given the short length of the instrumental record, paleoclimate reconstructions 

and model experiments are critical for understanding ENSO response to external climate 

forcing, especially in the context of the sensitivity of ENSO feedbacks to changes in the mean 

state105,167. In particular, paleoclimate records appear to show a causal connection between 

the equatorial Pacific vertical temperature stratification and ENSO strength. However,  

limitations of paleoclimate records exist59, arising from many factors including nonlinearities 

and non-stationarity in teleconnected proxy records196, subsampling natural ENSO 

variability, and  difficulty in  separating the impacts of ENSO, its diversity and seasonal cycle 

changes in both direct and teleconnected/indirect ENSO proxies. Further, most of these proxy 

records reflect ENSO-related temperature, rainfall and salinity, which can lead to 

nonlinearities and non-stationarity in the recorded signal196. In addition, regional topography 

and mesoscale circulation processes can lead to departure of regional signals from the 

expected large-scale signature of ENSO events197. Thus, the observed interannual variance in 

land-based hydroclimate or coral-based records likely reflect a change in ENSO-related 

temperature and hydrological variability combined, ENSO diversity and the regional or large-

scale teleconnections167,179,198. Despite the limitations, paleoclimate reconstructions, when 

carefully combined with dynamical understanding, offer the ability to groundtruth model 

simulations and to inform targeted experiments for distinguishing underlying mechanisms. 

Conclusions, uncertainties, and prospects 

There is an emerging inter-model consensus among models capturing the distinction between 

604 EP and CP ENSO events, stronger in CMIP6 than CMIP5, that ENSO SST variability at the 
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unique centres in each model is likely to increase, leading to an increase in frequency of 

extreme El Niño and extreme La Niña events in terms of SST anomaly magnitude. 

Associated with the increase in ENSO SST variability, the equatorial Pacific rainfall response 

to ENSO intensifies and shifts eastward, as do extratropical teleconnections, leading to 

stronger climate impacts in the future. There are also increasing lines of paleoclimatic 

evidence that ENSO variability has increased since the 1950s compared with past centuries, 

and that ENSO variability strength on long timescales increases with the equatorial Pacific 

vertical temperature gradient, consistent with the emerging consensus on increased ENSO 

variability under greenhouse warming. In addition, future changes in ENSO SST are not 

simply a function of emission scenarios but are influenced by the past history of ENSO 

variability.   

However, uncertainties remain. On multi-decadal timescales, the disparity between the 

projected weakening in west-minus-east zonal SST gradient and the observed strengthening 

over the past several decades31,32,33,81, the too-west and too-cold equatorial Pacific cold 

tongue, and the too-weak inter-basin interactions30,34,89,90, reduce confidence in the projected 

change. On interannual time scales, simulated inter-basin teleconnections are also too weak, 

leading to a weaker ENSO impact on the Atlantic Niño/Niña, tropical North Atlantic and 

Indian Ocean SST variability; in turn, their feedbacks on ENSO are too weak135,137,138. It is 

not clear how these two-way interactions will change and how the changes will affect ENSO. 

Further, ENSO is coupled with and influenced by other variability at higher latitudes of the 

Pacific. For example, El Niño events are preceded by and coupled with warm anomalies of 

the North Pacific meridional mode199,200,201 and  forced by  southerly  jets  from southwestern  

Pacific202. We have incomplete knowledge of how these tropical-extratropical connections 

are simulated in climate models and how they will respond to greenhouse warming. 

In terms of ENSO properties, we know little about how other essential characteristics of 

ENSO may change, such as the termination and onset of ENSO events, coupling between 

stochastic noise and ENSO, and interactions between ENSO and the annual cycle13,59. In 

terms of ENSO physics, the role of eddy-induced oceanic heat transport and oceanic turbulent 

mixing is not well understood or parameterised203 , nor are sub-grid atmosphere process such 

as atmospheric convection, cloud formation and their coupling to other ENSO processes204. 

Nevertheless, coordinated community efforts like CMIP and advances in computational 

power will continue to facilitate progress. Large-ensemble simulations205, long control 

climate simulations, and high-resolution climate modelling (e.g., 0.1° in horizonal resolution 

for the ocean model component) show great promise in addressing key questions about 

ENSO in a warmer world, example of which we highlight further below. 

When the “signal” of increased ENSO SST variability or the changing mean state may clearly 

emerge from the background noise of internal variability, or whether such a signal will ever 

be detectable in a single realization of the real world, is an open question that is largely 

unexplored. Long multi-century control simulations of the climate system provide a wide 

range of realizations for this assessment. The concept of the ‘Time of Emergence’ for SST 

and precipitation signals in the equatorial Pacific, referenced to pre-industrial conditions, 

indicate when it should be possible to detect these signals against the background noise of 

natural internal variability206. For changes in mean SST in Niño3.4 region under the most 

aggressive greenhouse gas emission scenario, the time of emergence should have been 
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around the turn of the 21st century (Fig. 7a). However, the discrepancy between models and 

observations and the inter-model spread mean that we have not been able  to  conclude with  

confidence that we have observed a clear greenhouse gas forced mean-state temperature 

change. For changes in mean precipitation in the Niño3.4 region, the signal may not emerge 

until mid-21st century. Conversely, however,  the  situation for SST and precipitation 

variability is reversed, with the rainfall variability emerging sooner than the SST variability 

(Fig. 7b). The earlier emergence of rainfall variability confirms the robust signal of more 

extreme El Niño events in the future when measured by a rainfall threshold21. These results 

suggest that ENSO changes should be detectable within the 21st century; however, the time of 

emergence for teleconnections impacting ENSO-affected regions awaits investigation. 

Large ensemble experiments within a single model have led to a realization that internal 

variability36,37 and butterfly  effect  influence projected ENSO change. Available simulations 

suggest that while responding to greenhouse warming, ENSO constantly self-regulates in 

accordance with its own past behaviour. That is, high past variability takes heat out of the 

upper equatorial Pacific Ocean, off-setting greenhouse warming-induced upper ocean 

stratification and weakening ENSO’s response, which in turn sets up for a strong subsequent 

response by reducing oceanic heat loss35. The self-regulation raises an issue of whether there 

is a deterministic equilibrium ENSO response to greenhouse warming in a single realization. 

In other words, is ENSO change quantifiable in a given window of time in the future? Large 

ensemble experiments with multiple models offer an opportunity to test the robustness of this 

self-regulating behaviour and to inspire theoretical models of the associated process. 

Furthermore, high resolution climate models not only better resolve ENSO teleconnection 

patterns, intensity and associated climate extremes at regional scales, subgrid ocean and 

atmosphere process, but also allow explicit definition of previously  unresolved physical  

processes. One example is heat transport induced by equatorial Pacific oceanic eddies (such 

as tropical instability waves) on the mean state heat balance of the equatorial Pacific. For the 

equatorial Pacific mean state, eddy-induced heat transport represents a substantial heat source 

comparable to heat uptake from the atmosphere207 . The eddy-induced heat source is reduced 

during El Niño but increases during La Niña, constraining ENSO amplitude208 while  

substantially contributing to ENSO irregularity and predictability203 . Given that such eddy 

effects are not resolved by low-resolution climate models, it is likely that the simulated cold 

tongue bias209 and other ENSO property biases148 in CMIP models could be in part due to the 

absence of the eddy process. Thus, high-resolution ENSO modelling offers a path forward for 

substantial improvement in ENSO simulations and projections. 

To conclude, despite rapid progress over the past five years the issue of ENSO response to 

greenhouse warming is far from resolved, and many fundamental questions remain. The 

coming decade offers opportunities for substantial advances as community efforts strengthen, 

cutting-edge ideas emerge, and realistic models become available. The robust scientific 

process, whereby debates inspire research and progress identifies new issues, will propel the 

field forward.  



  

  

  

 
   

     
            

         
      

   
     

       

691 Figures and captions 

692 

693 

694   

695  Figure 1 |  Timeline of development  in  understanding  ENSO  response  to  greenhouse  forcing.   
696  Each development is marked  at an approximate time  and  is  a  result  of  studies  and  multiyear-long  

697  effort  starting in the 90’s  when  climate models  were f irst  used  to  study  ENSO future  projections17,18. 

698   

699 
700 

701 Figure 2 | Observed normalized Niño3 and Niño4 indices and their representation using 
702 E-index and C-index. Shown are based on average across three products68,69,70  from 1901 to 

703 2017. a, b, Niño3 and Niño4 timeseries plotted with E-index and C-index for EP-ENSO and 

704 CP-ENSO, respectively. The numbers in each panel indicate the standard deviations of the 

705 indices, with the numbers representing the 1901-1960 and 1961-2017 periods. c, d, SST and 

706 surface wind composite anomalies for extreme El Niño events defined as when DJF mean E-

707 index >1.5 s.d. (black dots in a), and for extreme La Niña defined as when DJF mean C-index 



          
        

       
         

      

  

  

         
    

708 < -1.75 s.d. (black dots in b), respectively. Anomaly centres for extreme El Niño and extreme 

709 La Niña are in the eastern and central equatorial Pacific, respectively. Increased variability of 

710 Niño3 or E-index in the post-1960 period is characterised by an increased frequency of 

711 extreme El Niño, and increased variability in Niño4  or  C-index  in  the  post-1960 period  is  

712 characterised by an increased frequency of extreme La Niña. 

713 

714 

715 Figure 3 | Observed and simulated tropical Pacific mean state and change. a,1980-2010 trends 

716 for reanalysis SST68,69,70 and surface winds71,72,73. a, As in b, but for the average over 28 CMIP5 and 



717  23  CMIP6 models. These models  are forced  by historical forcing an d the representative concentration 

718  pathway  8.5 (RCP8.5)  emission  scenario,  or  the  equivalent,  the  shared  socioeconomic  pathway  5-8.5  

719  (SSP5-8.5). c, Average SST trends  over 28 CMIP5  and  23  CMIP6 models  for the 1980-2099.  d, 

720  CMIP5 and CMIP6 mean  SST and surface wind bias  relative to the observations for the 1980-2010 

721  period.  Stippling and black  contour indicate  the 90% and 95% confidence  levels respectively  using a  

722  two-tailed t-test. e, Linear  trend values over the 1980-2019 period  of  December-February  (DJF) zonal  

723  SST gradient  and eastern Pacific meridional SST gradient for the  51  CMIP 5/6  models (stars),   and 

724  three reanalysis datasets68,69,70 (colour filled circles). Zonal SST  gradient  is defined following  REF.81  

725  except sign-reversed, that  is, the eastern Pacific  (5°S-5°N, 180°E-80-°W) area average  SST  is  

726  subtracted  from  the  western  Pacific  (5°S-5°N,  110°E-180°E)  area  average  SST. The  eastern Pacific  

727  meridional  SST  gradient  is  defined  as  the  areal  average  off-equatorial  northern  SST  (5°N-10°N,  

728  90°W-150°W) and the southern  SST (5°S-10°S, 150°W-90°W)  minus  the  equatorial  SST  (2.5°S-

729  2.5°N, 90°W-150°W). f,  As in e,  for the 2020-2100  period in the CMIP5/6  models. Models suffers 

730  from a cold tongue bias and the observed trend over the past decades is within  the inter-model range  

731  of  trends  over  the  same  period,  but  opposite  to the long-term  trend in majority  of models.  

732   

  

  

733 

734 

735  Figure 4  |  Projected increase  in ENSO  SST variability  in CMIP6  models. Shown  are from  23 
736  CMIP6 models selected based  on  their ability to  simulate ENSO nonlinearity at least 50% of the  
737  observed,  as  indicated  by  the  nonlinear  relationship between  the  first  and  second principal  
738  components  of SST variability  in the tropical Pacific29. These models are forced  by historical forcing  
739  up  to  2014  and thereafter  the  shared  socioeconomic pathway  5-8.5  (SSP5-8.5), the equivalent to  the  
740  representative  concentration pathway  8.5 (RCP8.5) emission  scenario.  a, DJF E-index   standard 
741  deviation over  the present  day  (1900-1999)  and future  (2000-2099)  periods.  All  models  project  
742  increased EP-ENSO variance. b,  As in  a but for the C-index.  Models simulating a  variance  reduction  



        
               

          
      

               
           

         
        

    
  

  

       
        

          
          

         
        

          
           

            

753 

743 are greyed out. The multi-model mean for the CMIP6 models, and 17 CMIP5 models using in REF.29 

744 are shown in a and b, with error bars indicating one standard deviation value of 10,000 realizations in 
745 a Bootstrap test. c, Relationship between the first and second principal component for identification of 
746 extreme ENSO events. Orange dots indicate extreme El Niño events (E-index > 1.5 s.d.), and blue 
747 dots indicate extreme La Niña events (C-index <= -1.75 s.d.). Orange pentagrams indicate extreme 
748 El Niño events followed by an extreme La Niña event the following year. The corresponding 
749 average frequency is labelled in each panel with 90% confidence interval based on a Poisson 
750 distribution. A stronger inter-model consensus on increased ENSO SST variability emerges in CMIP6 
751 than CMIP5 models. 
752 

754 Figure 5 | Changing ENSO teleconnections under greenhouse warming. The results are based on 

755 CMIP6 models forced by historical forcing up to 2014 and thereafter the shared socioeconomic 

756 pathway 5-8.5 (SSP5-8.5) emission scenario. Shown are simultaneous regressions of quadratically 

757 detrended 200hPa geopotential height (m s.d.-1) and rainfall anomalies (mm day-1 s.d.-1) onto a, b, 
758 normalized E-index and C-index for SON, and c, d, for DJF. Regression coefficients for the present-

759 day period (1900-1999) are shaded in colour. The centres of the PSA or the PNA (upper part of each 

760 panel) for the present-day climate are indicated by a dashed contour surrounding a green dot, and 

761 for the future climate a solid contour of the same value surrounding a cross for each centre; the 1 mm 

762 day-1 s.d.-1 rainfall  anomalies (lower  part  of  each panel)  is  plotted  in  black dashed contour for the 



      
        

    
     

      

  

  

  

       
          

   
          

            
               

      
      

       
      

           
           

       

  

  

770 

763 present-day and solid red for the future (2000-2099) period.  Results are for SON and DJF when the 

764 PSA and PNA peaks, respectively. Stippling indicates an inter-model consensus with more than two 

765 thirds of models showing same-signed response. The PSA and PNA centres during EP-ENSO are 

766 situated more to the east than during CP-ENSO, and these centres tend to either strengthen or shift 

767 eastward under greenhouse warming, particularly in the ENSO mature season of DJF. 

768 

769 

771 Figure 6 | Tropical Pacific mean state and ENSO variability in past climate. Shown are 

772 simulations with PMIP3/CMIP5 and PMIP4/CMIP6 models as described in REF.105: historical, mid-

773 Holocene, Last Glacial Maximum (LGM), last interglacial (lig127k) and abrupt 4xCO2 for a, Niño3.4 

774 variability, b, west-minus-east SST gradient, c, mean SST, and d, annual cycle magnitude in the 

775 Niño3.4 region. All the paleoclimate simulation outputs have been calendar-adjusted using the 

776 PaleoCalAdjust tool210 . The magnitude of the annual cycle is defined as the range of monthly 

777 climatological SST in the Niño3 region (5°S-5°N, 150°W-90°W), and the zonal SST gradient as the 

778 West (5°S-5°N, 100°E-180°E) minus East Pacific (5°S-5°N, 160°W-80°W) annual mean SST 

779 difference. Boxplots indicate intermodel spread,  and light blue pointplots indicate the spread when 

780 including internal variability estimated using 100 random 50-yr samples from each model simulation 

781 (error bars draw the standard deviation of samples).  While models agree on lower ENSO variance in 

782 past climates than the present-day climate, its relationship with the annual cycle, zonal SST gradient 

783 and mean SST in the central and eastern Pacific shows vast diversity in the strength and direction. 

784 

785 
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Figure 7 | Time of emergence (ToE) of climate change signals. Signals are sought from outputs of 

each CMIP6 model under historical forcing and shared socioeconomic pathway 5-8.5 (SSP5-8.5) 

emission scenario over the 1850 to 2099 period (150 years), and “noise” is diagnosed from a 500-year 

pre-industrial (piControl) experiment of the respective model as the standard deviation of annual-

mean values. a, ToE for  annual-mean  SST in  Red and rainfall in  blue, both averaged over the 

Niño3.4 region, is provided as year when signals emerge from noise, for each model and for the 

multi-model ensemble (MME) mean. To obtain evolution of the signal, we regress timeseries of 150 

annual mean values in each grid point onto a smoothed version of the tropical-mean (30oS-30oN) by 

fitting a fourth-order polynomial206 . ToE is defined as the year when the signal-to-noise ratio exceeds 

1. b, ToE for interannual variability is given as the end year of a 30-year window over which running 

standard deviation of annual mean anomalies is calculated. Evolution of the signal is obtained by 

regressing time series of 30-year running standard deviation of anomalies quadratically detrended for 

each 30-year period onto time series of 30-year running climatology of the tropical mean similarly 

smoothed by fitting a fourth-order polynomial. For illustration, ToE for interannual variability is 

defined as when the signal-to-noise ratio exceeds 1.5. The ToE for interannual rainfall variability is 

sooner than that for interannual SST variability, whereas the ToE for the annual-mean rainfall is later 

than annual-mean SST. 
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