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Abstract  

El Niño-Southern Oscillation (ENSO)  sea  surface temperature (SST)  variability 

increased after 1960, accompanied by more frequent strong El Niño and La Niña  events.  

Whether such changes are linked to anthropogenic  warming is  largely  unknown, due to  

high natural variability and data limitations  before the 1950s. In this Perspective, we 

examine the anthropogenic impact on  changing ENSO variability  using  various  

experimental approaches with  the  latest climate model outputs. Overall, it is  suggested  

that the  observed  post-1960 increase in  ENSO variability has  likely  been  influenced by  

greenhouse warming. Specifically, a  comparison of simulated ENSO SST variability  

between 1901-1960 and 1961-2020 from a ‘one experiment each model’ approach  

indicates  that approximately 77%  of climate models produce an  amplitude  increase in  

post-1960 ENSO SST variability, translating into more frequent  strong El Niño and La  

Niña events.  Multiple  large ensemble experiments  further confirm that the  simulated  

increase in post-1960 ENSO amplitude is  not  solely  due to internal variability. Probability  

distribution of ENSO  SST variability over 60-year periods using a  multi-century-long  

simulation in  39 models under a constant pre-industrial CO2  level  also suggests that the  

observed  post-1960 ENSO variability is  high, sitting in the highest 2.5  and 10 percentiles  

for eastern- and central-Pacific ENSO, respectively.  Improvement in  model  ENSO  

physics, assessment  of consistent future and historical  change in  additional  ENSO  

characteristics, and  single-forcing  large ensemble experiments  will  further  ascertain  the 

climate change  impact  on  the observed  ENSO.    

Introduction   

The El Niño-Southern Oscillation (ENSO)—the most consequential  year-to-year fluctuation  

of the climate system(1Ropelewski1987;2Bove1998;3Bell1999;4McPhade2006;5Cai-ENSO-

SA)—is characterized  by two distinctive

regimes(6Kug;7Kao;8Takahashi2011;9Takahashi2016;10Capotondi2015): eastern Pacific  

ENSO (EP-ENSO), wherein SST anomalies are centered in the equatorial eastern Pacific, with  

notably strong  El Niño  (warm) events in comparison to La Niña  (cold) events; and central  

Pacific ENSO (CP-ENSO), wherein SST anomalies are centered in the central equatorial  

Pacific, with notably stronger  La Niña  events in comparison to El Niño. These changes in SST  

drive anomalous atmospheric convection, leading to large-scale reorganization of the Walker  

Circulation and shifts in the  inter-tropical convergence zone(11Langaigne). As a result, ENSO  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

is associated with considerable climate impacts, including El Niño-related  droughts in western  

Pacific regions, floods in eastern Pacific countries(1Ropelewski;4McPhaden2006;5CaiENSO-

SA), extreme swing of  the South Pacific convergence zone  toward the equator causing  severe 

food shortage  and cyclones to Pacific Island countries(12Cai2014;13Vincent;14Cai2012), and 

generally opposite impacts for  La Niña. Beyond the tropical Pacific, long-term change in  

ENSO also  affects  Southern Ocean and Antarctic shelf ocean  

warming(15Wang2020NCC;16Cai2023NCC), changing  the pace of Antarctic sea ice/ice sheet  

melt(17LiNREE2021).  

Observations, aggregated across reanalysis products, suggest that  ENSO variability might have  

changed over the course  of the 20th  and 21st 

centuries(18Zhang2008;19Kim2014;20Cai2021NREE). In particular, the E-index and C-index 

(representing indices for EP-ENSO and CP-ENSO, respectively) exhibit  32.3% (from 0.88 to 

1.17) and 16.6% (from 0.96 to 1.12) increases in variance, r espectively, when comparing 1901-

1960 and 1961-2020 (Fig. 1a, b). The increase in E-index variability is associated with  greater  

frequency of strong EP-El Niño events  (from 2 events to 4 events)  (Fig. 1c). By contrast, the  

increase in C-index variability  reflects  the greater frequency  of  strong La Niña years  (from 1  

event pre-1960 to  9 post-1960), with little change  or a slight increase in the frequency of CP  

El Niño  events (from 11 to 14 events)  (Fig. 1d). The increase in ENSO variability is largely  

consistent  across  reanalysis datasets (Fig. 1e, f).  Paleo-based  analyses further  suggest  an  

increase  in  CP  and EP-ENSO variability  relative to the pre-industrial, including  a  ~25%  

intensification of  over-arching  ENSO variability  during the late twentieth  century  relative to  

the pre-industrial period or  distant before(21Grothe;22McGregor2010;  

23McGregor2013;24Cobb;25Karamperidou;26Liu;27Freund).  

Thus, reanalysis  and paleo-based  analyses suggest  anthropogenic greenhouse  gas  forcing might 

have already  contributed  to an increase in ENSO variability. These changes  are consistent with  

an  consensus on projected SST  variability increase(28CaiLaNiña; 

20CaiENSOReview2021;29CaiNCCENSO-review;30CaiIPCC2022). However,  determining  

the impact of  anthropogenic warming on such changes in ENSO  SST  variability is hampered  

by uncertainty  arising from decadal to multi-decadal  fluctuations of ENSO,  by low data quality  

before the 1950s due to sparse observations  and sampling e rrors(31Kennedy), and by large  

uncertainties with paleo-reconstructions(32Gagan). Indeed, even if the observations are perfect  

in quality, the data are too short in length for an assessment of the possible internal variability  

range.  Yet, determining the anthropogenic contributions to changing ENSO variability  are vital  
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94 to  attribute causes of extreme events that are becoming more frequent and  

severe(33IPCC2021), to  understand ENSO projection, and to gauge urgency  of mitigation  

actions.  

In this Perspective, we  assess a possible  impact by  greenhouse  warming on observed ENSO  

SST variability using three approaches with outputs from models  participating  in the sixth  

phase of Coupled Model  Intercomparison Projects(34Eyring)  (CMIP6) (Supplementary  

Information). Firstly, we use a ‘one  experiment each model’ approach, referred to as  ‘model  

democracy’  wherein  only  one  experiment from each participating model is included  in a multi-

model ensemble  assessment  to quantify the change  and  multi-model consensus on ENSO  

change. Secondly, we use single model large ensemble experiments  (separating uncertainty  

due to internal variability  from that due to different model structures) to determine inter-

experiment agreement and quantify changes after  internal variability is  removed. Thirdly, we  

use multi-century-long experiments under constant pre-industrial CO2  forcing (piControl) to  

examine how unusual post-1960 ENSO  variability is. The mechanisms underpinning an  

increase in post-1960 ENSO variability  are subsequently discussed, before ending w ith an  

emerging picture on contemporary  and future  ENSO changes and recommendations for future  

research.  

96 

97 

98 

99 

101 

102 

103 

104 

106 

107 

108 

109 

111 Consensus in ‘one experiment each  model’ approach  

Assuming that  each model is independent and equally valid, the  model democracy  approach  

uses only one experiment  from each model  although many experiments  could be  available  

(Supplementary  Information). Using one experiment only from each model avoids dominance  

by models with which many  experiments  are carried out such that  each model is  ‘represented’  

equally in the assessment  of  inter-model consensus  and the ensemble mean  change. Here a  total 

of 43 CMIP6 models  are used  each  forced with observed historical emissions of  greenhouse  

gases to  2014, and  from  the  2015 onward, under  the  Shared Socioeconomic Pathways  

585(SSP585)(Ref.34Eyring). The full 120 years  of 1901-2020 are divided into two longest  

possible  equal-long  60-year  subperiods. The longer the  subperiods, the better the climate  

change signal  is maximised  and the influence of internal variability  minimised(35Geng).  

Using  this approach, a  strong  inter-model consensus  emerges  on increased  ENSO variability  

from the 20th  to the 21st  century in key  characteristics  of ENSO. These  include an increased  

frequency of  eastward propagating El  Niño events(36Santoso2013), increased ENSO-related  

extreme rainfall variability even if ENSO SST variability does not change(12Cai2014;14Cai-

112 

113 

114 

116 

117 

118 

119 

121 

122 

123 

124 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

etal2012;20Cai2021NREE;37Power-etal2013;38Wang-etal2020;39Brown2020;40Yun-et-

al2021), increased SST variability in the equatorial central Pacific (Niño4 region) translating 

to an increased  frequency  of extreme La Niña(28CAILaNiña;41ENSObook), and enhanced  

EP-ENSO SST variability at anomaly centres unique to individual models(42Cai2018) in  

models with more realistic ENSO diversity  and nonlinearity. The increased variability of EP- 

and CP-ENSO is associated with more occurrences of extreme EP El Niño  and extreme La  

Niña  events, and in swings  from  an extreme  EP  El Niño in a  year  to an  extreme La Niña the 

next year(29Cai2015NCCReview). CMIP6 models have  generally improved in this respect, 

and the projected increase in ENSO  SST variability is simulated in a greater majority of  

models(43Fredriksen2020;20Cai2021). Using a conventional ENSO index, for example,  

Niño3.4 that represents  CP- and EP-ENSO combined, an inter-model consensus  on increased  

ENSO variability  is simulated(30Cai2022).  

Under this  approach, a strong inter-model consensus  emerges  on stronger  post-1960 ENSO  

variability than the pre-1960 period, with more frequent strong El Niño and strong  La Niña 

events. A  total of 33 out of 43 models combined (~77%) simulate  an increase in standard  

deviation of the E-index, with a  multi-model ensemble increase of  6.9±1.4%  (Fig. 2a, b). A  

Bootstrap method (Supplementary Information)  shows that the increase in  E-index  variability  

is statistically significant above the 95% confidence level. The increase in C-index standard 

deviation is 6.2±1.6%, supported by 27 out of 43 models (62.8%)  generating a n increase (Fig.  

2c).  In association, there is a multi-model  average  of 55.1% increase in the frequency  of strong  

EP-El Niño events  and a 59.7% increase in  years of strong L a Niña (Fig. 2d, e), both 

statistically significant;  there is  a slight  decrease in CP-El Niño  events that is  not statistically  

significant.  The strong inter-model consensus on the increase in post-1960 ENSO is also seen  

in Niño3.4 index (Supplementary Fig. 1).  

Thus, the models under observed climate  change forcing reproduce  a post-1960 increase in E-

index variability with an increased frequency  of strong El Niño, and increased C-index 

variability with an increased frequency of strong  La Niña, consistent with  the  projected change 

for the future  climate(20Cai-NREE-Review;29CaiENSO-NCCreview;42Cai-EP-ENSO2018).  

The  increased  post-1960 variability  is  simulated  even though each  model has unique,  

independent internal variability different from the  observed and from other models, in addition 

to other differences such as model physics. However, the  inter-model spread is large ranging  

from  -21.1%  to 56.2% for E-index and from  -22.1% to 56.7% for C-index, respectively, in  

terms of variability change in percentage. Internal variability  is found to  substantially impact  
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on the spread  in   ENSO  change  under global  

warming(44Zheng;45Maher;46Wittenberg;47Stevenson;48NG;49Caibutterfly). It is therefore  

important to assess the  inter-model  difference after internal variability is removed. 

Consensus  in butterfly-effect large ensemble experiments  

The  large  spread in  the  ‘model democracy’  approach  confounds  uncertainties from different  

sources(50Hawkins2009;51Deser2020)  including model structure that determines climate  

sensitivity  and internal variability  from natural processes that operate  even  without climate  

change forcing.  The uncertainty  due to internal variability can be  removed by creating  a  large  

ensemble simulations with  each  climate model  under identical  climate change f orcing  through  

an infinitesimal perturbation to the initial condition of each experiment  (Supplementary  

Information). The perturbation creates diverging, randomly phased,  and independent  

trajectories  of  ENSO(52Deser2012;53Hawkins2016;54Machete2016;55Bengtsson2019). As  

such, the forced change can be quantified  by  averaging over the experiments  to remove the  

influence from internal variability, and  assessed  for an  inter-experiment  consensus.  Seven  

available CMIP6 large ensemble experiments  are used from  models with at least 10  

experiments  and  initiated from a time before 1900  and under  historical forcing to  2014  

(Supplementary Table 1); for the 2015-2020 period a nd beyond, an emission  scenario  in  each  

model  is chosen  that provides  the largest number  of experiments.  

Previous studies have found that the range of ENSO variability  change  could be as large as the 

entire range in  the ‘model democracy’ spread of changes in CP-ENSO, EP-ENSO and their  

skewness between the 20th  century and 21st  century(44Zheng;45Maher;48Ng;49Cai), or more  

than 80% of the spread  using two 30-year periods to depict the projected change(45Maher).  

Even in  a  multi-century-long experiment without external forcing, ENSO variability  can be  

vastly different(46Wittenberg). That internal variability could confound the projected change  

is illustrated in a case in which the  ‘model  democracy’ approach produces no inter-model  

consensus  but  removing the impact of internal variability in each participating models through  

averaging their respective butterfly-effect ensemble experiments generates an inter-model 

consensus and  a statistically significant  change(47Stevenson).  To remove impact of internal 

variability,  at least 30-40 members are needed when using two 30-year  periods to depict the  

projected change(45Maher), decreasing to  15 experiments  when two 50-year periods are  

used(44Zheng). Importantly  the number of experiments  required  decreases with a longer period  

used to determine the  change(46Wittenberg).  
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Should greenhouse warming  have not had an impact, one would expect approximately 50% of  

the butterfly-effect experiments to simulate greater  ENSO variability post-1960 than pre-1960.  

This expectation, however, differs substantially from the actual result  in that  225 out of 282  

(79.8%)  of  experiments  produce an increase in  E-index  (Fig. 3a), unlikely to be due to chances. 

Multi-experiment averages  for each model, each having the impact of internal variability  

removed, show a  strong inter-model consensus (Fig. 3b).  These features are seen in C-index  

variability  (Fig. 3c, d,)  or in Niño3.4 variability  (Supplementary Fig. 2),  with  75.5%  and 82.3%  

of experiments generating  an increase, respectively.  From the multi-experiment averages in the  

respective individual  models, a multi-model mean  E-index and C-index  in each period  is  

calculated  for each period. The difference shows  a  mean  increase of  10.6%  and 8.3% in E-

index and C-index, greater than  a 6.9%  and 6.2%  increase, respectively, in the ‘model  

democracy’  approach. The inter-model range  is  0.7-20.4%  for E-index and 4.2-15.0% to 1for  

C-index, far  smaller than that from the  equivalent of the seven models in the  ‘model 

democracy’  approach of  2.4-56.2% for E-index and 3.9- 44.4% for C-index, respectively. Thus,

higher  ENSO variability  post-1960 than pre-1960 seen   in the ‘model democracy’  approach is 

in part contributed by climate change.     

Higher post-1960 ENSO variability relative to the pre-industrial level  

Another approach to assess impact of greenhouse  warming on ENSO  is to determine if  ENSO  

emerges  from a probability distribution in  a baseline period without influence  of greenhouse  

warming(56Ying;35Geng). In effect,  the  baseline distribution, referred to  as  ‘noise’, measures  

range of natural fluctuations due to internal variability, and is  compared to  ENSO in a specific  

period to  assess  how unusual  ENSO variability is  or  whether  a signal emerges permanently  out  

of the range of the noise(50Hawkins)  (Supplementary Information). The distribution is  

diagnosed from  multi-century-long piControl  experiments(56Ying;35Geng).  In CMIP6,  

outputs  of  long  piControl  simulation  with  at least 300  years  are available from 39  climate  

models  participating  in the  ‘model  democracy’  approach  and these are  used  for  evaluating  how  

unusual the observed post-1960 ENSO is  (Supplementary Table 2).  In total, there  are  25,868  

years  of  virtual climate  that are used to  construct  the  distribution  of ENSO  variability over 60-

year periods. 

To date, the consensus  from this approach  is that greenhouse warming-induced changes in  

tropical Pacific mean temperature and mean  rainfall, or in variability  of ENSO SST and  

rainfall, is uncertain and vastly different across models, with a large inter-model spread due to 

uncertainty in both signal and variability(56Ying;35Geng). However, changes in mean SST of  
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224 the equatorial Pacific emerge earlier than in mean rainfall(56Ying). In contrast, changes in 

ENSO rainfall variability  are projected to  emerge earlier than changes in ENSO SST  

variability(20Caietal;56Ying). Specifically, using a  30-year period to diagnose signal and  

noise, approximately  70% of models simulate  emergence before 2100, with a multi-model  

ensemble  mean of ENSO rainfall variability signal emerging at about 2040 regardless of  

emission scenarios, some   30 years   earlier   than ENSO   SST   variability   signal   at   about   

2070(56Ying). In terms  of ENSO SST variability in a 60- to 80-year range under the SSP585  

emission scenario, increased EP-ENSO SST variability emerges  around 2030 in ~70% of  

models, more than a decade earlier than that of CP-ENSO(35Geng). The earlier emergence of 

EP-ENSO results from an  increase in EP-ENSO rainfall  

response(12Cai2014;14Cai2012;37Power2013), which boosts the signal of increased SST  

variability  and is  enhanced by  an  ENSO positive  nonlinear  atmospheric feedback(35Geng).  

The nonlinear Bjerknes feedback operates  mainly in the eastern equatorial Pacific, in which 

once atmosphere deep convection is established, zonal winds increase nonlinearly  with further  

increase in warming(9Takahashi2016;42Cai2018;57Geng2019;58Geng2020).  

Measured against  the  distribution without greenhouse warming, the post-1960 ENSO  

variability is  unusually high whereas the pre-1960 ENSO is not (Fig. 4). From the  distribution  

of ENSO variability  over  60-year periods, the highest  10, 5 and 2.5 percentile values  of ENSO 

variability  are identified.  The amplitude of the observed post-1960 E-index  variability  is within  

the highest  2.5 percentile (Fig.4a), in a sharp contrast to the pre-1960 E-index variability  

amplitude, which sits  around the  50th  percentile. The  observed amplitude  of the post-1960 C-

index variability  sits  between the highest  10 to top 5 percentiles for C-index (Fig.4b), which is  

also  unusual  but  less so than the E-index,  consistent with the finding that signal of ENSO  

change is more prominent in E-index than C-index(42CaiEastsernPacificNature;35Tao2022). 

Similarly, the amplitude of the observed pre-1960 C-index variability sits within around the  

50th percentile. These features  are seen using  conventional  ENSO index.  The amplitude of the  

observed post-1960  Niño3.4 is unusually high  setting within the  highest  5 to 10  percentile  

(Supplementary Fig. 3).  The high amplitude of  post-1960 ENSO variability  further  supports  

that climate  change has  likely  contributed to the observed ENSO increase.  
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253 Increased ENSO variability underpinned by  intensified ocean stratification   

Collectively  the findings indicate a post-1960 increase  in ENSO variance.  In this  section we  

show that  the mechanism is similar to that responsible for the  projected  future  ENSO change, 
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namely  changes in ocean  stratification.  In response to increasing emissions of greenhouse gases, 

an enhanced mean vertical stratification in the equatorial Pacific upper ocean  

occurs(59Collins;29CaiNCCENSOreview;42CaiEasternP-ElNiño), as  the near-surface ocean  

warms faster than the ocean below. The faster near surface warming is a result of an  increasing  

greenhouse-gas-induced radiative forcing and freshening from increased precipitation, which 

enhances the  response of the surface mixed layer to a  given wind 

forcing(42CaiEasternPacific;60Carreric;61Dewitte;62Thual), strengthening the  ocean-

atmosphere coupling(42CaiEasternPacif). The increased coupling contributes to a  greater  

sensitivity of tropical Pacific SSTs to forcing  from extratropical Pacific variability, such as the  

north Pacific meridional  mode even though its own variability does not  change(63Jia).   

The increased coupling unde rpins the projected 21st  century increase ENSO SST  variability  

relative to the 20th  century, and the projected increase in ENSO SST variability is independent  

of change in the surface west-minus-east SST  gradient(42Cai-easternPacific).  Although a  

faster warming in the eastern than the western equatorial Pacific tends to be associated with a  

greater increase in ENSO SST variability, and vice versa(64Zheng;65Hayashi;66Ying), the  

faster warming in the  east in  part results from a  rectification of the increase in  ENSO SST  

variability onto the mean state(65Hayashi;67Kohyama).  

From the pre- to the post-1960 period, there is an intensification of the equatorial Pacific upper-

ocean stratification  that underpins  the  simulated  ENSO change (Fig. 5a, b, c)  as  a faster  

warming  occurs  near the surface  than at the subsurface. Statistically significant inter-model  

relationships  exist in changes between the two periods;  a  greater enhancement in the vertical  

stratification is associated with a  greater increase in E-index variability  (Fig. 5a), which  

systematically translates  into  an increase  in the frequency of strong El  Niño  (Fig. 5b).  Because 

a strong El  Niño  causes  a  large  heat discharge,  shallowing of the central Pacific  thermocline  

that is  conducive to La Niña, t he increase in the frequency of strong El Niño is in turn leads to 

more frequent strong  La Niña events (Fig. 5d). The increase in the frequency  of strong L a Niña  

events contributes to an enhancement in C-index variability (Fig. 5e)  despite the small  

reduction in central Pacific El  Niño. Long-term observations of upper ocean temperatures are  

sparse and uncertain. There are two reanalysis datasets  (68Balmaseda2008;  69Balmaseda2013)  

(Supplementary Information), in which vertical  ocean temperatures date back to the 1950s. 

Equatorial Pacific temperatures averaged over the two products show  an enhancement in 

vertical  stratification, somewhat similar to the modelled (Fig. 5f). The similarity  suggests  that 
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the mechanism identified in models for the post-1960 and future ENSO increase is likely at  

work.  

Marching  toward  projected  ENSO  enhancement    

That  climate change has already  enhanced ENSO  variability  consistent with the projected  

change  means  that the  post-1960 increase  is  integral to the  projected  ENSO change.  Since 

1960, increasing CO2  is not the only climate change forcing factor;  emissions of sulphur  

aerosols have increased  and then decreased back to the 1960 level. The decreased  aerosol  

emissions  in  the latter part  accelerated the warming of the post-1960 period(70IPCC2013), 

despite a continuous increase in emissions of other species that offset warming such as organic  

carbon or  increase warming such as black carbon(71Hoesly2018).  Butterfly-effect  ensemble  

experiments  under a single factor of forcing  that separates  the effect of changing aerosols from  

increasing CO2, though  available in two models  only, suggest that overall  changing aerosols  

have  contributed  to an increase in post-1950 ENSO variability(72Maher). The  increasing CO2 

has  a greater  impact  but the  decreasing aerosols  reinforced the conducive impact  of  increasing  

CO2, and such an superimposing effect will continue  into the future.  

Going to the 60 years  ending at 2100, a majority  of the 43 models in  the  ‘model democracy’  

approach show a further increase in  amplitude of  E-index, C-index  and other indices  under the  

SSP585 scenario (Supplementary  Fig. 4). Comparisons of histograms of ensemble mean ENSO  

variability values  over 60-year periods in the piControl experiments, in the  1961-2020 and  the 

2041-2100 period, show progressively increasing EP-ENSO towards the 2041-2100 period  

(Fig.  6a, b); by comparison, a  further increase in CP-ENSO from the 1961-2022 level is  smaller  

(Fig. 6c, d), reinforcing that  change in EP-ENSO variability continues to be more detectable  

going into future(35Geng). The associated evolution of frequency of strong E l Niño and strong 

La Niña, averaged across all models, shows a  general  long-term increasing trend into 2100  

(Fig. 6b, d). The increasing trend is  not linear, likely modulated by factors including ENSO-

rectified  mean state fluctuations(20Cai2021Review;65Hayashi) and  a differential mean  

warming  rate between ocean basins(19Kim).   

The march toward projected ENSO enhancement seen  in  the ‘model democracy’  approach, 

may still be  subject to  residual  influence of internal variability, particularly for C-index due to  

its   weaker  signal of  increase.   Importantly, the  continuous  increase in ENSO variability into  

the future is  seen  in multi-experiment means of the butterfly-effect ensembles, in which impact  

of internal variability is essentially removed; despite under different emission scenarios, six 
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330

335

340

345

350

out of seven ensemble means  show  a continuous increase  into the 2041-2100 period in E-index  

variability  (Fig. 6e)   and in Niño3.4 variability  (Supplementary Fig.  5), and all seven models  

display   an  increase in  C-index variability  (Fig. 6f). The  continuous increase  reinforces that  

the post-1960 ENSO enhancement is likely a part of the long-term change.  

321 

322 

323 

324 Summary and future perspectives  

In one single  realization of the  real world with  limited observations, it is difficult, if not  

impossible, to determine whether observed ENSO has been affected by increasing e missions  

of greenhouse  gases, even if quality of the available  observation data is not an issue. Model  

outputs from multi-century-long simulations under the preindustrial level of constant CO2 

forcing, historical simulations under the observed forcing, and simulations of future  climate  

under emission scenarios, offer a resource. The ‘model democracy’ approach shows that  

anthropogenic climate change has  generated a statistically significant increase from the pre-

1960 to the post-1960 level with a multi-model mean increase in ENSO SST variability in  

majority of climate models, featuring  more frequent occurrences of strong E l Niño and strong 

La  Niña events in the post-1960 period, but little change in CP El Niño frequency. Many 

characteristics of the simulated changes  appear in  the observed  change, although the similarity  

could be simply  fortuitous. The simulated increase in post-1960 ENSO variability is seen in  all  

seven  models, in  which  large ensemble  butterfly-effect experiments are conducted to remove 

impact of internal variability, supported by most experiments in each of the  seven models. The  

observed ENSO variability on the post-1960 period appears unusually high compared to the  

distribution from 25,868 years of virtual climate of piControl experiments in 39 models.  The 

simulated increase in post-1960 ENSO variability  agrees  with recent paleoclimatic evidence  

that ENSO variability in the 20th  century  and early 21st  century is higher than in the distant  

past(21Grothe,23McGreger2013;26Liu2017) and is consistent with the projection that under  

future  greenhouse warming ENSO SST variability will  

increase(28CaiLaNiña;42CaiEasternPacifucElNiño), underpinned by  an intensified upper  

ocean stratification of the equatorial Pacific.  

There are  avenues  to further ascertain  the impact  of climate change  on the observed ENSO.  

Although dada  quality  issue  of historical SST  is perpetual, a continuous  search for  new  ENSO  

proxies  offers  a potential  to  corroborate the findings  based on  existing ENSO proxies  of a  high  

post-1960 ENSO  variability(21Grothe,23McGreger2013;26Liu2017). Any  new proxies  likely  

reflect  a mixture of SST and hydroclimate signals rather than  pure SST but  would add to the  
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380

352 weight of  the  available  evidence.  In terms of climate model assessment, examination  of  

simulated  future  change in  additional  ENSO properties, for example, ENSO  onset, termination, 

and seasonal phase locking, offers  another pathway; a  future  change  in any  additional  property  

of ENSO, if  also  seen  in  both the simulated and the  observed post-1960 ENSO, would  provide  

additional  lines  of evidence.  Large ensemble of  experiments under  a single  climate change 

forcing factor  are currently available in limited number of models  only(72Maher);  given the  

effectiveness in reducing the inter-model spread and in quantifying the  impact, such  single-

forcing  large  ensemble experiments  performed in as many models  as possible  likely  help  

separate the impact  of CO2, aerosols, and natural forcings  such as volcanic eruptions,  

ultimately  facilitating attribution of the post-1960 ENSO increase.  Despite a substantial  

improvement  from previous generations, most  CMIP models still under-estimate ENSO  

nonlinear  Bjerknes feedback(20Cai2021;30Cai2022IPCC), which amplifies ENSO response to 

greenhouse  warming such that  models simulate  a greater  feedback  systematically  generate a  

greater  ENSO enhancement(35Geng2022;30Cai2022);  improved parameterization of  

atmospheric  convection, cloud formation and their coupling to ENSO processes(73Bony2005), 

leading to a realistic  nonlinear Bjerknes feedback,  potentially  strengthens  the simulated  post-

1960 ENSO enhancement and the inter-model consensus. 

To conclude, the increase in observed ENSO variability  during the  post-1960 period, at  least  

in part  induced by  anthropogenic climate change, is  an integral part of  the emerging  increase  

in projected  ENSO variability.  The finding highlights the urgency of  reducing g reenhouse  gas  

emissions to mitigate the  adverse societal impacts  of strong El Niño  and strong  La  Niña events  

that are projected to continue to increase in the future.  
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410 Figure Captions  

411 

412 

413 Fig. 1  |  Observed E-index and C-index from 1901 to 2020. (a, b)  |  E-index and C-index time  

series averaged from six individual reanalysis 

datasets(74Compo2011;75Laloyaux2018;76Poli2016;77Smith2008;78Rayner2003;79Ishii20 

05), and (c, d)  nonlinear  relationship between the  first and second principal component for the  

1901 to 1960 period and  the  1961 to 2020 period,  respectively.  The  red dots  indicate strong 

eastern Pacific El Niño  events, defined as when the E-index averaged over December-February  

is greater than 1.5 standard deviation (s.d.), the  orange  dots indicate  central Pacific El Niño  

events, defined as when the  C-index is greater than 1.0 s.d., and blue dots  denote  strong La  

Niña events, defined as when the negative C-index has amplitude greater than 1.75 s.d., 

respectively.  (e, f)  | E-index and C-index s tandard deviation from six di fferent reanalysis  

products, with the  green  and purple  bars indicate the  pre-1960  and  post-1960  periods,  

414 

415 

416 

417 

418 

419 

420 

421 

422 

423 



 

 

 

 

 

  

  

 

 

 

424 respectively. The multi-product mean is the  average of the standard deviations from the six  

products and the  error  bars represent the two standard deviation value of inter-product  

variability.  Although there is an increase in ENSO variability,  with only  one realization, the 

possibility that the observed changes  are  due to internal variability  cannot  be excluded, even if  

data quality is not an issue.  
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430 

431 Fig. 2  |  Simulated increase in post-1960 ENSO variability. (a, b)  |  E-index and C-index 

standard deviation  (s.d.)  for the 1901-1960 and 1961-2020 periods from 43 available CMIP6  

models. The  green  and  purple  bars represent the 1901-1960 and  1961-2020 periods,  
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434 respectively. The  grey shading indicates models  which do not simulate an increase in ENSO  

standard deviation. T he  percentage of models that simulate an increase is denoted on the top 

right.  The  range in the multi-model mean bars is  defined as the two  s.d.  value of inter-model  

variability. (c, d)  |  Nonlinear  relationship between the first  and second principal components  

for the 1901 to 1960 period, and the 1961 to 2020 period, respectively. The  blue, orange, and  

red  dots  indicate strong La Niña, central Pacific  El Niño,  and strong eastern Pacific El Niño  

events, respectively. The  coloured  numbers indicate the frequency of each type of event. Using 

one experiment each  model, majority of models  reproduce  the observed  increase in the post-

1960 ENSO variability, featuring  an  increased frequency of strong El Niño and strong La Niña 

events.  
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Fig. 3  | Increased post-1960 Niño3.4 variability in butterfly-effect ensembles of  

experiments. a |  Pre-1960 (1901-1960) variability versus post-1960 (1961-2020)  E-index  

variability for large ensembles  in seven models.  Number of experiments in each model  

producing an increase  (decrease)  in post-1960 ENSO  variability  is indicated in the top-left  
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450 (bottom right)  corner.   Different SSPs are chosen to concatenate time series for the period of  

2015-2020 to allow  the largest number of experiments  (Supplementary Table 1).  b  |  Large  

ensemble mean  E-index  variability in the pre-1960 and the post-1960 60-year periods. The  E-

index  for each ensemble  experiment  is standardised over the  1901-2020 period before  

calculating the ensemble average. The mean across the seven large ensemble averages is shown  

in the  2nd  group of bars  from right (LE MMEM) and the CMIP6 MMEM of the  model  

democracy  approach is also shown. The error bars  represent the ±1.0 standard deviation range  

using a  Bootstrap method.  (c,  d) | The same as (a, b) for for C-index). Without  the influence  

from  internal variability,  all seven models generate an increase in  ENSO variability post-1960.    
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Fig. 4  | High variability of  the post-1960 ENSO. a  | Histogram (grey bars) of 100, 000  

realizations of a  Bootstrap method for 60-year running standard deviation (s.d.) of E-index in 

piControl from 39 CMIP6 models  under a pre-industrial level of constant CO2  with 25,868  

years of virtual climate  without climate change. The dashed blue, red  and  green  lines indicate  

the upper  10, 5  and  2.5  percentile values of the histogram. Observed E-index variability  (s.d.) 

in 1901-1960 and 1961-2020, averaged from multiple reanalysis datasets, are shown in solid 

brown  and black lines, respectively. b  | Same as  (a)  but for C-index. Compared to the  

distribution of ENSO  variability  over  60-year periods, the observed post-1960 ENSO  

amplitude  is  unusually high  setting within the  highest  2.5 and 10 percentile  for E-index and C-

index, respectively, in a sharp contrast to t he pre-1960 ENSO, which sits  below or  around the  

50 percentile.  
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Fig. 5 | Changes in ocean stratification and in ENSO variability. (a, b) | Inter-model 

relationship between the change in ocean stratification and the change in (a) E-index standard 

deviation and in (b) frequency (events per 100 years) of strong El Niño events, for 34 CMIP6 

models (symbols) in which ocean temperature data are available. Linear fit (solid black line) is 

displayed together with correlation coefficient R and corresponding p value. c | Multi-model 

ensemble averaged difference in mean ocean temperature warming between the 1961-2020 and 

1901-1960 periods, from the 34 CMIP6 models; the light blue and black boxes indicate the 

regions used to calculate the change in ocean stratification in (a, b). d | Inter-model relationship 

between the change in frequency (events per 100 years) of strong El Niño events and the change 

in frequency (events per 100 years) of strong La Niña events. e | Inter-model relationship 

between the change in frequency (events per 100 years) of strong La Niña events and the 



 

 

 

 

 

 

 

  

   

 

 

 

 

484 change in C-index standard deviation. All changes  in E-index, C-index, and ocean stratification  

have been scaled by the global sea surface temperature warming  in each  model between the  

two 60-year periods. f  | Observed ocean temperature trend (oC/decade) over the 1958 to 2017  

period averaged from two reanalysis products  (ORA-S3 and ORA-S4)(68Balmaseda2008;  

69Balmaseda2013).  Increased upper ocean stratification along the equatorial Pacific Ocean  in  

the post-1960 period intensifies ocean-atmosphere coupling, leading to the  simulated increase  

in the post-1960 ENSO amplitude.  
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493 Fig. 6  | Continued increase of ENSO variability into the future. (a) | Histogram of 10, 000  

realisations  of 39-value ensemble means  of a Bootstrap method on 60-year running standard 

deviation of E-index in piControl (gray bars), E-index standard deviation in the 1961-2020 

(green bars) and the 2041-2100 (purple bars) periods, respectively, from  the  39 CMIP6 models  
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that have at least 300 years of piControl. Solid lines and shadings indicate  multi-model mean  

and 1.0 s.d. of  the  10,000 inter-realisations respectively. (b) | Evolution of strong El Niño  

frequency (events per 100 years) simulated over  a  period from piControl to 2100, diagnosed in  

60-year sliding windows  moving forward from the start of the last 300  years of piControl  

(black), covering the entire historical period till 2014 (green) and extending into the 21st  century  

under a high-emission scenario SSP585 (purple). Solid lines and shadings indicate multi-model  

mean and 95% confidence intervals based on a Poisson distribution, respectively. The dashed  

black line indicates the  mean level of piControl. (c, d) | Same as (a, b) but for C-index  

variability and strong L a Niña frequency, respectively. (e,  f) | Multi-experiment mean  E-index  

and C-index  standard deviation for the 1901-1960 (brown-edge bars), 1961-2020 (green-edge  

bars) and 2041-2100 (purple-edge bars) periods from each  butterfly effect  large ensemble (LE)  

experiments  and the multi-model  ensemble average  (MMEM).  ENSO variability  progressively 

increases into the future, featuring  an increasing  frequency of strong El  Niño and strong La  

Niña events.    
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