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El Nino/Normal 

El Niño/Southern Oscillation (ENSO): Walker Circulation  
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Every 2-6 

years, the 

trade winds 

weaken… 
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Impact of extreme El Niño events  
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January  1998, Peru 



6  | 

Melbourne dust storm, 8 February 1983  
caused by dust from rural areas 

Ash Wednesday 1983 
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1998/1999  Extreme  La Niña, 
Brisbane floods, 10 January 1999 

(Australia) 

China 1998 floods, killing 1000s, and 
displacing 200m  

 Wuhan floods, July 2016 (China) 
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Global Impacts 

Typhoons, 

Cyclones & 

Hurricanes  

MJO 

Indian Ocean Dipole 

Monsoons 

ITF 

Courtesy of Mike McPhaden   
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How ENSO  will respond to 
greenhouse warming has challenged 

scientists for many years. 

Eastern Pacific El Niño Central Pacific El Niño 



 2010 
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 2015 
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IPCC AR5, 2013; Cai 2015 NCC Review 
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A: Weakening Walker C faster  
     warming in E. Pacific  
 
 
B: Increasing vertical  
    temperature gradients 
 
C:  Faster warming in M. C. 
 
D: Faster warming in the  
     equatorial than the off  
     equatorial Pacific. 
 
 

 Mean circulation 

Cai et al. Nature Climate Change, 2015   



In terms of rainfall variability …… 
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Frequency of swings doubles  

1982/83,1997/98, 1991/92 
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Warm pool (purple, SST)  and heavy rain (green) extend to the east Pacific 
 
Meridional gradient: Box 1 SST – Box 2 SST    < 0 
 
The ITCZ moves to the  eastern equatorial Pacific 
 
 
 
 

Characteristics of extreme El Niños: DJF rainfall and SST 

 

Green 5 mm per day 
Purple 28oC isotherm 

Cai  et al. NCC, 2014 
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Characteristics of extreme El Niños 
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Rainfall in the eastern 
Eq. Pacific reaches > 
5 mm per day, which we  
define as an extreme  
El Niño 
 
 

Rainfall 
Skewness: 2.7 
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There is a doubling of extreme El Niño events 
17/20 showing an increase. 



Extreme El Niño with the ITCZ in the equatorial E. Pacific 

ITCZ moves to the equator 
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Temporal evolution: 5-model ensemble average, RCP2.6  

Wang et al. NCC 2017 



Under GW, rainfall sensitivity to SST increases 
even if SST variability does not change  
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In terms of response  of SST variability … 
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A: Weakening Walker C faster  
     warming in E. Pacific  
 
B: Increasing vertical  
    temperature gradients 
 
C:  Faster warming in M. C. 
 
D: Faster warming in the  
     equatorial than the off  
     equatorial Pacific. 
 
 

 Mean circulation 

Cai et al. Nature Climate Change, 2015   



Future 
Present-day 
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A: Weakening Walker C 
 
B: Increasing vertical  
    temperature gradients  
    shallowing thermocline 
 
C:  Faster warming in M. C. 
 
D: Faster warming in the  
     equatorial than the off  
     equatorial Pacific. 
 
 

 Mean circulation 

Cai et al. Nature Climate Change, 2015   



Yeh et al. Nature 2009 

 The frequency of CP El Niño (relative to EP) increases under GW 
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A: Weakening Walker C faster  
     warming in E. Pacific  
 
B: Increasing vertical  
    temperature gradients  
    shallowing thermocline 
 
C:  Faster warming in M. C. 
 
D: Faster warming in the  
     equatorial than the off  
     equatorial Pacific. 
 
 

 Mean circulation 

Cai et al. Nature Climate Change, 2015   
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Niño4 < -1.75 std 
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17 out of 21 models produce an increase 
 

 



Thermocline anomalies after extreme 
El Niño  
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The long-standing challenge 
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How ENSO SST variability responds to greenhouse warming has been 
one of the most critical issues in climate change science. 

For several model generations, there is no inter-model consensus 
on its future change using conventional ENSO indices. 



But the response of Eastern Pacific ENSO  is 
still an open question 
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16 out of 34 models generate a decreased variance In Niño3  
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What is it implied by using Niño3? 
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Takahashi and Dewitte, Clim Dyn. 2016 



Difference between weak and strong La Niña 
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Cai et al.  NCC,  2015 
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E=(PC1-PC2)/√2  

Niño3 

Niño3  may represent Eastern Pacific El Niño 

E=(PC1-PC2)/√𝟐 C=(PC1+PC2)/ 𝟐 
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Black: DJF seasons 
Grey: monthly 
 
 

Using five (5) reanalysis products 

α = -0.31 

The nonlinearity can be 
measured by a quadratic 
relationship 
 

 
 
 



 skewness of the monthly C-index is -0.43 

skewness of observed monthly E-index is 1.48 

Centre of positive skewness is the centre for EP-ENSO; 
  
Centre of negative skewness is the centre for CP-ENSO 
 
 

E-index 

C-index 



Dynamics responsible for the skewness 
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Takahashi and Dewitte Clim Dyn. 2016 

Dommenget et al. 2013 
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Across 34 models 
 
Applying EOF 
Construct E-index 
 

Huge difference in the centre. 
 
Not appropriate to be represented by Niño3 
 
But should be represented by E index 



E-index change  
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24/34 models generating an increase 



(Ham and Kug,  Climate Dynamics , 2012) 

Many models are not able to simulate well distinguishable CP  
and EP anomaly centres 
 
This can be measured by a model’s ability to simulate the nonlinearity  



For obs the link between … is not clear, but… 

• α = -0.31 

• E-index skewness +1.4 

• C-index skewness -0.41 
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Selected 17 models 

α links the two skewness 
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Selected models  



Enhanced consensus in selected models 
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15/17 models produce an increased variability 

Translating into 50% increased frequency of extreme El Niño    



Mechanism  

This  increases the ocean and atmosphere coupling coefficient 
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CP-index 
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Uncertainties  

1. Cold tongue bias leads to higher  
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2. Underestimate in Atlantic –Pacific interaction 







Summary 
 
• Despite inter-model differences in details of El 

Niño/La Niña, a robust increase in its SST 
variability under greenhouse warming is projected 
across models. 
 

• This increase in variability is largely due to 
greenhouse warming-induced intensification of 
upper-ocean stratification in the equatorial Pacific, 
which enhances ocean–atmosphere coupling. 
 

• An increase in SST variance implies an increase in 
the number of extreme El Niño/La Niña events and 
associated extreme weather events 
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“To raise new questions, new possibilities, to 
regard old problems from a new angle” 
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Thank you! 



Uncertainties  
• Model biases 
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Takahashi et al. GRL 2011 



Dpmmenget et al. Clim Dynamics 2013 



Models GFDL CM2.1 



“To raise new questions, new possibilities, to 
regard old problems from a new angle” 
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Let’s re-look at EP and CP patterns in observations. 
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Applying EOF onto monthly SST using 34 CMIP5 models 
 
Historical+RCP8.5 (190001-209912) 

We can’t use Nino3 
region to represent 
EP-ENSO centre 
across models.  
 
  
Can every model 
simulate well of EP-
ENSO? 
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the skewness of the monthly C-index is -0.43 

skewness of the observed monthly E-index is 1.48 

Centre of positive skewness is 
the centre for EP-ENSO;  
Centre of negative skewness 
is the centre for CP-ENSO 
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Can models simulate a similar α and skewness of 
E- and C-index?  

Model selection 
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Selected 17 models 
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Why models with a strong can simulate a better V-shape and 

strong skewness in E-index?? 
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Wind stress anomalies respond linearly to 
concurrent monthly SST anomalies in the CP 
ENSO centre 

However, the response is nonlinear for EP 
anomalies, stronger for warm anomalies 
than cold anomalies  

Nonlinear dynamics generate skewness 
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For selected 17 models: 



Wind projection coefficient  
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From linear theory, the total amount of momentum flux associated to equatorial wave 

dynamics can be estimated by the zonal wind stress along the equator multiplied by a 

coefficient, referred to as the wind projection coefficient, , 𝑃𝑛, that depends on the vertical 

stratification of the ocean. 

𝐹𝑛 corresponds to the vertical mode structure  

𝑥𝐸 the location along the equator, where the salinity and temperature profile are considered. 

This location is taken as the centre of action of the zonal winds stress for the EP 

regime and corresponds to the maximum amplitude of the regressed patterns of 

the zonal wind stress associated with the EP regime.  

The 150 constant is a normalizing coefficient (in metres) corresponding to the average 

thermocline depth in the central equatorial Pacific.  

The larger the P coefficient, the sharper the mean thermocline and the larger the input of 

momentum flux into the baroclinic ocean response. 

Thual, et al. (2011; 2013) 
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Variability in E-index to RCP4.5 
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