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Santoso et al. (2025), Chapter 4: Role of the Oceans in Southern Hemisphere in Southern 
Hemisphere Climate (Book: Meteorology and Climate of the Southern Hemisphere)

Positive IOD

Lower sea level 
(Indian Ocean side) 
-> increased ITF

Lower sea level 
(Pacific side) 
-> decreased ITF

El Niño: 

ITF = Indonesian Throughflow



Foltz et al. 2025, Front. Mar. Sci. 

Indian Ocean Basin Mode Meridional Modes



http://www.cpc.ncep.noaa.gov/products/

Cold TongueIndo-Pacific Warm Pool



PacificIndian Atlantic

Walker Circulation, Trade Winds, and the ocean thermocline

x

x

p







Deep thermocline – High Warm 
Water Volume (recharge state)

Geostrophic transport into 
equatorial region

Ekman transport out of equatorial 
region, inducing upwelling

Preconditioning for an El Nino
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Growth (via Bjerknes +ve  feedback)

ENSO SST anomalies time series

Phase change (via, 
e.g., recharge 
oscillator, delayed 
oscillator)

SST

upwelling

τx

Bjerknes feedback 

Jacob Bjerknes (1897-1975)

ENSO is a coupled air-sea phenomenon



Santoso et al. (2025)

Wind-Evaporation-SST WES Feedback



El Niño

La Niña

Discharged 
warm water volume 
(WWV)

Recharged

The Recharge Oscillator Paradigm
(Jin 1997)

Santoso et al. 2019, BAMS

Source of ENSO predictability



Global Ocean Data Assimilation 
System (GODAS) produces a real-
time gridded ocean temperature 
dataset as the output of a 
dynamical global ocean model-
based data assimilation scheme 
that incorporates temperature 
profiles from TAO moorings, Argo 
floats, XBTs and other data sets.

Potentially a record 
breaking El Nino



ENSO SAMIOD
6 months 3 months 2 weeks

ENSO

IOD

SAM

Autocorrelation

Santoso A.

ENSO is most predictable, and is a source 
of predictability for other climate modes.



Southern Annular Mode 
(Antarctic Oscillation)

SAM

Fogt & Marshall (2020)

• SAM - an internal mode of atmospheric variability

• Difference in zonal mean pressure between 40 and 65 °S
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ENSO impact on climate is conveyed 
through changes in the Walker Circulation 
and atmospheric waves, involving the 
ocean (e.g., marine heatwaves).











Global warming

Earth is warming up as greenhouse 
gas emission continues to climb.  

The increase in temperature is not 
smooth (staircase like) due to 
internal multi-decadal climate 
variability (e.g., Interdecadal Pacific 
Oscillation).  

The warming is not distributed 
equally at all spatial locations.Image source: IPCC AR5



Image sources: IPCC AR5, AR6, http://www.ucar.edu/news/features/climatechange/ccsm-text.jsp, http://paos.colorado.edu/~dcn/ATOC7500/

We use climate models for projecting the future, by 
subjecting the models to specified emission 
scenarios.

The level of warming depends 
on how much we emit.



• There are over 60 climate models from 

about 30 modelling groups all over the 

world.

• Climate model data are provided under the 

efforts of Climate Model Intercomparison 

Project (CMIP)

• They can reasonably simulate the earth 

climate and modes of variability

IPCC AR5

Taschetto et al. 2014, J. Climate



Progress in climate modeling

Model inter-comparison

Planton et al. 2021, J. Climate

CMIP6 outperforms CMIP5 in 8 out of 
24 ENSO metrics (tropical Pacific time-
mean, seasonal cycle, ENSO patterns, 
diversity, and remote teleconnections).

Worse in one metric (coupling between 
subsurface and surface temperature).

Coupled Model Intercomparison Project (CMIP)



Reduced cold tongue bias

(McKenna et al. 2020, Scientific Reports)

Seasonal Phase Locking is important for 
teleconnections and prediction.

IOD seasonality is better than ENSO, but 
the peak amplitude is too strong and 
seems worse in CMIP6



SST variability change: 
low inter-model 
agreement 

Rainfall variability 
change: high inter-model 
agreement
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Kim and Jin (2011)

No model consensus in ENSO 
amplitude change

compensating feedbacks

Despite strong consensus in mean 
state change: weakened Walker 
Circulation

Cai, Santoso, Wang, et al.  (2020, ENSO book Chapter 13) 



Eastern equatorial Pacific rainfall

Niño3 SST
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Green 5 mm per day

Purple 28oC isotherm

Define Extreme El Niño: DJF 

Niño3 Precip > 5 mm/day



Cai et al. (2014)



Nino3 rainfall skewness > 1

Able to simulate events with 

Nino3 rainfall > 5 mm/day

Examples of the selected models

Examples of the discarded models

Cai et al. (2014)



Perturbed Physics Ensemble (PPE): a flux correction strategy 

applied directly within coupled models to reduce present‐day 

mean‐state cold-tongue bias (Collins et al., 2011).

33 SST-bias-corrected PPE experiments, conducted with the HadCM3 CGCM 

forced with historical radiative perturbations and a 1% per year CO2 increase for 

the future climate change runs -> 4 times increase in extreme El Nino events.

extreme EN

moderate EN LN & Neu

Cai et al. (2014)



Eastward propagation and strong 

equatorial current reversal 

Equatorial current

Projected weakening in mean equatorial Pacific surface 

current -> more occurrences of eastward propagating El Niño



Examples of the selected models

Examples of the discarded models



Comparing 21st and 20th century: 100 years each

38/43 

34/39 

CMIP6

Niño3.4

Santoso et al. (2025)



Reduction of the Pacific cold tongue bias may lead to stronger increase in future ENSO variability.

• Models an overly strong Cold Tongue simulate the 
strongest mean state warming farther west. 

• Stronger mean state warming over the eastern equatorial 
Pacific facilitates a southward shift of the ITCZ, promoting 
an increase of strong Easter Pacific El Niño events and 
ENSO amplitude under global warming. 

• Reducing the Cold Tongue bias should further enhance 
ENSO variability in the 21st century.



Santoso et al. (2017 Reviews of Geophysics)

ENSO nonlinearity

Positive skewness in Nino3 due to extreme El Nino

Negative skewness in Nino4 due to extreme La Nina



Observations. Approx. 20% increase between pre-1960 and post-1960 in Eastern Pacific (EP) 
and Central Pacific (CP) ENSO variability. 

Increase in EP and CP variability after 1960 is characterised by more frequent extreme El 
Niño and extreme La Niña events, respectively.  

Cai et al. (2021, Nature Rev. Earth & Environment)
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This study provides an argument that the observed 
increase in EP and CP ENSO variability after 1960 
could be due to greenhouse warming.



Approach 2: 7 CMIP6 models, each with at least 10 
ensemble members

Approach 1: 43 CMIP6 models

Approach 3: 39 CMIP6 models that have multi-century 
simulation with CO2 concentration set at pre-industrial level



Increased upper ocean stratification promotes air-sea 
coupling essential for the growth of ENSO events

1961-2020 minus 1901-1960 Trend (1958-2017)



Indian Ocean warming most rapid among tropical oceans



Strong IOD Moderate IOD

• 52% reduction in occurrences of moderate pIOD events 

• 66% increase in occurrences of strong pIOD events from 
one event every 13.3 years in 20th Century to one event 
every eight years in 21st Century.

Increased atmospheric stability

Enhanced thermocline feedback



Linked to a more positive 
IOD-like mean state 
change
 



Observed SST Selected models Discarded models (biased)







Despite the projected decline in tropical SST variability after the 2050s, its impacts are 
not necessarily expected to decline, as the impacts of weak SST anomalies can be 
magnified by changes in the mean state. 

A decline in tropical SST variability after the 2050s highlights the need to revisit 
climate predictability frameworks, which are closely associated with the magnitude of 
tropical climate modes. 

The transition to a regime of weak tropical SST variability marks a critical inflection 
point in anthropogenic climate change for environmental and societal risk 
management.



Cai et al. (2021, Nature Rev. Earth & Environment)



Possible differences between models and observations:

• Internal variability (e.g., IPO) – some models/ensemble members capture the observed 

strengthening of Walker Circulation (Chung et al. 2019, NCC) and equatorial zonal SST gradients 

(Watanabe et al. 2021, NCC).

• Evaporative damping differentials (Knutson et al. 1995; Liu et al. 2005; Xie et al. 2010, JCLIM)

• Ocean thermostat (Clement et al. 1996 JCLIM)

• Inter-basin interactions 

Nature 630, 315–324 (2024)

NREE, 2023





• IOD tends to lead ENSO by a season, but in 15/20 CMIP5 models ENSO 

instead leads IOD by an average of 3 months.

• This bias is related to the simulated ENSO teleconnection.

• This delayed ENSO-IOD teleconnection explains why ENSO-IOD correlation 

appears weaker in models and reflects prolonged IOD events.

The longer the IOD lags ENSO, the weaker the ENSO influence is on the 

ITF surface-intensified transport

Coarse resolution models



Projected changes in subsurface ITF 
variability linked to ENSO future change.  



Reduced ENSO variability due to a 

collapsed Atlantic Meridional Overturning 

Circulation

Orihuela-Pinto, Santoso, England, 

Taschetto (2022, J. Climate, 35)

NA freshwater hosing (CESM 1.2)

Enhanced Walker Circulation

Reduced equatorial 

Pacific rainfall

Reduced ENSO 

Reduced extreme El Nino occurrences 

More CP El Ninos, 

less EP El Ninos





Adjustment of precipitation trends based 

on ENSO teleconnection

Precipitation trends 1979-2014

(interannual regression between Nino4 wind vs 

precipitation in each CMIP model)

(Observed Nino4 wind trend)



The CLIVAR Indian 
Ocean Region Panel led 
an article in BAMS 
documenting the 
challenges in sustaining 
IndOOS in the face of 
the ongoing pandemic 
and provided insights on 
the way forward.

Also formed a New Task 
Team (QIndOOS - 
Quantitative evaluation 
of the Indian Ocean 
Observing System to 
improve climate 
forecasts).   





• Projecting tropical climate variability is a challenging task, as it is linked to 
progress in climate modeling.

• The current standing is that there is an inter-model consensus among the latest 
generation of climate models (i.e., CMIP6): increased ENSO and IOD variability, 
manifesting in more frequent extreme El Nino, extreme La Nina events, stronger 
positive IODs, but weaker moderate IODs and Atlantic Nino/Nina.  

• Projection uncertainties are linked to the projection of the mean climate. Model 
biases/deficiencies (e.g., cold tongue and associated biases, underestimated 
inter-basin interactions) and relatively short observations remain important 
source of these uncertainties.

• Regardless, society needs to be prepared for intensified (and possibly less 
predictable) impacts of tropical climate variability which operates in a warming 
ocean.

Summary
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