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El Niño–Southern Oscillation in geological periods

Manucharyan and Fedorov, 2014

• The geological history of ENSO remains 
intricate.

• ENSO variability may have been a salient 
feature of the Earth’s climate system for 
tens of millions of years.

• Past climates (different climate mean states, changes in the Pacific width, …) provide a wide 
range of testbed for ENSO theories.

• Variations in ENSO could have consequential impacts on climate change in the geological past.
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The evolution of the Pacific Ocean in the past 250 million years

• Due to tectonic dynamics, modern global 
oceans are originated from the huge 
Panthalassa Ocean 250 Myr ago.

• Panthalassa is also referred to as the 
Paleo-Pacific or Proto-Pacific because the 
Pacific Ocean is a direct continuation of 
Panthalassa.

Questions:

In the past 250 million years,
• How does the equatorial Pacific 

ocean-atmosphere mean state 
change?

• Does ENSO remain active?
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26 time-slice climate simulations for the past 250 million years using CESM1.2.2

Paleogeography

Model and experimental set-ups

Model CESM1.2.2, fully-coupled, T31g37

Paleogeography Scotese and Wright (2018)

Atmospheric CO2 Inferred from the GMST by Scotese (2015)

Solar irradiance Linearly increasing following Gough (1981)

Scotese and Wright, 2018
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Active ENSO during the past 250 million years

A: Time variation in equatorial SST (shading) and 
zonal surface winds (contours). 
Robust warm pool–cold tongue system with 
overlying easterly trades

B: Time variation in equatorial SST interannual
variability, defined as the SD of SST anomaly
Strongest equatorial SST interannual variability in 
the eastern Pacific

SST interannual variability (shading) in the tropical 
ocean at 250 Ma (G), 150 Ma (H), and the PI (I)
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No obvious relation between ENSO amplitude and temperature

ENSO amplitude varies by a 
factor of 2 across the 26 
time-slice simulations, ranging 
from the weakest, 0.6°C for the 
PI, to the strongest (1.3°C) at 
150 Ma.
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Linear stability captures 57% of the variations in ENSO amplitude

The Bjerknes linear stability index (BJ index) measures the ENSO’s growth rate.

Dynamical damping (DD)
Thermodynamic damping (TD)

Zonal advective feedback (ZA)
Ekman upwelling feedback (EK)

Thermocline feedback (TH)

 

Jin, 1997a; Jin, 1997b; Jin et al., 2006; 
Kim and Jin, 2010a; Kim and Jin, 2010b; 
Lübbecke and McPhaden; 2014
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Zonal advective feedback and thermocline feedback are dominant factors

Zonal advective feedback (ZA)

Thermocline feedback (TH)
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Zonal advective feedback and thermocline feedback are dominant factors

Zonal advective feedback (ZA) Thermocline feedback (TH)
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Modulation of ENSO amplitude by background thermocline depth

Background thermocline is deeper (shallower)

 

Zonal advective feedback and thermocline 
feedback are weakened (strengthened)

(Neelin, 1991; Jin, 1997; Fedorov 
and Brown, 2009)

 

A weaker (stronger) ENSO

 

BJ dominated by ZA and TH
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Modulation of ENSO amplitude by atmospheric noise

Atmospheric noise: surface zonal wind stress with 
SST-forced (including ENSO-related) signals removed

Atmospheric noise and the Bjerknes linear stability are 
almost completely uncorrelated with each other.

The BJ index and atmospheric noise together can explain 
about 76% of the variations in ENSO amplitude.
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Summary

• Our results uncover the geological history of ENSO from a modeling perspective.

• Our findings support the importance of changing ocean vertical thermal structure and 
atmospheric noise in influencing projected future ENSO change and its uncertainty.

• Climate simulations show that ENSO has been a leading mode of tropical 
sea surface temperature variability in the past 250 Myr but with substantial 
variations in amplitude across geological periods.

• A series of 26 coupled time-slice climate simulations forced by 
paleogeography, atmospheric CO2 concentrations, and solar radiation for the 
past 250 Myr are performed, using CESM1.2.2, and analyzed in this study.
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Thanks!
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