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ENSO Predictability
• What is the Source of Irregularity?
• What Limits ENSO Predictability?
• Are There Variations in Predictability?

- Chaos within the Non-Linear Dynamics of the 
Coupled System

- External Stochastic or Unpredictable Forcing

Which Mechanism is Operating Has Implications 
for the Limit of Predictability

2



ENSO Predictability
• What is the Source of Irregularity?
• What Limits ENSO Predictability?
• Are There Variations in Predictability?

- Chaos: Mostly Think About Initial Condition 
Errors

- External: Space-Time Structure of External 
Forcing (and Initial Condition)

Which Mechanism is Operating Has Implications 
for the Limit of Predictability
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Outline
• “Defining” ENSO Predictability

– The Extent to Which We Can Predict
– Contrast “Forced Response” vs. Coupled 

System
• Conceptual Model for Predictability

– Non-Linear and Chaotic vs. Linear and 
Stochastically Forced (Stuff in Between)

• Prediction
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Predictability of Weather:
Initial Condition Uncertainty

Observed Evolution

Individual Forecasts



Prediction vs. Predictability



Distinction Between Weather and Climate 
Predictability: Boundary Forcing



Tropical Atmosphere with Prescribed SST: Initial Condition “Insensitivity”





Zebiak‐Cane Intermediate Coupled Model

Correlation

RMSE
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Chaos:

Non‐Linearity in G is Fundamental
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External Uncoupled Stochastic Forcing:

Noise Not Predictable but Details Matter
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Non‐Linearly Self Sustained:

Non‐Linearity Fundamental, but Details of
Noise Not Important
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Multiplicative Noise Forcing:

Source of Skewness
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Chaos:

Non‐Linearity in G is Fundamental

Zebiak 1989





Jan‐Apr‐Jul‐Oct

Feb‐May‐Aug‐Nov

Mar‐Jun‐Sep‐Dec



Growth of Small Initial Errors

Predictability Limited Due to Initial Condition Uncertainty
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External Uncoupled Stochastic Forcing:

Noise Not Predictable 
but Details Matter
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External Uncoupled Stochastic Forcing:

Noise Not Predictable 
but Details Matter

Thompson and Battisti 2001



Normality
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Fixed Spatial Structures Exponentially 
Growing in Time: Normal Modes
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Non‐Normality
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Multiplicative Noise
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Increasing Spread and Skewness

Jin et al. 2007



Westerly Wind Burst – Multiplicative Noise
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Top 5 Warm Events ( Ensemble Mean ) for NoOMP



Top 5 Warm Events ( Ensemble Mean ) for WWB3
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Non‐Linearly Self Sustained:

Non‐Linearity 
Fundamental, 
but Details of 
Noise Not 
Important

Kirtman and Schopf 1998
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Middle Ground:

Non‐Linearity 
Fundamental, 
but Details of 
Noise Not 
Important



An Even Simpler Coupled Model

 x (x,y) (x,y) * NINO3
 y (x,y)  (x,y)* NINO3

(x,y)

(x,y)



Estimating the “Noise”









20 Years: 1980-1999
4 Times per Year: Jan., Apr., Jul., Oct.
6 Member Ensembles

Kirtman, 2003

Current Limit of Predictability of ENSO (Nino3.4)
Potential Limit of Predictability of ENSO



ENSO: Chaotic or Stochastically 
Forced?

• Stochastically Forced
– Linear Dynamics
– Non‐Linearity → Noise
– Noise Amplitude Unrelated to 

Signal
– Non‐Normality and Spatial 

Structure of Noise
• Limit of Predictability (~12 

Months)
• Variations in Predictability 

and ENSO Amplitude 
Modulation Random

• Chaotic
– Fundamental Non‐Linearity
– Non‐Linear Control of Growth
– Details of Noise Relatively 

Unimportant
– Signal and Noise Amplitude 

Dependence
• Limit of Predictability (~18 

Months)
• Variations in Predictability 

and ENSO Amplitude 
Modulation Fundamental



Prediction

• What Do We Mean By Climate Prediction?
• What Are The Ingredients Of A Climate 
Prediction System?

• Example: CCSM3 and CFS – Initial Condition 
Uncertainty

• Example: NMME – Initial Condition 
Uncertainty and Model Formulation 
Uncertainty



El Niño

La Niña

Weather vs. Climate
Prediciton





What is a Climate Prediction System?

• Models
– Atmosphere‐Ocean‐Land‐Ice
– Fidelity of the Model

• Data for Initial Conditions and Verification
– Observing System (i.e., the data)
– Techniques for Using the Data as Initial Conditions

• Data Assimilation (uncoupled and coupled)
• Quantifying Uncertainty in Forecast

– Initial Condition Uncertainty: Ensembles
– Model Formulation Uncertainty: Multi‐Model Ensembles

• Perturbed Physics, Stochastic Physics, …
• Retrospective Forecasts!

– Assessing Forecast Quality



Comparing Two Prediction Systems

• CCSM3  CCSM4 (NCAR Model)
• CFS (NOAA Climate Forecast System)
• Six Member Ensembles … Quantifying Initial 
Condition Uncertainty



Equatorial Pacific SST

Obs

CFS

CCSM3 CCSM3

CCSM4



Annual Mean Sea Surface Temperature

Observational Estimate

CFS

CCSM3 CCSM4



Leading Mode of Global SST Variability
Seasonal Capability

Observations CCSM3



Leading Mode of Global SST Variability
Seasonal Capability

Observations CCSM4



SST Thermocline depth



CCSM3 CCSM4



CCSM3.0 Jan 1982 IC CFS Jan 1982 IC



CCSM3.0 Jan 1982 IC CCSM4.0 Jan 1982 IC



CCSM3.0 Jan 1983 IC CFS Jan 1983 IC



CCSM3.0 Jan 1983 IC CCSM4.0 Jan 1983 IC



How Well Do These Models Predict SST?
Deterministic Verification: SST Correlation Forecast vs. Observations

Jan IC, June Verification

Jan IC, June Verification



How Well Do These Models Predict SST?
Deterministic Verification: SST Correlation Forecast vs. Observations

July IC, Jan Verification

July IC, Jan Verification



May Initial 
Conditions
3‐Months Lead

Improved Correlation Due 
to Model Improvement



May Initial 
Conditions
3‐Months Lead

Improved Correlation Due 
to Model Improvement and
Better Initial Condition



National Multi-Model Ensemble (NMME): 
Quantifying Initial Condition Uncertainty 

and Model Formulation Uncertainty
• University of Miami – RSMAS
• Nation Center for Atmospheric Research (NCAR)
• Center for Ocean‐Land‐Atmosphere Studies (COLA)
• International Research Institute for Climate and 
Society (IRI)

• University of Colorado – CIRES
• NASA – GMAO
• NOAA/NCEP/EMC/CPC
• NOAA/GFDL
• Canadian Meteorological Centre (Soon)





1‐month Lead



6‐month Lead





Tercile category probability forecasts

• Pool forecast anomalies
• Compute fraction of ensemble members in 
each category

• Tref
• Oct 1, 2007
• Lead 6.5
• MAM

lead 6.5 months start 0000 1 Oct 2007
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Ranked Probability Skill Score (RPSS) 
review

• RPS = (Pa – Oa)2 + (Pb‐Ob)2

• RPS_clim = RPS(Pa=1/3,Pb=1/3)
• RPSS = average RPS/average RPS_clim
• RPSS ~ 1 – sqrt(1‐r2) ~ r2/2

• r=0.4 ‐> RPSS =0.08



Multi‐Model

Single‐Model

July IC – January Verification



Multi‐Model

Single‐Model

January IC – July Verification
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Climate Change
(SST Anomalies)

• Not “El Nino‐like”
• Trade winds weaken 
• SSTs warm more on the 

equator than off
• The equatorial 

thermocline shoals and 
the stratification 
increase

• Upwelling weakens



Changes in ENSO variability 2050-2100 in CMIP3 A1B experiments

van Oldenborgh et al 2005



upwelling
© Crown copyright   Met Office

El Niño Features 
and Processes

atmospheric damping

SST response to 
thermocline anomalies

SST response to wind 
stress anomalies

upwelling

surface zonal current

zonal advective feedback

external 
noise

Walker Circulation


