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Outline:

1) Review the scientific ideas, technological developments, and 
climate extremes that influenced design and implementation 
of the ENSO Observing System;

2) Illustrate how the observing system contributed to ENSO-
related scientific discoveries and advances;

3) General thoughts on future observing system challenges

Source Michael McPhaden - 1 April, 2026 CLIVAR PRP Webinar on ENSO



ENSO

El Niño and the Southern Oscillation (ENSO):
The Strongest Year-to-Year Variation of the Earth’s Climate System

El Niño—Warm phase of ENSO
La Niña—Cold phase of ENSO
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El Niño & La Niña Impacts on Patterns of 
Weather Variability

El Niño and La Niña shift the probability 
for droughts, floods, heat waves, extreme 
weather events around the globe

El Niño

La Niña
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Jacob Bjerknes
1897-1975

Bjerknes, 1966, Tellus
Bjerknes, 1969, Mon. Wea. Rev.

Key El Niño Concepts
§ Ocean-atmosphere feedbacks essential

(El Niño linked to Walker’s Southern Oscillation)

§ Affects weather at higher latitudes

§ Basin scale, not just confined to coast of South 
America

§ Potentially predictable because of the ocean’s 
thermal inertia
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NINO-3.4

Niño-3.41957-58 El Niño
Sputnik-1

The Dawn of 
the Space Age

International Geophysical Year, 1957-58
December 1957 SST Anomalies (°C)

ERSSTv5
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NINO-3.4

Niño-3.41957-58 El Niño
Sputnik-1

The Dawn of 
the Space Age

“Weakness…of the equatorial 
easterly winds… in late 1957 and 
early 1958 brought about a brief 
cessation of equatorial upwelling…”

Tellus, 1966

International Geophysical Year, 1957-58
December 1957 SST Anomalies (°C)

ERSSTv5
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Bjerknes quote

“In the future, we can envision the creation of a worldwide 
service of…monitoring buoys reporting by way of 
communication satellites data…to give electronic computers
the right input for global dynamic long-range predictions…of the 
coupled circulations of the atmosphere and ocean.”

J. Bjerknes
25 Sept 1969
Dublin, Ireland

Envisioning the ENSO Observing System
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1972-73

1972-73 El Niño Causes Collapse of 
Peruvian Anchovy Fishery 

Anchovy fishmeal used as a feed supplement for 
cattle and poultryà worldwide impacts on food 

supply and prices upwelling

Weakened upwelling 
led to warming and 
reduced nutrient supply 
to the surface layer. 
Combined with over 
fishing → collapse of 
fishery

Niño-3.4
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Pacific Island & 
Coastal Stations

Early 1970s: Klaus Wyrtki Establishes the UH Sea Level Center
and Trade Wind Data Base

Klaus Wyrtki
1925-2013

The first systematic attempt to 
study basin scale variations 

relevant to El Niño development
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Pacific Island & 
Coastal Stations

Early 1970s: Klaus Wyrtki Establishes the UH Sea Level Center
and Trade Wind Data Base

“As soon as the wind stress relaxes, the accumulated 
water flows eastward, probably in the form of an 
internal equatorial Kelvin wave.”

--K. Wyrtki, 1975, J. Phys. Oceanogr

West Pac Winds 
Weaken

East  Pac 
Warming

2-3 Months
Klaus Wyrtki

1925-2013
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1977

Buffalo, NY 
January 1977

National Geographic, Dec 1977

Jerry Namias
1910-1997

Unusually Cold Winter of 1976-77 in the U.S. 
focuses attention on ocean’s role in North 
American climate

Jacob Bjerknes
1897-1975

Niño-3.4

North Pacific Experiment 
(NORPAX) established to 
test competing of ideas

Tropical 
Pacific 
forcing!

Nope! Mid-
latitude SSTs!
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1977

Buffalo, NY 
January 1977

National Geographic, Dec 1977

Jerry Namias
1910-1997

Unusually Cold Winter of 1976-77 in the U.S. 
focuses attention on ocean’s role in North 
American climate

Jacob Bjerknes
1897-1975

Niño-3.4

North Pacific Experiment 
(NORPAX) established to 
test competing of ideas

Scripps Graduate 
Student 1977

Tropical 
Pacific 
forcing!

Nope! Mid-
latitude SSTs!

Source Michael McPhaden - 1 April, 2026 CLIVAR PRP Webinar on ENSO



Bjerknes 
Prevails

• Davis,1976: SLP leads SST variations
à NPac atmosphere forces the ocean rather than 

the other way around

• Wallace and Gutzler, 1981: PNA pattern
àMid-latitudes (atmosphere, ocean and land) are 

forced by anomalous tropical Pacific heating

Wallace & 
Gutzler, 1981, 

Mon. Wea. Rev.

SST, surface winds 
and surface pressure

Russ Davis
1941-2023
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World Climate Research 
Program established in 1980

“to determine the predictability of climate 
and assess the influence of human 
activities on it through coordinating global 
efforts to understand the Earth’s climate 
system.”

First Major Initiative:
A study of El Niño named TOGA 

TOGA
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1982-83 El Niño:
§ Strongest of the 20th century

§ Not predicted 

§ Not detected until at almost its 
peak:

ü Satellite sea temperatures 
biased cold by El Chicon

ü No real-time ocean data

El Chichon, Mexico 
March-April 1982

Niño-3.4
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Rasmusson & Carpenter 
Composite El Niño

Composite El Niño based on 6 events, 1950-72 
Mon. Wea. Rev., 1982

Phases of El Niño
§ Onset: Nov (-1)-Jan (0)

§ Peak: Mar-May (0)

§ Transition: Aug-Oct (0)

§ Mature: Dec (0)-Jan (+1)

§ Demise: May-Jul (+1)

Gene Rasmusson
1929-2015

Ti
m

e

W                       Longitude                         E

Surface winds & SST

Volunteer 
Observing 
Ship Data

Initial 
Warming

westward
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Rasmusson & Carpenter 
Composite El Niño

Composite El Niño based on 6 events, 1950-72 
Mon. Wea. Rev., 1982
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Confusion
“To call this El Niño would be a case of child abuse!”

Klaus Wyrtki
TOGA Planning Workshop
Princeton University
October 1982
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Monster 1982-83 El Niño
With Devastating Worldwide Consequences

National Geographic, 1984

§ How little we knew
§ How we failed to observe
§ How ill-prepared we were
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Tropical Ocean Global Atmosphere (TOGA) Program
1985-1994

Goals:

§ Understand underlying mechanisms for El Niño

§ Develop forecast models for predicting seasonal 
climate variations

§ Establish a real-time observing system to support 
research and forecasting
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First Successful Prediction
1986-87 El Niño

Niño-3
Simplified coupled ocean-
atmosphere dynamical 
model of the tropical Pacific 
based on physical principles

Ensemble mean fcst
Verification

Individual forecasts

Mark Cane
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Heat content: the Source of ENSO Predictability

“Our focus on heat content of the equatorial band arose from 
theoretical considerations and numerical model results….On 
the basis of tide gauge data, Wyrtki has independently 
advanced a similar hypothesis.”

--Cane et al, Nature, 1986

“The duration of a complete El Niño cycle 
is determined by the time required for slow 
accumulation of warm water in the western 
Pacific.”

--Wyrtki, JGR, 1985
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“Throw spaghetti at a wall to see what sticks”
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Adapted from McPhaden and Taft, 1984, USTOGA3

An Early Concept (Spaghetti)

The challenge:
§ Basin scale
§ Real-time 
§ Daily resolution

Every 1-2 months

Tide Gauges
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Adapted from McPhaden and Taft, 1984, USTOGA3

An Early Concept (Spaghetti)

The challenge:
§ Basin scale
§ Real-time 
§ Daily resolution

Every 1-2 months

Tide Gauges

Daily Zonal Wind
0°, 170°E
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*ATLAS=Autonomous Temperature 
Line Acquisition System

Stan Hayes 
1946-92

Designed & 
built at PMEL

ü Real-time data
ü Data every day
ü Low cost

ATLAS* Mooring

Hugh Milburn 
1944-2020

Key measurements:
§ Surface winds
§ SST
§ Temperature in the upper 

500 m (Heat content)
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*ATLAS=Autonomous Temperature 
Line Acquisition System

Stan Hayes 
1946-92

Designed & 
built at PMEL

ü Real-time data
ü Data every day
ü Low cost

ATLAS* Mooring

Hugh Milburn 
1944-2020

Key measurements:
§ Surface winds
§ SST
§ Temperature in the upper 

500 m (Heat content)

Eliminate current meters!
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Tropical Atmosphere Ocean 
(TAO) Array 

Partners: US, France, 
Japan, Taiwan, Korea

Took the entire 10 years 
of TOGA to build%

 c
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Designed & 
built at PMEL

Stan Hayes 
1946-92

Current Moorings
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SST

SSH

TOPEX-
Poseidon (1992- )

NOAA Weather 
satellites (1981- )

First Month 
of TOGA

Last Month 
of TOGA

“…the crowning achievement of 
TOGA was the development of the 
TAO array…”

--EOS, Trans. AGU, 1997

SSH

GEOSAT (1985-1989)

TOGA In Situ Observing System

SSH

Vector 
Winds

ERS-1/2 (1991- )

Satellite Missions

McPhaden et al, 1998, JGR
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December 1997 vs December 1998

ATLAS
Major

El Niño

Strong
La Niña

https://www.pmel.noaa.gov/tao/drupal/disdel/

Niño-3.4

Current Moorings
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December 1997 vs December 1998

ATLAS
Major

El Niño

Strong
La Niña

https://www.pmel.noaa.gov/tao/drupal/disdel/

Niño-3.4

ENSO Asymmetry

Current Moorings
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Major
El Niño

Strong
La Niña

December 1997 vs 
December 1998

https://www.pmel.noaa.gov/tao/drupal/disdel/
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Delayed Oscillator
(Schopf & Suarez, 1988; Battisti & Hirst, 1989)

1. Winds weaken Þ Downwelling Kelvin wave to the east, upwelling Rossby wave to 
the west.

2. Upwelling Rossby wave reflects at western boundary as upwelling Kelvin wave.
3. Upwelling Kelvin wave shoals thermocline, cools the eastern Pacific cold tongue, 

shutting down El Niño and triggering La Niña.

Fedorov & Philander, 2000
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Interannual Anomalies

Evolution of the 1997-98 El Niño

29°C

McPhaden, 1999, Science
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Interannual Anomalies

Evolution of the 1997-98 El Niño

29°C

Westerly Wind 
Bursts Cooling by 

Air-Sea 
Heat Flux

Warming by 
Zonal 

Advection

Warming by 
Downwelling
Kelvin Waves

McPhaden, 1999, Science
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Interannual Anomalies

Equatorial Rossby Waves

Monthly 20°C Depths (m) @ 5°N
Ti

m
e

MeansAnomalies
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Interannual Anomalies

Rossby Wave to Kelvin Wave Reflection

EastWestEast West

2°N-2°S
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McPhaden & Yu 
1999, GRL
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Monthly 20°C Depths (m)

5°N
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1997-98 El Niño

Highlights the success of 
TOGA (1985-94) − a revolution 
in observing, understanding 

and predicting seasonal 
climate variability

1997-98
El Niño in 
the News

Forecast

Observed

JFM 1998 Precip Anomalies

The TAO array was an “…invaluable 
source of data for monitoring and 
modeling….” the 1997-98 El Niño.

--Secretary General, WMO, 1998
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Startling Contrast Between 2002-03 
and 1997-98 El Niños

McPhaden, 2004

“The uniqueness of the 2002/03 El Niño illustrates the 
point that no two El Niños are exactly alike and that event-
to-event differences can have significant socioeconomic 
consequences.”

Ashok, 2009, Nature

Ashok et al., 2007, JGR, El Niño Modoki
Yu and Kao, 2009, J. Clim., EP and CP El Niño
Capotondi et al, 2015, BAMS, ENSO Diversity
Timmerman et al, 2018, Nature, ENSO Complexity

EP El Niño

CP El Niño

Source Michael McPhaden - 1 April, 2026 CLIVAR PRP Webinar on ENSO



Recharge Oscillator Theory
(Wyrtki, 1985; Cane et al, 1986; Jin, 1997)

§ Build-up of excess 
heat content along 
equator is a necessary 
precondition for El Niño 
to occur.
§ El Niño purges excess 
heat to higher latitudes, 
which terminates event.
§ The time between El 
Niños is determined by 
the time to recharge.
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Validation of Recharge Oscillator Theory

Wind Stress   Niño-3.4

“Tilt mode” “Recharge Mode”

Meinen & McPhaden, 2000

Tilt

Tilt Recharge

Recharge

EOF1 of Thermocline Depth (20°C) EOF2 of Thermocline Depth (20°C)

PC2   PC1

28% 21%
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ENSO Evolution Governed by Multi-Time Scale Processes

§ Deterministic seasonal time scale dynamics

ü Coupled feedbacks between ocean and 
atmosphere 

ü Wind forced changes in ocean circulation that 
redistribute heat

§ High frequency (days to weeks) weather 
noise forcing

ü Westerly winds bursts most prominent
ü Introduces irregularity (timing, duration, amplitude)
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State Dependent (or Multiplicative) Noise Forcing
The Madden-Julian Oscillation 

(MJO) and Westerly Wind Bursts

Adapted from Madden & Julian, 1972

Eisenman et al, 2005, J. Clim.;   Gebbie et al., 2007, J. Clim.;   Levine et al., 2016, J. Clim.
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ENSO Decadal Variability and Predictability After 2000:
§ Weaker, higher frequency ENSO SST 

and heat content variations (McPhaden, 
2012; Horii et al, 2012)

§ Shortening of lead time between heat 
content and SST, reducing the efficacy 
of heat content as predictor for ENSO 
(McPhaden, 2012; Hu et al, 2020)

§ Shift from strong EP El Niños to 
Weaker CP El Niños (Lee & McPhaden, 
2010; McPhaden et al, 2011; Hu et al, 2020)

§ Weakened Thermocline Feedback: BJ 
Index (Kug et al, 2009, 2010)

§ More damped ENSO cycle (Lübbecke & 
McPhaden, 2014)

§ Noise forcing more prominent (Neske & 
McGregor, 2018)

§ Forecast skill declined (Wang et al, 2010; 
Barnston et al, 2012)NINO-3.4

Heat content based on 
TAO/TRITON, XBT, and Argo 
(Index for Recharge Mode) 

McPhaden, 2012
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ENSO Decadal Variability and Predictability After 2000:
§ Weaker, higher frequency ENSO SST 

and heat content variations (McPhaden, 
2012; Horii et al, 2012)

§ Shortening of lead time between heat 
content and SST, reducing the efficacy 
of heat content as predictor for ENSO 
(McPhaden, 2012; Hu et al, 2020)

§ Shift from strong EP El Niños to 
Weaker CP El Niños (Lee & McPhaden, 
2010; McPhaden et al, 2011; Hu et al, 2020)

§ Weakened Thermocline Feedback: BJ 
Index (Kug et al, 2009, 2010)

§ More damped ENSO cycle (Lübbecke & 
McPhaden, 2014)

§ Noise forcing more prominent (Neske & 
McGregor, 2018)

§ Forecast skill declined (Wang et al, 2010; 
Barnston et al, 2012)

Eastern 
Pacific (EP) 
El Niños

Central 
Pacific (CP) 
El Niños

McPhaden, 2012
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SST (shading)
20°C depth (contours)

Wind Stress (vectors)
OLR (Wet, Dry) 

Cold SST
Shallow 20°C

Warm SST
Deep 20°C

Strong Easterlies
Drier Cold Tongue

Mean 
State 

Change

Li et al, 
2023, 
GRL

GODAS Reanalysis 40 yr Trends

Multi-decadal trends are evident in both 
observations and in atmospheric and oceanic 
reanalyses constrained by observations (TAO, 
Argo, drifters, XBT, satellites).

Changes in ENSO variability and predictability 
linked to a long term La Niña-like cooling trend

(Zhao &Fedorov, 2020, J. Clim.; Li et al, 2023, GRL)
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de Boisséson et al., 2014, GRL

2000s minus 1990s

Multi-decadal Trends in Wind-
Forced Tropical Pacific Circulation

(observations only)

Tuchen et al., 2024, JGR

TAO/TRITON 20°C depth: 2022 vs 1993
Deeper in west, shallower in east

TAO Current Meter Moorings: EUC stronger; deeper in west, shallower in east

Drifting buoy dataStronger SEC & NECC

170°W 140°W 110°W

Altimetry

2024
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de Boisséson et al., 2014, GRL

2000s minus 1990s

Multi-decadal Trends in Wind-
Forced Tropical Pacific Circulation

(observations only)

Tuchen et al., 2024, JGR

TAO/TRITON 20°C depth: 2022 vs 1993
Deeper in west, shallower in east

TAO Current Meter Moorings: EUC stronger; deeper in west, shallower in east

Drifting buoy dataStronger SEC & NECC

170°W 140°W 110°W

Altimetry

0°, 140°W Mooring
9-yr running average

2024
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Neutral zone

Model Predictions for Niño-3.4:
March 2026 Initial Conditions

El Niño

La Niña

“In June-August 2026, El Niño is 
likely to emerge and persist 
through at least the end of 2026.”

NOAA/CPC
12 March 2026

2026à

March 2026 SST Anomalies
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The Impact of Subsurface Ocean Data for ENSO 
Forecast Initialization

With no subsurface 
ocean information 
assimilated into the initial 
conditions, the drop in 
skill is equal to ~20 years 
of progress in forecast 
model development.

1997 2002 2006 2011 2017

ECMWF Forecast Model Generation (S1-S5)

Lead time with ACC > 0.9
Observed & Predicted Niño-3.4
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Chapter 3: ENSO Observations
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GOOS

The Global Ocean Observing 
System

Satellites

In Situ Components

TRITON 
hole
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Climate Change and ENSO

Before 1960 After 1960

Cai et al, 2022

Climate.gov, 2023

“It is unequivocal that human influence has warmed 
the atmosphere, ocean and land.”         IPCC AR6, 2021
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Climate Change and ENSO

Before 1960 After 1960

Cai et al, 2022

Climate.gov, 2023

“It is unequivocal that human influence has warmed 
the atmosphere, ocean and land.”         IPCC AR6, 2021

Improve Process Understanding 0°, 140°W: 40 yrs of dataSustain Long Climate Records
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Two-Way Inter-basin Interactions Affect ENSO 
Variability and Predictability

Cai et al, 2019

Zhao et al, 2024

Improved ENSO dynamical 
model forecast skill 

including global tropics

ENSO forecast skill
+Global tropics

Eq. Pacific only

AI
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Two-Way Inter-basin Interactions Affect ENSO 
Variability and Predictability

Cai et al, 2019

Zhao et al, 2024

Improved ENSO dynamical 
model forecast skill 

including global tropics

ENSO forecast skill
+Global tropics

Eq. Pacific only

AI

Foltz et al, 2025

Source Michael McPhaden - 1 April, 2026 CLIVAR PRP Webinar on ENSO



Thank you!
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