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The most influential climate science paper of
all time
by Piers Forster, The Conversation

Manabe modelled the links between temperature, altitude and CO2 levels. Credit: Johan Jarnestad / Ro…

After the second world war, many of Japan's smartest scientists found jobs in North
American laboratories. Syukuro (Suki) Manabe, a 27-year-old physicist, was part of
this brain drain. He was working on weather forecasting but left Japan in 1958 to join
a new research project by the US Weather Service to develop a numerical model
that could be used to study the climate.

Working alongside Joseph Smagorinsky, the
Geophysical Fluid Dynamics Laboratory's
visionary first director, Manabe led a team of
computer programmers to add missing
physics to the lab's weather model. Even the
best computers in the world at the time were
far less powerful than today's mobile phones.
So to get the model to work, Manabe needed
to make the physics as simple as possible.
This meant making a range of coding

approximations to quantify how the air exchanged heat and water vapor with the
land, ocean and ice.

This climate model development—the first of its kind—was an ambitious 20-year
project that ultimately earned Manabe a share of the 2021 Nobel prize in physics.
The key paper came mid-way through this period: Manabe and Wetherald (1967).

Manabe is typically modest about intentions behind the work and from reading its
title, "Thermal Equilibrium of the Atmosphere with a Given Distribution of Relative
Humidity", you might be forgiven for thinking it could be a bit dull. Yet the Nobel
committee, myself and the hundreds of colleagues around the world that voted it the
most influential climate science paper of all time, would beg to differ.

In trying to simplify the code, Manabe and his colleague Richard Wetherald wanted
to know the minimum number of discrete levels to use in his model atmosphere.
They also wanted to know which greenhouse gasses it was necessary to include in
the model to adequately represent the way temperatures vary with altitude, as these
gasses absorb heat emitted from the Earth's surface, but at different levels. Their
three-dimensional climate model was too computer-intensive to run these model
tests, so they had to build a simpler one-dimensional model. They wanted to
simulate how radiation and clouds interact to redistribute heat and water vapor
through the atmosphere.

The bulk of the paper concerns itself with building the simple model and doing these
tests. But they also do two other experiments in the paper to quantify how
greenhouse gas might alter climate. And this is where the breakthrough occurred:
they found they had built the perfect model to accurately estimate how human
activities could alter the Earth's surface temperature.

Their first such climate-change experiment wasn't to look at the role of carbon
dioxide, but was to look at the effects of water vapor injected high into the
stratosphere from a potential fleet of supersonic jets, as this and a possible nuclear
winter were the immediate concerns of the time. However, their Table 5 goes down
in history as the first robust estimate of how much the world would warm if carbon
dioxide concentrations doubled. Manabe and Wetherald estimated 2.36℃ of
warming, not far off today's best estimate of 3℃.

Earlier attempts to estimate the warming from carbon dioxide increases had
floundered, as scientists struggled to work out how water vapor, the most important
greenhouse gas in the atmosphere, would respond as the Earth warmed. Manabe
and Wetherald's simple model could accurately redistribute water vapor in a way that
real deep clouds do, with water vapor broadly increasing in concentration up to a
certain level of humidity. This increase was found to amplify the warming from
carbon dioxide by around 75%. This water vapor feedback estimate has also stood
the test of time.

Manabe, working with various colleagues, went on to write many more seminal
climate modeling papers. He set the foundation for today's global climate modeling
efforts. The physics was beguilingly simple so his models could run on these early
computers. Yet, by being simple, the results could be understood and tested. His
application of these simple models to the pressing problems of today was insightful.

After graduating with a degree in physics over 30 years ago, I chose a career in
atmospheric science over particle physics. I always worried about how my applied
physics was viewed by mainstream physics colleagues. With a Nobel prize in
physics under our discipline's belt, it gives me and climate modeling colleagues the
credibility and recognition we have yearned for: climate science is real science.

More information: Syukuro Manabe et al, Thermal Equilibrium of the Atmosphere with a Given
Distribution of Relative Humidity, Journal of the Atmospheric Sciences (1967).
doi.org/10.1175/1520-0469(1967)024<0241:TEOTAW>2.0.CO;2

Provided by The Conversation 

This article is republished from The Conversation under a Creative Commons license. Read the original
article.
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Thermal Equilibrium of the Atmosphere with a 
Given Distribution of Relative Humidity

SYUKURO MANABE AND RICHARD T. WETHERALD

Geophysical Fluid Dynamics Laboratory, ESSA, Washington, D.C.
(Manuscript received 2 November1966)
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Climate change fingerprint: Prediction and Detection
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Manabe’s ”Climate change fingerprint” is in the satellite 
temperature data
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Temperature trend 
over 

1986 to 2025

Source: Santer et al., PNAS (2023; updated)

Stratosphere

Troposphere

°C/decade



LLNL Ambassador Lecture Series

Not so easy … Climate system varies at all time scales !

3

Stratosphere

Note: The 2021 Nobel prize was awarded to both Suki Manabe and Klaus Hasselmann 
"for the physical modelling of Earth’s climate, quantifying variability and reliably predicting global warming"

« Short-term weather variability leads to long-term
climate variability »

« The slow components (e.g the Ocean) integrate
weather variability on daily to monthly time 
scales into climate variability on annual to 
multidecadal time scales »
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Detection of climate change due to human influence ?
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Stratosphere
• Identify a robust fingerprint pattern of anthropogenic forcing for atmospheric

temperature

• Search for an increase in spatial pattern similarity between recent
atmospheric temperature observations and the fingerprint (index 𝐼!"#$)

• Need a null hypothesis H0 : define a World without us (counterfactual world) 
and derive the distribution of the similarity index (𝐼!%&'$() in this World

• Assess how (un)likely it is to get 𝐼!"#$ under H0

CO2SO4
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Detection ingredients 
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• Observations: annual zonal mean atmospheric
temperature T(θ,	z,	t)	with t = 1986,..., 2025

• Model-based:
1. Anthropogenic temperature fingerprint F(θ,	z)	: 

derived from historical simulations
2. The World without us: simulated temperature

from long control simulations  Tc	(θ,	z,	t)	
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How to get the “vertical fingerprint” F(θ,	z)	?  
Model 1 Model 2 Model 3 Model 4

Model 5 Model 6 Model 7 Model 8

Model 9

Trend, °C/decade, 1986-2025

0.0 0.2 0.4 0.6 0.8−0.2−0.4−0.6−0.8

Cooling Warming

6
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F(θ,	z)	: Multimodel Mean Trend

°C/decade, 1986-20250.0 0.2 0.4 0.6 0.8−0.2−0.4−0.6−0.8

Cooling Warming

F	 𝜃, 𝑧 = ⁄$ %∑&'$% 𝑡𝑟𝑒𝑛𝑑& (𝜃, 𝑧)
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Detection algorithm 
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1. Project temperature observations T on the fingerprint F

2. Fit a linear trend to ZObs(t)	

𝑍!"# 𝑡 = .
$%&

'!

.
(%&

'"

𝑇 𝜃, 𝑧, 𝑡 . 𝐹 𝜃, 𝑧

Index 𝐼)!"# = trend@slope

t =	1986,...,2025	
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1986 Temperature observations

Satellite data 
(anomaly fields relative to 

1986-2025 mean)

Project onto fingerprint

Generate pattern similarity 
time series ZObs(t)	

1989

1992

1995

1998

2001

2004

2007

2010

2013

2016

2019

2022

Human fingerprint

2025

9

Index 𝐼!"#$
trend@slope
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Detection algorithm 
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3. Project World without us temperature on the fingerprint

4. Fit linear trends to the Nc non-overlapping 40-year chunks
ofZc(t)	

𝑍* 𝑡 = .
$%&

'!

.
(%&

'"

𝑇* 𝜃, 𝑧, 𝑡 . 𝐹 𝜃, 𝑧

𝐼)'+,#- = pdf (trend@slope, i	=	1,...,	Nc)

t =	1,...,O(1000s)	



LLNL Ambassador Lecture Series 11

Human fingerprint

World without us temperature

Model Control 
Simulations 

(anomaly fields relative to 
control run averages)

Project onto fingerprint
Generate pattern similarity 

time series

1

301

601

901

1201

1501

1801

2101

2401

2701

3001

3301

3601

3901

11

PDF 𝐼"#$%&'
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“Vertical fingerprint” results

40-year trend in pattern similarity

De
ns

ity

Noise trend PDF 𝐼"#$%&' 

12
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“Vertical fingerprint” results

Virtually impossible to obtain 
fingerprint match with satellite 

data by internal variability

40-year trend in pattern similarity

De
ns

ity

Signal trend 𝐼"()&Noise trend PDF 𝐼"#$%&' 

13
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When was the signal first detectable ? Early detection 
was possible in 1995 !

14

Signal to Noise ratio
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§ Changes in the vertical structure of atmospheric temperature are a key piece of 
evidence for human effects on global climate

§ Upper stratosphere cooling is key to robust detection (40-sigma !)

§ The Higgs boson and climate change are two nice examples of predictive science

§ Two different detection problems !

§ Higgs: Low SNR problem, direct sampling of the counterfactual world (no Higgs)

§ Climate change: the one-Earth problem                  Structural model uncertainty 

Summary

15
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Additional slides

16
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Summary of the Statistical Model: 
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• T: temperature observations, function of space(s) and time(t)

𝑇!,# = 𝑚! + 𝜓!,#$%& + 𝜀!,#

𝑇!,# = 𝑚! + 𝑔! / 𝜇# + 𝜀!,#

• Separability assumption of ANT forcing : ψANT = g(s).μ(t)

• Time filter: linear trend over a L-year period: 

𝑇!,'
, = 𝛽' / 𝑔! + 𝜂!,' 8𝐻/ ∶ ≪ 𝛽0 = 0 ≫

𝐻& ∶ ≪ 𝛽0 > 0 ≫Test:
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When was the signal first detectable ?

18

Signal

Noise
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Why is fingerprint detection so clear?

Human fingerprint Natural variability pattern 1 Natural variability pattern 2

(Dimensionless)

Source: Santer et al., PNAS (2023) 19

Cooling Warming


