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Is Climate 

Binary?
We might imagine that all is well until

… warming creeps up on us

… and then suddenly

… we cross a BRIGHT LINE

… beyond which lies utter catastrophe



NO. 
Climate is NONBINARY
• It’s important to have goals, & policy requires targets

• But the real climate changes gradually from cool to warm to 

hot, with an almost infinite gradient from bad to worse

• This sucks, psychologically and spiritually!

• We have to prepare ourselves for a complicated 

ambiguous future
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Ever Wonder 
Why?

• Day is warmer than night

• Summer is warmer than winter

• Phoenix is warmer than Fargo



Heat Budgets



Dancing Molecules and Heat Rays!
• Nearly all of the air is 

made of oxygen (O2) 

and nitrogen (N2) in 

which two atoms of the 

same element share 

electrons

• Infrared (heat) energy 

radiated up from the 

surface can be 

absorbed by these 

molecules, but not very 

well
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Diatomic molecules can 

vibrate back and forth like 

balls on a spring, but the 

ends are identical



Dancing Molecules and Heat Rays!

• Carbon dioxide (CO2) 

and water vapor (H2O) 

are different!

• They have many more 

ways to vibrate and 

rotate, so they are very 

good at absorbing and 

emitting infrared (heat) 

radiation

Molecules that have many 

ways to wiggle are called 

“Greenhouse” molecules
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Absorption spectrum of CO2 was measured by John Tyndall in 1863





1856 – Eunice Foote



Common Sense
• Doubling CO2 would 

add 4 watts to every 
square meter of the 
Earth, 24/7/365

• Doing that would 
make the surface 
warmer

• This was known 
before light bulbs 
were invented!

4 Watts

1 m

1 m

John Tyndall, January 1863
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Earth’s Climate 

as a “Black Box”

Absorbed

Sunshine
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Now Add Some Heat
FORCING RESPONSE

Climate 

SystemDF DTS= ?

How Much Response?



Cause and Effect
Forcing

Watts per 

square meter

Response
degrees 

Celsius or F

Sensitivity = 
Response

Forcing

degrees per Watt m-2



Estimating Total 

Climate Sensitivity
1. Paleoclimate analogs: how much has 

climate changed in the past when forcing of 

known strength was applied?

– Advantage: all feedbacks included

– Disadvantage: hard to know exactly how much 

forcing & global temperature response

2. Calculation from physical principles including 

feedback processes 

(complex global climate models)

– Advantage: Physical insight

– Disadvantage: “Models likely wrong …”



Learning from the Past
1. Geologic past 

(100’s of millions of years)

2. Deglaciation analog 

(18,000 years ago to 

preindustrial time)

3. Last Millennium analog 

(Medieval Warm Period to Little 

Ice Age)

4. Modern Climate Record

(20th Century changes)

The further back we go, the less data we have to work with.

Using modern data, we have only brief transients to study.



Ice Age World

High albedo

Low CO2



CO2 and the Ice Ages

370 ppm in 2000

Vostok (400k yr) Ice Core data (Petit et al, 1999)
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• Over the past 420,000 

years atmospheric CO2

has varied between 180 

and 280 ppm, beating in 

time with the last four 

glacial cycles



Climate Forcing

Source: Hansen and Sato (2011)



Compare Ancient & 

Modern Forcing
• End of Ice Age:                  6.5 W m2

Over 100 centuries (18k to 8k BP)

• “Little Ice Age”:                 < 1 W m2

(Roughly 1400 to 1800)

• Since 1850:                         ~ 2 W m2

• Burn 10x FF to date:          12 W m2

(over 3 centuries if no policy)



Climate Sensitivity

Distributions and ranges for climate sensitivity from different lines of evidence. The circle indicates the most 

likely value. The thin colored bars indicate very likely value (more than 90% probability). The thicker 

colored bars indicate likely values (more than 66% probability). Dashed lines indicate no robust constraint 

on an upper bound. The IPCC likely range (2 to 4.5°C) and most likely value (3°C) are indicated by the 

vertical grey bar and black line, respectively (Source: Knutti & Hegerl, Nature, 2008)

Dozens of 

studies using 

many different 

methods 

agree that 

climate 

sensitivity is 

about 3 C per 

doubling of 

CO2
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• The word “Feedback” came from engineering, but has 

morphed into a colloquial English expression



Word 

Problems!
• “Feedback” is an 

engineering concept 

• It’s morphed into 

everyday English as a 

related concept

• This is really 

confusing!





Feedback Loops

Positive feedback

AMPLIFIES the input
Negative feedback

DIMINISHES the input



We KNOW There’s 

Negative Climate Feedback

• Because there’s been liquid water on Earth over 99% 

of geologic time

• Because we’re here!

We KNOW There’s 

Positive Climate Feedback

• Because climate changes very easily – Ice Ages!

• We can measure it in the real world

• We can model it



Climate Feedback Processes

• Positive Feedbacks 

(amplify changes)

– Water vapor

– Ice-albedo

– High clouds

F TS vapor

albedo

mixing

high cloud

low cloud

• Negative feedbacks 

(damp changes)

– Vertical mixing

– Low clouds



Without Climate Feedback
• Sunshine on a space rock:

more Sun = higher temp

• If Earth worked like this …

• Every Watt/square meter 

would warm us by ¼ degree

• (recall each doubling of CO2 

adds 4 Watts per sq meter)

• SO CLIMATE SENSITIVITY 

WOULD BE ~ 

1 degree per doubling of CO2



WITH FEEDBACK

• Sensitivity is 3 C 

per CO2 doubling

• 3x as sensitivie as 

a rock in space

• SO POSITIVE 

FEEDBACK 

WINS?!



Runaway 

Feedback?
• Positive feedback does NOT 

imply “runaway feedback”

• Even though positive feedback 

dominates the climate system, it 

has NEVER “run away” to an 

unsurvivable state even though 

Earth has had HUGE forcing 

before



Scary Positive Feedbacks
• Amazon dieback

• Permafrost thaw

• Methane clathrates

• Evaporate the 

oceans

SO FAR NO EVIDENCE THAT ANY OF THESE WILL RUN 

AWAY, EITHER FROM PHYSICS OR PALEOCLIMATE 
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Policy Thresholds
Policy and politics is about 

setting goals and limits

• 1992 Rio de Janeiro Earth Summit

“Avoid dangerous human interference 

in the climate system”

• 2015 Paris Agreement

“Limit warming to well below 2 Celsius 

above preindustrial and strive for 1.5 

C”



A Nonbinary Continuum
• Already bad!

• Getting worse

• There’s no end 

to how much 

worse it can 

get!

• Then it won’t 

get better!



IPCC 1.5 Degree Report
Two Primary Messages

1)Warming of 2 C is 

considerably worse than 

warming of 1.5 C

2)Limiting warming to 1.5 C will 

be REALLY HARD – Start 

right away!
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Emissions Pathways



Flattening the Curve
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What if we Win?
• CO2 emissions to zero by 2040

• CO2 concentration stabilizes

• Climate inertia 

• Social inertia

• Economic inertia

• WARMING STOPS AROUND 

THE TIME EMISSIONS GET TO 

ZERO!



Ambiguity!
• Carbon sinks have sucked 

up ~ 50% of emissions as 

long as we’ve been able to 

measure them

• When emissions cease and 

CO2 stops rising, what 

happens to sinks?

• Will they fight us on the way 

down as they helped us on 

the way up?

What if we’re wrong about 

Sensitivity or feedbacks?
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URGENCY & AGENCY



• There is no such thing as “game over” or 

“too late” or “screwed” or “no hope.”

• It is certainly not the case that 

“we have only 12 years to act”  –

This fight … will last far beyond 

any of our lifetimes

• The stakes will always be enormous; time 

will always be short; there will never be an 

excuse to stop fighting.

– Dave Roberts (@drvox)

“Is there hope?” is the wrong question

Hope is a verb!


