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Joseph Fourier, Eunice Foote and John Tyndall

* |dentified CO, as one of the trace gases responsible for the
blanketing effect of the atmosphere, absorbing and emitting
infrared light, keeping Earth’s surface warm.

Affecting 1he Heat of bt Sur's Baps.




Tyndall’s experiments




The first quantitative account of the impact of
rising CO, on temperature: Svante Arrhenius

* “Any doubling of the
percentage of carbon
dioxide in the air would
raise the temperature of the
earth's surface by 4° C; and
if the carbon dioxide were
increased fourfold, the
temperature would rise by
8° C”




Angstrom intervenes

Repeated a variant of
Tyndall’s experiment,
varying the amount of CO,
in the tube, and showed
very little change in infrared
absorption: the “CO, band
saturation” argument, still
very popular today.




The standard
“sreenhouse” ref,'i‘;ﬁtted
picture

atmosphere

Implies the infra-red
opacity of the atmosphere
determines Earth’s
surface temperature
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But if the atmosphere is already opaque in the infrared,
how can adding more CO, make a difference?




Carbon dioxide molecules in the atmosphere:
colour=temperature, density=absorption density

Gilbert Plass, 1955



Both temperature and density of CO, molecules
decrease with hejght
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Rate of energy emitted tospace depends on




Increasing CO, forces energy to escape from




Increasing CO, forces energy to escape from
higher altitudes
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Higher air is colder, and so radiates less energy




So the surface and lower atmosphere have to
warm up to restare balance
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So the surface and lower atmosphere have to
warm up to restare balance
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So the surface and lower atmosphere have to
warm up to restare balance
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And successive CO, doublings have about the




And successive CO, doublings have about the
same |mpact on gjqbal energy budget
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Impact of rising greenhouse gases on outgoing
infrared light has been directly observed
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Infra-red attenuation by CO, at 1 bar
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To understand the response, we will need a
climate model




Why you don’t need to “trust” climate models

* A plastic tube with an open outlet pipe in equilibrium:
F=kXh
* Fis the externally-driven additional rate of fluid flowing into
the tube above the initial equilibrium flow rate.

* histheincreased water depth above the initial equilibrium
level.

* kisthe “openness” of the outlet pipe, depends on the
viscosity (syrupiness) of the fluid & dimensions of the pipe.



Why you don’t need to “trust” climate models

 The Earth’s climate system in equilibrium:
F=AXT
 F isthe net additional rate of energy flowing into the climate
system due, e.g., to increased greenhouse gas levels.

T is global average surface temperature increase above pre-
industrial equilibrium (“level of global warming”).

 Aisthe “sensitivity parameter”, the efficiency with which
Earth gets rid of excess energy, in Watts per square metre per
degree of surface warming.



The “Equilibrium Climate Sensitivity”

e Equilibrium warming in response to doubling carbon dioxide:

Frxcoz = A X Taxcoz

* F>«co> is the net additional rate of energy flowing into the
climate system due to a doubling of CO, concentrations.

* T,xco>z is global average surface temperature increase due to
a doubling of CO, concentrations.

e Aisthe sensitivity parameter again. Depends on lots of
uncertain processes, because many things change as the
world warmes.



The 1979 National Academy of Sciences Report
chaired by Jules Charney

* Gave a range of 1.5-4.5°C for T,,co,, emphasizing:

— Oceans “could delay the estimated warming for several
decades” (warming reached 1°C around 2017)

— “We may not be given a warning until the CO, loading is
such that an appreciable climate change is inevitable.”




The Charney Report was an entirely model-based
prediction (two climate models)
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Can we pin down the equilibrium climate
sensitivity using lots of climate models?

>300,000 volunteers, >140 countries, >29M model-years



Equilibrium climate sensitivities, T,,o,, from the
climateprediction.net experiment
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The latest generation of models aren’t really helping...

Narrowing the range of equilibrium climate sensitivity
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https://www.carbonbrief.org/guest-post-why-low-
end-climate-sensitivity-can-now-be-ruled-out/



The problem with the Equilibrium Climate
Sensitivity

Suppose you are driving a car with a dodgy speedometer:
Distance = speed x journey-time

You have 40 miles to go, the speedometer says your speed is
somewhere between 20 and 40 miles per hour, so the journey
will take between one and two hours.

You are meant to arrive in 1% hours: what are the odds you
will be late?

All arrival times in range equally likely:  50%
All speeds in range equally likely: 33%



The problem with the Equilibrium Climate
Sensitivity

Suppose you are driving a car with a dodgy speedometer:
Distance = speed x journey-time

You have 40 miles to go, the speedometer says your speed is
somewhere between 20 and 40 miles per hour, so the journey
will take between one and two hours.

You will be fired if you take more than 1.9 hours: what are the
odds you will be fired?

All arrival times in range equally likely:  10%
All speeds in range equally likely: 5.2%



The problem with the Equilibrium Climate

Sensitivity

 Today’s level of energy imbalance due to human activity:
F,ow = 2.8 Watts per square metre

e Equilibrium warming if all concentrations remain as they are.
Teqm = Fhow/A = Faow X Taxcoz2/Faxcoz

* Suppose Toxco2 is 1.5-4.5°C & Frycor= 3.7 W/m? : what are
the odds of Ty, greater than 3°C?

e All A values in range equally likely: 7%
* All T5xcoo values in range equally likely: 18%



The problem with the Equilibrium Climate
Sensitivity
* Is notjust that it’s uncertain: lots of things are uncertain.

* It’s that the uncertainty itself is contestable, because the
answer seems to depend on subjective decisions.

 |tis even contested whether or not it is contestable.

— This is an example of Bertrand’s Paradox, resolved (?) by Edwin Jaynes (1970),
Jaynes’ solution contested by Alon Drury (2015), and the story continues...



So the argument continues...

Narrowing the range of equilibrium climate sensitivity
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Why care about equilibrium warming?
Stabilization in Rio, 1992

Article 2

OBJECTIVE

The ultimate objective of this Convention and any related legal instruments that the
Conference of the Parties may adopt 1s to achieve, in accordance with the relevant provisions of
the Convention, stabilization of greenhouse gas concentrations in the atmosphere at a level that
would prevent dangerous anthropogenic interference with the climate system. Such a level
should be achieved within a time frame sufficient to allow ecosystems to adapt naturally to
climate change, to ensure that food production is not threatened and to enable economic
development to proceed in a sustainable manner.



Why care about equilibrium warming?
Stabilization redux, 2022

* The equilibrium climate sensitivity only matters if we actually
stabilize atmospheric concentrations of greenhouse gases and
allow the climate to re-equilibrate over centuries.

* The breakthrough in the late 2000s was the realization that
we can stop the warming well before restoring climate
equilibrium if we reduce anthropogenic emissions to net zero.

* Unless, of course, we count enhanced uptake of CO, due to

past emissions as a “negative emission” — as carbon offset
markets are just starting to do...



The Atmospheric Physics
me, behind Net Zero

How rising carbon dioxide concentrations
actually cause global warming.

still so hotly contested.

How basic probability theory
2 affects global climate policy,
and offset markets.
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