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Extreme sensitivity and climate tipping points
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Tipping elements in the climate system

Tipping elements atrisk: Steffen et al. PNAS 2018
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Need a comprehensive framework to quantify the
Climate Response!
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What is climate sensitivity?

B Equilibrium change in global mean surface temperature after a
doubling of the atmospheric CO, concentration.

: Radiative
Doubling of : Climate System _
[ pCO, }{perttzrgatlon}{ (no feedbacks) J_{ AT =50 AR, }
0

B No feedbacks:
Planck response S,= 0.3 K/(W/m?)
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What is climate sensitivity?

B Equilibrium change in global mean surface temperature after a
doubling of the atmospheric CO, concentration.

Doubling of p;is:%g\tﬁn Climate System AT = S, (ARy+C,AT)
pCO, AR with feedbacks = S AR,
0

[8Ry, = ¢, AT |

B No feedbacks:
Planck response S,= 0.3 K/(W/m?)

M With feedbacks: S = AT/AR,
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Quantifying climate sensitivity: problems
B Timescales and equilibrium

* Slow and fast feedback processes.
* Timescale separation.

B Dependence on the background climate
* (Fast) feedback processes are not “constant”.

B Tipping points in the climate system
* New ‘flavours’ of climate sensitivity.
* Extremes in climate sensitivity vs probability of tipping.
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Time scales & equilibrium

Years Decades Centuries Millennia Multi-millennia /Myr
Cloudsa, water vapour, -
Lapse rate, snow/sea ice Weathering
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Carbon cycle
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Rohling et al., Nature 491 (2012) G

fast feedbacks slow feedbacks
. . AT
Earth system sensitivity SP = Sicoy =
AR[COQ]
‘Correct’ for slow feedbacks, e S = AT
o or sio S, €.9. [COo,LI] = ARicoy + ARun
N

‘Equilibrium’ sensitivity S: Sporcingslow = AR Fom



http://dx.doi.org/10.1038/nature11574
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Distributions of climate sensitivity - origin of
uncertainty?

B Uncertainty from observations, model, unaccounted processes
* Big uncertainties in quantification for radiative forcing.

* Palaeoclimate: Big uncertainty in climate reconstruction.

M Climate dynamics:
* feedback processes change with background climate!
* Very high climate sensitivity:

nonlinearities in the climate system - evidence for
tipping?




Palaeoclimate sensitivity S: trajectory on a
‘climate attractor’

dT

dt — Rforcmg + Rslow + Rfast ROLW

AT dT
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von der Heydt & Ashwin, Dyn. Stat.
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https://doi-org.proxy.library.uu.nl/10.1093/climsys/dzx001

The ‘climate attractor’

AP
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http://link.springer.com/10.1007/s10955-019-02425-x

The ‘climate attractor’

Instantaneous/Local

slope sensitivity

d -1
S — [ﬁAR[COQ]]
|_
AR
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http://link.springer.com/10.1007/s10955-019-02425-x

The ‘climate attractor’

Instantaneous/Local
slope sensitivity
d

—1
S — [ﬁAR[COQ]]

Incremental
. |sensitivity (fixed At)

:‘ SOAt<LU) _ T(@At(”/c)) T TO

R(pai(z)) = Ro

AP
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http://link.springer.com/10.1007/s10955-019-02425-x

The ‘climate attractor’

Instantaneous/Local
slope sensitivity

—1
5 = [d AR002]

dT
Incremental
= sensitivity (fixed At)
T(@At( )) — T
SAt
) = Rloml) — Ry
Two-point
sensitivity (all At)
T, — T,
AR So1 = Ri >
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http://link.springer.com/10.1007/s10955-019-02425-x

Energy Balance model

noise.
A ey

—EMET ] At + . br

COT={Q, (A-ol(T)

e

0.55 olbedo 0.55 / Gmissiui"%
0.5
£ o5
3
0.45 L~ ' @ b
0 10 20 o 10 20

TI[C] T[C]

|wandering CO2 = additional noisel
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http://link.springer.com/10.1007/s10955-019-02425-x
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Energy Balance model with noise

Typical time series under ‘wandering” CO2 Climate ‘attractor’
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http://link.springer.com/10.1007/s10955-019-02425-x

Instantaneous sensitivity
S =1/\

d

A= d—TAR[CO2] = [ (T)T + 4€]oT? + Qoo (T)
M Different S on each branch: state- 2 /
dependence 15 ,
) !
B Near saddle-nodes: runaway climate £ 10 <
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http://link.springer.com/10.1007/s10955-019-02425-x
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Instantaneous sensitivity and early warning
S=1/A A= —ARco, = [€(T)T + 4€joT? + Qo (T)

slow evolution of CO2 (~ T) fast evolution of CO2
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Two-point sensitivity
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Conditional, incremental sensitivity

for all delays up to 20kyr
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http://link.springer.com/10.1007/s10955-019-02425-x
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Skewed PDFs of two-point sensitivity

Standard albedo contrast
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Conclusions
B Climate sensitivity depends on the background climate state:
* non-constant fast feedback processes,
* multiple equilibrium or oscillatory states (‘tipping’).
B ‘Flavours’ of (palaeo)climate sensitivity on the ‘climate attractor:

* instantaneous S: available from underlying model (‘nearest
equilibrium’),

*x incremental S: fixed delay At,
*x two-point S: all delays, two points on attractor.
B Nonlinearities lead to skewed PDFs of measured climate sensitivity

* Extremes of climate sensitivity seem to relate to high probability of
tipping.
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