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Temperature anomaly (°C from 1961-1990 mean)

Climate Change: observations
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How warm is it going to be in 21007

Climate Sensitivity

Are the changes going to be ‘smooth’ or
‘bumpy’?
Tipping Points

When is it too late to act to prevent dangerous
climate change through emission reductions?

Safe Carbon Budget, Point of No Return

Are there any alternatives to avoid dangerous
climate change?

Negative emissions, Geoengineering



2.0K
1.5K

Dangerous Climate Change?

IPCC SR1.5

How the level of global warming affects impacts and/or risks associated
with the Reasons for Concern (RFCs) and selected natural, managed and

human systems

Five Reasons For Concern (RFCs) illustrate the impacts and risks of
different levels of global warming for people, economies and ecosystems
across sectors and regions.

Impacts and risks associated with the Reasons for Concern (RFCs)
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Purple indicates very high
risks of severe impacts/risks
and the presence of
significant irreversibility or
the persistence of
climate-related hazards,
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nature of the hazard or
impacts/risks.

Red indicates severe and
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and attributable to climate
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confidence.
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impacts are detectable and
attributable to climate
change.

IPCC, Special Report, October 2018



Coordinated multi-model
experiments with GCMs

“CMIP5 provides a framework
for coordinated climate change
experimentation” (Taylor,

Stouffer, and Meehl, 2012)
More than 20 modeling groups
More than 50 models

Different design ideas,
formulations, parameterizations

Ensemble of “climate
realizations”

Figure: Global Climate Model
(Thual, 2013)



Future Climate Change:
Representative concentration pathways
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Projection results

(a) Global average surface temperature change
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How to avoid dangerous climate change?

- Determining what happens under different
scenario’s

- Evaluate effects of action choices

- Include uncertainty

Need for an efficient (stochastic)
climate (incl. carbon cycle) model !
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Linear Response Theory (LRT)

Ruelle (1998)
Ragone et al, (2016)
Lucarini et al. (2017)

150 200
time (years)

Using LRT one can determine the
response to any forcing!



Procedure

CO2 >@ > AT

e Perturbation theory

ATAp(t) = ATy + Y ATS(t) (1)

n=1

e Linear Response Theory: stop series at n =1
t
AT (1) = f Gr(t)AF(t —t) dt’ (2)
0
o Take a forcing-response pair AF prupt(t) = AO(t), ALgbrupt(t)

1 d
ATabrupt (3)

Crlt) = 35



CMIP5 simulations

Abrupt: Cco2(t) = Co(36(t) + 1)

—50 0 50 100
years

Abrupt forcing

Smooth: Coo2(t) = Cp1.01°

Smooth forcing



Results Linear Response Theory
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From LRT to Stochastic State

Space Model

e Up to now: determine AT from COs concentrations
e Climate is forced by fluzes

@ Relate CO5 emissions to concentrations

e Risk, uncertainty: introduce stochasticity




Coupling a Carbon Model

e Carbon Model (Joos et al., 2013):

3
, -t
GCOQ(t) = ap + E a;e i (4)
1=1

e Full Reponse Function Model

Ceor(t) = Coona + | Goos(r) Beonlt —7) dr  (5)
AFCOz =A 02 111(0/00) (6)
AT(#) = /0 Gr(T)AFcos(t — )dr (7)

e We also find:

2
Gr(t) = bie "™ (8)
1=0



Stochastic State Space Model

Carbon

dCp = agE/dt

dCl = (alE — lCH) dt

71
1

dCQ = (CLQE — —CQ) dt
72

+ oo dW

73
3
Ccoz2 =Cp + Z C;
=1

1
dOg = ((LgE - —03) dt

Temperature

AF = A QIH(CCOQ/Co)
dATy = (bUAF — iAT()) dt
Th0

+ oo dW;

1
dAT, = (blAF — —ATl) dt

Th1

JAT, — (bgAF _ T_;mg) dt

+ o2 ATy dWy

2
AT = Z AT;

1=0



Results: Probability density functions
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Save Carbon Budget

Maximum Cumulative Emissions that reach a certain warming target
p(AT < Tmax) — 6
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Table 3. Safe Carbon Budget (in GtC since 2015) as a function of
threshold and safety probability §.

B 0.5 / 0.67\0.9 0.95 Noise-free
T =1.5K 2470 108 07 69 233
Tmax =2K 492\ 424 /208 245 469

IPCC-AR5: 377 - 517 GtC to likely stay below 2 K

Millar et al. (2017): 200 GtC to likely stay below 1.5 K



Economy & Transition pathways

@ Extreme Mitigation (EM): From time ¢,
on, we set m =1, 1ie. £ =0.
Y = Ype e | .
o @ Fast Mitigation (FM): From time t, on,
bn = ryoe Y both a, m increase by 0.05 per year.
E=(l1-a)l-mEn g Ambitious Mitigation (AM): As FM,
but the increase is 0.02 per year.

m(2005) =0.1355 (WEC, 2016)
m(2015) = 0.14

Cco2 AT




Point of No Return (PONR)

@ Use economical assumptions to determine emissions
= baseline ‘business-as-usual’ scenario

e Control emissions by mitigation m(¢) and abatement a(t) =
actions on climate change modify ‘business-as-usual’ scenario

Definition (Point of No Return)
The Point of No Return (PONR) is the time tp from which on no

allowed |a(t), m(t)] such that 0 < a(t),m(t) < 1,tp <t <ts can be
chosen to fulfill

p(AT(tr) < Thax) = B

Save Carbon Budget:
We cannot reach target X by emitting more than Y

Point of No Return:
We cannot reach target X by starting reduction after year T



PONR: results

1.5 K target 2.0 K target

M = 0.05
- M1 = 0.02
1 = 0.01
B Unachievable

2020 2040 2060 2080 2020 2040 2060 2080

Probability of not exceeding ‘safe’
temperature thresholds in 2100

Probability to stay below threshold



Effect of Negative Emissions

1.5 K target 2.0 K target

— m] = 0.05
w1 = 0.02
— TNV = 0.01
B Unachievable

2.0 K target, negative emissions

Probability to stay below threshold

N

2020 2040 2060 2080 2020 2040 2060 2080
starting year of emission reduction starting year of emission reduction

Probability of not exceeding ‘safe’
temperature thresholds in 2100



PONR: results

@ Extreme Mitigation (EM): At time t,, we set m=1,s0 E =0
from then onward.

@ Fast Mitigation (FM): From time t, onwards, both a, m increase
by 0.05 per year.

@ Ambitious Mitigation (AM): As FM, but the increase is 0.02 per
year.

Table 4. Point of no return as a function of threshold and safety probability 8 without and with strong negative emissions.

B 0.5 | 0.67 | 0.9 | 0.95 | noise-free

Eneg none  strong | none  strong | none  strong | none  strong | none  strong

EM Thax=15K 2038 2046 | 2034 2042 | 2026 2035 | 2022 2032 | 2037 2045
Tmax =2K 2056 2062 | 2051 2058 | 2042 2049 | 2038 2046 | 2055 206l

FM  Thax =1.5K 2032 2039 | 2027 2036 | 2020 2028 | 2016 2025 | 2030 2038
Tmax =2K 2050 2056 | 2045 2052 | 2036 2043 | 2032 2039 | 2048 2055

T

AM  Thax =15K 2022 2029 20159 2026 - 2019 - 2021 2029

Tmax =2K 2040 2046 \ 2035 2042 | 2026 2033 | 2022 2030 | 2038 2045

a—

The PNR for 1.5 K has been passed!



Scenarios
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Current Climate Policy
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e Shown value of Linear Response Theory in the CMIP5 context

¢ Build an stochastic state space model to adequately determine tl
climate response to emissions.

e EFasy to communicate metrics:
e SCB: “We cannot reach target X when emitting more than .

e PONR: “We cannot reach target X when starting after year
PONR”

PONR with realistic action pathways is close (2035 for 67%) for
the 2K target and already passed for the 1.5K target.
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