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Stochastic linear dynamical systems Interaction noise and multiple equilibria

dX; = —vXidt + odW, d
t= YR OO L W p -y
Hasselmann, null-hypothesis (SST)

Weather & ENSO Prediction
(Chaos + noise)
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Interaction noise and internal
oscillations
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Anthropogenic Climate Change

ANNUAL CO
EMISSIONS

x 106 2 - "
METRIC i ) TOTAL

TONNES T ANNUAL
DARBDﬁN P — EN‘“S.’SIDN el

2 l METRIC

TONNES

From 1870 to 2014, cumulative carbon emissions totaled about 545 GtC. Emissions

were partitioned among the atmosphere (approx. 230 GtC or 42%), ocean (approx.
155 GtC or 28%) and the land (approx. 160 GtC or 29%).




A year of CO and CO2 emissions

2006 / 01 / 01 Carbon Monoxide Column Abundance [1.0e18 molec cm-2] Carbon Dioxide Column Concentration [ppmv]

1.8 24 3.0 36 4.2 48 387 389 391 393 395

Global Modeling and Assimilation Office
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Changes 1n the global carbon cycle
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About 45% increase since
preindustrial times (280 ppmv)

in situ pH unit

Ocean acidification: the
other CO2 problem



Earth’s energy (1m)balance

CERES net downward radiation (W/mA2)
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Climate Change: observations

Observed globally averaged combined land and ocean
surface temperature anomaly 1850-2012

Annual average

Temperature anomaly (°C) relative to 1961-1990

IPCC, 2013



Question time



How warm is it going to be in 21007

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

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



Main questions?

How warm is it going to be in 21007?

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

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



Future climate change as a predictability problem

Decadal

predictions
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Weather
predictions
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Seasonal to
interannual
predictions

Decade

Century

Long term climate
change projections

IPCC AR5



Future Climate Change:
Representative concentration pathways
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Climate projections

GCM (Global Climate Model)

Short-wavelength (SW) solar radiation;
includes visible light

Long-wavelength (LW)
radiation; heat

Typical horizontal resolution:
ocean, sea-ice: 0.5-1 degree
atmosphere, land: 1-2 degree

CMIP
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Results: Typical projection (CMIP5)

(a) Global average surface temperature change
6.0 —mm™——————————— 1 Meanover
' 2081-2100
[ e historical
= RCP2.6
40 F e RePes -
g
| Lk
o
¥ &
- g
2.0 | . | " "
1950 2000 2050 2100
RCP 26 RCP 8.5

(a) Change in average surface temperature (1986-2005 to 2081-2100)

a




Question time



Projection uncertainties

Global, decadal mean surface air temperature
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Climate Sensitivity
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Approach

R(T, a(T))
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Equilibrium climate sensitivity
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Proxy data example: glacial cycles
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Was climate much more sensitive than today or 1s this just a
different type of sensitivity?

Data: Koehler et al. (2010)




Feedbacks on different time scales

Timescale

Years Decades | Centuries Millennia Multi-millennia /1 Myrs

#_-
Clouds, water vapour,
lapse rate, snow/sea ice

)
H, (major gas-hydrate feedback;
or example, PETM)

Vegetatio

Dust/aerosol  pust (vegetation mediated)
Entire oceans
Land ice sheets
Carbon cycle
Weathering

Plate tectonics

slow —

Biological evolution
of vegetation types

Charney sensitivity:
only fast feedbacks




How to determine Charney climate sensitivity from

proxy data?
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slow feedback

correction
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Main questions?

How warm is it going to be in 21007

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

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



Tipping elements

Tipping elements atrisk:
1°C -3°C
o 3°C-5°C

@ >5°C Greenland
Ice Sheet -
_ % Arctic summer ——
" Thermohaline
R circulation _

West Antarctic
e D

Steffen et al. (2018)



Non-autonomous fast-slow dynamical systems

f(x,y), X: state vector
— = €g(x,y), y: parameter vector (e.g. forcing)
dx
€= f(x,y),
dy
ot g(x,y),

C = {(x, y) € RI*P . f(x, y) = O}

critical manifold



Fast-slow saddle-node bifurcation
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Variance 1n fast-slow systems

dXt — f(XI’ Yf)dt + UdWI9

dYt = € dt,
e=0
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Variance increases when approaching critical conditions!
Kuehn (2011)



Early Warning Indicators

Tipping element: MOC

a b
T
} -15
‘ |
|
| 10 =z g
N[ 8 o
N Lsg ¢ £
| <
| L
|
' I \ 1 ' I ‘ 0 I T , T l | l | w I 0
0 10,000 20,000 30,000 40,000 0 1,000 2,000 3,000 4,000 5,000
200 I 2500 -0.2
£ 100 05 fv/—-M/ 0.93 1250
s 3 L
-g . i | "l:. i =2 E 625
3 10~ ‘,{, LT ',~.*,|,"n'.7,:,¢,"-‘\,l,- R |'-",".l.l"" = E =]
F{ T 09 g 5250 Lo 2
3 -0.5¢ 3 £ 9
i r @ & 100 o
= w
= = 50 .
1152 25 — AcFindicator | 087 S S O ) — ACFindicator
Sliding window (x107) - - -DFAindicator | N Y U BT O ! - - - DFA indicator
i ‘ i ‘ i : Slldln‘g wmdg)w : | . ‘ . : Jo
0 10,000 20,000 30,000 40,000 0 1,000 2,000 3,000 4,000 5,000
04 2,500 1 2.6
200 L
<100 I 10 05 25
5 = - - 2.
H -0.35 5 625 |
-r% >0 § -§ 250 0" 5
o = - =
@ 20 i 2 3 24 3§
< 2 2 -05 - 3
£ 0 0.3 g 100
5 Y s 23
1 15 2 25 - S O O I
Sliding window (x10%) A ;/,dl;}, w'ﬁ’;do,:/)\;
T T T T T T 0.25 ‘g T T T T T T T - 22
0 10,000 20,000 30,000 40,000 0 1,000 2,000 3,000 4,000 5000
Time (yr) Time (yr)

Lenton (2011)




Detected transitions in CMIP5

—
Pre-Industrial 0 1 2 3 4 11

Lowest Global Warming level of abrupt occurrence (K)

Sea ice bimodality: (a):bcc-csm1-1, (b):bcc-csm1-1-m, (c):GFDL-CM3, (d): IPSL-CM5A-LR, (e):GISS-E2-R, (f):GISS-E2-H
Upwelling change: (9):IPSL-CM5A-LR

Arctic sea ice collapse: (h):CCSM4, (i):CNRM-CM5, (j):CSIRO-Mk3-6-0, (k):MPI-ESM-LR, (1):HadGEM2-ES

Abrupt sea ice loss: (m):CanESM2, (n):CMCC-CESM, (0):MRI-CGCM3, (p):FGOALS-g2

Abrupt sea ice increase: (q):MRI-CGCM3

Convection collapse: (r):GISS-E2-R, (s):CESM-CAMS5, (t):GFDL-ESM2G, (u):MIROCS5, (v):CSIRO-Mk3-6-0

AMOC-induced collapse: (w):FIO-ESM

Permafrost collapse: (A):HadGEM2-ES Snow melt: (B):GISS-E2-H, (C):GISS-E2-R
Vegetation composition change: (D):BNU-ESM Forest expansion: (E):HadGEM2-ES
Forest Dieback: (F):HadGEM2-ES, (G):IPSL-CM5A-LR } ‘ category | Category I ) Category m category v

Drijfhout et al. (2015)



Rate-dependent tipping: beyond fast-slow

quasi-steady

(b)

finite rate ramping

S

deterministic

(c)

stochastic

static
hysteresis

no hysteresis

N-tipping

(@)

rate

dynamic
hysteresis

rate

rate-delayed
tipping

Bonciolino et al

. (2018)
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Main questions?

How warm is it going to be in 21007

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

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



Dangerous Anthropogenic Interference
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How to avoid dangerous climate change?

- Determining efficiently what happens under
different emission scenario’s

- Evaluate effects of policy decisions affecting
emissions

Need reduced model capturing warming behavior
for different actions



Linear Response Theory

dX; = (f(X) + fo(Xy,))dt + odW,

%00 =0 i %~ [ () i L(5) =0

(X)) £0 wie P=PFPe  Lelp) = -




Linear Response Theory (LRT)

COq ;,—® - AT

t
ATAF = / GT(t — S)AF(S)dS
0

Using LRT one can determine the response to any
forcing!



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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Coupling a Carbon Model

Emissions f.&ﬁ—* Cooz GP | AT
S i - i
/L N - r
(o Uncertaint o
\_{:f) y {x_T,fJ

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

e Full Reponse Function Model

t
Cco2(t) = Ccoz, +/ Geco2(T) Ecos(t — 7) dt
0

AFOOQ =A X02 111(0/00)

AT(t) :A GT(T)AFCO2(t — T)dT

e We also find:
2

Gr(t) = be /™

1=0



Carbon Model Performance
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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: RCP reconstruction
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Save Carbon Budget

Maximum Cumulative Emissions that reach a certain warming target
p(AT < Tmax) — 6

3.0
m— =10 .50
— 3 =0 .67
— 3 =10 .90
2.5 === §=0.95
s Noise-free

Q Table 3. Safe Carbon Budget (in GtC since 2015) as a function of
- threshold and safety probability §.
% 2.0
' B 05 067 09 095 Noise-free
< Thax =15K 247 198 107 60 233
1.5 A==—gf o= —— o = — = = Tmax = 2K 492 424 208 245 469

| | | | I
0 100 200 300 400 500
Es, (GtC) from 2015

IPCC-AR5: 377 - 517 GtC to likely stay below 2 K
Millar et al. (2017): 200 GtC to likely stay below 1.5 K



Point of No Return

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

o 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 <ty can be
chosen to fulfill

p(AT(tr) < Thax) = B (9)



Economy & Transition pathways

@ Extreme Mitigation (EM): From time ¢,
on, we set m =1, 1ie. £ =0.

Y = Ype N .
0€_T . @ Fast Mitigation (FM): From time t, on,
En=~oe Y both a, m increase by 0.05 per year.

E=(1-a)l-m)En g Ambitious Mitigation (AM): As FM,

but the increase is 0.02 per year.

Cco2 AT




PNR: results

1.5 K target 2.0 K target

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

N

1.5 K target, negative emissions

2.0 K target, negative emissions

0.0

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

Probability to stay below threshold
o

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 g without and with strong negative emissions.

B 0.5 | 067 | 0.9 | 095 | noise-free

Epeg none  strong | none  strong | none  strong | none  strong | none  strong

EM Tmax=15K 2038 2046 | 2034 2042 | 2026 2035 | 2022 2032 | 2037 2045
Tmax =2K 2056 2062 | 2051 2058 | 2042 2049 | 2038 2046 | 2055 2061

FM  Thmax =15K 2032 2039 | 2027 2036 | 2020 2028 | 2016 2025 | 2030 2038
Tax =2K 2050 2056 | 2045 2052 | 2036 2043 | 2032 2039 | 2048 2055

MM  Thax =15K 2022 2029 | 2018 2026 - 2019 - | 2021 2029
Tmax =2K 2040 2046 | 2035 2042 | 2026 2033 | 202 2030 | 2038 2045

(28]

Aengenheyster et al. (2018)



Question time



e Without drastic emission reductions, the Earth will have warmed ~ 3C by
the year 2100.

e CMIP5/6 GCMs are not fit for purpose to capture possible bumpy transitions ,
S0 unpleasant surprises may be ahead

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

URGENT action is needed to avoid dangerous climate change!



