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Climate tipping point — Kkpumu4eckut rnopoa eo3oelcmeausi, 3a KOmopbIM
KrnumMamu4eckasi cucmema peopaaHu3yemcs, 0bbIYHO Pe3Ko U
Heobpamumo. Abrupt Climate Changes. IPCC A6 WGI AnnexVIl
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Tipping Elements -

Atlantic Meridional Overturning Circulation (AMOC)

Atlantic Subpolar Gyre
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Kputnueckue nepexonbl
[MponcxoaaT OTHOCUTENBHO ObICTPO
OnpenensarTca HENUHENHBIMY
npoueccamu

HeobpaTumbl

BpemeHHble macwTabbl TP -

ApendytoLime nbabl APKTUKN — rogbl (7),
Atlantic Meridional Overturning Circulation —
OECATUNEeTUA Unn cToneTus,

JlegHuKOBbIE LWNTLI — CTONETUS U ThicAYeneTus



Atlantic Meridional Overturning Circulation and
North Atlantic Deepwater Formation

warming and evaporation precipitation but strong cooling
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Figure 5. Schematic representation of AMOC and NADW formation.

Surface currents (solid curves) and deep Seidov et al,
currents (dashed curves) 2025, Oceans
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Paleoclimatic analogs — Dansgaard- Oeschger events. ZZSEZ:ZZ ,@
Last Glacial Period 115-12 Ky bp
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Hobden, Ashwin & Ritchie, 2025, Chaos

CMIP6 Scenario Experiments. Simulated Decline (Shutdown) of the AMOC

e ssp126 A ACCESS-CM2 D CanESM5 G MRI-ESM2-0
e ssp245 B ACCESS-ESM1-5  E GISS-E2-1-G H NorESM2-MM
s 55585 C CESM2-WACCM  F IPSL-CMG6A-LR 1 UKESM1-0-LL
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AMOC strength, at 26°N
Drijfhout et al, 2025, Environ.
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Tipping Points - Bifurcation mechanisms, 1 . ,@

Boje-fikd, bifrcetion Bifurcation (B) Tipping points
Double-fold bifurcation

Boer, Ghil, Stocker, 2022,
Environ. Res. Lett.

Pioneering research
Henry Stommel, 1961, Tellus

a) AMOC strength at 26°N

Volume transport (Sv)

van Westen, Vanderborght, Kliphuis &
Dijkstra, 2025, JGR: Oceans

Rt Community Earth System Model (CESM)

Freshwater flux forcing, Fy (Sv)




Tipping Points - Bifurcation *—@
mechanisms, 2
Noise (N) Tipping Points

Boer, Ghil, Stocker, 2022,
Environ. Res. Lett.
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critical rate

tracking repelling
R-tipping threshold
at critical rate

Wieczorek et al,
Moving Stable ggare l-r.':r:kling Ht::'hlﬂlﬁ.mrm 2023,
3 EOW CrItical rate . .
Nonlinearity

State of the system

Time-varying external input
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Tipping Points - Bifurcation mechanisnis;::: G

3 S - Shock Tipping Point

Ulrike Feudel, 2021
Shock Tipping Point — nepexoa B HOBOE CTaTUCTUYECKN
CTauMOHapHOE COCTOsIHME B pe3yrbTaTte eAUHUYHOro
KaTacTpoMniYecKoro BHeELLHErO BO3ENCTBUA

S-tippings on the Cretaceous-Paleocene boundary 66.5 ml ya.
Brunetti & Ragon, 2023, Phys. Rev. E

Fu, Abbot, Koeberl & Fedorov A., 2024, Science Advances
The Cryogenian of Neoproterozoic, 720-635 ml ya. (Sturtian n Marinoan)
Community Earth System Model version 1 (CESM1)
Stratospheric SO2 injection 200 Gt.
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Tipping Points — Bifurcation Mechanisms, 4

|. Subcritical & Supercritical Hopf Bifurcations
ll. Codimension 2 Bifurcation

1. Fold-Hopf bifurcation
2. Bogdanov-Takens bifurcation

Sinet, Ashwin, von der Heydt &
Dijkstra, 2024, Earth System

Dynamics

Alkhayuon et al, 2019,
Proceedings of the Royal Society A



Tipping Points in Modified Lorenz Systemsi é@

Sévellec & Fedorov, 2014
J.Climate

Mosto et al, 2025, Chaos

Le Bras et al, 2024,
Nonlinear processes in
Geopysics

1. Double fold bifurcation

3
2./b(r—1)"2
a=+= Stationary states of X as a function of
3\/5 parameters a and r

2. Subcritical Hopf bifurcation BEvdypraLmmM CTaLMoHapHbIX COCTOAHMIA B 0606 WeHHoM
cucteme fNlopeHua

100
3. Bogdanov-Takens bifurcations

30b+2(0+b) — Fold upper
Ver = 2o—b ) —~Fold bottom
o ——Hopf bottom
3 -
) ——Hopf upper
- 2fo+1)2
Aor =+ 25 (ZO'—b)




Critical Slowdown (CSD) and Early Warning Signals::ue &

CSD into vicinity of bifurcation points —
Increase of variance and autocorrelation

Formal description of fold CSD
Normal form of fold + stochastic forcing
dX = (p—X?)dt + cdWw,,

Tipping point: u =20
Into vicinity of stable point X; =./u

PNAS
d(X—X1) = —2/u (X—X,)dt + odW,,
— npouecc OpHwTenHa-yneHbera, =>
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Antarctic sea-ice extent

I/ ar [X] 4\/_, ~ Hes0 1985 1990 1995 2000 2005 2010 2015 2020 2025
‘Ll Year

Monthly Antarctic Sea Ice Extent

AC(X (5),X (8)) = exp (=2 |t—s]). Anomalies
Abram et al, 2025, Nature




Splitting of trajectories and lost of climatic predictabitity @
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T 55126 TN 5sp245 2@ W ssp585

AMOC strength (Sv) at 26°N,
. | GISS-E2-1-G

v ,/}};‘3\:%:‘,,;, Romanou et al, 2023,
N/ ;//*/ | M| JClimate

\ : Drijfhout et al, 2025, Environ.
| Res.Lett.
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Predictability of possible storylines

Ensemble of 100 simulations, uniformly placed initial

conditions for t = =100 yr to a quadrupling of CO2 in the
period 0—75 yr and halving thereafter;

AT - the change from the mean temperature before the
forcing. If AT >5red, If AT <5 blue.

GEBM of Budyko—Sellers—Ghil type + Lorenz 63 as forcing

Lohmann et al, 2024, Journal of Physics: Complexity




Splitting of trajectories and lost of climatic predictafility-=\
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Design of CO2 stabilization simulations and
their AMOC response. CESM-1

AMOCstr, 4500
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#3 (450yrs)
— EXP110,Collapse ¥
= EXP2110. Recovery

Oh et al, 2025, Nature Communications

AMOC in PlaSim-LSG under three SSP
scenarios from 2000 to 3000 CE.

Borner, Mehling, Hardenberg &
Lucarini, 2025



dpakTanbHOCTb HaccenHoB
NpUTAXXeHna B cucteme Lorenz-63
r =20, b=8/3, o=10

CTaumoHapHble COCTOSAHUS

Z.,=7r-1, X, =Y.=%.b (r—1) =+7.12

[MputskeHne K “+” ronybon uBeT, K “-” 6enbIu
Teneckonusaumnsa —

Beepxy X,Y guanasoH (-40, 40)
cepeaH XY (-4, 4)

BHM3y XY (-0.4,0.4)

dpakTanbHble rpaHnubl baccenHoB
aTTpakTopoB =

[ToTeps npeackasyemocTtu BToporo poaa (!)
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Climate Tipping Points —y4acTtb Nonlinear Climate Theory

Teopus Knumata Teopus HennHenHbix CTtaTtnctunyeckas

NunHamuyecknx Cucrtem domnsmka

KoHuenuwua TP KpacuBa, NHTepecHa, MHororpaHHa

bnarogapto 3a BHMMaHue!



