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Climate tipping point — kpumuy4eckuu rnopoe 8o30elcmaeusi, 3a KOmopbkIM
KnumMamu4eckasi cucmema peopaaHu3yemcs, 0bbI4HO PE3KO U
Heobpamumo. Abrupt Climate Changes. IPCC A6 WGI AnnexViI
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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

currents (dashed curves) that form a Seidov et al,
portion of the Atlantic meridional 2025, Oceans
overturning circulation.
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ManeoknumaTuyeckue aHanor — cobbitus Dansgaard- Oeschger.
Last Glacial Period 115-12 Ky bp
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FIG. 1. Variability of the stable oxygen isotope ratio (8 ®0) during the last glacial period. In this figure and throughout the paper, kyr b2k refers to “millennia before the year
2000.” The blue line indicates the Northern Greenland Ice Core Project (NGRIP) 5'30 data with regular sampling of 20 years.” The ratio of stable oxygen isotopes "®0 and
180 (5'80) is often used as a proxy for atmospheric temperature at the site of the ice core, with more negative values indicating colder temperatures and less negative values
indicating warmer temperatures. The orange line is the benthic record'® of §'®0, which is a proxy for total global ice volume and, thus, a proxy for the background global
mean temperature. Thin gray lines indicate the observed DO events. Marine Isotope Stages (MISs) are indicated at the top of the figure.

[lepexon oT negHukoBou (stadial) k mexxneaHukoBomn dase (interstadial)
BO Bpems cobbiTuin D-O nponcxoaun 3a HECKOSTbKO AECATUNETUN.
Temnepatypa Bo3ayxa B pernoHe CesepHon ATNaHTUKK BblpacTana Ha
9-15 K 3a Bpems xun3Hm ogHoro nokoneHuns (20-30 ner).

Hobden, Ashwin & Ritchie, 2025, Chaos
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Henry Stommel, 1961 — box model
CGCM, Hosing experiments

Hawkins et al. 2011. GRL AMOC strength and heat transport for NADW shutdown simulations
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CMIP6 scenario experiments.
Shutdown after 2100.

NO prescribed freshwater perturbations
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AMOC strength and heat transport, at 26°N
Drijthout S. et al, 2025, Environ. Res.Lett.

S o o
N = O

Ocean heat transport at 26°N [PW]

o
S

1900 2000 2100 2200 2300 2400
Time [year]




OBCEPBATOPMSI

Tipping Points - Bifurcation mechanisms, 1 . < @

Bifurcation (B) Tipping points
Double-fold bifurcation

Boer N., Ghil M., Stocker T, 2022,
Environ. Res. Lett.

a) AMOC strength at 26°N

—— Forward quasi-equilibrium
—— Backward quasi-equilibrium
B Steady state

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

Community Earth System Model (CESM)

0.2 0.3 0.4 0.5 0.6
Freshwater flux forcing, Fy (Sv)




Tipping Points - Bifurcation mechanisms, 2 e < @

Noise (N) Tipping Points

Boer, Ghil, Stocker, 2022,
Environ. Res. Lett.
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Tipping Points - Bifurcation mechanisms, 3 .o f@»
S - Shock Tipping Point
Introduced by Ulrike Feudel, 2021

Klose, Donges, Feudel & Winkelmann, 2024, Earth System Dynamics

Shock Tipping Point — nepexon B HOBOE CTaTUCTUYECKN
CTalMOHapHOEe COCTOsSHME B pe3yfnbTaTte eaUHUYHOro
KaTacTpodunyeckoro BHeELLHEro BO34eNUCTBUS

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

HeonpoTteposon, 720-635 ml ya. (Sturtian n Marinoan)



Shock Tipping Points in ESM simulations rEOSUINIRCRAY
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LGM: Year 4 4 x CO3: Year 4 720 Ma (750 ppm) Year 4

4 x CO;y: Year 6 720 Ma (750 ppm): Year 6

4 x CO;3: Year 8 720 Ma (750 ppm): Year 8
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apshots of se: verage during the decade following the 200-Gt radiative forcing scenario for selected experiments. From left to right, columns show
sea ice response of th e prei dustrlal (P1}, LGM, 4 x COy, and 720-Ma (750-ppm) simulations, respectively.

Community Earth System Model version 1 (CESM1)
Stratospheric SO2 injection 200 Git.
Fu, Abbot, Koeberl & Fedorov A., 2024, Science Advances
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Kakue euie budypkaumumn?

|. Budbypkaumnm Xondpa (Subcritical & Supercritical)
ll. Budpypkaunm kopasamepHOCTH 2

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



Kputuueckue nepexofsl (TP) B Moanduumposaiiien <o
cucteme JlopeHua (MLS)

X _ Y oX Sévellec & Fedorov, 2014
- ot —od, J.Climate

or
Mosto et al, 2025, Chaos

a—Y:—XZ+rX—Y+a, Le Bras et al, 2024,

Nonlinear processes in
Geopysics

-  Double fold
bifurcation

Bogdanov-Takens CTaupmoHapHble cocToAHuA X

ifurcation
_ 2+o)3bo bifurcations B 3aBMCMMOCTM OT NapameTpoB a U r

cr 26-b '’ G &
BudypraLmMm CTaLMOHAPHbIX COCTOAHMM B 0600 WEHHOM

cucTeme SlopeHua
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—7Fold bottom
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Critical Slowdown (CSD) and Early Warning Signals.,.zzzx @

[Tpr3HaKu NpMbNMXeHNs K onacHoW rpaHuLe

B OKpeCcTHOCTSIX 0COBbIX TOYEK —
Critical Slowdown — 3ameanexnve aBuxeHun =>
YBenuyeHue gucnepcun 1 pocT aBTOKOpPEenALmMi
Formal description of fold CSD
Normal form of fold + stochastic forcing
dX = (u — X?)dt + odW,,

Tipping point: u =0
Into vicinity of stable point X; = \/u

d(X —Xy) = =2y (X = Xy)dt + odW,, Lenton et al, 2008, PNAS
— npouiecc OpHLITeHa-YneHbera, => ’ :
P
Var [X ] — 4 \/ﬁ’ Peter Ditlevsen & Susanna Ditlevsen, 2023,
Nature Communications

[porHosHoe Bpems konnanca AMOC 2057t
AC(X(S), X(t)) = exp(—Z\/ﬁ |t — SD ¢ 95% nosepur. rpaHuLamm 2025-2095.
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Splitting of trajectories and lost of climatic predictability: %

el
o

AMOC strength (Sv) at 26°
and 48°N,

GISS-E2-1-G, SSP2-4.5, 10
ensemble members.

Romanou et al, 2023,
J.Climate
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FiG. 1. AMOC strength, defined as the maximum overturning streamfunction below 500 m at (a) 26.5° and
(b) 48°N, from 10 ensemble members of the SSP2—4.5 scenario simulation. Vertical dotted lines correspond to times
of change in GHG forcing (see Fig. 2a). All fields are smoothed using a 10-yr moving average filter.

Predictability of possible storylines —

Probabilistic prediction of future attracto

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 predf&ﬁ%ﬁﬁf@
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Borner, Mehling, Hardenberg & Lucarini, 2025

Oh et al, 2025, Nature Communications



dpakTanbHOCTbL DaccenHoB
NpUTAXeHna B cucteme Lorenz-63
r=20, b=8/3, o=10
CTaumoHapHble COCTOSAHUSA
Z,=r—1, X, =Y.=+/b(r—1) = +7.12
[MputskeHne K “+” ronybon uBeT, K “-” 6enbIn
Teneckonusauus —
Beepxy X,Y guanasoH (-40, 40)
cepegH XY (-4, 4)
BHM3y XY (-0.4,0.4)

dpakTanbHble rpaHuLbl baccenHoB
aTTpakTopoB =

[loTeps npeackasyemMocTn BTOPOro poaa

Kaszas, Feudel & Tél, 2019, Scientific
reports

...fractality-induced tipping.... as a consequence of
the ubiquitous presence of fractal basin boundaries.
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