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The Atlantic Meridional Overturning Circulation (AMOC), a tipping element
of the climate system, currently has an estimated global warming threshold
for collapse of +4.0 °C (uncertainty range 1.4-8 °C). However, such a

threshold may not be meaningful because AMOC stability depends on the
rate of radiative forcing change, not a set temperature. Here we identify

an AMOC stabilizing mechanism that operates on timescales slower than
present-day warming rates. Slow forcing permits coherent adjustment of
surface and interior ocean properties, supported by enhanced evaporation
and reduced sea-ice extent, counteracting destabilizing feedbacks. Using
aslow CO, ramp (+0.5 ppm yr™) climate model simulation, we explicitly
demonstrate the AMOC remains stable up to +5.5 °C of global warming.

By contrast, under faster CO, ramps, the AMOC collapses at substantially
lower warming levels (+2 °C). Our findings demonstrate rate-induced AMOC
tipping and imply that limiting the rate of emissions s critical for reducing
therisk of an AMOC collapse.

Earth’s climate system contains various tipping elements in the bio-
sphere, cryosphere and hydrosphere'. These tipping elements may
undergo atransition upon exceedinga critical forcing, often expressed
as global warming thresholds’. For the Atlantic Meridional Overturn-
ing Circulation (AMOC), the threshold for acollapse is estimated to be
at global warming levels of +4 °C, with arange from +1.4 °C to +8.0 °C
(ref. 2). In particular, the lower bound of such estimates is important
for society to identify safe operating spaces that minimize the risk of
disruptive climate change®*.

However, estimating a critical warming threshold for the AMOC
poses several challenges, from limited palaeo-climatic evidence and
simulated tipping events to model biases causing large uncertaintyin
the AMOC response to radiative forcing> . A key underlying assump-
tion behind such a threshold is that the present-day AMOC state will
lose stability if the corresponding warming level is exceeded, triggering
the onset of a collapse"*®. Combining this assumption with the future
warming levels projected by models forced with the Shared Socioeco-
nomic Pathways (SSPs), it seems possible to determine whenan AMOC
collapse would begin.

Yet, many results indicate that the evolution of the AMOC depends
ontherate of radiative forcing change—in observations’, in conceptual
climate models™, in early global climate models" and recently in a

low-resolution Earth system model™. In addition, modelling studies
have found sustained strong AMOC states in very warm climates" ¢,
for example under doubled or quadrupled CO, levels. While studies
have emphasized the forcing rate effects on the magnitude of AMOC
weakening"", the question whether the forcing rate alone can deter-
mine AMOC tipping has been less investigated. An early study, using
azonally averaged three-basin ocean model'®", demonstrated that a
faster rate of radiative forcing can indeed collapse the AMOC while a
slower forcing rate does not. This is one of the first examples showing
rate-dependent tipping'®" of the AMOC, meaning that it fails to track
its current stable state for sufficiently fast forcing change.

An additional problem with awarming threshold is that the main
destabilizing feedback mechanism of the AMOC may operate inde-
pendently of global temperatures. While certain tipping elements
(for example, the Greenland Ice Sheet and West Antarctic Ice Sheet)
arelosing stability directly due to higher temperatures® >, the AMOC
is destabilized through the salt-advection feedback®"?. This feedback
canbetriggered by natural climate variability’** and thermal or haline
changes in surface buoyancy fluxes over the North Atlantic Ocean® ™,
Much progress has been made in assessing the stability properties of
the AMOC withrespect to varying surface freshwater forcing®*, which
inisolationrequires unrealistically large freshwater inputs to collapse
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the present-day AMOC’. However, the present-day AMOC is exposed to
substantial changesin radiative forcing, impacting both freshwater and
heat forcings. This anthropogenic forcingis expected to substantially
weaken the AMOC***° and possibly trigger a collapse?**>*'. Nonethe-
less, the interacting effects of changing heat and freshwater fluxes
under global warming remain insufficiently understood.

Motivated by these issues with a global warming threshold for
an AMOC collapse, we here investigate the radiative forcing path
dependence of AMOC tipping in the Community Earth System Model
(CESM, version 1.0.5) and several models participating in the Coupled
Model Intercomparison Project (CMIP) phase 6. Starting fromarecent
quasi-equilibrium freshwater flux simulation with the CESM, in which
an AMOC collapse has been found®, we extend earlier work on rate
dependence in more detail'®” and beyond AMOC weakening"'>. We
demonstrate that sufficiently fast forcing can cause an AMOC col-
lapse without crossing a tipping threshold in CO, or warming levels,
questioning the suitability of global warming thresholds for assessing
AMOC tippingrisk.

Stable AMOC under extreme climate change

We will present an in-depth analysis of a slow CO, ramp simulation
(+0.5 ppm yr™) withthe CESM, together witha comparison using faster
CO, ramps (+2.5 ppm yr*and +5.0 ppm yr™) and also different Repre-
sentative Concentration Pathway (RCP) scenarios; the results for the
RCPscenarios were already presented previously**. All climate model
simulations are initialized from a quasi-equilibrium hosing simula-
tion performed under constant pre-industrial (PI) radiative forcing
conditions**2 This PI hosing simulation reveals a bistable AMOC
regime, consistent with evidence suggesting that the present-day
AMOC resides insucharegime®.

In the quasi-equilibrium Pl hosing simulation (Fig. 1a), an addi-
tional freshwater flux (F,,) was gradually applied over the North Atlantic
Ocean (20° N-50° N) and this forcing was compensated elsewhere (at
the oceansurface) to conserve oceansalinity. Qualitatively comparable
responses are found under small variations in hosing location™*>** and
inthe applied compensation protocol**~*¢, but both choices do influ-
ence quantitative thresholds. For this CESM version and protocol, a
tipping point (thatis, asaddle-node bifurcation) is located at f,;= 0.5 Sv
(ref.7). The existence of a tipping pointin freshwater forcing is consist-
ent with results across a hierarchy of climate models*****%, Note that
the AMOC tipping threshold is found at large F,, values, about 65 times
the present-day melt rate of the Greenland Ice Sheet®, whichis related
to persistent climate model biases*****°. The real AMOC is probably
closer toatipping point””, and animposed background hosing should
be regarded as a bias correction for AMOC stability.

Statistical equilibria (that is, attracting steady states with
time-invariant statistics) were obtained at multiple hosing strengths
by branching off at selected values of F,;and integrating for 500 years
at fixed Fy, = F, (refs. 7,30). The steady states have a radiative imbal-
ance close to zero, meaning that any remaining model drift is smaller
than internal climate variability®, and are also shown in Fig. 1a for
Fy = 0.18 Svand F,, = 0.45 Sv.Inthe following, we will use the PIsteady
state witha strong AMOC at Fy; = 0.45 Svas areference, which we refer
toas PI3s (last 50 model years). This reference state lies in the destabiliz-
ing regime of the salt-advection feedback and is hence more prone to
AMOC transitions than at F; = 0.18 Sv (ref. 7). While reducing fresh-
water biases, this choice alsoimplies aweaker AMOC strength (13 Sv)
thaninobservations (-17 Sv)***,

Different radiative forcing simulations were branched from the
end of PI§s, keeping Fy, fixed. The historical forcing (1850-2005) was
followed by three RCP (2006-2100) simulations. These RCP scenarios
were subsequently continued to model year 2,500 under their fixed
greenhouse gas and aerosol concentrations of the year 2100 (Fig. 1b).
Thiswas done to determine statistical equilibria reached after different
climate change scenarios®*. The AMOC recovers under RCP2.6, while

the AMOC collapses under RCP4.5and RCP8.5. Note that this does not
guarantee that the AMOC will remaininacollapsed state beyond 2500
under these fixed climate change conditions” . Consequently, it
remains unclear whether the AMOC crosses asaddle-node bifurcation
under radiative forcing increase, while strong evidence points to this
beingthe case underincreasing F, (ref. 7) (Fig. 1a). Hence, we avoid the
term ‘tipping point’ and instead refer to transitions to a persistently
weak alternative state as ‘AMOC collapse’. We determine the timing of
the collapse onset using modern AMOC theory (Methods;
Extended Data Table 1). Even if the AMOC would eventually recover
under fixed climate change conditions, the AMOC-induced impacts
are considerable over the 300-year period (model years 2,200-2,500)
with very weak AMOC strengths®**,

For RCP4.5(RCP8.5), the collapse onset occurs around model year
2,110 (2,060), when the global mean near-surface temperature (GMST)
anomaly is +2.19 °C (+2.78 °C) compared with the historical period of
1850-1899**. The GMST anomaly difference of 0.59 °C between RCP4.5
and RCP8.5 highlights adependence on the radiative forcing agent (for
example, CO,, methane and aerosols) pathways that are relevant for
AMOC responses®*®, which was previously demonstrated for a
low-resolution version of the CESM™. Note that AMOC tipping under
radiative forcingis also dependent on the background F,;, as the AMOC
recovers under RCP4.5 and F,; = 0.18 Sv (ref. 34); this simulation will
alsobe analysed below.

To further test the sensitivity of estimated warming thresholds
for an AMOC collapse onset, we performed three different CO, ramp
simulations (again at fixed F,; = 0.45 Sv), where the CO, concentration
increases from the Pl level of 284.7 ppm (=1 x PICO,) at acertainrate.
We choose a linear increase instead of the more common approach
using exponential growthrates (for example, ref.12). This avoids very
high CO, levels (22 x PICO,) and large CO, growth rates (>100 ppm yr™)
in our multicentennial simulations. Starting from the end of PI§s, we
linearly increased the CO, concentration up to4.07 x P1CO, (Fig.1c,d)
with rates of +0.5 ppmyr™ (black curve, 1,750 model years),
+2.5 ppm yr~ (blue curve, 350 model years) and +5.0 ppm yr™* (red
curve,175model years). For reference, the current CO, rate of increase
at the Mauna Loa Observatory is +2.6 ppm yr™ (2015-2025 average).

The AMOC collapses for both the +2.5 ppm yr*and +5.0 ppm yr™*
caseswithanassociated GMST anomaly of +2.02 °C and +1.99 °C com-
pared with PI§s, respectively (Extended Data Table 1). By contrast, in
the slow ramp of +0.5 ppm yr™, the AMOC remains stable far above this
apparent +2 °Cthreshold, reaching +5.5 °C over the last 50 model years.
Thisisanimportantindicationthat AMOC tipping under global warm-
ing candepend solely onthe forcingrate, for which the trajectories fail
totrackastable equilibrium under fast radiative forcing changes. This
is corroborated by the radiative imbalance at the top of atmosphere
(TOA; Fig. 1d, inset), where TOA remains stable at +0.5 W m™ for the
slow ramp, meaning that the climate system can reasonably track the
shifting equilibrium under global warming. For the faster ramps, the
TOA imbalance increases throughout the simulations, indicative of a
climate system that is departing further from equilibrium. Note that
thewarminglevel upto2 xPICO, (Fig.1c, inset), for which all cases still
exhibitarelatively strong AMOC, is larger for slower rates owing to the
fact that the climate system has more time to warm, allowing slow
amplifying climate feedbacks (for example, sea-ice melt) to contribute.
Thewarmingrates (up to 2 x PICO,) are of course faster in +5.0 ppmyr™!
(+2.95 °C per century) than in+0.5 ppm yr™ (+0.39 °C per century).

Density changes under slow warming

In the following, we examine the slow CO, ramp simulation

(+0.5 ppmyr?)ingreater detail to understand why the AMOC remains

stable under extreme global warming. For convenience, we mostly

reportthe slow CO,rampin modelyearsrather thanin units of PI CO..
The AMOC in depth coordinates and meridional heat transport

for model years 1-50 (= 1 x PI CO,) and 1701-1750 (= 4 x P CO,) are
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Fig.1| Climate model simulations with the CESM. a, The AMOC strength
(at26°Nand 1,000 m depth) for the quasi-equilibrium Pl hosing simulation,
including four steady states (error bars indicate the mean value, including
minimum and maximum values of last 50 model years). b, The AMOC strength for
the historical and three extended RCP scenariosand F; = 0.45 Sv. Inset: the GMST
anomaly compared with the historical period 1850-1899. ¢,d, The AMOC strength
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for the different CO,ramps and F; = 0.45 Sv against CO, concentration (c)and
against GMST anomaly (d) (compared with PI3%), including the corresponding
GMST values of AMOC collapse onset (Extended Data Table 1). Insets: the GMST
anomaly (c) and the TOA radiative imbalance (d), with horizontal axes in units of
PICO,concentration. Inall panels, the thin curves are yearly averages, whereas the
thick curves are smoothed versions (25-year moving averages).

shown in Extended Data Fig. 1a,b, respectively. The overall overturn-
ing structures and meridional heat transports do not change much,
although the depth of the northward overturning cellbecomes smaller
fromabout 2,800 m depth (model years 1-50) to about 2,400 mdepth
(modelyears1,701-1,750). The AMOC in density coordinates shifts to
lighter water classes between the two periods (Extended Data Fig. 1¢,d),
with the section-averaged depth levels of 20 m, 500 m and 3,000 m
getting lighter by about 0.90 kg m=, 0.65 kg m~ and 0.25kg m™,
respectively. The relatively light water masses near the surface are
becoming lighter more rapidly than the relatively heavy water masses
atdepth, whichisrelated to the greater warming closer to the surface
(Extended Data Fig. 1e). The salinity increases over most parts of the
Atlantic Ocean (Extended Data Fig. 1f), which makes water masses
more dense and, hence, partially compensates the warming-induced
response of the density.

Water mass transformation (WMT; Methods) primarily takes place
over the isopycnal outcropping region (here defined as 40° N-65° N)
inthe North Atlantic Ocean, which s crucial for sustaining an adiabatic
AMOC*"*8, Under the assumptions of thermal wind balance”” and that
WMT mainly takes place near the surface, the adiabatic AMOC can be
reconstructed from surface buoyancy fluxes® % Indeed, the AMOC at
40° N in density coordinates (¥,) and the surface-forced AMOC
between 40° N and 65° N (¥,,,s = Wynr(40° N)-¥,,1(65° N)) closely
resemble each other (Fig. 2a, red and black curves, respectively).

The surface-forced AMOC is mainly driven by oceanic heat loss to the
atmosphere, whereas freshwater fluxes have a limited contribution
(Fig. 2a, yellow and blue curves), consistent with observations®.
Surface-induced WMT rates that contribute to the water supply of the
North Atlantic Deep Water (NADW) are found for density classes of
0, 2 05%(ref. 34): Wgy 1(07™) — gre(05°). Here, 03'*is the density level
of the maximum AMOC strength at40° N (Fig. 2a, dashed red line) and
Psurf(05°) = 0.Hence, the reconstructed AMOC strength from surface
buoyancy fluxesis then defined as Wnapw (£) = Psyr(052(¢)), which can
alsobe decomposedintoathermal (J/]\fADW) and haline (WﬁADW) contri-
bution. Note that ¥y,p approximates the actual AMOC strength
(Fig. 2d), because Wy, does not consider subsurface mixing and
volume tendencies®*. WMT contributions outside the 40° N-65° N
latitude band are relatively small**.

The quantity Wy, is useful as near-zero values indicate that an
adiabatic AMOC cannot be sustained*. The Wy, remains relatively
large throughout the slow CO,ramp (Fig. 2b), whichis expected given
that the AMOC tracks the shifting equilibrium under global warming.
To understand this Wy,py response, we first analyse the 07 (Fig. 2b,
inset), whichis shifting to lighter density classes. To keep the adiabatic
pathways open, the surface density in the sinking region (40° N-65° N)
needs to change atacomparablerate as 07, whichis indeed the case
(Fig.3a). Theretreating sea-ice cover further activates additional sink-
ingregions over the first 800 model years (Fig. 3a, inset), which will be
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65° N) surface buoyancy flux, decomposed into the heat and freshwater fluxes.
d, The Wy, differences compared with P13s, including the temperature and
salinity contributions. The differences for the maximum AMOC strength at 40° N
arealso shown. The time series in b-d are smoothed through a 25-year running
mean (to reduce the variability).

discussed in more detail below. This coherent surface and interior
response is found for the RCP2.6 simulation (Fig. 3b). However, for the
faster CO,ramps, aswellas RCP4.5and RCP8.5 simulations (Fig. 3c-f),
the surface sinking region is getting lighter faster than 07'**, and this
closes the adiabatic pathways. For these AMOC collapse cases,
near-zero values of Wy, (Fig. 3g,h) happen when the AMOC strength
is strongly reduced (55 Sv). This demonstrates that rate-dependent
effectsareimportant not only for AMOC weakening?but also for AMOC
collapse scenarios.

The Wy,pw remains sufficiently large and evenincreases during the
slow CO, ramp simulation. It would, by construction, remain unchanged
under a uniform shift in the ocean’s potential density, meaning that
Wyapw Variations are then linked to surface buoyancy fluxes changes
(B Fig. 2¢). In the slow CO, ramp, the quantities ¥y,pw and B, are
closely related (R*=0.896), but note that a part of B, does not supply
water to the adiabatic AMOC pathways. Both surface heat fluxes (BmeX)
and surface freshwater fluxes (Bﬁux) decline over time, resulting in
larger W1, and W3, . respectively (Fig.2d). Theinitial AMOC weak-
ening during the first 300 model years is attributed to changing heat
fluxes, whereas freshwater fluxes have the opposite response.

The B, framework also allows identifying stabilizing and desta-
bilizing factors. For the surface heat fluxes in the slow CO, ramp
(Extended Data Fig. 2a), the dominant contributions come from more
outgoing longwave radiation (stabilizing) due to higher sea surface
temperatures, more latent heat release (stabilizing) due to enhanced
evaporation rates, and more shortwave absorption (destabilizing)

due to a lower albedo. The North Atlantic sea-ice extent retreats
northwards under higher temperatures (Extended DataFig. 2b, inset)
and this limits sea-ice insulation effects that tend to destabilize the
AMOC®**%, Another stabilizing sea-ice effect is the reduced melting
contribution to the surface freshwater flux (Extended Data Fig. 2b),
with the sea-ice contribution also being rate dependent'>*. This
sea ice forms around Greenland and by advection ends up in the
40° N-65° N latitude band, where it melts during boreal spring?’.
Enhanced evaporation (stabilizing) and precipitation (destabiliz-
ing) also have a substantial contribution, but their opposing effects
compensate to about zero. The remaining By, components have a
relatively small contribution.

Almost all B, components have the opposite response in the
faster CO, ramps (Extended Data Fig. 2c-f) compared with the slow
CO, ramp; the faster CO, ramp responses are very similar to those
under RCP4.5and RCP8.5 (for the RCPs, see refs. 34,67 or online mate-
rial). Recent work suggests that a sign change in By, (from negative to
positive) can be used to indicate the onset of the AMOC collapse®*°%,
whichisindeed the case for the faster CO, ramps, RCP4.5 and RCP8.5
(Extended DataFig. 2g,h). By contrast, amore negative B, indicates a
relatively stable AMOC in the slow CO, ramp and RCP2.6 simulations.
Like the evolution of B,,, the buoyancy transfer'® from the surface to
thedeep oceanis also strongly timescale dependent, as captured by the
bulk buoyancy frequency, which measures the degree of stratification
inthegiven depthrange (Extended DataFig.4). In the faster CO,ramps,
the stratificationin the upper 1,000 mincreases much more strongly
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monthly surface potential densities are heavier than o], which is subsequently
converted to yearly averages. The results are for the CO, ramps (a,c,e) and
historical and RCP scenarios (b,d,f); all have H = 0.45Sv.g,h, The ¥y, for the
CO, ramps (in units of P1CO,) (g) and historical and RCP scenarios (h). All time
series are smoothed through a 25-year running mean to reduce the variability.

inabsolute values and relative to the deep ocean (which also becomes
more stratified), compared with the slow CO, ramp.

In the slow CO, ramp, the AMOC strength undergoes a relatively
rapidincrease by about 3 Svaround model year 800 (Fig. 1c), whichis
related to the retreating sea-ice extent over the North Atlantic Ocean.
Upon initialization from PIg3, the sea ice extends relatively far south
(Extended DataFig.3a), owing toaweak AMOC strength of about 13 Sv
under the background hosing of F,; = 0.45Sv. Sea ice limits ocean-
atmosphere exchange and deep convection®; hence, the mixed layer
depthis relatively shallow (<100 m) where sea ice is present. Impor-
tantly, thereisinitially no deep convection over the Labrador Sea due
to the extensive sea-ice extent. When sea ice retreats poleward under
higher temperatures, the Labrador Seabecomes less sea-ice covered,
and this allows for a deeper mixed layer (Extended Data Fig. 3b-d).
Vertical mixing brings relatively warm subsurface water masses to the
surface, strongly contributing to the retreating sea-ice extent over the
Labrador Sea, and giving rise to nonlinear responses under the linear
CO, ramp. Labrador Sea deep convection starts from model year 770
and onwards, followed by the 3-Svincrease in AMOC strength around
model year 800. The role of deep convection in WMT rates is quite
complex®, and this convection certainly plays an important role in

modulating AMOC strength and collapsing the AMOC™. Hence, we
expect that the 3-Svincrease can only be found when additional deep
convectionsites are activated as aresult of retreating seaice.
Insummary, the analysis of the CO, ramp simulations and compari-
sonwiththe RCP scenarios (Fig.3) show that the oceanresponse to radi-
ative forcing changes depends qualitatively on the forcing rate. In the
slow CO,ramp, inwhichthe atmopsheric warmingrate is (much) smaller
than in the faster CO, ramps, RCP4.5 and RCP8.5, the AMOC remains
stable up to +5.5 °C warming. In fact, from the ¥, and By, analysis,
we conclude thatthe AMOC is getting more stable in warmer climates.

Freshwater budget under climate change

Ultimately, an AMOC collapse is caused by net freshwater accumula-
tion over the northern North Atlantic and is driven by the destabilizing
salt-advection feedback* . This feedback can be activated by noise,
freshwater perturbations or transient climate change®”>"*>*, There
is also a heat-advection feedback that tends to stabilize the AMOCZ,
butits effect is smaller than that of freshwater accumulation when
expressed in terms of ocean buoyancy** (Extended Data Fig. 4a,c,e).
Hence, we focus on the freshwater convergence between 40° N and
65°N (Fig. 4; Methods).
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For the slow CO, ramp, the total freshwater convergence AF,
remains fairly constant over the first 800 model years and thereafter
slightly increases (Fig.4a). The total convergence is decomposed into
its contributing factors, indicating that the overturning convergence
isdeclining (AF,,, thatis, salinifying) while being balanced by the azonal
(gyre) convergence (AF,,, thatis, freshening). The declining AF,, values
are consistent with the relatively large salinity increase south of 40° N
(Extended Data Fig. 1f), such that the AMOC imports net salinity into
the 40° N-65° N latitude band. However, these responses of AF,, and
AF,, cannot explain the lower freshwater content (W, thatis, salinifying;
Fig. 4b) when considering the constant AF,,, over the first 800 model
years. These declining values of W are primarily driven by a smaller
freshwater input through the surface (F,,,), which was extensively
discussed above (Extended Data Fig. 2).

The freshwater budget over 40° N-65° N evolves completely dif-
ferently for the faster CO,ramps (Fig.4c—f). The AF,, is strongly increas-
ing and, together with net freshwater accumulation over the upper
1,000 m, isindicative of the dominant and destabilizing salt-advection

feedback that causes the AMOC to collapse. Similar to the slow CO,
ramp, AF,, has the opposite response to AF,,, but now AF,, is removing
the freshwater anomalies from the latitude band. The salt-advection
feedbackis triggered once the AMOC becomes sufficiently weak, with
theinitial AMOC weakening driven by anincrease in the thermal com-
ponent Bgux , while Bﬁux exhibits the opposite response
(Extended Data Fig. 2g). In other words, the surface freshwater fluxes
do not generate a convergence of freshwater anomalies, as reflected
by the slight decline in F,, before the strong increase in AF,,. The
freshwater accumulation over the upper1,000 m (Wmom) inthefaster
CO, ramps has the opposite sign when comparing with the slow CO,
ramp (Fig. 4g). This dichotomy is also evident among the RCP scenarios
(Fig. 4h). Lower values of Wwom are therefore indicative of increased
AMOC stability”®, but should be considered with care as they can be
compensated by temperature responses (Extended Data Fig. 4a).
Increasing values of ¥y,,w, together with decreasing values of By,
and W01, suggest that the AMOC becomes more stable during the
slow CO, ramp. The strength of the salt-advection feedback, which
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relatesto AMOC instability, is quantified by the AMOC-induced fresh-
water transportat34°S, thatis, F,,s. The use of F,,sas astability indica-
toris derived fromthe entire Atlantic freshwater budget (34° Sto 65° N)
andis appropriate only under (quasi-)equilibrium conditions**”". This
assumption certainly does not apply for the faster CO, ramps (Fig. 1d,
inset) nor the RCP4.5and RCP8.5scenarios®*. The global warming rate
inthe slow CO,ramp is on average 0.03 °C per decade, about a factor
of 10 slower compared with that in the CO, ramp of +5.0 ppm yr™, the
RCP8.5 scenario over the twenty-first century, and the currently
observed warming rate’>”>,

To further explore whether AMOC stability increases in the slow
CO,rampsimulation, the Atlantic freshwater budgetis shownin Fig. 5a.
The Atlantic freshwater content is decreasing (that is, salinifying) in
warmer climates, which is driven by the surface freshwater fluxes and
is partially being opposed by the horizontal freshwater convergence.

We first analyse the surface-driven contribution, as the conven-
tional thought is that global warming increases precipitation minus
evaporation (P — E) over the North Atlantic. While precipitation
increases over most of the ocean, indicative of an enhanced hydro-
logical cycle, evaporation likewise increases over all ocean surfaces
(Extended Data Fig. 5a-e). Over the Atlantic basin, this leads to a net
negative P - £ anomaly, with a portion of these freshwater anoma-
lies is transferred via atmospheric bridges to other basins. Note that
thereisalsoaconsiderable sea-ice contribution at the higher latitudes
(Extended Data Fig. 5f). The total surface freshwater flux response is

opposite compared with that of the Pl hosing simulation®, meaning
that the (slow) climate change forcing is effectively areversed hosing
experiment (in terms of freshwater forcing).

Next, we analyse the Atlantic freshwater convergence, which is
again decomposed into its dominant contributing factors (Fig. 5b).
While AF,,is mostly contributing before model year 800, AF,, thereafter
also contributes. Theincrease in AF,, is primarily caused by a declining
gyre freshwater transport at 65° N over the first 800 model years, after
which AF,, stabilizes (Extended Data Fig. 6b). This response appears to
be related to the retreating North Atlantic sea-ice extent. The fresh-
water transport by the overturning component at 34°S, F,, starts to
contribute after model year 800 (Extended DataFig. 6a), whichisalso
reflected by the salinity responses at 34° S (Fig. 5¢,d).

The salinifying NADW means that the AMOC is exporting salinity
anomalies out of the basin, resulting in a larger F,,s and indicative of
increased AMOC stability. These salinity anomalies are formed in the
northernNorth Atlantic Ocean (Fig. 4b) and amajor pathway for these
anomaliestoleave the Atlantic basinis viathe deep westernboundary
current (DWBC). The salinity over the DWBC at 34° S increases mono-
tonically (Extended Data Fig. 6¢,d), but note that the salinity acrossthe
entire zonal extent takes longer to adjust, explaining why these salinity
anomalies become more pronounced after model year 700 (Fig. 5d).
The resulting effect is that F, is increasing (Extended Data Fig. 6e),
meaning that the salt-advection feedback becomes weaker”. Increased
F,s variance is also indicative of a stronger salt-advection feedback
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and, hence, aless stable AMOC*”, In the slow CO, ramp, the F, vari- Sufficiently slow climate change allows coherent oceanic adjust-
ance declines (Extended Data Fig. 6f), which also suggestsincreased ment (Fig. 3), thereby preventing an AMOC collapse in the first place.
AMOC stability. In addition, changes in the Atlantic freshwater budget reveal that the

The salinifying NADW is therefore an important fingerprint for  AMOC becomes more stable in warmer climates. Importantly, this
increased AMOC stability, which is being explored in CESM under AMOC stabilizing mechanism adjusts over centennial timescales,
the RCPs and GISS-E2-1-G under the SSPs (that do not exhibit AMOC  which is set by the propagation of NADW salinity anomalies out of
collapses; Extended Data Fig. 7). The DWBCisindeed salinifyinginall  the Atlantic Ocean. The different timescales on which climate change
climate change scenarios. However, the salinifying NADW is foundonly  induces AMOC weakening (years to decades) and AMOC stabilization
under the higher-emission scenario, which is related to adjustment  (centuries) explain why the AMOC may collapse under climate change.
timescales and/or the GMST anomaly. For the latter, a higher GMST  Consequently, we conclude that the AMOC collapse observed under
anomaly results in a saltier NADW and DWBC, which was explicitly  faster CO, ramps and higher RCP scenarios is rate-induced: it occurs
demonstrated for the slow CO, ramp. because the warming rate exceeds a critical threshold, without the

We also test whether a salinification of the NADW occurs in  global warminglevel crossing a critical threshold.
the remaining CMIP6 models under the extended SSP1-2.6. Most
CMIP6 models show an increase in the DWBC salinities, but againthe Dynamical perspective
NADW responses are less pronounced (Extended Data Fig. 8). The  Itremainsunclear whether the AMOC could cross an equilibrium bifur-
IPSL-CM6A-LR is the only model where the DWBC and NADW become  cationunder anthropogenic climate change. Addressing this question
fresher by 2300. Most CMIP6 models align qualitatively withour CESM  requires additional quasi-equilibrium simulationsin the forcing space
results, suggesting increased stability of the strong AMOC steady state  ofimposed freshwater fluxes and radiative forcing. Moreover, the AMOC
under warmer climates. Note that the near-surface fresheningat34°S  response depends on the background climatesstate, for example on F,;
(Fig. 5d) is also contributing to increasing F,,s values in the slow CO, (ref.34),and sensitivity experiments with models like the CESM require
ramp (Extended Data Fig. 6e), but there is a large intermodel spread,  substantial computational resources. Therefore, we here use afive-box
probably related to differences in ocean-atmosphere interactions, oceanmodel of the Atlantic basin (Extended Data Fig. 9a; Methods) to
Agulhas leakage and model resolution used*’”, conceptualize the forcing path dependence of AMOC tipping.
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The box model has been shown to capture the essential AMOC
dynamics of the CESM’. In our context, the two main forcing parameters
are the freshwater flux forcing (£,) and the atmospheric temperature
anomaly over the subpolar Atlantic box (AT?). The effects of global
warming are incorporated by increasing AT: to lower the meridional
atmospheric temperature gradient between the lower and higher lati-
tudes, mimicking polar amplification’. For each AT% increment of
0.1°C, we calculate the steady states and bifurcations of the box model
using continuation techniques, with £, as the bifurcation parameter.
The modelfeatures abistable AMOC regime bounded by saddle-node
bifurcations, which can be crossed in both forcing directions (£, and
AT?). The saddle-node bifurcation shifts in freshwater forcing
space from E, = 0.486 Sv for AT? = 0°to E, = 0.342 Sv for ATE = +5°
(Extended DataFig. 9b).

First, consider cases with fixed £, > 0.342 Sv. The AMOC always
collapses under animposed warming anomaly of AT% = +5° or more,
since the AMOC on’ state disappears. Thus, acritical warming threshold
existsbeyond which the system transitions to the only remainingstable
solution (the collapsed ‘AMOC off” state), regardless of the rate of
increase at which the warming anomaly is reached. This is a case of
bifurcation-induced tipping (B-tipping). An example is given for a fixed
freshwater flux forcing (5) 0f 0.40 Sv, forced under alinear tempera-
turetrend of ATZ = +0.01° per year up to +5 °C (Fig. 6a, red curve).

Thissituationis qualitatively inconsistent with the slow CO, ramp
in CESM, where the AMOC on’ state remains stableup toatleast +5.5 °C.
However, the box model so far neglects the interdependence between
surface heat and freshwater fluxes under radiative forcing change. To
account for thisin anidealized manner, we consider an effective fresh-
water flux forcing E, that depends on the ocean state, specifically the
temperature anomaly AT, of the subpolar box: £, = E, — yAT,,. Here,
E, isthe fixed freshwater flux forcing, yis the temperature-freshwater
coupling strength, and AT,, = T,(¢) — T,(Ey, AT2 = 0). This tempera-
ture-freshwater couplingis motivated by the declining North Atlantic
surface freshwater inputin the slow CO,ramp simulation (Figs.4a and
5a) where, for reference, the freshwater flux over 34° S-65° N declines
by 0.069 Sv per degree warming (givingy=0.069 Sv per degree Celsius).

We repeat the warming experiment (linear rampupto AT = 5°C
atfixed E, = 0.40 Sv) but now with y > 0, comparing relatively slow
(+0.01°C yr™) and relatively fast (+0.05 °C yr™') warming rates. For
y=0.0325Sv per degree Celsius, the system continues to track the
‘AMOC on’ state under the slow warming case (Fig. 6a, black curve).
The equilibrated subpolar ocean warming AT, is 3.04 °C, resulting in
an effective hosing strength of 0.30 Sv, which is indeed below the
bifurcation threshold of 0.342 Sv for AT? = +5°C. However, inthe fast
warming case, the AMOC collapses as the system fails to track the
‘AMOC on’ state after crossing the moving saddle-node bifurcation
(Fig. 6a, blue curve). Because the AMOC on’ state remains stable for y
=0.0325 Sv per degree Celsius (Extended Data Fig. 9c,d) and can be
tracked in the slow warming case, the fast warming case represents a
rate-induced AMOC tipping event.

To visualize the cases described above, we plot their effective
forcing paths in a diagram of the warming anomaly against the effec-
tive freshwater flux forcing (Fig. 6¢). For y > O, trajectories initially
move towards lower effective freshwater flux forcing, and whether
the saddle-node bifurcation is crossed depends on the forcing rate.
Tracking the stable ‘AMOC on’ state hence depends on the ratios
of atmospheric warming rate (forcing timescale) and ocean warm-
ing rate (adjustment timescale), as well as the interaction strength
between thermal and freshwater effects. Due to the state-dependent
surface forcing resulting from ocean-atmosphere coupling, the
rate-dependent tipping scenario shown here is more complex than
the classical setting of rate-induced tipping in which the control param-
etersare purely external'®?,

The box model is a strong simplification of the CESM dynamics
and only mimicks one of the rate-dependent mechanisms identified

inthe CESM, namely the reduced freshwater flux through the Atlantic
Ocean surface under gradual warming. Nonetheless, this process is
sufficient to produce rate-dependent AMOC tipping in the box model,
and the freshwater content in the subpolar box shows a qualitatively
similar response to the freshwater content analysis in the CESM
(Figs.4gand 6b). The maximal temperature trend that does not cause
anAMOC collapse (that is, the critical warming rate), is shownin Fig. 6d
asafunctionof E, and y. For sufficiently large temperature-freshwater
coupling strengths, the system can always track the stable AMOC on’
state as long as it exists and the imposed forcing rate is slow enough.
These results are qualitatively robust for even larger temperature
anomalies of up to +10 °C (Extended Data Fig. 9e), demonstrating that,
even for extreme warming, forcing pathways may exist for which the
AMOC does not collapse.

Discussion

In this study, we argue that an AMOC collapse is dependent on the
radiative forcing path (that is, climate change scenario) and not gov-
erned by aspecific global warming threshold. To demonstrate this, we
presented an analysis of CO, ramp simulations using the CESM, where
the CO, concentrationwasincreased up to four times the Pl levels at dif-
ferentrates. In the slow CO,ramp (+0.5 ppm yr™) simulation, the GMST
anomaly reaches +5.5 °C and the AMOC remains stable throughout,
while for the faster CO, ramps (+2.5 ppm yr'and +5.0 ppm yr™) the
AMOC starts to collapse at+2.0 °C. This GMST anomaly is much lower
than the maximum warming in the slow CO, ramp, showing that an
AMOC collapseis determined by the radiative forcing path and specifi-
cally theforcing rate. Comparable results are found under the standard
climate change scenarios of RCP2.6 (stable AMOC) and RCP4.5 and
RCP8.5 (collapsing AMOC), where we note that these RCPs have differ-
ent forcing agent (CO,, methane and aerosols) pathways that all affect
the AMOC'>**¢, Qur result corroborates early work using idealized
climate models', while now being demonstrated with a much more
comprehensive climate model.

Present-day and projected warming simulations using CMIP6
models show substantial AMOC weakening®*°’*’” and possibly an
AMOC collapse®*. For the CESM under relatively rapid radiative forc-
ing changes (=+2.5 ppm yr'of CO,and F; = 0.45Sv), the near-surface
water is getting lighter much faster than the interior of the Atlantic
Ocean, resulting in a shutdown of the adiabatic pathways followed by
an AMOC collapse. When the imposed radiative forcing is sufficiently
slow, boththeinterior and surface waters adjust their densitiesaccord-
ingly such that they supportarelatively strong adiabatic AMOC. With
an idealized AMOC model subjected to heat and freshwater forcing,
weillustrated how the interplay between the changing forcing and the
changing climate state can alter the system’s stability landscapein a
way that leads to rate-dependent AMOC tipping.

In the slow CO, ramp, the relatively small temperature-induced
AMOC weakening is outweighed by two dominant effects. First, higher
evaporation rates make the evaporative characteristic of the Atlantic
basin more pronounced, which effectively resultsin anegative freshwater
flux forcing. Second, the North Atlantic sea-ice extent is reduced in a
warmer climate, which limits the sea-ice insulation effects thatinfluence
the AMOC?°% and also lowers the freshwater input by sea-ice melt, con-
tributingto less freshwater input over the higher latitudes. Both net evap-
oration and reduced sea-ice extent contribute to a salinifying Atlantic
Oceanand, after WMT, the AMOC starts to export these salinity anomalies
outofthe Atlanticbasinatgreater depth (1,000-3,500 m). Thisresponse
atdepthisindicative of amore stable AMOC (that is, larger F, s values),
and a similar response is found in most CMIP6 models under extended
SSP scenarios with a sustained AMOC. The freshwater budget analysis
andrelated F,s stability indicator are only meaningful sufficiently close
to equilibrium®% and are not useful under rapid climate change*.

The stabilizing mechanism identified here may also explain the
strong AMOC states found in warmer climates'>">'*?°, Some models,
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suchasthe CESM version used here, arein amonostable regime under
PI conditions without background hosing*, and this is related to per-
sistent climate model biases****°, which could also be the case under
different radiative forcing conditions.

Thereare now firstindications that the AMOC can collapse under
anthropogenic climate change in the latest generation of climate
models**. This implies that the stabilizing mechanism in warmer
climates, as described above, operates on timescales slower than the
currentrate of radiative forcing. Hence, it may still be useful to explore
warming levels for an AMOC collapse onset on relatively short time-
scales (years to decades), but thisbecomes less useful if warming rates
slow down (as projected beyond the twenty-first century) and should
be complemented with threshold estimates for other relevant state
variables and forcing parameters. Based on our results, we propose
to convert the AMOC tipping warming threshold to a warming rate
threshold. Yet, this also poses challenges as the critical warming rate
isdependent on the background climate state and the strength of the
stabilizing mechanism. Due to slow climate processes and nonlinear
forcing, the exact forcing pathway and its history matter. Therefore,
it is more useful to analyse physics-based indicators, such as ¥y,pw
and By, that capture the effects of changing forcing conditions (both
stabilizing and destabilizing). In particular, a By, sign change is marking
the onset of an AMOC collapse also under transient climate change®.

According to the By, indicator, as determined in CMIP6 models,
the AMOC starts to collapse around +2.5 °C warming at projected
warming rates, which could be reached around the year 2060*. This
is substantially lower than the previous estimate of +4 °C warming?
that lacks a time horizon. Observations show a present-day warming
close to the +1.5 °Clevel (2023-2025, C3S/ECMWF and ref. 73), and, if
the AMOC were to begin collapsing at +2.5 °C warming in 2060, this
would imply a critical warming rate of +0.29 °C per decade. This rate
aligns with projected warming rates of +0.27 to +0.36 °C per decade’
and, also considering the effects of random variability®*’®, strongly
suggests that rate-dependent effects are highly relevant for the fate of
the AMOC. Itis therefore critically important to reduce greenhouse gas
emissions as quickly as possible to limit the risk of an AMOC collapse.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods
Climate Model Simulations
The CESM s a fully coupled climate model and the simulations here
have a 1° horizontal resolution for the ocean/sea-ice components and
a2°horizontal resolution for the atmosphere/land components. The
ocean component is the Parallel Ocean Program version 2 (POP2)”’, the
atmospheric componentis the Community Atmosphere Model version 4
(CAM4)* and the sea-ice componentis the Community Ice Code version
4 (CICE4)™. The CESMis either forced under varying freshwater flux forc-
ingand fixed Plradiative forcing conditions or under fixed freshwater flux
forcing and varying radiative forcing conditions. For more detailsonthe
precise CESM set-up, we refer to previous work®®*****2 and the main text.
In addition to the CESM, model output from CMIP phase 6 (indi-
cated here as CMIP6 models) were analysed. We retained the histori-
cal forcing (1850-2014) followed by the extended SSP1-2.6 scenario
(2015-2300). Only for the GISS-E2-1-G model were the scenarios
extended to 2500 and are also available for the extended SSP2-4.5
scenario. Note that the forcing scenarios are slightly different between
the CESM simulations (the RCPs) and CMIP6 (the SSPs).

Water mass transformation

Weusethesame procedureas describedinref. 34, whichisbriefly repeated
hereforcompleteness. We consider the volume (V,) conservation of afixed
horizontal domain thatisbounded by the ocean surface and isopycnal®*:

av,
=2 =M~ Gy, M

where M, is the advective transport convergence through the open
boundaries of the domain and G, is the diapycnal transformation rate
taken place in the domain. The WMT rates from the surface are domi-
nantin G,and areindicated by ¥,

1 XE YN
Yymr(Y,02) = +— f f — 20 B (x.9) I (0y) dy'dx’ 2
AOZ Xy Y g
where
o {lifoz—%502<02+% .
0) = N
0 elsewhere

and we use a potential density binsize of Ag,=0.05 kg m™. The quantity
Bqu is the surface buoyancy flux:

S.
gﬁ surf eresh — BT

S
Po flux +B

flux

@)

ga
B = =2
ﬂux(xsy) Pon Qheat +

and we also analyse the upper 1,000 m ocean buoyancy:
g 0
Bocean(T,S) = = f (0(2) — o(z = 0))dz. )
Po J_1,000

In the relations above, « is the thermal expansion coefficient, C, the
specific heat capacity, Q... the net heat fluxinto the ocean, S the haline
contraction coefficient, S, the seasurface salinity, Qg., the net fresh-
water flux into the ocean, g (9.8 m s2) the gravitational acceleration, z
the coordinate of integration and p, (1,027 kg m™) areference density.
For each quantity, we used its local value, and for &, f and C, we used
the Thermodynamic Equation of SeaWater 2010 (TEOS-10) toolkit®.
All the analyses are conducted on monthly averaged fields (due to
strong seasonal cycle), and the related time series are subsequently
averaged to yearly values.

Defining the onset of AMOC collapse
A freshwater forcing threshold for AMOC collapse can be accurately
determined in the quasi-equilibrium Pl hosing simulation, where the

crossing of the tipping point in the forcing coincides in time with the
start of abrupt AMOC weakening®. However, under transient climate
change, it is more challenging to deduce the onset of the collapse, as
the transition is not sharp in time and is preceded by AMOC weaken-
ing®. Defining the onset of the collapse based on AMOC strength has
its limitations*>**, and instead, van Westen et al. ** proposed the sign
changeinthespatially averaged By, over the North Atlantic isopycnal
outcroppingregion (40° N-65° N; Extended Data Fig. 2g,h). The timing
ofthesign change is robust when this latitudinal band is slightly varied.
The spatially averaged By, is strongly related to the adiabatic pathways
that are part of the AMOC (that is, ¥y,pw; See main text), and this esti-
mate works very well for CESM, as well as for other CMIP6 models®*.

Here, the AMOC collapse onset is defined as the timepoint
(or corresponding GMST anomaly) at which the 11-year run-
ning mean of By, first switches sign from negative to positive
(Extended Data Table 1). This definition holds whether the tipping
eventisrate-induced or bifurcation-induced.

The Atlantic freshwater budget
The freshwater budget over a latitude band (y, to y,) in the Atlantic
Oceanis defined as

dw
E = Feon + Fourf + Fmix (62)
_ 1 0,y pXe
W=—— f / (S — So)dxdydz (6b)
So —H Yy, Jxy

where W is the freshwater content, F.,, is the freshwater convergence
andis determined as the total freshwater transport through the bounda-
ries, Fy,¢is the surface freshwater flux and F,,;, is a residual term that
closes the budget and captures for example diffusion®. F,,, is primarily
governed by the total meridional freshwater transports and is defined by

0 ,x¢
Foe(W) = —% / f V(S — Sp)dxdz (7)
—H Jxy

and can be further decomposed in an overturning (f,,), azonal gyre
(F,,), barotropic (F,, = 0) and eddy (F.44,) contribution:

0 Xg
Fov(y)=—slo f [ f u*dx] [(S) — So]dz, 8)
—H LYxy
1 0 XE
Faz(y) = _% f / U’S/dxdz, (9)
—H Jxy
1 0 ,xp
Fm(y)=—s—0/ f 0($ - So) dxdz, (10)
—H JYxy
1 0, xr
Feay ) = =5 f f 5(S - So) dxdz. an
—H Yxy

Here, v'is defined as v* = v — 0, where v is the meridional velocity and
v (S) is the section spatially averaged meridional velocity (salinity).
The quantity (S) indicates the zonally averaged salinity, and primed
quantities (v" and §’) are deviations from their respective zonal aver-
ages. The v and § are the eddy terms for velocity and salinity, respec-
tively, with more details provided in ref. 83.

The five-box AMOC model
The idealized five-box AMOC model dynamically resolves salinities,
temperatures and the pycnocline depth (Extended Data Fig. 9). The
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modelhasthe asymmetric freshwater flux forcing, £,, asacontrol param-
eter.Inaddition, the modelis forced by avarying temperature anomaly
AT?applied to T2 (and also T? as they are coupled). More details, param-
eter settings and sensitivity experiments are provided inrefs. 7,30; the
version analysed here does not consider sea-ice insulation effects.

We note that previous versions of the model (including the ver-
sions used in refs. 7,28,30) produce an artificial freshwater and tem-
perature flux under pycnocline variations. The volume transport
between the ts-box and t-box, g, is here corrected by substituting in
the model equations:

LxALy d_D

qs — qs — 2 dr’ (12)

where L, is the zonal extent of the ts-box, L, is the meridional extent
of the ts-box and D is the pycnocline depth. The volume transport
between the d-box and s-box, which also uses g, is left unchanged. This
correction does notimpact the steady states because - = 0,butdoes
influence transient responses for considerable pycnocline

depth variations.

Data availability
The (processed) modeloutputisavailable viaZenodo at https://doi.org/
10.5281/zenodo0.21352775 (ref. 67). The CMIP6 model output is pro-
vided by the World Climate Research Programme’s Working Group
on Coupled Modeling.

Code availability
The analysis scripts are also available via Zenodo at https://doi.org/
10.5281/zeno0do0.21352775 (ref. 67).
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Extended Data Table 1| Simulations performed with the CESM

Simulation name E Forcing conditions Collapse onset AMOC strength GMST anomaly
(Sv) (model year) (Sv) (°C)

Extended RCP4.5 #1 0.18 Historical-RCP4.5 - - -

Extended RCP8.5 #1 Historical-RCP8.5 2099 7.8 +4.15'

Extended RCP2.6 0.45 Historical-RCP2.6 - - -

Extended RCP4.5 #2 Historical-RCP4.5 2m 8.3 +219?

Extended RCP8.5 #2 Historical-RCP8.5 2061 9.0 +2.78?

CO, ramp #1 0.45 +0.5 ppm yr of CO, - - -

CO, ramp #2 +2.5 ppm yr' of CO, 139 9.0 +2.02°

CO, ramp #3 +5.0 ppm yr' of CO, 78 8.8 +1.99°

Overview of the available CESM simulations, irﬁluding the value of F,, and forcing conditi@s. Where applicable, the timing of AMOC collage onset and the associated AMOC strength and
GMST anomaly (compared to: 1= Historical of Fy = 0.18 Sv (1850 - 1899); 2 = Historical of F; = 0.45 Sv (1850 -1899); 3 = Pl steady state of F,; = 0.45 Sv) are also indicated.
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Extended DataFig. 1| Atlantic Ocean Responses for the slow CO,ramp.
(a &b): The time-mean AMOC in depth coordinates for model yearsa) 1 - 50

and b) 1701 - 1750. The lower panel shows the meridional heat transport (MHT).
(c &d): The time-mean AMOC in density coordinates for model years ¢)1- 50 and

Atlantic Meridional Overturning Circulation (Sv)
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whereas the 20 m depth contour is smoothed to reduce its meridional variability.

(e): The zonally-averaged temperature difference between model years

1701-1750 and PI33 (shading). The curves are three isotherms of PI3s. (f): Similar

to panel e, but now for the zonally-averaged salinity.
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a) Surface buoyancy heat fluxes, CO, ramp of +0.5 ppm yr=! b) Surface buoyancy freshwater fluxes, CO, ramp of +0.5 ppm yr~!
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Extended Data Fig. 2 | Surface buoyancy flux decomposition. (a-f): The area (grid cells with sea-ice fractions of at least 15%) between 40°N - 65°N.
. on o . .e . .
surface buoyancy flux differences (compared to Pl5) between 40°N - 65°N for (g & h): The By, decomposition for the CO, ramps (in units of PI CO,) and
the three CO, ramps, decomposed into the different heat (left column) and historical and RCP scenarios. All time series are smoothed through a 25-year

freshwater (middle column) fluxes. The insets shows the yearly-averaged sea-ice running mean to reduce the variability.
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a) Mixed layer depth and sea-ice extent, model year 1 - 50 0 b) Mixed layer depth and sea-ice extent, model year 701 - 750
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Extended Data Fig. 3| Mixed layer depth and sea-ice extent for the slow CO, mixed layer depth and sea-ice fraction over the Labrador basin (black outlined
ramp. (a): The March mixed layer depth and sea-ice extent (that is, 15% sea-ice regionin panela). The thin curves are yearly averages, whereas the thick curves
fraction contour) for model years1-50. (b & ¢): Similar to panel a, but now for are smoothed versions (25-year moving averages). Basemaps in a-c generated
b) model years 701 - 750 and ¢) 1701 - 1750. (d): The spatially-averaged March with Cartopy®.
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Extended DataFig. 4| Upper 1000 m ocean buoyancy. (a,c,e): The upper 1,000 (g,h): The upper 1,000 m buoyancy frequency difference for the CO, ramps

m ocean buoyancy between 40°N - 65°N for the three CO, ramps. The ocean (compared to PI33, in units of PICO,) and historical and RCP scenarios (compared
buoyancy is decomposed into a temperature and salinity contribution using the to the historical period of 1850 - 1899). In all panels, the thin curves are yearly
fixed salinity and temperature fields from PIg¢, respectively. (b,d,f): The averages, whereas the thick curves are smoothed versions (25-year moving
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a) Freshwater transport at 34°S b) Freshwater transport at 65°N
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a) AMOC strength, CESM (historical and RCPs) b) Salinity over the DWBC at 34°S, CESM (historical and RCPs)
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a) AMOC strength, historical and SSP1-2.6 b) Salinity over the DWBC at 34°S, historical and SSP1-2.6 c) Zonal-averaged salinity at 34°S, ACCESS-CM2 (rlilp1fl)
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Extended Data Fig. 8| AMOC strength and salinity at 34°S under the historical and SSP1-2.6 scenario. Similar to Extended Data Figure 7, but now for 7 different
CMIP6 models under the historical and SSP1-2.6. The specific realisations are indicated in the captions of panels ¢ throughi.
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a) The idealised 5-box AMOC model under climate change
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Extended DataFig. 9| The 5-box AMOC model. (a): Schematic of the 5-box AMOC  and ‘AMOC off’ states, respectively, shown for the slow and fast warming cases.

model, withan AMOC on state (clockwise circulation, dashed red arrows) and Inthislandscape, the system state is remapped based on the distance to the
AMOC off state (anticlockwise circulation, dotted red arrows). (b): Bifurcation saddle-node bifurcation, where a larger (smaller) distance means that the AMOC
diagramunder varying £, showing equilibria for fixed ATZ = 0°Cand ATZ = 5°C. ismore (less) stable, as is reflected by a relatively deep (shallow) left minimum.
(c &d): Sketch of the (forcing path-dependent) stability landscape as a classical The system trajectory is shown by the black curve. (e): Similar to Fig. 6d, but now

double-well potential, with the left and right minima representing the AMOC on’ foralinearrampupto ATE = 10°C.
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