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Simulating AMOC tipping driven by internal climate
variability with a rare event algorithm

Matteo Cini(®"**, Giuseppe Zappa?, Francesco Ragone®* and Susanna Corti?

This study investigates the possibility of Atlantic Meridional Overturning Circulation (AMOC) noise-induced tipping solely driven by
internal climate variability without applying external forcing that alter the radiative forcing or the North Atlantic freshwater budget.
We address this hypothesis by applying a rare event algorithm to ensemble simulations of present-day climate with an
intermediate complexity climate model. The algorithm successfully identifies trajectories leading to abrupt AMOC slowdowns,
which are unprecedented in a 2000-year control run. Part of these AMOC weakened states lead to collapsed state without evidence
of AMOC recovery on multi-centennial time scales. The temperature and Northern Hemisphere jet stream responses to these
internally-induced AMOC slowdowns show strong similarities with those found in externally forced AMOC slowdowns in state-of-
the-art climate models. The AMOC slowdown seems to be initially driven by Ekman transport due to westerly wind stress anomalies
in the North Atlantic and subsequently sustained by a complete collapse of the oceanic convection in the Labrador Sea. These
results demonstrate that transitions to a collapsed AMOC state purely due to internal variability in a model simulation of present-
day climate are rare but theoretically possible. Additionally, these results show that rare event algorithms are a tool of valuable and
general interest to study tipping points since they introduce the possibility of collecting a large number of tipping events that
cannot be sampled using traditional approaches. This opens the possibility of identifying the mechanisms driving tipping events in
complex systems in which little a-priori knowledge is available.
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INTRODUCTION

The Atlantic Meridional Overturning Circulation (AMOC) is a large
system of ocean currents within the Atlantic Ocean of key
importance for climate since it regulates the meridional transport
of heat and freshwater'2 The major supplier of the AMOC lower
limb is the sinking of cold and salty dense water in the subpolar
North Atlantic?, mainly as a result of intense turbulent heat loss to
the atmosphere in winter.

The AMOC is projected to weaken in response to anthropogenic
climate change, due to a decrease in the surface density of the sea
water in the subpolar North Atlantic®*. Numerical experiments
have shown that AMOC weakening can induce widespread
regional and global climate impacts, such as significant decreases
of Northern Hemisphere surface temperature, increases of Arctic
sea ice and changes in the atmospheric circulation affecting
global precipitation patterns’>~’. In particular, in response to an
AMOC weakening, the InterTropical Convergence Zone (ITCZ)
tends to shift southward, while the Northern Hemisphere mid-
latitude jet moves on average northward'>.

Of particular concern is the possibility that the AMOC, a key
tipping element of the climate system, may pass a tipping point
and reach a collapsed or substantially weakened stable state®®'3,
which the sixth assessment report of the IPCC summarises as a low
probability event but with a potentially very high impact on
climate3, AMOC multistability is related to the salt-advection
feedback, i.e., the fact that the AMOC transports salty surface
water to the North Atlantic. The stronger the AMOC, the saltier the
surface North Atlantic Ocean, thus promoting a more sustained
deep convection which in turn reinforces the AMOC itself, and vice
versa. Several studies have established that rapid changes in the

AMOC triggered abrupt climate transitions between glacial and
interglacial phases in the Pleistocene, such as Dansgaard-
Oeschger (DO) events® 1420,

The studies on the weakening and/or stability of the AMOC are
usually performed in simulations with external forcing elements
like greenhouse gases', freshwater®”-2! or surface heat® pertur-
bations. This allows the analysis of the climatic response to an
AMOC slowdown and assess if the system has passed a bifurcation
tipping point, so that it would remain in the new collapsed state
following a relaxation of the forcing elements®. The passing of a
tipping point may also depend on the time scale of the forcing
element, i.e., the critical threshold depends on the rate of change
in the forcing?>-2°,

However, understanding the possibility of a noise-induced
tipping of the AMOC is equally important. By noise-induced it is
meant a spontaneous transition of a system between two distinct
stable states via its own internal chaotic variability without any
external forcing®. First of all, within long, paleo-climatic time
scales, even rare events with very long return times have a non-
negligible probability to occur. Dramatic spontaneous AMOC
slowdowns appear in multi millennial simulations'*?6-2°, which
are relevant for the study of past climate transitions, e.g., DO
events. Secondly, even in forced experiments an AMOC collapse is
generally achieved through the combined action of external
forcing and internal variability, so that the passing of the tipping
point may be anticipated or delayed because of internal climate
variability. Lastly, in simulations with forcing elements it may be
difficult to isolate the impacts derived by the AMOC slowdown
from the impacts derived directly by the forcing itself.

"Department of Physics, Universita degli studi di Torino, Turin, Italy. *National Research Council of Italy, Institute of Atmospheric Sciences and Climate (CNR-ISAC), Bologna, Italy.
3Georges Lemaitre Centre for Earth and Climate Research, Earth and Life Institute, Université catholique de Louvain, Louvain-la-Neuve, Belgium. “Royal Meteorological Institute of

Belgium, Brussels, Belgium. ®email: m.cini@isac.cnr.it

Published in partnership with CECCR at King Abdulaziz University

npj


http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00568-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00568-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00568-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00568-7&domain=pdf
http://orcid.org/0000-0002-8270-7637
http://orcid.org/0000-0002-8270-7637
http://orcid.org/0000-0002-8270-7637
http://orcid.org/0000-0002-8270-7637
http://orcid.org/0000-0002-8270-7637
https://doi.org/10.1038/s41612-024-00568-7
mailto:m.cini@isac.cnr.it
www.nature.com/npjclimatsci

npj

M. Cini et al.
a b

22 224

20 204
—_ —_
> 18 > 184
0 ()
~ ~
2 16 2 16
©o O
© ©
O 14 O 144
< <
O (9]
O 124 O 12
= =
< <

101 101

8 8 :
—— Control run - Rare event algorithm
= Rare event algorithm —— Control run mean +/- 2stdev
6 T T T T T 6 T T T T T T T
0 500 1000 1500 2000 0 20 40 60 80 100 120
Years Years

Fig. 1 AMOC spontaneous slowdown with the rare event algorithm. a AMOC variability in a 2000ys control run (grey) and ensemble mean
AMOC evolution in one 125-year simulation performed with the rare event algorithm (red). b 10 independent 125-year ensemble simulations
performed with the rare event algorithm. The red lines represent the AMOC ensemble-mean evolution for each simulation. The blue points
represent the values of the AMOC in all the 100 ensemble members of each simulation. The horizontal grey lines indicate the mean (full), plus/
minus 2-standard-deviations (dashed), AMOC variability in the control run (a in grey).

The uncertainty in the AMOC projections could be attributed
either to differences in model formulations' or to the role of
internal variability®. A recent study showed that at least in one
state-of-the art climate model, projections under the SSP2-4.5
scenario may either evolve into an AMOC collapse or recovery
solely because of internal variability*'*2. We need, consequently,
to assess the potential of internal climate variability in triggering a
noise-induced tipping of the AMOC.

To sample a spontaneous AMOC tipping event, very long
ensemble simulations would be needed. This can become
computationally untenable in particular when one wants to
sample a large number of events to study the mechanism
involved in the collapse on a robust physical basis. To tackle this
problem, here we propose the application of a rare event
algorithm in order to internally guide the coupled atmosphere-
ocean system towards rare trajectories associated with a decline of
the AMOC. A different rare event algorithm has been recently
applied to study ocean circulation noise-induced temporary
transitions in a oceanic box model*3,

Rare events algorithms are computational techniques devel-
oped in statistical physics applied to a wide range of subjects (e.g.,
matter physics, chemistry, biology)**3> whose aim is to reduce the
computational effort necessary to sample rare events in numerical
simulations. The rare event algorithm used in this work has been
previously applied to the computation of extreme heat waves in
Europe34-36, while other rare event algorithms have been applied
to study midlatitude precipitation®” and tropical storms3¥3°, The
rare event algorithm here applied consists of a set of killing and
cloning rules applied along the evolution of an ensemble
simulation in order to populate the ensemble with model
trajectories that feature rare values of a target metric of interest.
In our case the metric is the value of the AMOC index between
46-66°N, which the algorithm seeks to reduce, by cloning the
members with a weaker AMOC, and killing those with a stronger
AMOC (see methods and Supplementary Fig. 1). The rare event
algorithm is applied to an intermediate complexity coupled
climate model, composed by the Planet Simulator (PlaSim)*%!
and the Large Scale Geostrophic Ocean (LSG)***3. The current
version of this general circulation model has been recently applied
to similar studies***, including AMOC variability*®>, and in
particular has been recently applied with the rare event algorithm
to study Arctic sea ice extreme melting events*. All simulations
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are performed at stationary greenhouse gases forcing. In this
setup, by construction, any tipping is necessarily induced by the
internal climate dynamics.

Overall, the goal of the paper is condensed in two main
research questions:

® s a rare event algorithm able to sample spontaneous AMOC
collapses driven by the internal variability of the coupled
climate system?

® What is the climate response to a spontaneous AMOC collapse
as well as the initial physical processes triggering the AMOC
spontaneous collapse?

RESULTS

AMOC spontaneous slowdowns

The PlaSim-LSG control run (Fig. 1a, grey line), performed as a
single member simulation over 2000 years**, shows a realistic
natural variability of the AMOC ranging between 17-21 Sv with
oscillations taking place over different time scales. The AMOC
variability appears to be stable over the 2000 years of the
simulation. However, a different behaviour quickly emerges as the
rare event algorithm is switched on. A rare-event 100-member
ensemble simulation initialised at the end of the control run (red
line in Fig. 1a) shows a dramatic decrease of the AMOC, which
reaches values clearly outside of the previous boundaries. The
system is now exploring states with a significantly weakened
AMOC. The weakening is also reached in a short time scale, and
with a rate of change substantially exceeding that of the
fluctuations characterising the control run. It is worth to stress
that this is obtained without applying any external forcing. The
algorithm samples rare trajectories where the AMOC weakens
purely due to internal variability via atmosphere-ocean-ice
interactions.

To test the robustness of this behaviour, we compare the results
from 10 independent rare-event simulations in Fig. 1b. All the
simulations follow the same qualitative time evolution: an initial
slow weakening of the AMOC followed by an abrupt transition
resembling the passing of a tipping point that leads to a final
plateau-like weakened AMOC state. The simulations differ in the
timing of the abrupt collapse and in the final value of the AMOC,
which ranges between 7.7-11.4 Sv. An equivalent time evolution is
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Fig.2 Climate responses associated with the AMOC slowdown. Differences between the mean climate in the last 10 years of the rare-event-
algorithm runs (average of years 115-125) relative to the control run (average of the last 10 years before the rare event simulations start).
a AMOC stream function anomalies. Here, the stream function is computed with Eq. (1) but starting from the annual mean meridional velocity.
b Anomalies in the frequency of oceanic convection in the uppermost layer of the ocean. ¢ Near-surface atmospheric temperature anomalies
(2 metres) and d atmospheric temperature anomalies in the zonal-mean cross-section. e, f respectively represent zonal wind anomalies at 850
hPa and the respective zonal-mean cross-section. The climatologies of each variable in the control run are represented by the grey lines. All
climate responses are evaluated as averages over the 10 rare-event-algorithm simulations shown in Fig. 1b.

also obtained when the AMOC maximum is evaluated within the
entire North Atlantic Ocean, rather than in the 46-66° N band (see
Supplementary Fig. 2). The main difference is that the basin wide
AMOC maximum remains slightly higher (around 14 Sv), implying
that the AMOC remains active in the subtropics. This difference is
consistent with the fact that the algorithm seeks to minimise the
AMOC at 46-66° N.

Climate responses to the AMOC slowdown

By years 115-125, the abrupt weakening of the AMOC is
associated with widespread changes in a number of key oceanic
and atmospheric climate aspects. We examine these responses in
terms of anomalies compared to the control run (Fig. 2).

The response in the meridional overturning stream function
(Fig. 2a) reveals that even if the changes peak around 50°N, the
anomaly is widely spread throughout the Atlantic. Consistently
with these circulation changes, anomalies in the oceanic convec-
tion frequency show the extinction of the branch of deep water
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formation over the Labrador Sea (ratio anomalies/climatology is
almost -1 everywhere) in favour of a relative intensification of
deep water formation in the Norwegian Sea (Fig. 2b).

The slowdown of the AMOC induces a general decrease of
temperature in the Northern Hemisphere, especially in the
Labrador Sea and Baffin Bay areas, which is consistent with the
collapse of oceanic convection and a reduced meridional oceanic
heat transport (Fig. 2¢, d). The intense signal over the Labrador Sea
(up to —11°K anomaly) is also associated with sea ice growth
(Supplementary Fig. 3). In contrast, there are warming areas over
the Weddel Sea and in the Greenland-lceland-Norwegian (GIN)
seas. The GIN seas warming is associated with a spot of increasing
convection (Fig. 2b). Indeed, in that region, in our model,
convection brings to the surface warmer waters, since oceanic
levels below the uppermost have a higher potential temperature.
Another study on spontaneous cooling events associated with a
general decrease of the AMOC, documented a similar increased
oceanic convection over Norwegian Sea’. Overall, the abrupt
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AMOC weakening (up to 50% even considering the whole North
Atlantic) results in a surface temperature drop of the order of 1.5°K
over Northern Hemisphere continents, and of 0.5°K in the global
mean.

The altered meridional temperature gradients induce changes
in the mid-latitude jet streams (Fig. 2e, f). The dominant effect is a
strengthening and poleward shift of the Northern Hemisphere jet
stream in the zonal-mean. However, changes in zonal wind at
850 hPa show different responses in the individual ocean basins. A
predominant poleward shift characterises the North Atlantic jet,
while the North Pacific jet tends to strengthen and slightly shift
southward. This pattern is found even at higher altitude (300 hPa,
not shown) suggesting that the contribution to the strengthening
of the zonal-mean jet comes from the North Pacific region, while
the contribution to the poleward shift comes from the North
Atlantic region. These signals are relatively strong, regionally up to
25% of the climatological amplitude at 850 hPa.

Precipitation anomalies, despite the coarse resolution of the
model, are broadly consistent with the well-known southward
shift of the ITCZ and the North Atlantic decrease of precipitation
associated with AMOC slowdowns'>~”. Indeed, in response to the
AMOC decline, precipitation reduces in the Northern part of the
Tropics (Supplementary Fig. 4a), weakening the climatological
maximum, while it increases in the Southern Tropics. Supplmen-
tary Fig. 4b further shows a decrease in precipitation in the North
Atlantic exceeding 300 mm of yearly accumulated rainfall. The
southward shift of the tropical precipitation has been linked to the
southward migration of the annual mean Northern Hadley cellS,
while the decrease of precipitation in the North Atlantic has been
attributed to reduced evaporation from the cooler ocean and to a
reduced atmospheric eddy moisture transport'>. Other regional
tropical precipitation changes should instead be interpreted with
caution given the reduced complexity of the model.

In general, for what concerns the climate response to the AMOC
slowdown, there is a very good agreement of our simulations with

other studies on AMOC slowdown under anthropogenic for-
cing'>>72° This study shows large-scale patterns for near surface
temperature and zonal wind anomalies similar to state-of-the-art
climate models with external forcing elements. This clearly
suggests that the main mechanisms of the climate response to
the AMOC weakening are already contained in this simplified
setup composed by an intermediate complexity model and
performed with internal-variability driven dynamics only.

Role of internal variability for AMOC slowdowns

In order to identify the aspects of the internal climate variability
that favour the AMOC slowdowns we examine the difference in
the annual-mean climate between the ensemble members that
are replicated versus the full set of ensemble members. This
approach enables to highlight the climate aspects that, in a 1-year
timescale, are statistically associated with a larger weakening of
the AMOC and then are the most likely to be cloned by the
algorithm. In this time scale, most of the ocean variability is
expected to arise via atmosphere-ocean interactions (see Trigger-
ing Mechanisms in Methods), such as resulting from surface
exchanges of heat, fresh water and momentum as discussed in
Gregory et al.?2. Atmospheric internal variability, which has large
control on surface fluxes, is indeed a well-known driver of
interannual and multidecadal AMOC variability''*>47=>%, but its
role in triggering abrupt changes or collapses of the AMOC is
much less understood and atmosphere-ocean interactions that
may prevent or favour the AMOC collapse have both been
suggested®'1:1>:26,

We find that the ensemble members that develop a weaker
AMOC are on average characterised by stronger North Atlantic
westerly winds in the core of the jet, increased net freshening of
the northern North Atlantic, and a more complex pattern of
turbulent heat flux anomalies (Fig. 3). However, the wind stress

a  Forcing surface zonal wind stress

=

Fig. 3 Role of internal variability for AMOC slowdowns. Possible aspects of internal climate variability driving the AMOC slowdown in the
rare-event-algorithm simulations. This is obtained as the difference between the annual-mean climate of the cloned members relative to the
annual-mean climate of all members (see methods). The panels show the anomalies in (a) the zonal surface wind stress, (b) the freshwater flux
(difference between precipitation and evaporation) and (c) the net heat flux (turbulent, sensible and radiative) between the atmosphere and
the ocean. Positive values reflect anomalies toward the ocean. All values are expressed in terms of sigma units, where sigma represents the
amplitude of the inter-annual variability, as given by the averaged standard-deviation across all ensemble members for each resampling

time step.
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Fig.4 Evolution of the AMOC in the free-running ensemble. a Evolution of the AMOC (purple lines) in a 200-member ensemble free-running
extension of the simulations produced with the rare-event-algorithm (blue points, as in Fig. 1b). The 200 members are composed of ten sub-
ensemble of 20 members each. Each of the ten sub-ensembles branches at year 120 from one member of each of the ten simulations
performed with the rare event algorithm. Each free-running simulation is run for an additional 280 years. b Relationship between the final
value of the AMOC (years 390-400) in the free-running simulations vs the value of the AMOC at the time it branched from the rare-event-

algorithm simulations, for each of the 200 members.

anomalies in the North Atlantic are by far the most intense signal,
relative to the internal variability of the system.

The anomalies in the surface fluxes identified in Fig. 3 might in
principle either be the response to or the drivers of the AMOC
weakening within the 1-year resampling timescale. However, the
zonal wind stress from the intensified jet stream is consistent with
an induced weakening of the AMOC via Ekman transport, implying
an initial role of the atmosphere in driving the ocean. Indeed,
referring to Fig. 3a and following Yao F. et al.>’, we estimate that
the intensified jet stream at about 50N induces a net surface
southward Ekman transport at the same latitudes of about 0.35 Sv.
This is about 60 to 90% of the anomaly in the meridional
overturning stream-function of the cloned members relative to all
members in the same latitude range (Supplementary Fig. 5), and it
is consistent with the known role of wind stress in driving AMOC
anomalies in the interannual and seasonal time scale*’***2, and
possibly even on a longer time scale®.

However, a —0.35 Sv anomaly is only a small contribution to the
simulated weakening of the AMOC on multi-decadal timescales,
implying that density anomalies must eventually dominate the
AMOC weakening and its abrupt transition in the rare event
simulations. The gradual collapse of the convection over the
Labrador Sea, inhibiting dense water formation, is likely to be
playing a key role for these density anomalies. Indeed, the
collapse of convection precedes the start of the AMOC abrupt
weakening events in all the rare event simulations (Supplementary
Fig. 6). Note that the simulations in which the convection collapse
is slower are associated with a delayed AMOC abrupt transition,
and with a higher value of the AMOC index at the end of the
simulation. There might be several pathways by which the
atmosphere-ocean interactions from Fig. 3, repeated over several
decades, may eventually lead to the Labrador Sea convection
collapse. The AMOC weakening initiated by wind stress might, via
the salt-advection feedback, lead to further weakening, via a
reduced surface transport of hot-salty water toward the Labrador
Sea (Supplementary Fig. 7). However, it is also possible that the
high latitude freshening from precipitation minus evaporation
(Fig. 3b) or Labrador Sea surface heating (Fig. 3c), gradually
become themselves important in stabilising the water column on
multi-decadal time scales. Unravelling the relative role of these
processes will require analyses beyond the scope of the paper.

Published in partnership with CECCR at King Abdulaziz University

Collapse, recovery, and critical thresholds

In the previous section it has been shown that internal climate
variability is sufficient to induce an abrupt slowdown of the AMOC.
Now we ask if, after the abrupt transition, the system has tipped
into a new stable state in which the AMOC is partially collapsed.
This is tested by extending the previous simulations after year 125,
but with the rare event algorithm turned off. In order to test the
robustness of our finding we generate 20-member free-running
ensemble simulations by randomly perturbing the sea level
pressure. However, in order to reduce the computational costs,
we only extend the first ensemble member from each of the ten
rare-event-simulations. This setup leads to a 200-member free-
running ensemble, featuring members starting from 10 different
initial states.

The evolution of the AMOC in the free-running ensemble is
given by the purple lines in Fig. 4a. Two opposite behaviours
emerge, revealing a bimodal distribution in the evolution of the
AMOC. For some ensemble members, the AMOC clearly bounces
and overshoots, before relaxing to its starting value on a timescale
of about 200 years. On the contrary, for other members, the AMOC
keeps weakening even during the free run. This clearly shows that
a noise-induced tipping has been achieved and the system
evolves towards a new equilibrium state, at least on a time interval
of 400 years. Only three ensemble members are able to pass from
the collapsed to the active AMOC states in the course of the free-
running simulations.

In the light of the previous results one may wonder what are
the climate aspects that determine whether the AMOC would
eventually collapse or bounce back. A quantity that is considered
fundamental for the behaviour of the AMOC is the AMOC strength
itself, as the salt advection feedback implies that a very weak
AMOC may not be able to recover. Indeed, other studies tried to
determine a critical threshold or at least an indicator of the AMOC
future qualitative evolution from the strength of the AMOC itself,
though no robust conclusions were found?'*3, Figure 4b explores
this point by showing, for all 200 members, the value of the AMOC
at the end of the 280-year free-running simulation as a function of
the value at which the simulation started at year 120. All the
ensemble members that start with an AMOC weaker than 8.5 Sv
evolve towards an AMOC collapse. On the contrary, the AMOC
bounces back and relaxes to the control run values in all members

npj Climate and Atmospheric Science (2024) 31
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Fig. 5 Example of early start experiment. a The 20 orange lines represent the free-running evolution of the AMOC ensemble members
starting at year 40 of run_2486 performed with the algorithm on, which is shown in blue. The green vertical line marks year 40, while the red
horizontal line is plotted at 14.00 Sv. b As in (a) but for the 20 free-running members starting at year 60 of run_2480. The green vertical line

marks year 60, while the red horizontal line is plotted at 12.12 Sv.

starting with an AMOC above 10 Sv. Between the two regimes, the
evolution of the members is not unambiguously determined, and
the same initial condition can either evolve into a collapse or a
recovery of the AMOC. Since the different members, for any given
starting AMOC, are initialised only via small random perturbations
to the sea level pressure, the evolution of the system appears to
be unpredictable. This implies the system is close to the edge of
the two basins of attraction, and the chaotic atmospheric
variability is sufficient to tip it in one state or the other.

These results seem to support the idea that the AMOC strength,
consistent with the salt advection feedback, is a key parameter in
order to determine the following behaviour of the system.
However, when additional experiments are performed, it is found
that these thresholds are not robust, rather they seem to be linked
to the specific state reached at the end of the rare-event
simulations. In particular, for the two rare-event simulations in
which the AMOC is fully collapsed at year 120 (see Fig. 4b for runs
2480 and 2486), we performed nine additional “early-start” free-
running ensemble simulations initialised before year 120, i.e at
years 40, 50, 60,..., 110. The outcomes of the new experiments,
though generally consistent with the previous results, reveal two
initial conditions for which an AMOC collapse is achieved despite
an AMOC starting value greater than 10 Sv. In particular members
starting at year 40 of run 2486 (Fig. 5a, starting AMOC strength of
14.00 Sv) and members starting at year 60 of run 2480 (Fig. 5b,
starting AMOC strength of 12.12 Sv), having already passed the
tipping, show an AMOC abrupt decrease as in the runs with the
algorithm on.

The results from all the free-running ensemble simulations
(Fig. 6a) reveal that much care is needed before inferring the
evolution of the AMOC based on the AMOC value itself. For
example, members starting near 14 Sv tend to collapse while the
ones starting between 10 Sv and 12 Sv all recover. This is enough
to reject the idea of a hard AMOC strength threshold that controls
the behaviour of the system. Instead, we suggest that these results
imply an increasingly small, but non zero, risk of AMOC collapse
even for high starting values of the AMOC. This is consistent with
the ability of the rare-event simulations to find internal trajectories
leading to a collapsed AMOC starting from the control run at
around 20Sv. On the other hand, we show that there is no
evidence of the recovery of the AMOC in trajectories in which the
value of the AMOC reaches a value below 7.5 Sv (Fig. 6b). This may
be seen as a sufficient, but not necessary, condition to have an
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AMOC collapse in PlaSim-LSG since paths to collapse exist well
above that value.

DISCUSSION

This work has assessed the possibility of applying a Rare Event
Algorithm to the study of noise-induced tipping events in a
coupled climate model. We show that the rare event algorithm is
able to identify AMOC collapses induced by internal atmospheric
variability in the intermediate complexity PlaSim-LSG climate
model, thus showing the potential of this approach to explore
tipping events in the climate system. The proposed approach can
be easily applied to a large variety of phenomena once one has
defined the quantity that needs to be minimised or maximised to
induce a tipping event. In particular, the algorithm offers the
opportunity of generating a large number of tipping events
without introducing any external forcing. This can be very useful
in studies on tipping points in which it is unknown a priori what
may trigger the events, since the trajectories generated with the
algorithm can be used to infer the mechanisms driving the
transitions.

With the rare event algorithm, we are able to isolate the
atmospheric processes initiating the AMOC slowdown from the
climate response to the weakened AMOC state. We suggest that
an intensified jet stream over the North Atlantic is the initial driver
of the AMOC slowdown at the beginning of the rare-event
simulation, via the induced oceanic Ekman circulation. Subse-
quently, after a few decades of atmospheric forcing, a gradual
convection collapse in the Labrador Sea leads to an abrupt
weakening of the AMOC. Therefore, in the current version of
PlaSim-LSG, the repeated occurrence of an intensified jet stream
for at least a few decades seems to be sufficient to lead to an
AMOC collapse without possibility of recovery on multi-centennial
time scales. The process driving the AMOC slowdown is likely to
be dependent upon the model used, but at the same time, the
applicability of the rare event algorithm to identify such processes
in different models is of general interest.

The weakened AMOC found at the end of the 125-year rare-
event simulation is itself driving a cooling of Northern Hemisphere
temperatures and a strengthening and poleward shift of the
Northern Hemisphere jet streams. Precipitation anomalies reveal a
southward shift of precipitation in the tropics, consistent with a
southward shift of the ITCZ, and reduced rainfall in the North
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Fig. 6 Challenges in predicting the final value of the AMOC. a As in Fig. 4b, but also including the 18 free-running ensemble simulations
initialised before year 120 of the rare-event simulations. The colours of the dot shows the density function. b as in (a) but against the weakest
AMOC value crossed during the evolution of that member in the free run.

Atlantic. These responses are consistent with those found in
experiments adopting an external forcing to weaken the AMOC in
state-of-the-art climate models'>~7?’, This suggests that the key
elements of the response to an AMOC slowdown are already
embodied in this simplified unforced context, thus supporting the
use of Earth System Models of Intermediate Complexity (EMICs) to
analyse these problems.
In summary, we conclude that:

® Rare event algorithms are very promising tools to test the
multistability of a system and in particular to sample noise-
induced tipping events.

® In PlaSim-LSG, atmospheric internal variability can lead to an
abrupt weakening of the AMOC even without external forcing
elements, but with an analogous climate response as in
externally forced experiments.

® After 120 years of simulation performed with the rare event
algorithm, some of these simulations have reached AMOC
collapsed states from which the system does not recover in
the following 280 years. This implies that the rare event
algorithm is able to sample dynamical trajectories linking two
meta-stable states of the climate model with different AMOCs.

® The hypothesis that the AMOC value itself could control the
following evolution of the system towards the active or
collapsed AMOC state is not fully sustained by our data.
Indeed, we have not been able to identify universal thresholds
on AMOC strength that characterise whether the AMOC will
recover. A spontaneous AMOC collapse may happen even for
high AMOC initial values (14 Sv in our case). In contrast, when
the AMOC crosses a value of 7.5Sv it is not able to recover
anymore.

This study extends the possibility of an AMOC tipping induced
by pure internal variability>® to a general circulation model.
Compared to Castellana et al. (2019)*3, who found temporary
noise-induced AMOC transitions, we are able to identify multiple
full-collapses of the AMOC. This may be attributed to the different
algorithm design®* as well as our use of a coupled climate model
that accounts for full variability in the atmosphere-ocean
interactions, not limited to freshwater input only. Previously,
noise-induced AMOC tipping had been demonstrated in simula-
tions conducted with the GISS climate model under the SSP2-
45 scenario®'?2, Our findings extend this possibility to an
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unforced control simulation. In our case the AMOC collapse is
initially driven by atmospheric variability and the subsequent
collapse of convection, rather than the variability associated with
sea ice transport and melting32. In summary, we think this study
contributes to stress the role of internal variability in triggering an
AMOC collapse®'335>, Furthermore, we have shown that the
strength of the AMOC cannot unequivocally determine the
system’s evolution, confirming Jackson et al. (2023)?' and
suggesting that the concept of probabilistic “safe-operating
space” must be considered in place of the concept of a
deterministic control parameter governing the AMOC tipping>®.

If on the one side there is great potential to apply this method
to new tipping elements, there are nevertheless several aspects
related to internal AMOC tipping events that still need to be better
assessed. First of all, the role of the identified driving atmospheric
circulation pattern should be tested in a state-of-the-art climate
model. Furthermore, the approach presented in this paper could
be extended to a system with perturbed GHGs concentration. This
would allow to explore the risk of a spontaneous collapse of the
AMOC at different levels of global warming.

METHODS
The Climate Model: PlaSim coupled to LSG

We perform numerical experiments using the Planet Simulator*®!
General Circulation Model (PlaSim) coupled to the Large-Scale
Geostrophic Ocean model (LSG)*>*3, PlaSim-LSG, in different
configurations, has been already used in several studies ranging
from aquaplanets, to paleoclimatic reconstructions, future climate
projections and AMOC variability''*>>7, PlaSim is based on the
wet primitive equations representing the conservation of
momentum and mass, the first law of thermodynamics and the
equation of state, simplified by the hydrostatic approximation**.
PlaSim includes parametrization of sea ice and land processes, as
well as a slab ocean model. The slab ocean acts as a thermal bath
and water reservoir for absorption and release of heat and
freshwater but has no representation of oceanic currents.

LSG is a simple ocean model that accounts for the geostrophic
dynamics of the ocean on spatial scales larger compared to the
internal Rossby radius as well as on time scales larger compared to
the typical period of gravity modes and barotropic Rossby wave
modes. The model implicitly solves the primitive equations
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neglecting the nonlinear terms in the Navier-Stokes equation. The
interaction between PlaSim and LSG occurs through the slab
ocean layer of PlaSim (50 m) that determines average 10-day
temperature to be used as the uppermost layer for LSG, while
average 10-day fluxes of momentum and freshwater are given by
the sea ice and atmospheric modules. In turn, the slab ocean of
PlaSim is forced to relax towards the uppermost layer of LSG in the
following 10 days of PlaSim evolution'"44,

Following Mehling®® and Angeloni**, the coupled PlaSim-LSG
model is run at T21 horizontal spectral resolution and 10 vertical
levels in the atmosphere, 3.5deg and 22 vertical levels in the
ocean. The state of the AMOC in this model has been shown to be
sensitive to the parameterisation of the vertical profile of the
ocean vertical (diapycnal) diffusivity, in particular to the value of
the diffusivity in the upper layers**. In this work we use the values
of diffusivity proposed and tested in Angeloni (2022)* (see
Supplementary Information for further details). The AMOC has a
stable behaviour on the millennial time scale, with values between
17—21 Sv, and multi centennial oscillations up to 4 Sv (see Fig. 1a).
Overall, the model shows a satisfactory large-scale climatology
given its low resolution, with model biases concerning surface
temperature and sea ice cover being mostly confined to the
Southern Hemisphere*, However, a relevant bias for this study is
that North Atlantic oceanic currents don’t follow the usual
counterclockwise circulation around the North Atlantic subpolar
gyre, but subtropical surface water tends to go more directly from
the Gulf of Mexico to the strong convective area in the Labrador
Sea (see Supplementary Fig. 7 and Fig. 2e grey contours).

Greenhouse gases are taken into account by a single value of
CO2-equivalent concentrations, which is kept fixed at 354 ppm.
With this CO2 level and diffusivity parameter, Angeloni**
demonstrated that the model has two AMOC stable states: a
state with the already mentioned values of the AMOC and a weak
AMOC state of about 5 Sv without oscillations. This makes PlaSim-
LSG particularly suitable to explore whether it is possible to find
internally driven transitions to the collapsed state from the strong
circulation state with the rare event algorithm. In Angeloni** no
transition from one state to the other during millennial scale
simulations have been found.

The use of an EMIC allows us to test our experimental setup,
exploring the parameter phase space of the algorithm with low
computational cost. It is important to stress that dealing with an
EMIC can also be a way to isolate fundamental mechanisms in a
given phenomenon. In other words, if we can obtain results
comparable to General Circulation Models (GCMs) in a simplified
climate model, then the key processes of that phenomenon must
already be contained in the simplified model.

AMOC metric

The North Atlantic meridional overturning streamfunction ¥ at
latitude 6 and depth z, is defined as

Pest Z
Wo(z) = 7/ / vyrr|cos O|dedZ; M
Zpottom

Puwest

where Zyoiom is the oceanic depth, v, the meridional velocity, ¢
the longitude angle and r; the Earth radius, Qe and @es
represent respectively the east and west margin of the Atlantic
Ocean basin at latitude 6. The AMOC strength is obtained as the
maximum of the Yy(2) between 46° and 66°N and below 700 m,

AMOC = maxle{We(z)}z>700m,9646°—66°N @

The AMOC strength is evaluated at every ocean model timestep
(10 days) and then averaged to obtain an annual mean
AMOC index.
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Application of the rare event algorithm

The general characteristics of the algorithm are described in
several works®*3¢. Here, we summarise the key aspects, and
describe the implementation adopted for this study (see
Supplementary Fig. 1). In this work, an experiment with the rare
event algorithm consists of an ensemble of 100 members
initialised from slightly different initial conditions, that are
obtained by applying small random perturbations to the sea level
pressure of the same starting configuration. Each simulation is run
for 125 years. At constant intervals of 1 year, which is the
resampling time scale of the experiment, each trajectory i is
associated to a weight defined as
ok-AMOG;

where k is a negative parameter (see below) and AMOC is the
1-year average AMOC index during the last resampling time.
Before simulating the following resampling time interval, each
ensemble member generates a number of clones proportional to
its weight. The number of replications of the single trajectory i at
step n for the next step n+ 1, is

Cpi = integer [Wn; - N+ o], 4

where integer[-] defines the integer part, N is the number of
members in each resampling step, and r,; a random number
between 0 and 1. Trajectories with low value of the AMOC index
will generate a large number of replicas in the following
resampling time (since k is negative), while trajectories with large
values of the AMOC index will generate 0 replicas, being
effectively killed. The selection and cloning are done in such a
way that the number of ensemble members remains constant
throughout the integration (Z;c,,; = N). If this condition is not met,
the c,,; are adjusted by selecting random members to be killed or
cloned.

All the replicas are perturbed with a small random perturbation
applied to the sea level pressure. This perturbation, of the relative
order of 107*-107, allows the system to explore the neighbour-
hood of the phase space. The generated trajectories will diverge
from each other during the model simulation, allowing to explore
possible alternative evolutions of climate variability starting from
the parent trajectory. It should be clear that the small perturbation
added is not the driving mechanism for the AMOC decrease rather
it is just a way to explore the phase space.

The application of the algorithm will populate the ensemble of
trajectories characterised by extremely low values of the AMOC
averaged along the entire simulation length. The absolute value of
the parameter k, that we remind being negative, determines how
stringent the selection is, where the larger |k| the larger the
number of trajectories discarded at every resampling step. We
explored the sensitivity to the parameter k. The results shown in
the paper refer to the parameter k set to —3 Sv~', but simulations
were also performed for k=—1Sv™' and k=—-10Sv~". The
results are not discussed in this paper, however, we found that for
k= —1Sv~" the selection is so loose that a significant slowdown
can't emerge in 125 years, while for k= —10Sv™" the selection is
so tight that it can lead to issues involving local minima of
the AMOC.

In order to test the robustness in our findings we performed 10
independent ensemble simulations, each with 100 members and
125-year long. The 10 ensemble simulations were initialised from
10 different years of the control run in the period 2480-2500 with
a 2-year interval, i.e, 2480, 2482, 2484, 2486,..., 2498.

Triggering mechanisms

The algorithm selects and clones trajectories at the end of every
1-year resampling time interval. The driving mechanisms able to
induce a weakening of the AMOC in a time scale of one year are
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statistically preferred to those that develop in a longer time scale.
Considering that the dynamical evolution of the atmosphere is
much faster than the one of the ocean, the initial driving
mechanism of the AMOC slowdown must mainly resides in
atmospheric signals which are subsequently transferred to the
ocean. Each ensemble member, due to the chaotic nature of the
atmosphere, will evolve in a different trajectory, leading to
different impacts on the AMOC.

The mechanisms driving the AMOC slowdowns are evaluated
by examining the difference in the annual-mean climate between
the ensemble members that are replicated versus the full set of
ensemble members, where the signal of the replicated members
is weighted over the number of replications generated for the
following resampling time step. This difference is computed for
every year, and then averaged over the whole simulation. Finally,
the mean difference is scaled by the internal variability of the
system measured in sigma units. The internal variability is
computed as the average standard-deviation of annual-means
over the full set of ensemble-members. Thus we are able to
compare the relative size of the anomalies across different
observables. In summary, if A is an annual-mean quantity,

1 [A](n) _ <A(n)>

. zyears ( 5)
years

Adriving = n o ’

where

Al — z_membersA(n) . (n)‘ _ 5 members i ;
(Al i PG (W) i members’

oM — <(A(n) _ <A<n)>)2>

members = 100, years = 125.
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