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Abstract

The Atlantic Meridional Overturning Circulation (AMOC) is a key component of the
Earth’s climate system, and has been suggested to have multiple stable states.
Critical slowing down (CSD) can detect stability changes in Earth system compo-
nents, and has been found in sea-surface temperature (SST) based fingerprints of
the AMOC. Here, we look for CSD in historical simulations from 27 models from the
sixth Climate Model Intercomparison Project (CMIP6). We calculate three different
CSD indicators for the AMOC streamfunction strengths at 26.5°N and 35°N, as well
as for a previously suggested SST-based AMOC index (ASSTI) based on averaging
SSTs in the subpolar gyre region. No model shows CSD in the ASSTI, which is in
marked disagreement with observations. This lack of CSD is reflected in the AMOC
streamfunctions in most models, although individual ensemble members in some
models do show signs of CSD even under a conservative significance calculation.
We thus conclude that: 1) The historical AMOC in CMIP6 models is not losing stabil-
ity, 2) studies of AMOC stability should consider an ensemble of realisations, 3) there
is no non-AMOC-related physical process in CMIP6 models which could cause signs
of CSD in North-Atlantic SSTs in the 1850-2014 period, and thus the CSD in the
observed ASSTI is likely a sign of a change in the AMOC. This final result suggests
that observed changes in the ASSTI could indicate a loss of stability in the real-world
AMOC.

Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is a vital part of the Earth’s
climate system. It consists of a system of currents that transport large amounts of
heat and salt northward near the surface of the Atlantic Ocean. The AMOC is pre-
dicted to weaken under anthropogenic global warming [1], with substantial impacts
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on the global climate [2,3]. There is some observational and paleoclimate evidence
that the AMOC has already weakened [4,5], although the decline is controversial and
likely still consistent with natural variability [6—8]. The AMOC has also been identified
as a potential climate tipping element [9,10], with support for bistability coming from
paleoclimate proxy records [11], theoretical studies [12,13], as well as from experi-
ments with some general circulation models [14—18]. However, no alternative stable
states have been found in other models, and the question of such states in compre-
hensive climate models remains debated [19]. The AMOC’s bistability is theorised

to arise from a key positive feedback in the system, the salt advection feedback.

A weaker AMOC leads to less northward salt transport and thus reduced surface
density in the regions of North Atlantic deep water (NADW) formation. The reduc-
tion in NADW formation in turn leads to an even weaker AMOC, continuing until an
alternative weak AMOC state is reached. A question of intense debate is whether or
not the AMOC could undergo such an abrupt transition under future anthropogenic
climate change [9,10]. The 6th assessment report (AR6) of the International Panel
on Climate Change (IPCC) concludes that there is medium confidence that such a
collapse will not occur before 2100 [20]. This conclusion is in large part based on
results from complex climate models, and in particular on the experiments of the
sixth Climate Model Intercomparison Projects (CMIP6). Some of these experiments
have since been extended past 2100, and Drijfhout et al. 2025 [21] have shown that
in high emission scenarios the AMOC consistently weakens to almost zero by 2300,
although it should be noted that for most models there is no evidence that this weak-
ening is a state transition and not a linear damping.

In this work we will call a weakening of the AMOC to almost zero strength an
AMOC “collapse,” with the understanding that this collapse may be linear and does
not necessarily mean the AMOC has tipped to an alternative state. The complex-
ity and extent of the AMOC makes it challenging to simulate, and complex models
can fail to capture key processes which could lead to a warming-induced collapse
[16,22]. When the small number of older experiments that modelled a global-warming
induced AMOC collapses are used to estimate the temperatures at which a collapse
might happen, these range from 1.4 to 8 °C, in practice encompassing the full scope
of future warming [9].

Another approach to understanding the stability of the AMOC is to use its charac-
teristic statistical properties from the perspective of nonlinear dynamical systems. In
particular, when a system approaches a bifurcation-induced transition to a different
stable state, it undergoes a process called Critical Slowing Down (CSD), in which the
rate of the system’s return to equilibrium after perturbations decreases and eventually
approaches zero. Statistical indicators of CSD, such as increasing variance or auto-
correlation, are a measure of the stability of the system. In extreme cases, they can
signal an approaching transition, and have thus sometimes been called early-warning
signals [23]. Note that while non-linearity is a necessary condition for slowing down,
as long as the linear stability weakens, CSD can still occur in systems even if they
are not approaching a bifurcation point [24], although it is still uncertain how likely
such a scenario is for the AMOC [25,26]. Boers 2021 [27] (hereafter B21) studied sea
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surface temperature (SST)- and salinity-based observational proxies of the historical AMOC strength, and found a signif-
icant signal of CSD in these proxies. This result has often been interpreted as a sign that the real-world AMOC is losing
stability and approaching a tipping point, and some studies have attempted to use this CSD signal to predict the AMOC's
future tipping time [28], although concerns have been raised regarding the large uncertainties of such predictions [29].

In particular, the applicability of CSD to real-world systems is still under debate [30], as there are manifold uncertainties
associated with using CSD signals to warn of real-world tipping points. Some of these stem from the theoretical assump-
tion that the system is capable of tipping, but there are also many uncertainties that arise from our imperfect measure-
ments of the Earth’s climate [31]. Notably, continuous direct measurements of AMOC strength have only been available
since 2004 [32], and thus any attempt to understand the AMOC on longer timescales is restricted to so-called fingerprints.
Fingerprints are patterns derived from long-term observational records of variables that are in some way physically con-
nected to the AMOC. While fingerprints in the literature use a range of variables, from sea-surface heat fluxes [8] to ocean
heat content [33], the long time series length required for CSD detection constrains that analysis to fingerprints based on
SST and salinity datasets. The most commonly used AMOC SST fingerprint was introduced by Caesar et al. 2018 [34],
and averages SSTs from the subpolar gyre (SPG) area south of Greenland, normalized by subtracting the SST’s global
mean. Subsequent works have used different versions of this fingerprint, for example using a more general SPG area [35]
or subtracting twice the global mean [28]. In this work, it will be called the AMOC SST Index (ASSTI) for clarity. This is the
fingerprint that, among others, was used by Boers 2021 [27] to detect AMOC CSD, and by Ditlevsen & Ditlevsen 2023
[28] to predict an AMOC tipping time. The ASSTI has also been used as an emergent constraint for CMIP6 models, both
to constrain AMOC strength and variability [36] and to constrain Arctic Ocean changes [37]. While Ben-Yami et al. 2023
[31] showed that the CSD in this fingerprint is still significant when considering the uncertainties stemming from the SST
datasets, there has been increasing evidence in recent years that the ASSTI is only partially correlated with the AMOC
streamfunction [5,8], and that this correlation is time and scenario dependent [38,39]. In particular for CSD, van Westen
et al. 2024 [18] found no significant variance or autocorrelation increase preceding a hosing-induced AMOC tipping in
CESM1. It should be noted, however, that both the forcing and the background climate in this experiment are different
from the historical period. Although this body of evidence does indicate the need for the development of better AMOC fin-
gerprints, it does not necessarily mean that we should disregard the CSD seen in the observed ASSTI. Indeed, there is a
physical reason to suspect that losses in the AMOC'’s stability would mean slower recovery from perturbations in the SPG,
as the SPG is connected to the AMOC through multiple different mechanisms [35,40,41]. However, the uncertain correla-
tion between the ASSTI and the AMOC streamfunction leaves room for other physical processes influencing the changes
in the ASSTI, for example changes in the mixed layer depth or atmospheric processes [42—45], and these changes may
be causing the observed statistical changes in the ASSTI without those changes being mirrored in the AMOC itself. In
this work, we will call such a scenario a “physical false positive” (as opposed to a statistical false positive caused by, e.g.,
dataset processing methods), as in this case the CSD signal is truly present in the SSTs, but does not indicate an AMOC
slowdown. This is the main question we ask in this work — how certain are we that the changes we see in the observed
ASSTI indicate changes in the AMOC?

There are multiple ways to approach this question. One way is to develop AMOC fingerprints with a higher correlation
to the AMOC streamfunction, as is already being attempted in the literature [46,47]. Another is to look at scenarios where
the AMOC tips due to global warming, and see if the ASSTI warns of this collapse. However, even then there is still the
possibility of a physical false CSD warning coinciding with an AMOC collapse — to truly test the validity of ASSTI CSD,
one would need additional control experiments in the same model with no collapse. And furthermore, a warming-induced
AMOC collapse is rare in models, and only happens in CMIP6 models if the simulations are extended past 2100 [21]. Not
only is it uncertain whether the AMOC collapse (weakening) seen in these models is a tipping or simply a linear damping,
but the number of such extended simulations is low. Since we cannot be sure if the collapse is truly non-linear, a lack of
CSD warning in these models could either mean that the collapse is linear, or that the fingerprint is not useful, and thus is
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not a useful test of the fingerprint. In addition, the small number of models is an issue because the AMOC is a difficult sys-
tem to model [22], and so its response and its connection to North Atlantic SSTs varies strongly across models (see range
of correlations in Emirzade et al. 2025 [46]). Any model-based study aiming to make robust statements on the AMOC must
therefore use a large number of models, each with multiple ensemble members.

These limitations lead to the approach we take in this work — instead of looking for an AMOC-collapse test for the
ASSTI, we study what models can tell us about the period in which the real-world ASSTI CSD has been observed, namely
1850 to present. For this we use the CMIP6 historical simulations, and look for CSD both in the ASSTI and the AMOC
streamfunction strength. This approach not only provides us with a large number of models and ensemble member runs,
but also gives us three different angles of study: First, the results for the ASSTI can be directly compared to observations
in a standard model evaluation approach. Second, the lack or presence of CSD in the AMOC streamfunction can tell us
what is happening with the historical AMOC in these CMIP6 models. Finally, the results for the ASSTI and the streamfunc-
tion can be compared, to see if there is any relationship in their CSD indicator trends. To illustrate what this final compar-
ison can tell us, we show the four possible combinations of ASSTI and streamfunction signals in Fig 1. Since for most
models we do not know if the AMOC is truly approaching a critical transition, in this work we will call the ASSTI a reliable
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Fig 1. The four different possible results of our analysis. The rows, from top to bottom, represent the CSD indicator, restoring rate (\) time series

of: the real-world AMOC streamfunction (unknown), the real-world observed AMOC SST Index, the CMIP6 model AMOC streamfunction and the CMIP6
model AMOC SST Index. An increasing )\ time series is a sign of CSD (destabilization). The columns represent four different scenarios for the model
time series, namely, from left to right: both the streamfunction and the AMOC SST Index have a significant restoring rate increase (and so a sign of CSD)
(turquoise), only the model streamfunction has a significant restoring rate increase (orange), only the model AMOC SST Index has a significant restoring
rate increase (purple), and neither the model AMOC streamfunction nor the model AMOC SST Index have a significant restoring rate increase (pink).

https://doi.org/10.1371/journal.pcim.0000781.9001
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fingerprint for detecting AMOC CSD if its CSD indicator changes follow those in the AMOC streamfunction strength — that
is, if most of the runs are in either column 1 or column 4 of Fig 1. Together with the other angles of study, the CMIP6 his-
torical runs can thus help us better understand what is happening in the real-world Atlantic Ocean, even if we are not sure
whether these runs end up in a tipped AMOC when projected into the future.

Methods

This work uses the historical simulations from the sixth Coupled Model Intercomparison Project (CMIP6). These experiments
are initialised from different points in the model’s pre-industrial control run (piControl), and are then forced with the natural
and anthropogenic forcings of 1850—2014. For the AMOC streamfunction, we use the values calculated by Menary et al.
2020 [48], where the overturning streamfunction is calculated directly from the oceanic meridional velocities. For the stream-
function strength we take the maximum strength of overturning at latitudes 35°N and 26.5°N to represent the subpolar and
subtropical AMOC. In the following, these time series will be abbreviated as S35 and S26.5, respectively. The AMOC SST
Index is calculated as the mean SSTs in the area between 41° N and 60° N and 20° E and 55° E, minus the mean global
SSTs, and will be abbreviated as ASSTI. The list of CMIP6 models used and their ensemble members can be found in Table
Ain S4 Appendix — there are 27 models and 133 ensemble members in total (the number of ensemble members per model
varies). As we calculate both the ASSTI and the streamfunction strength at two latitudes, this totals to 399 AMOC time series.

Following B21, the main CSD indicator we will use is the restoring rate A. Whilst it has been more common to use the
variance and autocorrelation of a time series as CSD indicators, they can result in a false positives or negatives when the
statistics of the external conditions change. The restoring rate A as introduced by B21 is estimated under the assump-
tion of non-stationary correlated noise driving the system, and thus avoids biases induced by non-stationary noise (see
S1 Appendix). When a system is in a stable equilibrium state, \ is negative, and it increases toward 0 from below as
a critical transition is approached. In addition to A\, we also calculate the variance and lag-1 autocorrelation of the time
series as additional CSD indicators. Thus, for each model ensemble member we have nine indicator time series — three
AMOC time series times three CSD indicators. For 133 ensemble members, this totals to 1197 CSD indicator time series.
In the main text, all indicators are calculated from the detrended time series in 60-year rolling windows, but the results of
using other window lengths are shown in S3 Appendix.

Since we are dealing with a large number of time series, even if these time series were completely random with no
CSD, X would still increase by chance sometimes. We thus need to look beyond a single A increase in one time series,
and find additional information that identifies what we see as a robust and significant sign of CSD. We approach this prob-
lem from two different angles. The first is that in the case of true AMOC CSD, it is likely that both streamfunction strengths
at the two latitude bands, and possibly the AMOC SST Index, will have an increase in A, as well as in the other two clas-
sical CSD indicators (variance and autocorrelation). Thus, to find a truly robust sign of CSD we need to see an increasing
trend in all nine time series for a given ensemble member. This will be discussed further in the Results section. The sec-
ond angle is statistical significance, which is tested individually for each time series: in particular, our null model is a com-
pletely random time series with the same variance and autocorrelation function as the AMOC time series. To calculate this
significance we generate 1000 Fourier surrogates for each AMOC time series, and use those to calculate a p-value for the
slope of the CSD indicator in each time series. Whilst we define p<0.05 as a significant signal, we also use the p-values
themselves to compare the models. Note that we calculate the surrogates from the original AMOC time series and not the
CSD indicator time series, which is a more conservative approach than followed in B21 (see [31] for details). S1 Appendix
contains additional information on the CSD indicators and the calculation of statistical significance, including our approach
to the issue of multiple comparisons.

When comparing the CMIPG results to the historical SST observations, we use the ERSSTv5 and HadCRUTS SST
datasets. The uncertainty ranges for the trend and restoring rate are calculated from the uncertainty ensembles of these
datasets following [31].
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Results
AMOC SST index correlations

In the literature, using the ASSTI to represent the AMOC has been justified based on trend alignments in climate models.
Caesar et al. 2018 [34] were interested in the trend of the real-world AMOC, and hence calculated the historical trend of
the AMOC streamfunction and the ASSTI in multiple CMIP5 models. Plotting the model streamfunction trends against the
model ASSTI trends, they found a strong correlation across models, concluding that every ASSTI historical trend corre-
sponds to a streamfunction trend. Other studies focus on the annual or decadal correlations of the AMOC strength time
series with the ASSTI time series, often noting that these are lower than the correlation of the trends [5,8]. While the Cae-
sar et al. 2018 [34] results only state that the historical trend of the AMOC aligns with that of the ASSTI, a high correlation
of the time series implies that every annual or decadal ASSTI value corresponds to an AMOC streamfunction value. As
such correlations are a more stringent requirement than that shown by Caesar et al. 2018 [34], it is not surprising that
studies focusing on the annual or decadal correlations find lower values.

Fig 2 shows both of these approaches in our 27 CMIP6 models. As previously shown by Menary et al. 2020 [48], the
trends of the ASSTI time series are still highly correlated with the streamfunction strength trends both at 26.5°N and 35°N,
although many of these trends fall outside the observed range of ASSTI trends (Fig 2b,c). This increase in AMOC strength
in CMIPG6 (as opposed to the observed negative trend) is mostly present in the time span of 1850-1985, and has in part
been attributed to too-strong aerosol forcing (see [48-50] for discussion of this forcing and for full AMOC time series).

In addition, other work has shown that the large scatter in slopes can also be caused by internal AMOC variability [36].
Indeed, although for each model the ensemble members have the same forcing, in some cases there is a large spread in
ensemble member slopes (Fig A in S3 Appendix).

For this work, the more relevant correlation is the direct correlation of the streamfunction strength time series with the
ASSTI time series (Fig 2a). Although this correlation is low in many models, for S26.5 56% of ensemble members show a
decadal correlation above 0.5, and 27% have a correlation above 0.75 (49% and 26% for S35). One reason this correla-
tion may differ from model to model is that the AMOC is difficult to model, and that models hence vary in how well they
represent the connection between its components [22]. For example, the extent, location, and even existence of deep
water formation in the SPG differs between models [22]. These differences in the processes connecting the SPG SSTs to
the AMOC could influence the ASSTI’s suitability to detect AMOC CSD, which may thus differ between models. However,
note that similarly to the trend, the correlation between the ASSTI and AMOC strength time series also varies between
different ensemble members from the same model, so it is difficult to identify specific models with higher correlation. Thus,
while Fig 2a does show some of the low correlations discussed in previous works [5,8], the large percentage of correla-
tions above 0.5 means that for our purposes it is still informative to investigate the ASSTI’s reliability for detecting AMOC
CSD.

AMOC CSD indicators

Out of the 399 time series for both streamfunction strengths and ASSTI for the 27 models, 36 have an increasing slope

in the restoring rate A with p-value below or equal to the 0.05 significance level (Fig 3). However, only 4 ensemble mem-
bers have a significant A increase in both streamfunction strengths (CanESM5 r7, MIROCG6 r8 and CESM2 r3 and r8, see
Fig 3). There is only one case in which both the ASSTI and a streamfunction strength have coinciding significant positive
A slopes (CanESMS r10).

If the significant A increases were due to the AMOC losing stability, we might expect to see them consistently across
all ensemble members in a model. The result here is ambiguous: the significant increases are mainly found in certain
models, while 11 models (96 ensemble members) show none at all. For example, at one end, IPSL-CM6A-LR has 10
ensemble members (two AMOC latitudes and the ASSTI for each ensemble member resulting in 30 time series for the
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Fig 2. Correlation of the ASSTI fingerprint with the model AMOC strength. The top row (a) shows the correlation of the decadal rolling mean of

the ASSTI with the AMOC streamfunction strengths at 35°N and 26.5°N for the individual ensemble members of 27 CMIP6 models. For each model, all
ensemble member slopes are shown using the same colour-symbol combination. The bottom row (b,c) shows the 1850-2014 trend of the AMOC stream-
function strengths at 26.5°N (b) and 35°N (c) vs. the slope of the model ASSTI. The correlation of all data points is added as text in (b) and (c). The
black line is the slope in the ERSSTv5-derived observational ASSTI, and the light grey ensemble range is calculated from the ERSSTv5 1000 member
uncertainty ensemble.

https://doi.org/10.1371/journal.pclm.0000781.9002

model) but no significant A increase, whilst at the other end, CanESM5 has 10 ensemble members and 8 significant A
increases (about a fourth of its 30 time series). The fraction of significant A increases for each model are shown in Fig B
in S3 Appendix. Similarly, when we look beyond the 0.05 hard limit and look at the p value, we can see that some models
have much smaller p-values than others (Fig C in S3 Appendix). The fact that no model has a significant increase in all of
its ensemble members already indicates that there may be no robust signal of CSD in the CMIP6 historical simulations,
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Fig 3. Overview of ensemble members and the occurrence of significant increases in A for AMOC strength and the SST fingerprint. Each
model is represented by a circle which is cut into a number of sectors (slices) corresponding to the ensemble members analysed in this study. These
slices are also cut into three ring segments (layers), each representing one of either the AMOC streamfunction strength time series or the AMOC SST
Index. So a model with 10 ensemble members will have 10x3=30 slice layers in the circle corresponding to AMOC time series. For each time series, if its
A increases significantly at 0.05 confidence level, the corresponding slice layer is coloured, otherwise it is left grey. The order from outside in is: $26.5
(turqoise), S35 (purple) and AMOC SST index (pink). The name of the model and the number of ensemble members are printed above each circle. The
first ensemble member (r1) is always the one above the +90° line from the top (3 o’clock), and the ensemble members then proceed counterclockwise.
For example, for CanESM5 the SST Index (pink) has a significant slope in A in member r10, and the S26.5 index in members r7, r8 and r10. The corre-
sponding list can be found in Table D in S4 Appendix.

https://doi.org/10.1371/journal.pclm.0000781.9g003

and in particular the lack of CSD indicator increases in the ASSTI time series means that there is no model that com-
pletely matches the observations.

The next step in testing the validity of a CSD signal is to check the agreement between different CSD indicators. As
described in the Methods, we also calculate the variance and autocorrelation of the time series, and check for their signif-
icant increases following the same methods. Out of the 399 AMOC time series, there are 73 time series in total with any
sort of significant CSD indication (Fig 4). Of these, 47 time series show significant change in only one indicator, 20 time
series in two indicators, and six time series show significant trends in all three indicators (Table A in S2 Appendix). These
last six time series are all from different models, and five of them are the time series of the AMOC streamfunction at 35°N.
Again, there is an uneven distribution of these indicators among the models (see Fig D in S3 Appendix for the fraction of
significance per model). While this may indicate that the streamfunction at 35°N is better at reflecting the AMOC'’s stability
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with a significant increase. These are all three (dark purple), two out of three (pink) and just one (light pink).

https://doi.org/10.1371/journal.pclm.0000781.g004

than the other latitude, the number of AMOC time series with significant trends in all indicators is too low to make any
definitive statement about AMOC stability, especially since these time series all belong to different models.

Up until this point, we have called an individual time series’ CSD indicator slope “significant” when it had a p values
lower than or equal to 0.05, calculated from a CSD indicator trend distribution of the time series’ Fourier surrogates. How-
ever, this calculation only truly indicates statistical significance when we investigate only one time series, as we do with
the observations. Because we have a large number of time series in our analysis, even if all time series were completely
random we would still expect about 5% that fit the criteria of p<0.05. Thus, from now on we will not call individual time
series significant when the trend of their CSD indicator has p<0.05, but instead discuss them simply as time series with
increases with p<0.05. This then allows us to analyse the probability of seeing certain amounts of these increases with
p<0.05, and to discuss the significance of these amounts for individual models and the ensemble as a whole.

First, we calculate these probabilities for the distribution of CSD indicator trends in our 133 ensemble members as a
whole. As the different CSD indicators and the AMOC strengths and index are not independent (Fig 6d and Figs. E, F and
G in S3 Appendix), we thus consider each indicator-strength combination separately when calculating probabilities. For
each of these combinations we can then use the binomial distribution to calculate the probability that a given number of
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significant outcomes out of 133 occurs randomly, where the probability of a random time series to have a p<0.05 is 5%.
An in depth explanation of our methods can be found in S1 Appendix. The specific resulting probabilities of this calculation
can be found in Table C in S2 Appendix, but the overall results can be well understood from Fig 5, which compares the
number of p<0.05 indicator increases to the number we would expect from a random group of 133 time series. The num-
ber of increases for the two streamfunction strengths is clearly higher than for random time series for all three CSD indi-
cators, and indeed for the two strengths the probability of the total number of increases with p<0.05 occurring randomly is
less than 5%. However, the number for the ASSTI lies either at or below the expected number (Fig 5), and the probability
calculation shows that the number of p<0.05 increases seen in its 133 time series is likely to occur randomly. In fact, the
probability of having this number of increases is only as low as 10—15% because the number of p<0.05 ASSTI restoring
rate trends is less than the expected number, not more. In other words, compared to random time series the only unlikely
thing about the number of increases in the ASSTI CSD indicators is that there are so few of them.

In addition to calculating these probabilities for the whole CMIP6 ensemble, we can also calculate a similar probability
for each individual model using binomial distributions. Here the calculation is more complicated, as we have to account
not only for the number of ensemble members in a model, but also for the large number of models we analyse. A detailed
explanation can be found in S2 Appendix. Table B in S2 Appendix shows the probabilities for the five model-indicator-
strength combinations that are below the 5% probability level: CanESM5 A S35, CESM2 A\ S35, CESM2 AR1 S26.5,
HadGEMS3-GC31-LL AR1 S35 and MIROC6 AR1 S35 (Table B in S2 Appendix). Even for these, however, only either the
lag-1 autcorrelation or the restoring rate A, and either S35 or S26.5 are significant, where ideally all would need to show
significance to state that a model AMOC is losing stability. Note, however, that these probabilities are highly conservative
(see S2 Appendix).

However, probabilities should always be examined contextually [51,52]. And even in the models where the number of
p<0.05 increases is statistically unlikely, these p<0.05 increases are unevenly spread across ensemble members, with
some members having no p<0.05 increases at all (Fig 4). The statistical unlikelihood of the number of p<0.05 increases
is thus not enough by itself to conclude that these models have a robust sign of CSD. If the results were more consistent

19 l | 1 i
Expected value for

random timeseries
AMOC at 26.5
AMOC at 35

ASSTI

= =
w o
i 1
1

=
o
i

Number of ensemble members with p < 0.05
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Fig 5. The number of CSD indicator increases with p<0.05 compared to the expected number of random increases with p<0.05. The height
of the bars shows the number of ensemble members for the AMOC strength at 26.5°N (turquoise) and at 35°N (purple), as well as the corresponding
number for the ASSTI. The bars are grouped along the horizontal axis according to the CSD indicator the number of increases are calculated for. The
black line shows the number of increases we would expect if the time series were completely random, namely 133 « 0.05 = 6.65. Note that the number
of increases for the ASSTI is either at or lower than the expected number.

https://doi.org/10.1371/journal.pclm.0000781.g005

PLOS Climate | https:/doi.org/10.1371/journal.pcim.0000781 October 7, 2026 10/18




PLON. Climate

within models, we could try to formulate necessary criteria for CSD. As it is, there is no model for which we can say for
certain that the historical AMOC is losing stability. In contrast, the one thing that is true across models is that the changes
in the model ASSTI do not match the observations: not only could the number of CSD indicator increases with p<0.05
easily occur by chance, but in the observations there is a significant increase in all three of the CSD indicators in the
ASSTI. This is not present in any of the models’ ensemble members. This means that the CMIP6 historical runs lie firmly
in the fourth column of Fig 1 — overall no significant increase either in the AMOC streamfunction strength or the ASSTI.
The five model-indicator-strength combinations listed in Table B in S2 Appendix are the exception, lying in the second
column of Fig 1, but as they are only 5 combinations out of 27-3-3=243 the overall result still holds.

Whilst the list of time series with significant CSD indicator slopes changes slightly when the CSD analysis parameters
are changed (see Figs. H, I, J and K in S3 Appendix and Tables B, C in S4 Appendix), the statistics and conclusions from
the results remain the same.

Correlation of CSD significance with other parameters

Finally, we look for reasons why some models have lower p-value for A slopes than others (even if these are overall not a
conclusive sign of CSD). We do this by looking for correlations between the p-values of the different CSD indicator slopes
and other properties and observables. This could, for example, explain why only a few ensemble members in each model
show CSD, since we have seen the AMOC slope also varies between ensemble members. We compare the p-values of
the different CSD indicator slopes with the p-values of the other AMOC time series, with the slope of the historical AMOC,
and with the mean AMOC strength (Fig 6).

We find almost no correlation between p-values of A-slopes and these properties (Fig 6). The same is also true for the
AR1 and variance (Figs. F and G in S3 Appendix). The only exception is the correlation between the p-values of the two
streamfunction strengths, which is strongest for the variance but also present for the AR1 and ) slopes (Fig 6d, and Figs.
Fd and Gd in S3 Appendix). This correlation is also present for the ensemble mean values (Fig L in S3 Appendix). This
may be expected, as the streamfunction strengths at different latitudes are correlated to some extent. For the ensemble
means we also find a negative correlation between each streamfunction strength p-value and the corresponding mean
strength (Fig Lg-i in S3 Appendix). However, this correlation disappears when two outliers with very low mean streamfunc-
tion strength are removed.

Discussion and conclusions

The main question we address in this study is: how certain are we that the changes we see in the observation-based
ASSTI indicate changes in the AMOC? And more generally, what is happening to the real-world historical AMOC? In the
introduction we listed three ways that analysing the higher-order statistics of AMOC time series in CMIP6 historical runs
can help us move towards an answer to this question: First, by allowing us to compare the changes in the model ASSTI to
those observed; Second, by showing us how the stability of the CMIP6 historical AMOC has changed; Third, by giving us
a case study for the connection between the changes in the ASSTI and in the AMOC streamfunction strength. In the inter-
est of clarity, we will divide the discussion into two parts: the overall conclusions from the results for all 27 models, and the
exception of the four models listed in Table B in S2 Appendix, where there is some significant sign of CSD but where this
sign is not robust enough for concluding AMOC destabilization.

Overall results

First, let us discuss the overall results of the three points posed in the introduction:

1. No CMIP6 model shows the same significant increase in the ASSTI CSD indicators that the observed ASSTI
has (Figs 3-5). There are only four p<0.05 increases in X in the SST Index (out of 133 time series), lower than the
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https://doi.org/10.1371/journal.pclm.0000781.9006

expected value, and similarly the number of p<0.05 increases in the AR1 and variance are also not unlikely (Fig 5 and
Table C in S2 Appendix).

2. Overall, the historical AMOC in CMIP6 is not losing stability, as no model has a robust sign of CSD.

3. The CMIP6 historical runs lie firmly in the fourth column of Fig 1 — that is, there is no significant sign of CSD in either
the ASSTI or the AMOC streamfunction strengths. Although this is not a complete test of its reliability, we can conclude
from this that the ASSTI is not prone to a “physical false positive” CSD signal (Fig 1 column three).

Point (3) has natural implications for the observed CSD in the real-words ASSTI. If the ASSTI is not prone to “physical
false positive” CSD, then the observed ASSTI CSD is likely caused by changes in the AMOC. However, both point (3) and
its implications require us to assume that most other large scale changes influencing the ASSTI, other than the AMOC sta-
bility, are well represented in the CMIP6 models. In theory, there could be some other physical process in the real-world
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which is unrelated to the AMOC, induces signs of CSD, and is not well-represented in any CMIP6 model. Still, we believe
the existence of such a process is unlikely, and that the above assumption is well-founded, since any such alternative
physical process would not only have to react strongly enough to global warming to cause CSD in the ASSTI, but also
have a persistent stability bias across all CMIP6 models analysed. And while the AMOC and its stability are known to be
especially hard to model [19,22,53], with consistent stability biases across CMIP6 models [16,54,55], the representation
of other oceanic and radiative processes associated with the ASSTI [45] varies among models [56—-59]. It is thus doubtful
that not one out of the 27 models used in this study would include this other physical process, and so show CSD in the
model ASSTI. However, to fully support this assumption, further work should investigate all physical processes that might
influence the stability of North Atlantic SSTs.

It is also interesting to note that one of the alternative physical processes which may have been able to cause signs of
CSD in the ASSTI is the destabilization and tipping of the SPG [60,61]. But in fact, in our results there is no indication of
CSD in the ASSTI in the runs identified by Swingedouw et al. 2021 [44] as having an abrupt collapse of the SPG in the
21st century (r1i1p1f1 from CESM2-WACCM, MRI-ESM2-0, NORESM2-LM and CESM2). This is an indication that using
the ASSTI to detect CSD in the AMOC would not produce a false warning in case of a collapse of only the SPG, and is in
line with recent work disentangling the fingerprints for the AMOC and SPG [46].

A simple summary of our overall results would be the statement “something different is happening in the historical
model Atlantic Ocean than in the real-world.” Taking all three above results together, there are a few possible reasons for
this difference:

» The model AMOC is stable and will stay stable, whilst the real-world AMOC is losing stability. This difference could be
caused by the bias of climate models towards stability [53].

* The model AMOC could tip due to warming in future projections (e.g., the collapse we see in high emission scenarios
after 2100), but this tipping point is in the more distant future in the models than it is in the real-world, and thus the CSD
that has emerged in the observations has yet to become significant in the models.

» Both the modelled and the real-world AMOC are stable. The observed signs of CSD in the North Atlantic would then be
caused by some other phenomenon unrelated to the AMOC. As the third part of our results in the list above shows, this
option is unlikely — signs of CSD in the ASSTI do not occur easily.

* The model AMOC could tip due to warming in future projections, but the concept of CSD is not useful for climate change
AMOC tipping. This could be due to anthropogenic forcing being too fast for reliable detection of CSD, which assumes
the system to be at least close to equilibrium, or because a complex high-dimensional system like the AMOC cannot be
captured by a one-dimensional fingerprint signal. This explanation would again require the observed North Atlantic CSD
to be caused by something other than the AMOC, which is unlikely according to our results.

The last two points are possible, but unlikely, as it is difficult to imagine a situation in which at the same time CSD is not
useful for the AMOC and a false signal is present in the ASSTI. In addition, and as we argue above, this work shows that
the ASSTI is not prone to physical false positives. We are thus left with the first two points: the model AMOC is either sta-
ble, or further away from a tipping point than the real-world AMOC [62]. The true explanation could vary between models,
and in fact is even likely to do so — there is already strong evidence that the AMOC in the GISS-E2-1-G model tips to an
alternative weak state in high emission scenarios past 2100 [63], and also evidence that some of the other CMIP6 models
(EC-Earth3, MPI-ESM1-2-HR) have a very stable AMOC [19,64]. In addition, the theory that the model AMOC may have
the potential for tipping but is farther away from this tipping point than the real-world AMOC has been introduced and sub-
stantiated by Shin et al. 2025 [62] for CESM2. The reason for this delay would be the bias in the freshwater convergence
into the Atlantic basin (called Mgy or Foy in some studies), which is positive in most models and negative in observations
[54]. As it is theorized that a certain freshwater convergence threshold needs to be passed for the AMOC to tip, “starting”
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further away from this threshold at higher value would explain why the historical model AMOC would be further away from
a tipping point [16,26,62].

Our overall conclusions for the CMIP6 historical runs are thus clear: models do not give any indication that the ASSTI
is prone to physical false positives, and the AMOC in these models is either stable or further away from tipping than the
real-world AMOC.

Significant but inconclusive CSD signs

We thus come to the four models listed in Table B in S2 Appendix: CanESM5, HadGEM3-GC31-LL, CESM2 and MIROCS6.
For some combination of streamfunction strength latitude and CSD indicator, the number of p<0.05 increases in the
ensemble members of these models is unlikely to occur by chance. This can be seen clearly in Figs 3 and 4, where these
models have a much higher concentration of colour than other models. The latter two of these also have one ensemble
member with what we would classically expect for an indication of CSD: significant increases of all three CSD indicators in
the streamfunction strength at 35°N, and an increase in two out of three CSD indicators in the streamfunction strength at
26.5°N. Indeed, out of the six time series with significant increases in all three CSD indicators, five are for the streamfunc-
tion strength at 35°N. If this is due to the AMOC truly destabilizing in these models, it would make sense that the signal
would be stronger in the more northern latitude, as the destabilization usually originates in the North Atlantic.

However, it is still difficult to call the result for these models a robust sign of the AMOC losing stability, since the p<
0.05 increases in the CSD indicators are still only in some ensemble members, and even in those mostly only in one or
two CSD indicators. The overall conclusion for CMIP6 historical runs thus still remains that discussed above, namely that
there is no robust sign of CSD. However, what we see in these four models fits well with the theory described above that
in some models the AMOC is approaching a tipping point, but is too far away from this tipping point for a robust sign of
CSD to emerge. Indeed, measuring CSD too far from a tipping point, we would expect to see what we do in these mod-
els: the trend emerging above the noise in some members and indicators, but not yet in others. In particular, for CESM2,
CanESM5 and HadGEMS3-GC31-LL there is evidence supporting the existence of an alternative weak AMOC stable state
[22,65], and for CanESM5 there is a future projection simulation where the AMOC collapses beyond 2100 [21].

There is of course also the possibility that the signs of CSD in these models are either being masked by other pro-
cesses in the ensemble members without a signal, or caused by some other underlying ocean process in the members
that do have a signal. Both of these explanations are possible because, as discussed in the previous section, the AMOC
is a complex high-dimensional system, and it could be that the one-dimensional signals considered here cannot properly
capture the changes in its stability. However, unlike the above reasoning, these explanations do not immediately fit with
our conclusions for the overall results, and would require additional evidence to be substantiated.

Final comments

Our results have multiple implications for our understanding of the AMOC. First, the marked difference between the
changes in higher-order statistics of North Atlantic SSTs in the models and observations highlights the persistent biases
in the ocean representation of complex climate models, and points towards directions for improvement. In addition, we
find that no model ASSTI truly matches the way the observed ASSTI changes over time, meaning that studies using the
ASSTI as an emergent constraint should be careful to investigate the effect different higher order statistics may have on
their results [36,37]. In addition, our results show that signs of CSD in the ASSTI are not a common occurrence. There
must thus exist some real-world physical process that is causing these signs of CSD, and that is not represented in any
of the models. If one assumes that any non-AMOC-related process with the potential to cause ASSTI CSD would be well
represented in at least a few of the analysed models, our results indicate that the CSD we detect in the observed ASSTI
suggests something is changing in the AMOC. These results cannot prove that this AMOC change is a loss of stability,
but simply ruling our other processes greatly increases the likelihood that the observed ASSTI CSD is caused by AMOC
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destabilization. Future work on AMOC CSD in complex climate models should focus on scenarios where the AMOC
undergoes a warming-induced abrupt transition, and such work can answer whether the ASSTI is not only not prone to
false positives, but also reliably shows true positives. Finally, our results also highlight the importance of using multiple
ensemble members when investigating changes in the ocean of a complex climate model. As Romanou et al. 2023 [63]
have shown for the GISS-E2-1-G model, the AMOC can have substantially different responses to anthropogenic warming
in different ensemble members, and robust conclusions can only be made about the ensemble as a whole.

In conclusion, we have found that there are no robust and significant signs of CSD in the CMIP6 historical runs of 27
models, neither in the AMOC SST Index or the AMOC streamfunction strength. In some models, this may be caused by
the modelled historical AMOC being biased to start further away from the tipping point than the real-world AMOC, and thus
the CSD signal taking longer to emerge from the noise. In addition, the lack of CSD in the model AMOC SST Index means
that it is not prone to show CSD for changes unrelated to the AMOC, and that the observed CSD in the real-world AMOC
SST Index likely indicates that the AMOC is losing stability.
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