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Noise-induced transitions

of the Atlantic Meridional
Overturning Circulation in CMIP5
models

Daniele Castellana'* & Henk A. Dijkstra®?

By studying transition probabilities of the Atlantic Meridional Overturning Circulation (AMOC) in an
ensemble of CMIP5 climate models, we revisit one of the stability indicators of the AMOC, i.e. the
freshwater transport carried by the AMOC at the southern boundary of the Atlantic basin. A correction
to this indicator, based on the transition probabilities, is suggested to measure whether an AMOC
state is in a multiple equilibrium regime or not. As a consequence, the AMOC of all CMIP5 models
considered is in a multiple equilibrium regime and hence, in principle, a collapsed AMOC state should
exist in each of these models. The results further demonstrate the dependence of the Atlantic surface
freshwater flux on the AMOC and the impact of extreme events in the AMOC on temperatures in the
North Atlantic region.

The Atlantic Meridional Overturning Circulation (AMOC) plays a crucial role in the climate system, as it trans-
ports about 1.5 PW of heat northward in the Atlantic Ocean. Observations from the RAPID project have shown
evidence of a decrease of a few Sverdrups (Sv) in the strength of the AMOC over the period 2004-2017". It is well
known?®* that the AMOC strength is sensitive to the surface freshwater forcing. In particular, model results®*
indicate that the AMOC can have more than one stable state under the same surface forcing conditions. The
physics behind the multistability of the AMOC is well understood and due to the salt-advection feedback?.

Projections from state-of-the-art climate models from the IPCC (Intergovernmental Panel on Climate
Change, 2013) indicate that the AMOC will weaken under the effect of the anthropogenic climate change at a
rate up to about 1 Sv per decade’. When studying the output of climate models which are part of the CMIP5
(Coupled Model Intercomparison Project Phase 5)'°, the stability of the AMOC cannot be determined easily
because of the long simulation time required!. This is one of the reasons why multiple equilibria have not been
found in such models. Another reason might be that the AMOC states are not in a multiple equilibrium regime,
possibly due to biases in the models'?. Anyway, it cannot be excluded that the AMOC in the present-day climate
is in a multiple equilibrium regime'.

To determine whether a multiple equilibrium regime exists in a model, indicators of the AMOC stability
have been developed. The quantity M,,'* is defined as the amount of freshwater transported by the AMOC at
the southern boundary of the Atlantic Ocean (at 34°S). A negative (positive) value of M,, indicates that the
AMOOC is in a multiple (single) equilibrium regime. M,, has proven to be a good indicator for the detection of
a multiple equilibrium regime in ocean-only models'>'$, and it has been used to interpret the behaviour of the
AMOC in several coupled models and in observations'*'7-2!. However, it was only developed in the framework
of ocean-only models, as it ignores feedbacks between ocean and atmosphere!"'%.

When the present-day AMOC is in a multiple equilibrium regime, changes in the freshwater forcing may
induce a transition to a weak or ‘collapsed’ AMOC state. When such a transition is not induced by the crossing
of a critical boundary, but by fast variability in the forcing (‘noise’), it is called a noise-induced transition?. In a
recent study?, such noise-induced transitions were studied in a box model of the Atlantic Ocean, where M,, is a
perfect indicator for the multiple equilibrium regime of the AMOC. It was found that two types of noise-induced
transitions can occur: a full collapse of the AMOC, referred to as S-type transition, and a partial and temporary
collapse, associated with a temporary cessation of the downwelling in the North Atlantic, referred to as F-type
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transition. While an S-type transition is unlikely to occur within the next 100 years, the likelihood of an F-type
transition strongly depends on the amplitude of the freshwater noise and the value of M,,*.

It is important to investigate the noise-induced transitions of the AMOC in CMIP5 models as these transitions
can have substantial consequences for the climate of the North Atlantic. Several studies have shown the impact
of the AMOC variability on the sea surface temperature (SST) of the North Atlantic Ocean®*?, as well as its
influence on the European climate*®?’. Roberts et al.”® computed regression maps of changes in SST, associated
with a change in the AMOC, using decadal mean time series from an ensemble of CMIP5 models, and found
positive correlations in the North Atlantic. The area that seems to be the most sensitive to the AMOC variability
is the Atlantic Subpolar Gyre. Rahmstorf et al.?? developed an AMOC index, based on the SST difference between
the Atlantic Subpolar Gyre and the Northern Hemisphere, which was found to correlate well with the AMOC
strength. Duchez et al.*® investigated the link between the observed AMOC anomalies at 26°N and satellite based
Atlantic SST anomalies and showed that there is a significant correlation between these quantities.

The main aim of this paper is to analyse noise-induced AMOC transitions in CMIP5 model results. Castellana
et al.” already indicated that F-type transitions can be found in CMIP5 models and preliminary results were
shown in their Supplementary Information®. In “Results” section, we detect F-type transitions in CMIP5 models
and connect these to M,,. Moreover, the consequences of noise-induced transitions in the AMOC strength are
explored, especially with regard to anomalies in the surface temperatures of the North Atlantic region. A sum-
mary and discussion of the results follow in “Summary and discussion” section. “Models and methods” section
provides an overview of the model output and the methodology used.

Results

In Fig. 1a, the time series of the AMOC strength Wy, and the Ekman transport Wg at 26°N are shown for the
MIROCS5 model. Before the time series were annually averaged, they were detrended by removing the first EOF
(Empirical Orthogonal Function) obtained with the Singular-Spectrum Analysis (SSA)*'. SSA has proven to
be an effective way to make sure that trends are removed from the time series: the stationarity is a necessary
requirement in order to investigate extreme events. It is clear that several of the extreme events occurring in
the AMOC cannot be attributed to extremes in the Ekman transport. Therefore, such events are interpreted as
being buoyancy-induced and to be able to isolate these transitions we use (as explained in detail in “Models and
methods” section) the time series W37 = Wy — Wg (Fig. 1b).

Extreme events (or transitions) like the ones highlighted in Fig. 1b, extending below the 2¢ threshold, can
be found in all the CMIP5 models investigated here. Using the procedure described in “Models and methods”
section, we are able to compute, for each model, the transition probability of such events; the values are shown
in Table 1. At first glance, it is surprising that, although the models show very similar values of noise and transi-
tion probability, their values of M, are quite different. In particular, four of the models present a positive Moy,
which would indicate that the AMOC is in a single equilibrium regime, hence unable to undergo transitions®.

While there could be several other reasons for this result, we interpret it here as an indication that M,, is not
an adequate indicator of the multiple equilibrium regime in climate models. To explain our idea for a correction,
we recall the physics behind M,, (see Fig. 2a for an illustrative scheme). When M,, is negative, the overturning
circulation transports freshwater out of the Atlantic basin (Foceqn in the figure): if a perturbation is introduced in
the system, such that the AMOC weakens, less freshwater is transported out of the basin; therefore, the Atlantic
Ocean becomes fresher, which, in turn, further weakens the AMOC. When M,, is positive, a weakening of the
AMOC results in a saltier basin, which has the effect of stabilising the circulation. In other words, a positive
(negative) feedback mechanism on the AMOC strength is established when M,, is negative (positive). However,
the mechanism explained above is valid only provided that atmospheric fluxes are not affected by the AMOC.
This assumption is certainly valid for ocean-only models, where fixed surface fluxes are prescribed. On the
other hand, when coupled models are taken into consideration, the atmospheric feedbacks cannot be ignored®:
a weakened AMOC results in a variation in the surface freshwater flux over the Atlantic ocean (Fig. 2b). An
improved indicator for the AMOC stability needs to take such feedbacks into consideration'.

Corrections to M, due to salinity biases in CMIP5 models®® have already been suggested'’, but do not really
take into account the effect of the AMOC on the freshwater flux. In the following, we take a bold step to develop
a correction of My, by making use of the relation between transition probabilities, freshwater noise and M,, as
determined in the box model of Castellana et al.>®, where M,, was a perfect indicator of the multiple equilibrium
regime. It is known that box models can quite accurately represent AMOC transitions®. Although this approach
is quite a leap, fortunately there is an interesting check at the end on the consistency of the procedure.

As expected, the probability of F-type transitions in Castellana et al.** was found to be higher with lower
(more negative) values of M,, and with higher noise amplitudes. Based on these results, we calculate the value
of M,, that each CMIP5 model should have, based on the values of noise and transition probabilities calculated.
This is done by inverting the map in Fig. 4 of Castellana et al.** and interpolating M,, on a grid constructed with
the other two variables (the atmospheric noise 1 and the transition probability P). The corrected values of M,,
are shown in the last column of Table 1. A graphical representation of the method is shown in Fig. 3. Note that
the correction for the model CNRM-CM5-2 is missing: this is due to the fact that the corrected value of M,
should be less than — 0.25 Sv; unfortunately, the actual value cannot be obtained with the method previously
described, as in the box model, transition probabilities were not calculated for such large negative values of M,,.

The discrepancy between the original values of M, and their corrected values is here interpreted as being due
to the presence of atmospheric feedbacks on the AMOC. Consider the Atlantic freshwater budget of a General
Circulation Model (GCM). In equilibrium, this budget relates the integrated freshwater flux over the Atlantic
basin, including the Arctic Ocean, (Fs) with the freshwater transports by the AMOC and the horizontal gyre
circulation through'*:
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Figure 1. (a) Yearly-averaged time series of Wy, i.e. the maximum value of the AMOC at 26.5°N (black) and
of W, i.e. the zonally integrated Ekman transport (red), respectively, in the pre-industrial control simulation

of the model MIROCS5. The dashed horizontal lines indicate, for each time series, the lower bound of the 2o
confidence interval around the mean. The disks identify the time points at which extreme events occur, defined
as the values extending below the threshold. Note that some of the values are not marked, because of the (10-
year) clustering. The magenta vertical lines are drawn in correspondence with the extreme events of W on top
of both the time series. In this way, it is possible to qualitatively check whether a certain extreme event in the
AMOC is related with anomalies in the wind-stress variations. (b) The difference time series 57" = Wy — WE.

# model Model name Institute ID Wy M33°s (Sv) n P M5 (Sv)
1 ACCESS1-0 CSIRO-BOM 14.7 —0.038 0.27 0.63 —0.14
2 ACCESS1-3 CSIRO-BOM 16.5 —0.004 0.30 0.70 —0.13
3 CNRM-CM5-2 CNRM-CERFACS 15.7 +0.039 0.11 0.81

4 GFDL-CM3 NOAA GFDL 20.6 +0.104 0.20 0.55 —0.16
5 GFDL-ESM2M NOAA GFDL 22.6 +0.150 0.22 0.80 —0.18
6 MIROC5 MIROC 15.5 —0.036 0.20 0.81 —0.19
7 MPI-ESM-LR MPI-M 18.9 +0.002 0.19 0.69 —0.19
8 MPI-ESM-MR MPI-M 16.6 —0.117 0.16 0.75 —0.21
9 MPI-ESM-P MPI-M 18.3 —0.014 0.19 0.66 —0.18
10 MRI-CGCM3 MRI 14.4 —0.006 0.12 0.80 —0.23

Table 1. Table containing the list of the models used in this study. Each model is identified with a certain
number, which is used in the following figures to refer to it. The other columns of the table represent,
respectively, the AMOC strength, the value of M,, obtained by Mecking et al. 17, the noise and the transition
probability calculated with the procedures described in “Models and methods” section, and the corrected
values of M0

FS :Mov +Muz (1)

where M, represents the freshwater transport by the southern Subpolar Gyre circulation. In equation (1), we
have neglected small-scale mixing contributions and Bering Strait transport as these terms are usually much
smaller than the others'% Several studies® have shown that the net evaporation over the Atlantic basin depends
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Figure 2. (a) Illustration of the positive feedback mechanism established with negative M,,, in a ocean-only
model. In the first figure, the AMOC is in equilibrium and it transports freshwater (F,ceqn) outside of the
Atlantic ocean; Fs represents the constant net freshwater flux between ocean and atmosphere. In the second
figure, the AMOC weakens due to a perturbation: therefore, less freshwater is transported outside of the basin
(Focean decreases). As a consequence, the basin becomes fresher and the AMOC further weakens, as depicted
in the third figure. (b) Same situation, for a coupled model: the freshwater flux is no longer constant, therefore
a weakening of the AMOC results in a change in its magnitude. Hence, no conclusions can be drawn about a
potential feedback mechanism. (c) Same situation, for a coupled model, with M59" < 0. The component of the
atmospheric freshwater flux dependent on the AMOC strength F(Wj,) is included in the definition of M,, and
F Se’“ is constant. Hence, the original idea behind M,, is retrieved.

on the strength of the AMOG, i.e., a lower evaporation is associated with a weaker AMOC. This motivates to
split the term Fs into two contributions:

Fs = Fs(Wy) + F§* )

where the first term in the right hand side represents the dependence on the AMOC strength Wy, whereas the
second term is the net evaporation over the Atlantic Ocean in the absence of an AMOC.

A corrected value of M$9" should take into account the effect of the variation of the AMOC on the transport
of freshwater inside/outside the basin, hence

Mgy + My, = F§* (3)
Therefore, using the relations (1) and (2), we obtain
Mg)" = Moy — Fs(Wn) (4)

An illustration of the mechanism is given in Fig. 2c: when M59" is negative, it cannot be stated whether the
AMOC transports freshwater outside or inside the Atlantic basin (the direction of Fyceqy is unknown). However,
if the component of the atmospheric freshwater flux dependent on the AMOC strength F(Wy,) is included in
the definition of M,,, we can imagine as if a net freshwater transport was flowing outside of the basin, partly
via the southern border of the Atlantic ocean, and partly through the atmosphere (Focean + F(¥pr)). When the
AMOC weakens due to a perturbation, this net transport decreases, while F&* remains constant, by definition.
Therefore, the Atlantic ocean becomes fresher, which, in turn, makes the overturning circulation weaker. One
could in principle extrapolate the dependence of Fs on the AMOC strength W) using additional CMIP5 model
simulations and calculate the corresponding value of M, to determine M;o". Unfortunately, such results are not
available for CMIP5 models, and in fact an enormous computational effort would be required to compute all
these equilibrium solutions.
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Figure 3. (a) Transition probabilities of the AMOC transitions in 100 years, adapted from Castellana et al.>,
as function of M,, and atmospheric noise 1. The dashed magenta line indicates M,, = 0, which is supposed

to separate the monostable from the bistable regions. On the top of the contour map, circles were drawn in
correspondence of the M, values and the noise amplitudes calculated from the models (5th and 6th columns
of Table 1, respectively). The transition probabilities calculated from the models, indicated by the colors of the
coloured circles, do not match with the ones predicted by the box model. (b) The circles in (a) were shifted
horizontally, by correcting the values of M,, with the procedure described in the text. The values (based on the
box model) of the transition probability were calculated for each value of the parameters (M, n) and the M,,
of each CMIP5 model has been corrected, such that the calculated transition probability fits the one in the box
model.

However, and here comes an internal check of the procedure, it is expected that the different CMIP5 models
should have about the same F&™. If transition probabilities were not connected to the correct stability indicator,
ext

here proposed to be M%", then there would be an enormous spread in F, ¢ values. From the CMIP5 models, we

can evaluate Fg’“ from (combining (2) and (4))
F§&" = Fs + AM,, (5)

where AM,, = MS™ — M,, and Fs is just the surface freshwater flux calculated from the control simulation.
The results (Fig. 4) are quite astonishing as the mean value of F&, averaged over the 10 models, is 0.20 Sv, with
a standard deviation of only 0.06 Sv! This result is highly nontrivial as the correction Mg’" is only based on the
transition probabilities. We see this as an indication of an internal consistency of the, admittedly bold, assump-
tions made.

In order to investigate the consequences of the occurrence of AMOC extremes for the surface temperatures
of both land and ocean areas in the North Atlantic region, we selected three areas: Western Europe, Greenland
and the Atlantic Subpolar Gyre (Fig. S1 in Supplementary Section A). The time series obtained by integrating the
surface temperature field over the three subregions were yearly-averaged and detrended. Surface temperatures
differ from SSTs only when sea ice is present but when the data is yearly-averaged, the differences in temperature
anomalies are very small (not shown). The time series for the temperature anomalies in the three regions, once
again for the model MIROCS, are shown in Fig. S2 in Supplementary Section A, together with the W§f" time
series. Several of the temperature anomalies seem to be correlated with extremes in the AMOC. In order to
give a statistical measure of such correlation, for each subregion, we calculate a synchronisation index between
the extreme events in the AMOC and those in the surface temperature, using the Event Synchronisation (ES)
algorithm“. This method is preferred over more traditional correlation methods, since our focus is on the
extreme events, and not on the whole time series. Moreover, the advantage of ES is that it allows to study inter-
relations between series of non-Gaussian data or data with heavy tails*”?*. The algorithm, described in detail in
Supplementary Section B, is applied to two time series (indicated as i and j, respectively) and it allows to calculate
two quantities: Q¥ and g”. Here, QY represents the strength of the synchronisation, with Q¥ = 1indicating full
synchronisation (e.g., between a time series with itself), and Q¥ = 0 an absence of synchronisation. The quantity
q" determines the lag between the time series, with g7 > 0 (< 0) indicating that the events in the time series j
precede (follow) the events in the time series i.

The time series i was always chosen as W§7" (top panel time series in Fig. S2) and j was varied between the
temperature anomaly time series in the three subregions (the other three time series in Fig. S2). Figure 5 shows
the results of Q and g, calculated for each one of the 10 CMIP5 models under consideration. Q varies substantially
between the different models, with a maximum value of 0.72 for the temperature anomalies of the Subpolar Gyre
in the model MRI-CGCM3, and a minimum of zero. Overall, the temperatures are considerably affected by the
AMOC. The lags calculated with the index g are in almost all the cases negative, i.e. the temperature changes lag
the AMOC changes. Furthermore, for the Subpolar Gyre, models with lower values of M5, which supposedly
have a less stable AMOC, show higher event synchronisation between extremes in the AMOC and temperature.

Summary and discussion

In this paper, we analysed noise-induced transitions of the AMOC in an ensemble of CMIP5 models, and inves-
tigated the consequences of such transitions for the surface temperatures of the North Atlantic region. In each of
the CMIP5 models, a considerable number of extreme AMOC events occur, events that cannot be attributed to
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Figure 4. F&, computed for each CMIP5 model with the procedure explained in the text. The error bars
represent the confidence interval of one standard deviation around the mean values, calculated for the original
time series F.
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Figure 5. (a) Event synchronisation strength Q, calculated, for each CMIP5 model, between the Wj7" anomalies
and the surface temperature anomalies obtained for three different subregions in the North Atlantlc (Fig. S1).
The models have been ordered, from left to right, from the lowest to the highest value of MS%". (b) Lags g.

the wind-stress variability, as measured through the Ekman transport. Transition probabilities were calculated
through a threshold measure of 20 around the mean.

Models simply show too many AMOC transitions, then what is expected based on their M,, value; therefore,
we proposed a correction to My,. This new indicator, M5, was calibrated with the transition probabilities as
obtained from a box model of the AMOC?. Although this was a bold step, internal consistency was demonstrated
by the small spread in the integrated surface freshwater flux F¢* which would arise under the absence of an
AMOC. The average value obtained for F§ from the 10 CMIPS models was 0.20 & 0.06 Sv. The values of M5
do not dramatically change with another choice (e.g.30) of threshold for the AMOC transitions. The transition
probabilities are sensitive to changes in M,,: therefore, small errors in the estimation of the probabilities (still in
the same order of magnitude) do not result in large errors in the estimation of Mo,.
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The implication of this view is that the AMOC substantially influences the Atlantic freshwater flux Fs and
that all CMIP5 models considered are effectively in the multiple equilibrium regime. This could be investigated
by applying large temporary localized freshwater fluxes and the results here would imply that collapsed AMOC
states can be found. It would also be interesting, but certainly out of the scope of this paper, to compute F&*
using a coupled ocean-atmosphere model. A slab-ocean version cannot be used as in these models a so-called
Q-flux is prescribed, which already captures the effect of the AMOC on the freshwater flux®. One needs to set
the atmospheric buoyancy fluxes which are transferred to the ocean to zero in a fully coupled simulation. The
resulting equilibrium state may be far from any historical climate state but, if so, that would precisely demonstrate
the impact of the presence of the AMOC on the present-day climate state.

Using event synchronisation, we studied connections between AMOC extreme events and temperatures
over three North Atlantic regions in the CMIP5 models. The strength of the synchronisation substantially varies
between the different models. Such differences were already found in another multimodel study, with a focus
on correlations between decadal means of SST and the AMOC?. As expected, the synchronisation between
AMOC and temperatures seems to occur for negative time lags, which means that the extreme events in the
AMOC precede the ones in the temperatures. There is no robust connection between the stability of the AMOC,
as measured by M{?", and the influence of the AMOC on the surface temperatures. Indeed, many other factors,
such as a different background climate state, may affect this temperature response.

Models and methods

In this work, pre-industrial control simulations from 10 different CMIP5 models were analysed and compared
(see Table 1). Due to the availability of the specific data needed, we were not able to use other CMIP5 models.
The choice of using control simulations is motivated by the fact that we are interested in noise-induced transi-
tions of the AMOC, with the background climate state being in equilibrium.

The AMOC strength is represented by the maximum value (over depth) of the meridional overturning
streamfunction at 26.5°N, from now indicated by Wy;. Midlatitude AMOC variations are partly induced by
wind-stress variations, mainly through the Ekman transport*’, which is a relatively fast response as it is accom-
plished by (barotropic) waves. The noise-induced transitions of the AMOC we are interested in are induced by
high-frequency variations in the freshwater forcing?. Because of the nonlinear nature of the ocean circulation,
it is generally not possible to separate both AMOC responses to buoyancy and wind-stress variations. Neverthe-
less, Biastoch et al.*! argue that such a separation is meaningful for midlatitude AMOC variability. Hence, we
modify the AMOC time series by subtracting the Ekman transport at 26.5°N, indicated by Wg and expect that
variations in the resulting time series W§]" = W) — Wg better reflect those occurring through surface buoyancy
fluctuations. Our choice is in agreement with the results shown by Polo et al.*>, who conclude that buoyancy
forcing dominates in the geostrophic transport anomalies W§7" (i.e., AMOC - Ekman transport) on decadal time
scales, whereas wind-stress induced fluctuations are mostly confined to intraseasonal and interannual time scales.

To calculate the high-frequency variability of the freshwater flux over the Atlantic Ocean, i.e. the main
component of the ‘noise, we follow the same approach as in Castellana et al.?>. First the integrated freshwater
flux over the northern Atlantic region (50°N-70°N), indicated by Fﬁ\’, and a southern region (south of 40°S),
indicate by F¥, is calculated. Next, the difference FY° = FY — F{ is determined and the ‘noise’ used here is the
yearly-averaged component of FYS, say F}'S. The quantity  below is the ratio between the standard deviation
and the mean value of Fys, and it can be easily determined for each CMIP5 model.

To meaningfully define an F-type transition for a CMIP5 model time series, we recall the results for the box
model of Castellana et al.. Here, the strength of the AMOC was represented as the deep water flow in the North
Atlantic (or downwelling). The F-type AMOC transitions were the consequence of a temporary cessation of the
downwelling, without any subsequent reversal of the circulation. In a more realistic model, one can identify these
transitions from the occurrence of extreme events in the AMOC time series, defined as values extending below a
certain threshold. Drijfhout et al.** used a similar approach to detect abrupt climate changes in CMIP5 models.

In the results below, the threshold used is 20, where o is standard deviation of the W§7” time series. This choice
seems to be a good compromise between two conditions that need to hold: on one hand, the threshold needs
to be far enough from the mean, to guarantee that the occurrence of extreme events is well represented by a
homogeneous Poisson process if the transitions are rare enough (formally when the threshold goes to infinity).
On the other hand, enough values need to extend below the threshold, so that the analysis is statistically robust.
Another precaution that needs to be taken is the fact that the events must be independent from each other: for
this purpose, we clustered the events, using a 10-year window. Transition rates (1) are computed, for each time
series, by counting the number of extreme events per unit of time. The transition probabilities over a time interval
T are then obtained using the following formula**

P(T)=1—¢"T

where, in most cases, we take T' = 100 years.

Values of M,, of the CMIP5 models were provided by Mecking et al.'’, who calculated M,, at 34°S from his-
torical simulations (in the period 1960-1989). Since the strength of the AMOC did not vary considerably during
such time period, we assume that the corresponding values of M,, from control simulations do not differ much
from the values in Mecking et al.'’. This was confirmed for two of the models: we calculated M,, for pre-industrial
control simulations from MIROC5 and MRI-CGCMa3. In both cases, the absolute error in the estimation of M,,
is about 0.02 Sv. Table 1 contains the M,, values of the models considered: four of them are positive, which would
indicate!* that the AMOC is in a single equilibrium regime and hence no noise-induced transitions are expected.
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