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Observed fingerprint of a weakening
Atlantic Ocean overturning circulation

L. Caesarb2# S. Rahmstorfl"%#, A. Robinson>3*°, G. Feulner! & V. Saba®

The Atlantic meridional overturning circulation (AMOC)—a system of ocean currents in the North Atlantic—has a
major impact on climate, yet its evolution during the industrial era is poorly known owing to a lack of direct current
measurements. Here we provide evidence for a weakening of the AMOC by about 3 +1 sverdrups (around 15 per cent) since
the mid-twentieth century. This weakening is revealed by a characteristic spatial and seasonal sea-surface temperature
‘fingerprint’—consisting of a pattern of cooling in the subpolar Atlantic Ocean and warming in the Gulf Stream region—
and is calibrated through an ensemble of model simulations from the CMIP5 project. We find this fingerprint both
in a high-resolution climate model in response to increasing atmospheric carbon dioxide concentrations, and in the
temperature trends observed since the late nineteenth century. The pattern can be explained by a slowdown in the AMOC
and reduced northward heat transport, as well as an associated northward shift of the Gulf Stream. Comparisons with
recent direct measurements from the RAPID project and several other studies provide a consistent depiction of record-

low AMOC values in recent years.

The AMOC is one of Earth’s major ocean circulation systems, redis-
tributing heat on our planet and thereby affecting its climate. At the
same time, it is a highly nonlinear system with a critical threshold,
depending on a delicate balance of temperature and salinity effects
on density, and is considered one of the main tipping elements of the
Earth system!?. Changes in Atlantic overturning have been respon-
sible for some of the strongest and most rapid climate shifts during
the Quaternary Period (the past 2.6 million years)®. These historical
changes in the AMOC have not only affected the North Atlantic and
surrounding landmasses, but have also had global impacts. For exam-
ple, a slowdown of the AMOC is associated with a southward shift of
the tropical rainfall belt and a warming of the Southern Ocean and
Antarctica (the ‘see-saw’ response)*>.

Given the potentially disruptive impact of a major change in the
AMOG, it is imperative to better understand whether and how the
AMOC is responding to modern anthropogenic warming. Direct con-
tinuous measurements of the AMOC have only been available for a little
over a decade and are therefore probably dominated by natural vari-
ability*. The longer-term evolution of the AMOC needs to be recon-
structed from indirect indicators. Based on the observed cooling trend
in the subpolar Atlantic since the early twentieth century, recent studies
have suggested that the AMOC may have slowed over this period>~’.
However, it has also been suggested that another mechanism could
explain the subpolar Atlantic cooling, for example, the increasing aer-
osol load of the atmosphere®.

Here we use the latest high-resolution climate model results to iden-
tify a characteristic sea-surface temperature (SST) fingerprint, con-
sisting of a cooling in the subpolar gyre region and a warming in the
Gulf Stream region, which in the climate model is associated with an
AMOC reduction in response to rising atmospheric carbon dioxide
(CO,) levels®. We then compare this fingerprint with the observed SST
evolution since the late nineteenth century, including consideration of
the seasonal cycle. We use the climate-model ensemble of the Coupled
Model Intercomparison Project Phase 5 (CMIP5) to test and calibrate

arevised AMOC index, and we present a new reconstruction of the
AMOC evolution for the period 1870 to 2016. This index reaches
record-low values in the past few years and, for the periods of overlap,
is consistent with direct measurements, reanalysis data of the AMOC
since 1995 and other AMOC studies.

Comparing climate model and SST observations

We use the CM2.6 coupled global climate model, which provides high
horizontal resolution of around 50 km in the atmosphere and 10km
in the ocean (see Methods). The latter is important for analysing SST
data because high resolution helps to reduce regional SST biases'®. The
model resolves mesoscale ocean eddies!! and shows a more realistic
simulation of the Gulf Stream relative to coarser model versions. In par-
ticular, this model practically eliminates a bias in the separation point
of the Gulf Stream from the United States’ coastline (leading to a warm
and salty bias along the continental shelf), which is common in coarser
climate models assessed by the Intergovernmental Panel on Climate
Change (IPCC)®. After appropriate spin-up, we used two simulations: a
control simulation of 80 years” duration with CO, concentrations fixed
at the 1860 level, and a run in which atmospheric CO, increased by 1%
per year over 70 years until it doubled, and then remained at this level
for another 10 years.

Figure 1 shows the linear trend in SST over the ‘CO,-doubling’
experiment and the corresponding control run, compared with the
observed trend from 1870 to 2016 (owing to the extreme computa-
tional costs of the CM2.6 model, neither a simulation with historic
forcing nor ensemble studies are available). The trend pattern of the
observed SSTs is not sensitive to the choice of the time interval used
to calculate the linear trend (see Extended Data Fig. 1). Figure 1 shows
that the control run is almost free of SST trends, and that the observed
SST trend pattern resembles that measured in the CO,-doubling
experiment. To account for the much larger global SST warming (by
a factor of four) seen in the model experiment compared with obser-
vations, in Fig. 2 we divide both patterns by the global mean SST trend
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Fig. 1 | Comparison of SST trends in model and observations. Left and
middle, linear SST trends obtained using the CM2.6 climate model of the
Geophysical Fluid Dynamics Laboratory (GFDL) during a CO,-doubling
experiment (left) and in a control run with fixed CO; concentrations

to normalize the amplitude. A global view of these SST trends is shown
in Extended Data Fig. 2.

The comparison of the normalized modelled and observed SST
trend patterns (Fig. 2) shows a remarkable resemblance, especially
when focusing on the northern Atlantic—the area where SSTs are most
affected by changes in the AMOC. Both patterns comprise an area
of below-average warming (normalized trend < 1) and cooling (nor-
malized trend < 0) in the subpolar gyre region. This lack of warming
or cooling is associated with a slowdown of the AMOC by around 4
sverdrups (Sv; 1 Sv = 10 m® s~!)—as predicted by the CM2.6 simu-
lation (see Fig. 3)—and a corresponding reduction in heat transport
into that region. This feature is accompanied by an above-average
warming (normalized trend > 1) in the vicinity of the Gulf Stream,
which is enhanced by up to a factor of four—five over the global mean
warming (for a definition of the regions, see inset of Fig. 3). The median
trend of the subpolar gyre region is located at the third percentile of all
trends in the observational data, and at the first percentile in the model.
The median trends in the Gulf Stream region are located at the 96th
and 98th percentiles of all trends in the observational data and model,
respectively (see Methods and Extended Data Fig. 3). We define the
combination of these features as the AMOC fingerprint, as both signals
can be physically linked to changes in the AMOC.

Although the cold patch in the subpolar gyre region has previously
been connected to a slowdown of the AMOC” and is present in the
CMIP5 simulations'?, here we are able to link the extreme warming
observed along the US northeast coast to the Gulf Stream shifting
northwards and closer to shore as a consequence of an AMOC slow-
down (see Extended Data Fig. 4a). An opposite (that is, southward)
Gulf Stream shift has previously been found as a response to an AMOC
strengthening in idealized model simulations in which the AMOC
was deliberately enhanced by an imposed density anomaly in the deep
overflow from the Nordic Seas; this overflow feeds the lower branch
of the AMOC!, the deep western boundary current (DWBC). The
physical mechanism of the interaction of the DWBC with the Gulf
Stream at their crossing point is a robust mechanism that is known
from theory and from both conceptual and more complex models: it
is a consequence of vorticity conservation on a rotating sphere'%. The
downslope flow of the DWBC in the crossover region leads to vortex
stretching, which must be balanced higher up in the water column,
leading to the formation of a northern recirculation gyre that forces
the Gulf Stream to separate from the US east coast. As the flow of the
DWBC is strengthened, the recirculation gyre becomes stronger and
the separation point of the Gulf Stream moves southwards. Given that
the Gulf Stream transports warm water, this signal is reflected in the
SST. For a more detailed discussion of this mechanism, see Methods.

The physical mechanism behind the warming also explains why
it cannot be seen in climate models with a coarser ocean resolution,
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(middle). Right, observed SST trends from 1870 to 2016 (HadISST data).
We used data from the November-May season. Note the different scales
related to the differing amounts of CO, forcing between model and
observations.

including versions that are similar to CM2.6, with the same atmosphere
but a coarser ocean resolution. Only the high-resolution model accu-
rately represents the formation of the northern recirculation gyre and
thus the correct coastal separation position of the Gulf Stream, which
is a necessary condition for modelling the shifts in the Gulf Stream that
are due to changes in AMOC strength. The northward shift of the warm
water of the Gulf Stream leads to extreme warming along the US coast
and a cooling to the south of this warming (as can be seen by the blue
area to the south of the Gulf Stream in the CM2.6 simulation; Fig. 2).
Another indication of a northward shift of the Gulf Stream in the CM2.6
model is enhanced warming of ocean-bottom temperatures on the con-
tinental shelf, particularly in the Gulf of Maine, as a result of a poleward
retreat of the Labrador Current following the northward shift’. This
warm part of the AMOC fingerprint cannot be explained by aerosol
shading. The cooling in the subpolar gyre region in the CM2.6 model
cannot be caused by aerosols either, because the modelled response is
entirely CO,-driven—that is, no aerosol forcing was prescribed. This
strongly supports earlier arguments against the aerosol hypothesisls.

We have looked for the fingerprint of an AMOC slowdown in seven
available observational SST data products (Extended Data Fig. 5). All
of these datasets show the cold patch in the subpolar Atlantic, and, to
a greater or lesser extent, the enhanced warming inshore of the Gulf
Stream. The weaker cooling signal just south of this warming cannot
be seen in most of the observational datasets (except the COBE data;
see Extended Data Fig. 5). This could be because of the lower spatial
resolution of the observational data products and the smaller AMOC
decline in the observations as compared with the model simulation.
The data products are distinct partly because of the different input data-
bases used, and because of different degrees of data homogenization,
bias adjustment, averaging and interpolation, which preserve different
amounts of spatial and temporal structure (see Extended Data Table 1).
The main difference is that, for example, the ERSST data concentrate
on the preservation of temporal structure, whereas the HadISST data
focus on the preservation of spatial structure. As we are interested in
the spatial pattern of longer-term trends, in Fig. 2 we show the SST
data with the best combination of spatial resolution (1.0 x 1.0 degrees),
spatial preservation and quality control, namely, the HadISST data'.

We note that the sea-ice-covered regions of the Arctic Ocean show
no temperature trend, consistent with the assumption that SST remains
close to freezing point there. In the observations, this blue area is
crossed by a red line where the sea-ice margin has retreated (Fig. 2).
The linkages of the AMOC in the open Atlantic to the northward flow
of Atlantic waters past Iceland warrant further investigation, but are
beyond the scope of this paper.

Finally, both model and data show widespread above-average warm-
ing in the South Atlantic, consistent with the temperature see-saw
effect of an AMOC decline leading to reduced northward ocean heat
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Fig. 2 | Comparison of normalized SST trends. Left, linear SST trends
during a CO,-doubling experiment using the GFDL CM2.6 climate
model. Right, observed trends during 1870-2016 (HadISST data). Both
sets of data are normalized with the respective global mean SST trends,
and in both cases we used data from the November—May season. Regions

transport across the equator'”!8, The observations show particularly
strong warming along the Benguela Current and its northward exten-
sion towards the Gulf of Guinea. This is a common response in climate
models to an AMOC weakening®'®?, and is related to a reduced cold
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Fig. 3 | Comparison of time series of SST anomalies and the strength

of the overturning circulation in the CM2.6 model. The graph shows
time series of SST anomalies (relative to global mean SSTs) in the subpolar
gyre (sg; dark blue) and Gulf Stream (gs; red) regions in the CO,-doubling
run relative to the control run, as predicted by the CM2.6 model. These
two regions are defined as shown in the inset (see Methods). The anomaly
of the actual AMOC overturning rate relative to the control run is also
shown (light blue). Thin lines show individual years (November to May
for SSTs), and thick lines show 20-year locally weighted scatterplot
smoothing (LOWESS) filtered data. Using the CMIP5 ensemble, we
independently determined a conversion factor of 3.8 SvK~! between the
SST anomaly and the AMOC anomaly.

that show cooling or below-average warming are shown in blue; regions
that show above-average warming are in red. Owing to the much greater
climate change in the CO,-doubling experiment, the signal-to-noise ratio
for the modelled SST trends is better than that for the observations.

northward flow, but is not seen in the CM2.6 simulations. This omis-
sion might be related to the model’s representation of the AMOC or
of wind-driven circulation in the South Atlantic, and needs further
investigation.
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Fig. 4 | Seasonal variation in SSTs in the subpolar gyre region. We show
here the seasonal cycle in the normalized SST trend in the subpolar gyre
(sg) region for the CM2.6 model (light blue) and HadISST data (dark
blue). A value of 1 represents annual-mean, global-mean warming. In
addition, we show the seasonal cycle of the normalized global-mean SST
trend for the model (light green) and observations (dark green). The

SST trends in the subpolar gyre region are well below the global-mean
warming year-round (differences are given in numbers along the x axis
for the CM2.6 model (light grey) and the HadISST data (dark grey) and
highlighted by arrows), yet are smallest during the cold part of the year for
both observations and model.
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Fig. 5 | Results of the CMIP5 ensemble regression analysis. The graph
shows the linear trend in the simulated AMOC decline versus the SST-
based AMOC index (November-May data) in ‘historic’ climate model
runs from 1870 to 2016, using the CMIP5 climate model ensemble. (The
runs were extended from 2006 to 2016 with simulations of the RCP8.5

The subpolar cold patch as an AMOC indicator

The surface temperature in the subpolar gyre region, relative to the
large-scale temperature trend, has been proposed as an index for
longer-term AMOC variations’. Here we test and develop this concept
further. Figure 4 compares the seasonal cycle in the linear SST trend in
the subpolar gyre region from the HadISST data since 1870 with the
80-year CO,-doubling experiment. The figure shows that the cooling
(relative to the global mean SST) in this region is most pronounced
during winter and spring. This is to be expected if the relative cold in
this area is due to an AMOC slowdown and therefore driven by the
ocean. In summer, a shallow surface mixed layer develops that is more
susceptible to surface forcing than to horizontal heat advection, so the
cold patch can be effectively capped and hidden by a warm surface
layer. It typically re-emerges in autumn.

Given this result, in Fig. 2 we show the linear trends for November to
May and below we propose an improved AMOC index based on these
months, with a better signal-to-noise ratio than that obtained using
annual data. The AMOC fingerprint pattern itself is not sensitive to
the choice of the winter and spring seasons, as the linear trends of the
annual data show (Extended Data Fig. 1).

Performance of the AMOC index in models

Given the hypothesis that a slowdown of the AMOC leads to a region
of relative cooling near the subpolar gyre and a region of above-average
warming in the vicinity of the Gulf Stream, we test whether in the
models the temperatures in these regions can be used to reconstruct
changes in the AMOC.

Figure 3 shows time series of the mean temperatures of the subpolar
gyre (sg, dark blue line) and the Gulf Stream (gs, red line) regions rel-
ative to—that is, minus—the global mean SST. The averaging regions
are defined as shown in the inset of Fig. 3 (see Methods).

The two modelled SST time series are anti-correlated (R=—0.73),
yet the pronounced temperature maximum in the Gulf Stream region
around model year 50 (red line), which is unrelated to an AMOC
change in the model (light blue line), suggests that variability due to
factors other than the AMOC is substantially affecting the temper-
ature of the warm patch. This is to be expected particularly for the
coastal waters in the Gulf Stream region, which are more susceptible
to wind-forced SST changes—for example, owing to the presence of
strong horizontal gradients and coastal upwelling or downwelling. In
accordance with this, the observed time series for the warm and cold
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scenario.) Orthogonal regression analysis was performed with n=12
models (indicated by coloured symbols). The grey area marks the 20
confidence interval. The three models labelled in grey were not included in
the regression owing to unrealistic AMOC representation; see Methods.

patches are only moderately anti-correlated (R = —0.36). This variabil-
ity, unrelated to the AMOC, makes the warm patch unsuitable for use
as an AMOC proxy owing to its poor signal-to-noise ratio, in contrast
to the subpolar cold patch (see below). To maximize the signal-to-noise
ratio, we base the AMOC index definition only on the subpolar gyre
data (see Methods).

To test the ability of this index of detecting past AMOC changes, we
turn to the CMIP5 coupled climate model ensemble?’, using all simu-
lations for which an AMOC diagnostic is available (n=15; Extended
Data Table 1). The region defining the subpolar cold patch is chosen
to be large enough to encompass the cooling found across all models,
because its exact location differs in each model. Figure 5 shows the
linear 1870-2016 trend in the AMOC index, as well as in the actual
AMOC, in these models. The correlation for the models with a realis-
tic AMOC has R=0.95, so the AMOC variation explains 89% of the
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Fig. 6 | Comparison of time series of SST anomalies and the strength

of the overturning circulation in observations. Shown are time series

of SST anomalies with respect to the global mean SST in the subpolar

gyre (sg) and the Gulf Stream (gs) regions (HadISST data). The graph

also includes the trend of in situ AMOC monitoring by the RAPID
project?!, an ocean reanalysis product (GloSea52?) and a reconstruction
from satellite altimetry and cable measurements®®. Thin lines show
individual years (November—May for SSTs) and thick lines show smoothed
data (20-year LOWESS filtering for the SST data and quadratic/linear fits
for the AMOC data).
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variance in the AMOC index. This confirms that the AMOC (at least
on this long timescale) is indeed the dominant factor controlling the
SST anomaly in the subpolar Atlantic. Hence the AMOC index can be
used with confidence to identify the AMOC decline since 1870. The
total-least-squares line shown in Fig. 5 has a slope of 3.8 SvK ! and an
intercept of 0.1 Sv for the chosen subpolar gyre region (for more infor-
mation on the regression, see Methods). The very small intercept value
suggests that factors other than the AMOC have a minor influence
on SST changes in the subpolar Atlantic. For example, a local aerosol
cooling effect, relative to the global mean SST change, would cause a
systematic offset in this regression. Given that this offset is negligible,
however, the slope value of 3.8 SvK™! can be used to calibrate between
the AMOC index and the AMOC strength.

AMOC time evolution

In Fig. 6 we show the time evolution of the AMOC, reconstructed from
observational SST data (blue curve)from the period 1870-2016 using
the calibration factor 3.8 SvK~! found from the CMIP5 models (for a
comparison with the earlier AMOC index’, see Extended Data Fig. 6).
This time evolution suggests that the AMOC reached a minimum
around 1990, recovered to a peak value in the early 2000s, and then
declined again. As shown, this time evolution is consistent with the
linear decline measured by the RAPID project (at 26° N)*! since 2004,
with that reconstructed by the GloSea5 ocean reanalysis* since 1995,
and with a reconstruction from satellite altimetry and cable measure-
ments®. It is also consistent with the finding?* of a reduction in AMOC
strength of approximately 2.6 Sv from the end of the 1950s until today,
and with the observation® of an AMOC strengthening from the 1980s
until the mid-2000s. An analysis of recent (2004-2016) subsurface tem-
perature data?® found cold subsurface anomalies around the latitude
of the Gulf Stream (38° N) that could be associated with a shift in the
meridional position of the Gulf Stream towards the north, supporting
our argument for such a shift in response to an AMOC decline.

The observed index decline of —0.44 K per century translates into
an AMOC trend of —1.7 Sv per century, or a 2.3-Sv linear weakening
over the 136-year period. As Fig. 5 shows, this AMOC decline is within
the range of AMOC decline predicted by the CMIP5 climate models
in response to historic (mostly anthropogenic) forcing. Considering
the 20-year smoothed curve rather than the linear trend, the AMOC
weakening until today has been around 3 Sv, and has mainly occurred
since the 1950s (Fig. 6).

Comparing the SST anomalies in the CM2.6 model (Fig. 3) and
observations (Fig. 6), one can see that generally they show similar
magnitudes of interannual and interdecadal variability. To estimate
the different types of variability, we apply a 20-year LOWESS filter*”
to the data, which should largely remove any short-term variability
in the SST that is unrelated to the AMOC. We estimate the interan-
nual variability from the standard deviation of the annual time series
minus the 20-year LOWESS-smoothed data. We find the variability
in the cold patch to be 0.20K and 0.19 K from the high-resolution
model and observations, respectively. The interannual variability
in the warm patch is 0.30K for both model and observations. We
estimate the interdecadal variability from the standard deviation
of the 20-year LOWESS-smoothed data minus the linear trend of
the smoothed data. The variability is 0.14 K (model) and 0.15K
(observations) for the cold patch, and 0.21 K (model) and 0.18 K
(observations) for the warm patch. A discussion of how our results
relate to the dominant modes of atmospheric variability in the North
Atlantic can be found in Methods.

Conclusions and impacts

We have identified a characteristic SST fingerprint of an AMOC slow-
down on the basis of high-resolution model simulations. The finger-
print consists of a cooling in the subpolar gyre region due to reduced
heat transport, and a warming in the Gulf Stream region due to a north-
ward shift of the Gulf Stream. This fingerprint is most pronounced
during winter and spring, and it is found in the observed long-term
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temperature trends, indicating a pronounced weakening of the AMOC
since the mid-twentieth century.

We have also defined an improved SST-based AMOC index, which
is optimized in its regional and seasonal coverage to reconstruct
AMOC changes. Analysis of an ensemble of CMIP5 model simula-
tions confirms that this index can very well reconstruct the long-term
trend of the AMOC. We calibrated the observed AMOC decline to be
3+ 1Sv (around 15%) since the mid-twentieth century, and recon-
structed the evolution of the AMOC for the period 1870-2016. For
recent decades, our reconstruction of the AMOC evolution agrees
with the results of several earlier studies using different methods,
suggesting that our AMOC index can also reproduce interdecadal
variations.

Our findings show that in recent years the AMOC appears to have
reached a new record low, consistent with the record-low annual SST
in the subpolar Atlantic (since observations began in 1880) reported
by the National Oceanic and Atmospheric Administration for 2015.
Surface temperature proxy data for the subpolar Atlantic suggest that
“the AMOC weakness after 1975 is an unprecedented event in the past
millennium™. This is consistent with the coral nitrogen-15 data that
led Sherwood et al.?® to conclude that “the persistence of the warm,
nutrient-rich regime since the early 1970s is largely unique in the con-
text of the last approximately 1,800 yr”. Although long-term natural
variations cannot be ruled out entirely**, the AMOC decline since
the 1950s is very likely to be largely anthropogenic, given that it is a
feature predicted by climate models in response to rising CO, levels.
This declining trend is superimposed by shorter-term (interdecadal)
natural variability.

The AMOC weakening may already have an impact on weather in
Europe. Cold weather in the subpolar Atlantic correlates with high
summer temperatures over Europe, and the 2015 European heat wave
has been linked to the record ‘cold blob’ in the Atlantic that year>!.
Essentially, low subpolar SSTs were found to favour an air-pressure
distribution that channels warm air northwards into Europe. Model
simulations further suggest that an AMOC weakening could become
the “main cause of future west European summer atmospheric circu-
lation changes™?, as well as potentially leading to increased storminess
in Europe®*. AMOC weakening has also been connected to above-
average sea-level rise at the US east coast***® and increasing drought
in the Sahel®.

Continued global warming is likely to further weaken the AMOC
in the long term, via changes to the hydrological cycle, sea-ice loss
and accelerated melting of the Greenland Ice Sheet, causing further
freshening of the northern Atlantic***’. Given that the AMOC is
one of the well documented ‘tipping elements’ of the climate system,
with a defined threshold for collapse!, it is of considerable concern
that the proximity of the Atlantic to this threshold is still poorly
known®-41,
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METHODS

Climate model simulations. The CM2.6 coupled global climate model was
developed by the Geophysical Fluid Dynamics Laboratory of the National
Oceanic and Atmospheric Administration. It includes an atmospheric general
circulation model at an average horizontal resolution of 0.5 x 0.5 degrees (50 km)
and an ocean circulation model at 0.1 X 0.1 degrees (10 km)*!"*2. The ocean
has 50 vertical levels and includes a sea-ice model. Two simulations were per-
formed that were both initialized from present-day ocean conditions, followed by
a spin-up time of 100 years at constant 1860 CO, levels. The control simulation,
of 80 years’ duration, then maintained CO, concentrations at the 1860 level;
in the experimental run, by contrast, atmospheric CO, increased by 1% per
year over 70 years until it doubled, and then remained at this level for another
10 years. Given the extremely high computational cost of this model (approximately
one day per one year of simulation on a high-performance computer), no further
simulations are available.

Definition of the AMOC index. We define the AMOC index Iyoc as the
difference between the mean SST of the geographic region that is most sensitive
to a reduction in the AMOC (the subpolar gyre region, sg) and that of the whole
globe:

IAMOC = SSng - SSTglobal

Rather than including the whole year, we instead use only the winter and spring
months (November to May), because the AMOC signal found in the SST is most
pronounced during these seasons (see Fig. 4). Thus the AMOC index for a certain
year is defined as the mean SST in the subpolar gyre region for the following
November—May season, minus the global mean SST for that season.

Definition of the subpolar gyre region. To define the region used to calculate
the AMOC index (shown in the inset of Fig. 3), we assumed that SST differences
in the subpolar North Atlantic relative to the global mean SST are dominated by
variations in the AMOC. For this study, we determined this region by combin-
ing normalized linear SST trends from both the HadISST dataset and the high-
resolution CM2.6 model run, as shown in Fig. 2. Grid cells that show relative
cooling in either the observations or the model were included in the definition.
The region is large (compared, for example, with that used in ref. 7), which has
the advantage that it should cover most of the area in which the heat transported
northwards by the AMOC is vented to the atmosphere in the observations and in
the models, especially considering that the exact location of heat release is, to some
degree, model-dependent. The exact coordinates of the region are available in a
public data repository (see Data availability).

Definition of the Gulf Stream region. Similar to the subpolar gyre region, the
Gulf Stream region is defined as the region that covers the above-average long-
term warming east of the US coast that results from an AMOC slowdown in both
observations and model (see inset of Fig. 3). Thus, the terms Gulf Stream region
and subpolar gyre region do not refer directly to ocean circulation features, but
rather to SST features. The exact coordinates of the region are available in a public
data repository (see Data availability).

AMOC effects on Gulf Stream separation point and DWBC strength. We link
the extreme warming observed along the US coast to the Gulf Stream shifting
northwards and closer to shore as a consequence of an AMOC slowdown. For
the MOM4 ocean model, it has been shown that the correct separation point of
the Gulf Stream is achieved through a reasonable representation of the DWBC™.
Furthermore it has been shown that, for this model, a weakening of the AMOC
is accompanied by a weakening of the DWBC and that both are followed by a
northward shift of the mean Gulf Stream path***%. The combination of these results
indicates that, in the model run, the observed warming is indeed due to a weakened
AMOC that leads to a weakened DWBC, a weakened northern recirculation gyre
and a northern shift of the Gulf Stream separation point. To test this, we compared
the evolution of the Gulf Stream path (represented by the Gulf Stream index—that
is, the mean latitude of the 15°C isotherm at a 200-m depth in the Northwest
Atlantic, between 75° W and 55° W*) with the AMOC strength at 26° N in the
CM2.6 control run and the CO,-doubling run (Extended Data Fig. 4a).

We compared the AMOC strength to the summed southward deep-ocean trans-
port (between depths of 1,000 m and 4,000 m) at 40° N in the region between the
coast and 65° W, for the CM2.6 control run and the CO,-doubling run (Extended
Data Fig. 4b). We found that the DWBC in the model indeed weakens as the
AMOC slows down, and by a very similar amount (around 3.5 Sv). We calculated
the DWBC at this latitude because it is just north of the region where the Gulf
Steam and DBWC cross in the control run, and is thus the area where the north-
ern recirculation gyre forms, which forces the Gulf Stream to deflect from the
coast. These analyses confirm that the AMOC weakening in the model is indeed
accompanied by a weakened DWBC and a northerly shift of the Gulf Stream path.
Analysis of additional observational datasets. For this study, we analysed seven
available SST data products. All of them show the fingerprint of the AMOC,
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namely, the cold patch in the subpolar Atlantic and, to a greater or lesser extent,
the enhanced warming inshore of the Gulf Stream (Extended Data Fig. 5). Details
of the different datasets are given in Extended Data Table 1. Different choices of
processing steps lead to distinctions in the representation of spatial and temporal
variability in the datasets. We focused on the dataset with the best spatial resolution
and advanced quality control, the HadISST data. Although the ERSST data are
also quality-controlled, the use of empirical orthogonal teleconnections for post-
processing leads to a smoothing of the SST signal in the spatial domain (unwanted
for this study). The bias adjustments and quality-control procedures used for the
likewise high-resolution COBE dataset are not as advanced as those used for the
HadISST and ERSST data. The SODA data are an ocean reanalysis product, that
is, they are based on model simulations with data assimilation.

Significance of the 1870-2016 trends. To illustrate the significance of the 1870
2016 linear trends, we compare the distribution of the long-term trends for all grid
cells between 60° S and 75° N with the distribution of trends for the grid cells in
the subpolar gyre region and with the grid cells in the Gulf Stream region (defined
in the inset of Fig. 3). (We exclude the sea-ice-covered regions because they are
expected to show no temperature trend, consistent with the assumption that SSTs
remain close to freezing point there.) Extended Data Fig. 3 shows the global dis-
tributions of relative SST trends for the HadISST data and the CO,-doubling run
of the CM2.6 model. Assuming a constant bin size of 0.2, we determined the 5%
and 95% quantiles. The medians of the subpolar gyre and Gulf Stream regions
lay in all cases within the lowest and highest 5% of the trends. The median of the
Gulf Stream region in the HadISST data is 2.4 (that is, the warming here is 2.4
times larger than the global SST warming), higher than 96% of the SST trends;
the median of the subpolar gyre region is —0.17, and thus among the lowest 3% of
the trends. In the CO,-doubling run of the CM2.6 model, the AMOC fingerprint
regions are even greater outliers, presumably because the larger global-warming
signal and associated greater AMOC weakening result in a better signal-to-noise
ratio. The median of the Gulf Stream region in the models is 2.4, higher than 98%
of the SST trends, and the median of the subpolar gyre region is —0.25, among the
lowest 1% of the trends.

Relation between the AMOC index and the overturning strength. To assess
and calibrate the relation between changes in the AMOC index and the AMOC
strength, we examined the AMOC index and AMOC simulations performed using
15 models in the context of CMIP5 for the historical (1870-2005) climate, extended
to 2016 using simulations of the RCP8.5 scenario. To assess whether the models
have a reasonable representation of the AMOC, we compared the mean maximum
AMOC at 26° N for the model years 2005-2014 with the mean of the observed
AMOC at around 26° N during that period (16.8 Sv; see Extended Data Table 1).
We chose models with mean maximum AMOC:s of 16.8 4-10.0 Sv; this excluded
the NorESM1-M and Nor-ESM1-ME models. We further excluded the GISS-E2-R
model because it is an outlier with a very unrealistic deep mixed layer that reaches
down to the sea floor in most of the subpolar Atlantic*.

Total-least-squares fit. To test the relation between our AMOC index and the
AMOC strength, we performed a total-least-squares fit (also known as an orthog-
onal regression, because the error in both variables is minimized—that is, the error
is orthogonal to the regression line). The full regression equation is:

Y=38SvK 'x X+0.1 Sv per century

where X is the trend in AMOC indices, in kelvins per century, and Y is the corre-
sponding trend in AMOC strength, in sverdrups per century.

Sensitivity to extension of the subpolar gyre region. The region chosen as the
subpolar gyre region is, on average, largely free of sea ice (to analyse this, we com-
pared the region with the average November—May sea-ice cover from the HadISST
data). To explore how partly ice-covered areas influence the index, we limited
the region to ice-free areas (determined by the maximum sea-ice cover for the
November—May season from 1870 to 2016), and compared the resulting index
with our original AMOC index (Extended Data Fig. 7). This shows some differ-
ences in the year-to-year variations, but the longer-term trend, especially in the
last decades, is hardly affected at all. Thus we conclude that sea ice does not affect
our AMOC index.

Comparison with a previous AMOC index. Rahmstorf et al.” used a different
region and different data (annual HadCRUT4 SSTs minus their annual Northern
Hemispheric mean, both land and ocean) to obtain the AMOC index. We calculate
the AMOC index relative to the global mean SST; however, as our comparison of
the two indices shows, the index is not sensitive to this choice (Extended Data
Fig. 6). Rahmstorf et al.” also determined the conversion factor between their
AMOC index and the actual AMOC by using only one model, MPI-ES-MR. We
updated their AMOC index with the latest data and compared it with the AMOC
slowdown determined herein (Extended Data Fig. 6). The results that we obtained
with both index definitions are highly consistent on the multidecadal timescale
of interest.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Link to empirical modes of variability. Two main modes of variability have been
defined in the North Atlantic, primarily on the basis of empirical data: the North
Atlantic Oscillation (NAO) and the Atlantic Multidecadal Oscillation (AMO).
The former describes atmospheric variability, with an index based on the sur-
face pressure gradient®, whereas the latter describes SST variability relative to
the global mean—similar to our AMOC index, but including Atlantic SSTs down
to the Equator. Both NAO and AMO indices show a correlation with our AMOC
index (Extended Data Figs. 8, 9).

For the AMO index this is not surprising, given that it has the subpolar SST
data in common with our AMOC index. However, the usefulness of the AMO
index is limited by the fact that it conflates subpolar SST variability and tropical
SST variability into one index"”. For our purpose of using SSTs to deduce AMOC
variations, this degrades the signal-to-noise ratio. Furthermore, it can be seen
that the decadal variations in our AMOC index are similar to those of the AMO
index (Extended Data Fig. 8b), which is in accordance with other studies showing
that the time evolution of the AMO can at least partly be explained by changes
in Atlantic Ocean currents*®*. Yet because the AMO conflates two regions with
different long-term trends—that is, the subpolar North Atlantic, which is
cooling, and the tropics and subtropics, which are warmer with tempera-
ture trends at or above the rate of the global mean (Fig. 2)—it does not show the
1870-2016 negative trend that is clearly visible in our AMOC index (Extended
Data Fig. 8a).

The NAO index is more useful, as it can be used to study the relationship
between atmospheric-pressure variability and North Atlantic SSTs. We find a
clear negative correlation with R= —0.54 between the decadally smoothed time
series of the AMOC and the NAO indices, which occurs when the AMOC leads
the NAO by three years (see Extended Data Fig. 9b). This negative correlation, and
the fact that a pronounced cooling in the subpolar North Atlantic has been shown
to be followed by a positive phase of the NAO, suggests that on interdecadal
timescales the AMOC at least partially drives NAO changes via changes in North
Atlantic SSTs, rather than the other way round. Consistent with this, the NAO
index shows a positive trend for 1870-2016 (Extended Data Fig. 9a). A positive
NAO, on the other hand, helps to extract heat from the subpolar ocean through
enhanced westerly winds over that region, cooling SSTs, enhancing convection
and increasing ocean density”!. This acts as a negative feedback on an AMOC
weakening. Such a delayed negative feedback could either dampen the AMOC
response or lead to oscillatory behaviour. Further investigation of this linkage is
beyond the scope of this study. Nevertheless, our work supports the importance
of ocean circulation to variations in the North Atlantic SST pattern, which has
been highlighted previously®>>3.

Code availability. Code for running the CM2.6 experiment is available from http://
www.gfdl.noaa.gov/. Scripts for analysing the data are available from the corre-
sponding authors upon reasonable request.

Data availability. The SST datasets analysed here are publicly available; detailed
information is given in Extended Data Table 1. The CMIP5 model output is
available from https://esgf-node.llnl.gov/projects/cmip5/. The CM2.6 model
output is available from V.S. (vincent.saba@noaa.gov) upon reasonable request.
The exact definitions of the subpolar gyre and Gulf Stream region, as well as the
SST anomalies of these regions, are available in a public data repository: http://
www.pik-potsdam.de/~caesar/ AMOC_slowdown/. The data for the GloSea rea-
nalysis were provided by L. Jackson®”. The data for the reconstruction from sat-
ellite altimetry and cable measurements were provided by E. Frajka-Williams®.

RAPID data are available from http://www.rapid.ac.uk/rapidmoc/rapid_data/
datadl.php.
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Extended Data Fig. 1 | Normalized SST trends in the HadISST data timespan. The pattern is normalized with the respective global mean SST
for different time periods. Observed linear SST trends (using annual trend. Regions that show below-average warming or cooling are in blue;
HadISST data), calculated for different timespans to test the robustness regions that show above-average warming are in red.

of the linear SST trend pattern to the starting and ending years of the
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Extended Data Fig. 2 | Comparison of global normalized SST trends. show cooling or below-average warming are in blue; regions that show
Linear SST trends during a CO,-doubling experiment using the GFDL above-average warming are in red. Note again that owing to the much
CM2.6 climate model (top), and observed trends during 1870-2016 greater climate change in the CO,-doubling experiment, the signal-
(HadISST data, bottom), both normalized with the respective global mean  to-noise ratio for the modelled SST trends is better than that for the

SST trends and using data from the November—May season. Regions that observations, and thus the noise level is suppressed by the normalization.
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Extended Data Fig. 3 | Histograms showing the distribution of the
normalized longer-term trends. a, The distribution (grey bars) of all local
trends, normalized to the global trends, from the HadISST data for 1870-
2016, for latitudes between 60° S and 75° N. The distribution is located
around u= 1 with a standard deviation of o = 0.66 (grey bars). The 5th and
95th percentiles are marked in darker grey. The distribution of the 1870-
2016 trends for grid cells assigned to the subpolar gyre regions is shifted to
lower or even negative values, with a median of X, = —0.17 (blue). The
distribution of trends for grid cells in the Gulf Stream region are shifted to

higher values, with a median of Xy = 2.4 (red). The distributions are

normalized to account for the different sample sizes of global, subpolar
gyre and Gulf Stream regions. b, As for panel a, but for the CO,-doubling
run of the CM2.6 model, with u=1.1, 0 =0.48, ﬁc“sg =—0.02 and %gs =2.4.
The standard deviations of the model data are expected to be smaller than
those of the observations because of the larger climate-change signal by
which the model data are normalized; this reduces the ‘noise’ of short-term
variability relative to the climate signal.
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Extended Data Fig. 4 | Influence of the AMOC on the separation point
of the Gulf Stream. a, The evolution of the Gulf Stream (GS) separation
point compared with the AMOC strength in the CM2.6 control and CO,-
doubling runs, as indicated by the Gulf Stream index**. The graph shows
a link between a weaker AMOC and a northward shift of the separation

point. b, Time series of the southward transport of the deep ocean current
(summed between depths of 1,000 m and 4,000 m) at 40° N in the region
between the US coast and 65° W (see Methods), showing a weakening
DWBC during the CO,-doubling experiment. The thin lines show annual
values, the thick lines show the 20-year LOWESS-smoothed values.
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Extended Data Fig. 5 | Linear SST trends from a CO,-doubling
experiment using the GFDL CM2.6 climate model, and observed
long-term trends from different SST data products, normalized with
the respective global mean SST trends. The trend from 1870 to 2016

was calculated using those datasets that provide data until the present
(HadISST!®, ERSSTv5%, ERSSTv4%, ERSSTv3b* and Kaplan®’). Otherwise,
it was calculated from 1870 to the end of the available time period (SODA%®
and COBE®; see Extended Data Table 1). The SODA data are given for a
depth of 5m instead of the surface; thus, the long-term trend differs for
regions with ice cover. For the SODA data, the normalization was adjusted
with surface SST data instead of the data at a 5-m depth, to make this
dataset comparable to the others. All datasets show a prominent cooling

in the subpolar gyre region; the high-resolution data (HadISST, COBE and
SODA) also show pronounced warming in the Gulf Stream region.
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Extended Data Fig. 6 | Time series of the AMOC anomaly for two
definitions of the AMOC index. We calculated the AMOC anomaly
from two AMOC indices and two model-based conversion factors. In
red is the AMOC anomaly as defined by Rahmstorf et al.” (HadCRUT4

data), updated with the latest data to 2016. In blue is the AMOC anomaly
as defined herein (HadISST data). Thick lines are smoothed by a 10-year
LOWESS filter. This smoothing filter is lower than that used in Fig. 6, in
order to compare and show the two indices with a higher time resolution.
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Extended Data Fig. 7 | Sensitivity to the extension of the subpolar gyre the maximum sea-ice cover for the November-May season from 1870 to
region regarding sea-ice cover. a, Left panel, our original subpolar gyre 2016. b, Comparison of the AMOC indices based on these two regions.
region (blue outline) and the average November-May sea-ice cover from The thin lines show annual values, the thick lines show the 20-year
1870 to 2016 (blue shading, from HadISST data). Right panel, a reduced LOWESS-smoothed values.

subpolar gyre region (green outline) that is always ice-free, compared with
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Extended Data Fig. 8 | Comparison of interdecadal variability of the
AMOC index and the AMO index. a, We calculated the AMO index from
the HadISST dataset after Trenberth and Shea®. This index is defined as
the weighted mean SST over the North Atlantic (0° N to 80° N), relative to
the mean SST from the period 1901-1970, but with the global mean SST
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(averaged over the global oceans from 60° S to 60° N) removed. The thin trend found in the latter.
lines show annual values, the thick lines indicate the 20-year LOWESS-
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smoothed values. We show our AMOC index for comparison. b, As

for panel a, but here the AMO index is compared with the interdecadal
variability of our AMOC index—that is, the detrended 20-year LOWESS-
smoothed index. The comparison shows that the AMO index has similar
interdecadal variability to the AMOC index but is lacking the climatic
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Extended Data Fig. 9 | Comparison of AMOC and NAO. a, Comparison
of our AMOC index with the interdecadal variability in the NAO index
(after Hurrell®!), calculated as the sea-level pressure at the Lisbon station
minus the sea-level pressure at the Stykkisholmur/Reykjavik station for the
months December to March (DJFM). The thin lines show annual values,

© 2018 Macmillan Publishers Limited, pa

0 20 40

lag (yr)

the thick lines show the 20-year LOWESS-smoothed values. The linear
trend over the whole time period is shown with dashed lines. b, Lagged
cross-correlation between the AMOC index and the NAO index shows
that peak negative correlation occurs when the AMOC leads the NAO by
three years, with R= —0.54. The red lines mark the 95% significance level.
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Extended Data Table 1 | Detailed data and model information

Data set HadISST1" ERSSTv4™ ERSSTv3b™ SODA™ COBE™ Kaplan®’ ERSSTv5™
Full Name Merged Hadley- NOAA Extended  NOAA Simple Ocean Data Centennial Kaplan Extended NOAA Extended
NOAA/Oi SST Reconstruction Extended Assimilation (2.2.4) in situ SST v2 Reconstruction SST
SST version 4 Reconstructio Observation version 5
n SST version -Based
3b Estimates
Resolution  1.0°latx1.0°lon, 2.0°latx2.0°lon, 2.0°latx2.0°lon  0.5°latx0.5°lon, 40 1.0°latx1.0°l  5.0°latx5.0°lon, 2.0°latx2.0°lon, monthly
monthly monthly , monthly vertical levels, on, monthly monthly
monthly
Period of 01/1870 — 01/1854 — 01/1854 — 01/1870 — 12/2010 01/1850 — 01/1856 — present  01/1854 — present
Record present present present 12/2015
Input Data SST data are ICOADS ICOADS Assimilation of a ICOADS MOHSST5 ICOADS Release 3.0
taken from the Release 2.5 and Release 2.4 model forecast and Release version of the and NCEP GTS data
Met Office NCEP GTS and NCEP observation data 25. GOSTA data set
Marine Data data. GTS data. (including surface from the UK MET
Bank (MDB), temperature and office.
ICOADS and salinity observations
Global of various types, and
Telecommunicat nighttime infrared
ion System satellite SST data).
(GTS) data.
Processin Two stage Updated quality Quality control  Assimilation product Gridding via  Adjustments and Improved SST spatial
g steps reduced-space control and bias and bias with quality control. optimal Filling via EOF and temporal variability
optimal correction with correction with interpolation  projection, by reducing spatial
interpolation Marine Marine (Ol) as well Optimal filtering in training the
(RSOI) Nighttime Air Nighttime Air as bias- Interpolation (Ol),  reconstruction EOTs,
procedure, temperatures. temperatures. adjustment Kalman Filter removing high-latitude
followed by Updated Fitting Fitting with and quality (KF) forecast, KF damping in EOTs, and
superposition of with Empirical Empirical control. analysis, and an adding 10 more EOTs
quality-improved  Orthogonal Orthogonal Optimal Smoother  in the Arctic. Switch
gridded Teleconnections ~ Teleconnectio (0S). from using Nighttime
observations (EOTs). ns (EOTs). Marine Air Temperature
onto the (NMAT) as a reference
reconstructions. to buoy-SST as a
reference in correcting
ship SST biases.
Source http://www.metof  https://www.ncd https://www.n http://dsrs.atmos.um https://www.  https://www.esrl.n  https://www1.ncdc.noaa
fice.gov.uk/hado  c.noaa.gov/data-  cdc.noaa.gov/  d.edu/DATA/soda_2. esrl.noaa.g oaa.gov/psd/data/  .gov/pub/data/cmbl/erss
bs/hadisst/data/ access/marineoc  data- 2.4/ ov/ipsd/data/  gridded/data.kapl t/v5/netcdf/
download.html ean- access/marine gridded/dat an_sst.html
data/extended- ocean- a.cobe2.ht
reconstructed- data/extended ml
sea-surface- -
temperature- reconstructed-
ersst-v4 sea-surface-
temperature-
ersst-v3b
Download 10/21/2016 11/19/2016 01/23/2017 01/23/2017 (updated ~ 02/01/2017 02/01/2017 08/14/2017
date (update on (update 02/21/2017)
04/04/2017) 06/07/2017)
Model Institute Average resolution of Mean AMOC 26 °N AMOC index decline AMOC decline
oceanic model [Sv] [K/century] [Sv/century]
CanESM2 CCCMA (Canada) 256 x 192 14.76 -0.16 -0.1
CCsm4 NCAR (USA) Nominal 1° (1.125° in 17.72 -0.57 -2.2
longitude,
0.27-0.64° variable in latitude)
CESM1-BGC NCAR (USA) Nominal 1° (1.125° in 18.63 -0.71 -2.7
longitude,
0.27-0.64° variable in latitude)
CESM1-CAMS- NCAR (USA) same as CESM1-BGC 19.02 -0.19 -0.5
1-FvV2
CESM1-CAM5 NCAR (USA) same as CESM1-BGC 18.68 -0.21 -0.5
CNRM-CM5 CNRM-CERFACS 0.7° on average ORCA1 12.33 -0.54 -2.1
(France)
GFDL-ESM2M NOAA GFDL (USA)  1° tripolar 360 x 200L50 18.09 -0.78 -2.6
GISS-E2-R NASA GISS (USA) 0.2 to 1° latitude x 1° 18.22 0.02 -2.1
longitude
INMCM4 INM (Russia) 1 % 0.5° in longitude and 17.73 -0.40 -2.5
latitude generalized spherical
coordinates with poles
displaced
MPI-ESM-LR MPI-M (Germany) average 1.5° GR15 18.42 -0.54 -2.0
MPI-ESM-MR MPI-M (Germany) approx. 0.4° TP04 16.67 -0.06 -0.6
MRI-CGCM3 MRI (Japan) 1.0° x 0.5° 14.42 -0.08 -0.1
MRI-ESM1 MRI (Japan) 1.0° x 0.5° 14.90 -0.10 -0.4
NorESM1-ME NCC (Norway) 1.125° along the equator 29.56 -0.45 -0.1
Nor-ESM1-M NCC (Norway) 1.125° along the equator 28.69 -0.27 -0.7

Overview of the spatial and temporal resolution, period of record, input data, processing steps and sources of the 7 datasets that we used to study the AMOC slowdown, as well as details of the

15 CMIP5 models used (for more detail, see Table 9.A.1. of ref. 62),
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