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with the EIV method using all the available proxies, which is the
reconstruction for which the best validation results were achieved
(see Supplementary Methods of Mann et al.12). Based on standard
validation scores (Reduction of Error and Coefficient of Efficiency),
this series provides a skilful reconstruction back to AD 900 and
beyond (95% significance compared to a red-noise null).

The subpolar-gyre series is derived from a spatial temperature
reconstruction13, which reconstructs land-and-ocean surface
temperatures in every 5◦ latitude by 5◦ longitude grid box with
sufficient instrumental data to perform calibration and validation.
The subpolar gyre falls within the region where the individual
grid-box reconstructions are assessed to be skilful compared to a
red-noise null13. In addition, we performed validation testing of the
subpolar-gyre mean series, which indicates a skilful reconstruction
back to AD 900 (95% significance compared to a red-noise null; see
Supplementary Information for details).

Both time series as well as the resulting AMOC index are shown
in Fig. 3. Remarkably, the subpolar gyre reaches nearly its lowest
temperatures of the past millennium in the late twentieth century
(orange curve), despite global warming. Mann et al.13 already noted
that this region near Greenland is anomalous in being colder during
the modern reference period (1961–1990) than even in the Little
Ice Age (LIA). The AMOC index (blue curve) indicates a steady
AMOC, with modest changes until the beginning of the twentieth
century. There is indication of a maximum in the fifteenth century
and a minimum around AD 1600. There is no sign in our index
that a weak AMOC caused the LIA in the Northern Hemisphere14;
rather the data are consistent with previous findings that the
LIA reflects a response to natural volcanic and solar forcing15–17,
and if anything this surface cooling strengthened the AMOC at
least during the first part of the LIA. The fact that LIA coldness
seems to have been even more pronounced in South America
than in Europe18 further argues against a weak AMOC, as the
latter would have warmed the Southern Hemisphere. The twentieth
century shows a gradual decline in the AMOC index, followed by
a sharp drop starting around 1970 with a partial recovery after
1990 (discussed further below). This recovery is consistent with the
finding of anAMOC increase since 1993 based on floats and satellite
altimeter data19.

Our temperature reconstruction for the subpolar gyre differs
from three estimates based on ocean sediment cores from the
region20,21. However, reconciling these cores with each other
and with the instrumental SST record proves problematic (see
Supplementary Information), whereas our reconstruction compares
well with the instrumental data during the period of overlap.

Spectral analysis50 of the AMOC index indicates a fewmarginally
significant peaks with periods around 22, 27 and 37 years, but these
features are not clearly discernible from the expectations of simple
red noise (Fig. 4). We find no significant peak in the 50–70-year
period range although our index should pick this up10, suggesting
that the ‘Atlantic Multidecadal Oscillation’ (AMO) described in
previous studies22–24 is not a prominent feature of our AMOC index
time series.

The twentieth-century AMOC weakening
The most striking feature of the AMOC index is the extremely
low index values reached from 1975 to 1995. It is primarily this
negative anomaly that yields the cooling patch in the trend maps
illustrated in Fig. 1. In the following we discuss this downward spike
in more detail.

The significance of the 1975–1995 AMOC index reduction
was estimated using a Monte Carlo method (see Supplementary
Information). The annually resolved AMOC reconstruction from
900 to 1850 formed the basis for anARMA(1,1)model which closely
resembles the statistical properties of the data. 10,000 simulated time
series of the same length as the AMOC index were constructed. The
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Figure 3 | Surface temperature time series for di�erent regions. Data from
the proxy reconstructions of Mann et al.12,13, including estimated 2-σ
uncertainty bands, and from the HadCRUT4 instrumental data49. The latter
are shown in darker colours and from 1922 onwards, as from this time on
data from more than half of all subpolar-gyre grid cells exist in every month
(except for a few months during World War II). The orange/red curves are
averaged over the subpolar gyre, as indicated on Fig. 1. The grey/black
curves are averaged over the Northern Hemisphere, o�set by 3 K to avoid
overlap. The blue curves in the bottom panel show our AMOC index,
namely the di�erence between subpolar gyre and Northern Hemisphere
temperature anomalies (that is, orange/red curves minus grey/black
curves). Proxy and instrumental data are decadally smoothed.

probability of reaching a similarly weak AMOC index as during
1975–1995 just by natural variability was found to be <0.005,
based on the uncertainty of the proxy data and ignoring that this
weakening is independently supported by instrumental data.

Figure 5 illustrates corroborating evidence in support of a
twentieth-century AMOC weakening. The blue curve depicts the
AMOC index from Fig. 3. The dark red curve illustrates the
corresponding index based on the instrumental NASA GISS global
temperature analysis. The green curve denotes oceanic nitrogen-
15 proxy data from corals off the US north-east coast from ref. 25.
These annually resolved δ15N data represent a tracer for water
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Figure 4 | Spectral analysisof the proxy-based AMOC index shown
in Fig. 3b.
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Figure 5 | A compilation of di�erent indicators for Atlantic ocean
circulation. The blue curve shows our temperature-based AMOC index also
shown in Fig. 3b. The dark red curve shows the same index based on NASA
GISS temperature data48 (scale on left). The green curve with uncertainty
range shows coral proxy data25 (scale on right). The data are decadally
smoothed. Orange dots show the analyses of data from hydrographic
sections across the Atlantic at 25◦ N, where a 1 K change in the AMOC
index corresponds to a 2.3 Sv change in AMOC transport, as in Fig. 2 based
on the model simulation. Other estimates from oceanographic data
similarly suggest relatively strong AMOC in the 1950s and 1960s, weak
AMOC in the 1970s and 1980s and stronger again in the 1990s (refs 41,51).

mass changes in the region, where high values are characteristic
of the presence of Labrador Slope Water. The time evolution
of the δ15N tracer agrees well with that of our AMOC index
(Fig. 5). Ref. 25 reports four more data points from ancient corals
preceding the twentieth century, the oldest one from AD∼500. These
lie all above 10.5h, providing (albeit limited) evidence that the
downward excursion to values below 10h between 1975 and 1995
and the corresponding water mass change may be unprecedented in
several centuries.

Finally, Fig. 5 includes data points from repeat hydrographic
sections across the Atlantic at 25◦ N, from which ref. 26 originally
concluded that theAMOChad slowed by 30% since the 1950s. These
measurements were later adjusted for seasonal variations27 and are
shown in this form here; recent observations over 2004–2012 show
inter-annual variability28 with a standard deviation of 1.7 Sv, which
needs to be kept in mind.
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Figure 6 | Mass balance terms of the Greenland Ice Sheet. Data from Box
and Colgan33. Cumulative anomaly relative to the mean over 1840–1900, a
pre-industrial period during which the Greenland Ice Sheet was
approximately in balance.

Causes of the weakening and implications for the future
Because the AMOC is driven by density gradients related to
deep-water formation in the high-latitude North Atlantic, a
weakening of the AMOC could be caused by a regional reduction
in surface ocean density. Ref. 29 describes an ongoing freshening
trend in the northern Atlantic in which the net freshwater storage
increased by 19,000 km3 between 1961 and 1995, and the rapid
AMOC drop in 1970 was preceded by a large-scale freshening
known as the Great Salinity Anomaly30,31. This freshwater anomaly
was described in 1988 as ‘one of the most persistent and extreme
variations in global ocean climate yet observed in this century’31,
the source of which has been linked to anomalous sea-ice export
from the Arctic Ocean30,31. The freshwater volume anomaly of the
Great Salinity Anomaly has been estimated as 2,000 km3 along the
Labrador coast30,31.

Additional sources of freshwater addition are increasing river
discharge into the Arctic Ocean32 and meltwater and iceberg
discharge from the Greenland Ice Sheet (GIS). Because surface
flow is directed northward and freshwater tends to remain near
the surface owing to its low density, it is difficult to remove
freshwater from the northern Atlantic, so an accumulation over
longer timescales is plausible. According to a recent reconstruction
of the total GIS mass balance from AD 1840 (ref. 33), the GIS
was close to balance in the nineteenth century, but a persistent
mass loss from Greenland began in AD 1900. The cumulative
runoff and ice discharge anomaly (relative to the mean over 1840–
1900) during AD 1900–1970 is estimated as 8,000 km3, of which
1,800 km3 was released after 1955 (Fig. 6). It is thus plausible
that the accumulated freshwater input from Greenland may have
made a significant contribution to the observed freshening trend. A
comparable Southern Ocean freshening has likewise been linked to
Antarctic ice sheet mass loss34.

This dilution of the surface ocean could have weakened
deep-water formation, slowing the AMOC. A shutdown of deep
convection in the Labrador Sea from 1969 to 1971 is well
documented35 and the stability of Labrador Sea convection has been
the subject of a number of studies36,37. Perhaps as a consequence
of the cooling in the Greenland region starting in 1970, the GIS
subsequently was closer to mass balance for three decades until AD
∼2000 (ref. 33). Since then the GIS has started to lose mass again at
a rapidly increasing rate, consistent with the surface warming of the
region which has been attributed to a recovery of the AMOC based
on model simulations initialized with observations38. This recovery
is also seen in the AMOC index proposed in Fig. 5.
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Recent oceanographic measurements from the RAPID array at

26◦N in the Atlantic suggest that the AMOC has been weakening
again since these measurements started in 2004 (ref. 39), although
we cannot conclude to what extent this temporary decrease
signals a progressive trend, and the connection between subtropical
and subpolar overturning, especially on shorter timescales, is
not clear40.

Climate models from the CMIP5 ensemble forced by natural
and anthropogenic forcings generally show amuch weaker subpolar
cooling than the observations6 and do not capture the observed
North Atlantic subpolar cooling during 1970–1990, even though
they show a much smaller and more short-lived cooling following
the Agung eruption in 1963/1964 (ref. 9). The failure of the models
to capture the cooling is probably not due to an underestimation
of the response to the Agung eruption, as volcanic cooling would
if anything strengthen the AMOC, whereas the data indicate an
AMOC weakening41. Rather, this failure suggests that these models
either have an AMOC that is too stable with respect to buoyancy
forcing42,43, or aremissing an important forcing (and indeed the time
history of Greenland meltwater runoff is not included as a forcing
in the CMIP5 ensemble).

Although major uncertainties remain about the past evolution
of the AMOC for lack of direct measurements, indirect evidence
frommultiple sources provides a consistent picture, linking together
the time evolution of surface temperature, ocean circulation and,
possibly, Greenland ice mass balance. If the interconnections
between these three components continue as we have conjectured,
the ongoing melting of the GIS, which reached an extreme in 2012
(ref. 44), may lead to further freshening of the subpolar Atlantic in
the next few decades. Bamber et al.45 estimate that if current trends
continue, the Greenland freshwater input from 1995 to AD 2025
may exceed 10,000 km3. This might lead to further weakening of the
AMOC within a decade or two, and possibly even more permanent
shutdown of Labrador Sea convection as a result of global warming,
as has been predicted by some climate models46,47.
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