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The Atlantic meridional overturning circulation (AMOC) is a large-
scale ocean circulation that redistributes heat from low to high 
latitudes (Hu et al. 2012).

Source: NASA/Goddard Space Flight Center
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The Atlantic Meridional Overturning Circulation (AMOC)—
one of Earth’s major ocean circulation systems—redistributes 
heat on our planet and has a major impact on climate. Here, we 
compare a variety of published proxy records to reconstruct 
the evolution of the AMOC since about AD!400. A fairly consis-
tent picture of the AMOC emerges: after a long and relatively 
stable period, there was an initial weakening starting in the 
nineteenth century, followed by a second, more rapid, decline 
in the mid-twentieth century, leading to the weakest state of 
the AMOC occurring in recent decades.

The Atlantic Meridional Overturning Circulation (AMOC) is 
a major mechanism for heat redistribution on our planet and an 
important factor in climate variability and change. The AMOC is 
a sensitive nonlinear system dependent on subtle thermohaline 
density differences in the ocean, and major AMOC transitions have 
been implicated, for example, in millennial climate events during 
the last glacial period1. There is evidence that the AMOC is slow-
ing down in response to anthropogenic global warming2—as pre-
dicted by climate models—and that the AMOC is presently in its 
weakest state for more than 1,000 years3. As continuous direct mea-
surements of the AMOC started only in 20044, longer-term recon-
struction must be based on proxy data. In general, there are three 
different types of AMOC proxies: (1) reconstructions of surface or 
subsurface temperature patterns in the Atlantic Ocean that reflect 
the changes in ocean heat transport associated with the AMOC3,5; 
(2) reconstructions of subsurface water mass properties, for exam-
ple, the advance of the subpolar versus subtropical slope water, that 
reflect AMOC changes6; and (3) evidence for physical changes in 
deep-sea currents, such as those reflected by changes in sediment 
grain size3. As all kinds of proxies are limited in their representation 
of the AMOC (all three can be influenced to some degree by factors 
in addition to changes in the AMOC), a combination of all three 
proxy types is needed to provide robust evidence about the evolu-
tion of the AMOC.

In this article, using several different and largely independent 
proxy indicators of the AMOC evolution over the past 100 to nearly 
2,000 years, we provide strong evidence that the AMOC decline 
in the twentieth century is unprecedented and that over the past 
decades, the AMOC is in its weakest state in over a millennium.

The proxies are taken from various locations in the Atlantic or 
the surrounding land areas (inset of Fig. 1) and represent either dif-
ferent subsystems associated with the AMOC (such as Labrador Sea 
density3, the presence of subtropical versus subpolar slope waters 
along the North American East coast6,7) or the effect of changes 
in the Atlantic meridional heat transport associated with the 
AMOC2,3,5,8, as well as surface ocean productivity changes that have 

been related to the AMOC9,10. The records going the furthest back 
in time (ad 400) are taken from marine sediments (sortable-silt 
data3, proxy records of subsurface ocean temperatures3, δ18O in 
benthic foraminifera7, δ15N of deep-sea gorgonian corals6, relative 
abundance of certain planktic foraminifera (Turborotalita quinque-
loba)10). The temperature-based AMOC index5, however, is based on 
a Northern Hemisphere land-and-ocean temperature reconstruc-
tion that uses a range of terrestrial proxies, including, for example, 
tree rings and ice-core data11. Data taken from Greenland ice cores 
(the methanesulfonic acid concentration) furthermore provide an 
estimate for AMOC-related changes in productivity in the subpolar 
gyre region9. Most of these records extend into the modern era, for 
which additional AMOC proxies exist that are based on instrumen-
tal temperature records2,8.

Despite the different locations, timescales and processes rep-
resented by these proxies, they provide a consistent picture of the 
AMOC evolution since about ad 400: before the nineteenth century, 
the AMOC was relatively stable. A decline in the AMOC, beginning 
during the nineteenth century, is evident in all the proxy records 
(Fig. 1 left panel). Around 1960 there began a phase of particularly 
rapid decline that is found in several, largely independent prox-
ies. A short-lived recovery is evident in the 1990s before a return 
to decline from the middle of the first decade of the 2000s (Fig. 1 
right panel). All indices additionally show multi-decadal variability, 
albeit with different amplitudes and frequencies making it question-
able whether this is driven mainly by the AMOC. Some of the differ-
ences probably relate to the large range in temporal resolution in the 
proxies (from annual to 50-year binning), while others are probably 
due to complicating factors, such as non-AMOC-related influences 
on a proxy system (for example, changes in trophic structure of cor-
al’s food source in δ15N, local fluctuations in circulation impacting 
single-site palaeoceanographic reconstructions or other controls on 
subpolar heat content12). An additional factor may be that different 
components of the AMOC respond on different timescales. While 
the strength of the AMOC, typically measured at 26° N, has been 
shown to be correlated with the multi-decadal variability of North 
Atlantic sea surface temperature (SST)13 (suggesting that a large part 
of this variability in the temperature-based proxies is due to AMOC 
changes), changes in the deep ocean appear to occur on a different 
timescale. Therefore, it is unsurprising that for the larger part of the 
last millennium, the multi-decadal variabilities in the proxies differ.

The strength of this multi-proxy comparison lies in tracing 
the centennial and longer AMOC evolution. To test whether the 
reduction in AMOC strength that is seen in all proxy records is 
significant, a change-point model is fitted to each time series and 
the data means before and after the change points are compared 
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CESM1 experiments spanning 800 years were created.
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• AMOC collapse without PMOC 

results in N. Pac./Atl. cooling.

• AMOC collapse with active PMOC 

reduces N. Pac./Atl. cooling.

• Active AMOC and PMOC results  

in N. Pac. warming.

Molina et al. (2022).



AMOC and PMOC can 

strongly influence 

the SST annual cycle 

in the tropics.

Molina et al. (2022).



The dominant frequency in 

SST patterns sees 

stark changes 

across the tropical Pacific.

Molina et al. (2022).
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• Pacific Subtropical Cells (STCs) 

exhibit asymmetrical changes 

based on hemisphere.

Molina et al. (2022).



Key Takeaways

• ENSO amplitude increases as a result of an AMOC shutdown irrespective 

of PMOC development (within CESM1 experiments).

• Active overturning circulations in both the Atlantic and Pacific basins 

reduce ENSO amplitude.

• ENSO extends into the eastern equatorial Pacific during AMOC collapse.

Molina et al. (2022).



Future Work Could Address…

• Does this relationship persist in a changing climate? 

• What role do other modes of variability play?

• Causal inference analysis to quantify 

influence of physical mechanisms.

Source: NASA/Goddard Space Flight Center

Molina et al. (2022).



For more information, please 

check out our paper in 

Journal of Climate.
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