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Arctic sea-ice decline weakens the Atlantic
Meridional Overturning Circulation
Florian Sévellec1*, Alexey V. Fedorov2 andWei Liu2

The ongoing decline of Arctic sea ice exposes the ocean to anomalous surface heat and freshwater fluxes, resulting in
positive buoyancy anomalies that can a�ect ocean circulation. In this study, we use an optimal flux perturbation framework
and comprehensive climate model simulations to estimate the sensitivity of the Atlantic Meridional Overturning Circulation
(AMOC) to such buoyancy forcing over the Arctic and globally, and more generally to sea-ice decline. It is found that on
decadal timescales, flux anomalies over the subpolar North Atlantic have the largest impact on the AMOC, while on multi-
decadal timescales (longer than 20 years), flux anomalies in the Arctic become more important. These positive buoyancy
anomalies spread to the North Atlantic, weakening the AMOC and its poleward heat transport. Therefore, the Arctic sea-ice
decline may explain the suggested slow-down of the AMOC and the ‘Warming Hole’ persisting in the subpolar North Atlantic.

G lobal climate change is now affecting various components of
the Earth’s climate system. In particular, the extent of Arctic
sea ice has been declining over the past several decades1,2,

with an annual-mean areal reduction of ∼20% since 1980 (Fig. 1)
and even stronger decrease in September (∼30%). At the same
time, the Atlantic Meridional Overturning Circulation (AMOC), a
crucial component of oceanic circulation monitored over the past
decade by the RAPID array3 at 26.5◦ N, is arguably slowing down4

at a rate as high as 0.4 Sv yr−1 (Fig. 2a). Although the attribution
of this recent AMOC slow-down remains an open question5,6 in
view of oceanic natural decadal variability7, indirect evidence based
on the proxies of AMOC strength8 supports the hypothesis that
the AMOC is gradually weakening (Fig. 2b) as part of ongoing
climate change. Complementary to these present-day observations,
numerical experiments using state-of-the-art climate models under
futureCO2 emission scenarios consistently predict a gradual AMOC
slow-down to occur during this century9.

The long-term AMOC decline has been conjectured to cause
the so-called Warming Hole persisting in the subpolar North
Atlantic8,10 especially pronounced between 50◦ and 60◦ N (Fig. 2c
and Supplementary Fig. 1). Indeed, the weakening of oceanic
poleward heat transport associated with this decline is arguably the
most likely explanation for why this region is warming at a slower
rate than the rest of the globe (or possibly even cooling down). This
relative coolingmoderates local impacts of anthropogenically forced
climate change over the ocean11.

Nevertheless, beyond general conceptual understanding of this
mechanism12, there exists no agreement on the exact causes of the
AMOC slow-down and the Warming Hole, nor their attribution to
a particular external forcing. The main goal of the present study
is to investigate whether these phenomena could be driven by the
ongoing Arctic climate change.

AMOC sensitivity to surface heat and freshwater fluxes
Because of its role in modulating the climate of the North Atlantic13,
the AMOC has been studied by many different methods ranging
from observational proxies8,14 to high-resolution simulations15 with
general circulation models (GCMs) to adjoint ocean modelling16.

The last method can estimate the sensitivity of the AMOC to
past disturbances in the forcing field17,18 and provide a dynamical
attribution of AMOC changes19 by integrating linearized equations
of motion backwards in time. Here, we first apply such an adjoint
modelling approach to examine how anomalies in global ocean
surface fluxes of heat and freshwater affect the AMOC at 50◦ N.
Specifically, to assess the AMOC sensitivity to spatially varying
but constant-in-time surface fluxes, we compute optimal patterns
of surface fluxes (also called flux linear optimal perturbations,
or flux LOPs) that modify the AMOC at 50◦ N the most over
given time intervals (Fig. 3). The computations use a state-of-
the-art ocean general circulation model (GCM, NEMO20) in a 2◦

realistic configuration (ORCA2), together with its tangent linear
and adjoint versions21 (Methods). The model reproduces an ocean
mean climatological state in good agreement with the observations
(Supplementary Fig. 2).

The duration of the imposed fluxes is varied in the numerical
computations from 10 to 200 years. We find that for fluxes shorter
than ∼100 years the AMOC sensitivity exhibits a weak oscillatory-
like behaviour (Fig. 4a,b). It is related to the existence in the
system of a 24-yr oscillatory ocean mode associated with large-
scale baroclinic (thermal) Rossby waves propagating across the
North Atlantic22. Save for these weak variations, flux perturbations
persisting for longer times have greater impacts on the AMOC
intensity. For example, the impact on the AMOC volume transport
of optimal surface fluxes that last for two centuries is about three
times as large as those lasting for one decade.

To compare the AMOC sensitivity to surface fluxes applied
over different geographical regions, we split the global ocean into
three areas—the Arctic Ocean, the North Atlantic, and the rest of
the ocean (Fig. 4c, insert). The boundaries of the Arctic Ocean
are set following the definition of the International Hydrographic
Organization, which includes Hudson Bay, the northernmost part
of the Labrador Sea, and the Greenland and Iceland seas, but
to simplify the computations our definition uses a straightened
Arctic–Atlantic boundary, incorporating the Norwegian Sea into
the Arctic region (this modification affects the results very little).
As our computations of the optimal flux perturbations are linear,
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Figure S1: Temperature changes over the past century. (a) A global map of local surface
air temperature trends between 1900 and 2015. The subpolar North Atlantic shows a generally
weaker warming with a localized region of negative trend south of Greenland often referred to as the
Warming Hole and conjectured to be caused by the AMOC slow-down3, 4. NASA GISS temperature
were used; gray indicates insufficient data. (b) Spatially-averaged temperature anomalies in the
Northern Hemisphere (NHEM, red solid line) and the subpolar North Atlantic (SPNA, blue solid
line) for the same period. Dashed lines indicate the corresponding linear trends. Here, the subpolar
North Atlantic is defined as a rectangular region confined to 50◦W - 10◦W and 50◦N - 60◦N. The
warming trend is significantly weaker in the subpolar North Atlantic than that for the entire
Northern Hemisphere, which suggests an AMOC slow-down.
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Figure S2: The climatological mean state of the Atlantic ocean as reproduced by the
full ocean GCM. (a) Zonally averaged streamfunction showing the AMOC; contour intervals (CI)
are 1 Sv; the thick solid line corresponds to 0◦C, plain and dotted lines indicate higher and lower
values, respectively. (b) Zonally averaged temperature; CI are 2◦C, the thick solid line corresponds
to 0◦C, plain lines indicate higher values. (c) SST; CI are 2◦C, the thick solid line corresponds to
15◦C, plain and dotted lines indicate higher and lower values, respectively. (d) Meridional heat
transport as a function of latitude. The figure is modified from Sévellec and Fedorov (2015)23.
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Figure S3: The AMOC response to the 100-yr optimal (left) heat and (right) freshwa-
ter fluxes. The plot describes changes in the Atlantic ocean (a,b) meridional volume transport at
50◦N and 1,500 m depth and (c,d) heat transport (MHT) at 25◦N computed by the forward GCM
after the optimal fluxes were imposed. The model results are shown as small crosses connected
with a cubic spline interpolation. The corresponding patterns of the optimal fluxes were displayed
in Fig. 3d and h. The AMOC decrease after 100 yr is equal to the optimal impact of 100-yr heat
and freshwater fluxes shown in Fig. 4a and b. The AMOC total response to the imposed fluxes
(GLOB, black line) is again split into separate responses to fluxes applied over different geograph-
ical regions: the Arctic (ARCT, red line), the North Atlantic (NATL, blue line), and the rest of
the ocean (ROTO, purple line). Note that the impacts of heat fluxes are several times greater.
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Figure S4: Ocean horizontal velocities and mixed layer depth for the climatological
mean state of the full ocean GCM. A vertical average (from 0 to 609 m) of the annual-mean
horizontal velocity (arrows) and the depth of model ocean mixed layer (colors) are shown. Heat and
freshwater anomalies are exported from the Arctic to the North Atlantic by the East Greenland
current and the Greenland-Iceland ridge overflow, generating a net southward flow in the upper
ocean.

4
© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange	 5

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCLIMATE3353

http://dx.doi.org/10.1038/nclimate3353


0 10 20 30 40 50 60 70 80 90 100
-4

-3

-2

-1

0

AM
O

C
 A

T 
50

° N
 (S

v)
 AMOC RESPONSE TO RECONSTRUCTED HEAT FLUX(a)

GLOB
NATL
ARCT
ROTO

0 10 20 30 40 50 60 70 80 90 100
TIME (yr)

-6

-4

-2

0

2

M
H

T 
AT

 2
5°

N
 (

10
-2

 P
W

)

(c)

0 10 20 30 40 50 60 70 80 90 100
-1

-0.5

0

0.5

AM
O

C
 A

T 
50

° N
 (S

v)

 AMOC RESP. TO RECONSTRUCTED FRESHWATER FLUX(b)

0 10 20 30 40 50 60 70 80 90 100
TIME (yr)

-1.5

-1

-0.5

0

0.5

M
H

T 
AT

 2
5°

N
 (

10
-2

 P
W

)

(d)

Figure S5: The model AMOC response to the observed flux anomalies. As in Fig. S3,
but when we impose the reconstructed anomalies in (left) heat and (right) freshwater fluxes shown
in Fig. 5a,b. The AMOC response to the combined anomalies was shown in Fig. 5c,d.
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Figure S6: Arctic sea ice retreat and SST anomalies simulated by the climate GCM.
As in Fig. 6b,d but for the SW experiment.
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Figure S7: Arctic sea ice retreat and SST anomalies simulated by the climate GCM
during September. (a-c) September mean sea ice concentration for the CTL, LW and SW
experiments. The blue, purple and red contours mark 85%, 50%, and 15% sea ice concentrations.
(d,e) September SST anomalies (in ◦C) for the LW and SW experiments with respect to the control
SST contour intervals are 0.5◦C. Model output was averaged within the last 50 years of the CTL
run, and within years 151-200 for the perturbation experiments (see Fig. S8).
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Figure S8: The impacts of Arctic sea ice retreat on the AMOC in the LW and SW
coupled model experiments. (a) AMOC maximum volume transport (estimated between 10◦N
and 70◦N and between 500 m and 5000 m) and (b) oceanic meridional heat transport (MHT) at
25◦N. Both perturbations experiments start from the CTL run; modifications to sea ice radiative
balance are imposed at time zero and maintained for the duration of each experiment.
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