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Abstract

Tentative evidence suggests that the contraction of Arctic sea ice and the slowdown of the Atlantic meridional overturning
circulation (AMOC) may have already started in the 1970 or 1980s, which raises the question of how changes in these two
key climate components are connected across different timescales. Here, we investigate two-way interactions between Arctic
sea ice and AMOC variations using a broad suite of models and climate simulations, including those from the CMIP5 and
CMIP6 datasets. Our analysis of preindustrial simulations suggests that Arctic sea ice loss can drive an AMOC slowdown
after a multi-decadal delay primarily through the downstream propagation of positive buoyancy (warm/low salinity) anoma-
lies spreading from the Arctic to the subpolar North Atlantic and suppressing deep convection. The AMOC weakening on
the other hand acts to expand Arctic sea ice cover within several years via a reduction in northward oceanic heat transport.
Analyzing greenhouse-warming simulations, further we show that these interactions should operate under anthropogenic
global warming, affecting future projections for Arctic sea ice and the AMOC.

1 Introduction

A dramatic decline of Arctic sea ice has been observed over
the past 4 decades (Stroeve et al. 2007; Parkinson and Cava-
lieri 2008; Swart et al. 2016; Ding et al. 2017). Historical
reconstructions (Titchner and Rayner 2014) provide further
evidence for a gradual retreat of Arctic sea ice since the
1950s (Fig. 1a). In parallel, the Atlantic meridional overturn-
ing circulation (AMOC) has weakened over the past decade
as observed at 26° N by the RAPID array (Frajka-Williams
2015; Smeed et al. 2018). Although the robustness of this
decadal decline of the AMOC remains unclear given the
natural variability in climate system (Robert et al. 2014),
temperature-based reconstructions (Rahmstorf et al. 2015;
Sévellec et al. 2017) and geochemical proxy reconstructions
(Thornalley et al. 2018) of AMOC strength indicate a grad-
ual AMOC weakening since the middle-to-late 20th cen-
tury (Fig. 1b). Complementary to these historical records,
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climate models involved in the Climate Model Intercom-
parison Projects Phase 5 (CMIPS5, cf. Taylor et al. 2012)
and Phase 6 (CMIP6, cf. Eyring et al. 2016) also simulate a
decline in both Arctic sea ice (Fig. 1a) and AMOC strength
that started in the late 20th century (Fig. 1b).

It is noteworthy that unlike CMIP5 models, CMIP6 mod-
els simulate an AMOC strengthening trend until the mid-
1980s, which results from a stronger anthropogenic aerosol
forcing on average in CMIP6 as more models in this data-
set include aerosol-cloud interactions (Menary et al. 2020;
Hassen et al. 2021). Nevertheless, observational constraints
suggest that this anthropogenic forcing and/or the AMOC
response may be overestimated in the CMIP6 historical
simulations (Menary et al. 2020). Despite these differences,
both CMIP5 and CMIP6 models predict a further AMOC
slowdown during the 21st century under the representative
concentration pathway 8.5 (RCP 8.5) and the shared socio-
economic pathway 5-85 (SSP5-85) scenarios, respectively
(Fig. 1). Likewise, these models predict a continuing decline
of Arctic sea ice area.

The concurrent decline of Arctic sea ice and the AMOC,
however, makes their relationship under anthropogenic forc-
ing difficult to disentangle. Nevertheless, some aspects of
this relationship have been explored under natural radiative
forcing induced by volcanic eruptions (Robock and Mao
1992; Stenchikov et al. 2009; Swingedouw et al. 2017) and/
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Fig. 1 a Annual mean Arctic sea ice area (SIA) anomalies from the
HadISST.2 historical reconstruction (red), from the historical and
RCP8.5 simulations of 7 CMIP5 models plus CESM1-CAMS5-BGC
(multi-model mean, i.e. MMM, black), and from the historical and
SSP5-85 simulations of 7 CMIP6 models (MMM, blue). b Annual
mean anomalies of a temperature-based AMOC index based on
the NASA GISTEMP v4 data (red) and modeled anomalies of the
AMOC strength from historical and RCP8.5 simulations of 7 CMIP5
models plus CESM1-CAMS5-BGC (MMM, black), and from his-
torical and SSP5-85 simulations of 7 CMIP6 models (MMM, blue).
Anomalies are relative to a 1900-1919 average. Except those of the
temperature-based AMOC index, anomalies are further normalized
by the 1900-1919 average. Only one (the first) ensemble member
from each model’s simulations is adopted to ensure an equal weight
for individual models. Gray and light blue shadings indicate one
standard deviation from the MMMs for the two groups: CMIP5 mod-
els plus CESM1-CAMS5-BGC and CMIP6 models

or in past climates (Zhong et al. 2011; Lehner et al. 2013;
Schleussner and Feulner 2013; Swingedouw et al. 2015;
Slawinska et al. 2018; Sadatzki et al. 2019; Halloran et al.
2020). For example, during the last glacial period, sea ice
variations in the Nordic Seas were suggested to interact
with ocean circulations in the North Atlantic, including the
AMOOC, as part of the Dansgaard-Oeschger (D-O) cycle
(Sadatzki et al. 2019).

During the last millennium, large volcanic eruptions
were suggested to increase sea ice export and the related
freshwater transport to the North Atlantic deep convection
regions, thus diminishing the strength of the AMOC and
associated oceanic heat transport to the Arctic, which in
turn helps sustain Arctic sea ice expansion (Halloran et al.
2020). This positive feedback was invoked in Lehner et al.
(2013) and Schleussner and Feulner (2013) to explain the
onset of the Little Ice Age. On the other hand, other studies
of ocean response to volcanic eruptions argued that this sea
ice expansion was driven by Arctic Ocean cooling, while
the reduced poleward oceanic heat transport was primarily
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due to the advection of anomalously cold water from the
subpolar North Atlantic rather than the weaker inflow of
the AMOC (Zhong et al. 2011). Yet, other studies showed
that, instead of a weakened AMOC, an intensified AMOC
developed roughly one decade after strong volcanic erup-
tions (Swingedouw et al. 2015), which is then followed by
a centennial-scale increase of Arctic sea ice cover (Slaw-
inska et al. 2018). Thus, the full relationship between the
AMOC and Arctic sea ice in the context of volcanic erup-
tions remains ambiguous. The interplay between the exter-
nal, volcanically induced forcing and climate internal vari-
ability further complicates the matters.

Studies focusing on modern climate have shown that
the AMOC can affect Arctic sea ice (Delworth et al. 2016),
especially summer sea ice (Zhang 2015), potentially through
the Atlantic Multidecadal Oscillation (Polyakov et al. 2003;
Frankcombe et al. 2010; Drinkwater et al. 2014). The
AMOC intensity and associated poleward oceanic heat
transport are significantly anti-correlated with the Arctic sea
ice extent (Zhang 2015; Mahajan et al. 2011) and the latter
leads the AMOC by 0-3 years (Day et al. 2012). It has been
suggested that anomalously strong AMOC-related poleward
oceanic heat transport into the Arctic may have contributed
to the observed rapid loss of Arctic sea ice during the late
1900s and early 2000s (Yeager et al. 2015) while a weaker
AMOC in the late 2000s may have counteracted the impact
of anthropogenic global warming and delayed further Arctic
sea ice loss (Kay et al. 2011; Liu et al. 2020).

Other studies approached the problem from a different
perspective and investigated how variations in Arctic sea
ice and associated changes in the Arctic and subarctic ocean
can influence the AMOC. Earlier studies examined how
variations in freshwater transport from the Arctic (with no
particular focus on Arctic sea ice) can produce positive or
negative salinity anomalies in the subpolar North Atlantic
(Delworth et al. 1997; Zhang and Vallis 2006). Such anoma-
lies affect deep convection and hence the AMOC (Jungclaus
et al. 2005).

A more recent adjoint analysis of AMOC sensitivity
to buoyancy fluxes in the Arctic together with targeted
coupled simulations isolated the effect of Arctic sea ice
decline on AMOC slowdown (Sévellec et al. 2017). Both
thermal and haline effects due to Arctic sea ice loss were
found to be essential for the AMOC slowdown. This
mechanism was further analyzed in Liu et al. (2019),
Li et al. (2021) and Li and Fedorov (2021) in a series
of numerical perturbation experiments imposing Arctic
sea ice decline. These authors have shown that Arctic
sea ice loss expands the area of open ocean, allowing
more solar heat into the ocean (Levermann et al. 2007)
and at the same time increasing surface freshwater flux
due to the seasonal sea ice melt. On multi-decadal time-
scales the resultant positive buoyancy (combined thermal
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and haline) anomalies spread over to the subpolar North
Atlantic, alter the vertical stratification in ocean (Mignot
et al. 2007) and cause the AMOC weakening. A number
of other studies, using different models and experimental
set-ups, also show a multi-decadal AMOC slowdown that
follows Arctic sea ice decline but with a broad range of
magnitudes of AMOC change (Jahn and Holland 2013;
Blackport and Kushner 2016; Oudar et al. 2017; Wang
et al. 2018; Sun et al. 2018).

In general, these two paradigms—AMOC variations
affect sea ice by modulating poleward oceanic heat trans-
port versus Arctic sea ice variations affect the AMOC by
generating upper-ocean buoyancy anomalies—have not
been reconciled so far, especially in the context of anthro-
pogenic climate change with the concurrent Arctic sea ice
decline and AMOC slowdown, and in terms of separating
externally forced signals from natural climate variability.
These are the central topics of the present study.

2 Model simulations and methods
2.1 Climate model simulations

We use 16 state-of-art climate models (Table 1) including 7
CMIP5 models and 7 CMIP6 models that have at least 500-
year preindustrial control simulations as well as CESM1-
CAMS-BGC and CESM1-CN. Despite inter-model differ-
ences, these climate models simulate on average reasonable
magnitude of natural variability of Arctic sea ice and the
AMOC as compared with the Pan-Arctic Ice Ocean Mode-
ling and Assimilation System (PIOMAS, cf. Schweiger et al.
2011) and RAPID array (Smeed et al. 2018) observations
(Table 1). Many other CMIP5/6 models were not used either
because they have too weak decadal and multi-decadal vari-
ability of Arctic sea ice cover and/or the AMOC, or because
they have too short control simulations.

For each model, we use a 500-year output of the prein-
dustrial control simulation in which the radiative forcing due
to greenhouse gases, aerosols, ozone, and solar irradiance is
fixed at the preindustrial level. As we focus on low-frequency

Table 1 Climate models and

¢ . X - Model Lead SIV std AMOC std (Sv) CMIP5/6 Historical +
.s1mu1a.t10ns used in this study, (year) (x 10° km?) rep85/ssp5-85
including 14 CMIP5/CMIP6
models, CESM1-CAMS5-BGC ACCESS1-0 83 1.52 1.18 CMIP5 Historical + rcp85
and CESMI-CN ACCESS-ESM1-5 39 1.69 1.53 CMIP6 Historical + ssp5-85

CCSM4 76 2.10 0.76 CMIP5 Historical + rcp85
CESM1-CAM5-BGC 57 2.16 0.90 Historical + rcp85
CESM1-CN 83 2.02 0.90

CMCC-CMS 92 1.36 0.72 CMIP5 Historical + rcp85
GFDL-CM3 80 1.36 1.65 CMIP5 Historical + rcp85
GISS-E2-R 40 1.33 1.56 CMIP5 Historical + rcp85
HadGEM3-GC31-LL 53 1.81 0.94 CMIP6 Historical + ssp5-85
IPSL-CM5A-LR 33 2.49 0.83 CMIP5 Historical + rcp85
MIROC-ESM 72 1.15 0.93 CMIP5 Historical + rcp85
MIROC6 81 1.59 1.33 CMIP6 Historical + ssp5-85
MPI-ESM1-2-HR 37 2.33 1.79 CMIP6 Historical + ssp5-85
MPI-ESM1-2-LR 67 1.64 1.90 CMIP6 Historical + ssp5-85
NorESM2-MM 41 2.18 1.06 CMIP6 Historical + ssp5-85
UKESM1-0-LL 84 2.27 0.93 CMIP6 Historical + ssp5-85
Multi-model mean 69 1.81 1.18

For each model, a 500-year preindustrial simulation is used. Based on individual preindustrial simulations,
lag correlations have been calculated between low-frequency annual-mean Arctic sea ice area and AMOC
strength. The time shown corresponds to the positive correlation peaks in Fig. 3 when Arctic sea ice leads
the AMOC. One standard derivation (std) of annual mean Arctic sea ice volume (SIV) and AMOC strength
from model preindustrial simulations is shown to represent the natural variability of Arctic sea ice and
the AMOC in models. The multi-model mean is consistent with the observed standard deviation of SIV
(1.13%x 10 km?®) estimated from the detrended PIOMAS for 1979-2019 and of AMOC strength (1.83 Sv,
1 Sv = 10° m%/s) estimated from the RAPID array at 26° N for 20042016, respectively. In addition, his-
torical (1900-2005) and RCP8.5 (2006-2100) simulations are used for the CMIP5 models and CESM1-
CAMS5-BGC, and historical (1900-2014) and SSP5-85 (2015-2100) simulations for the CMIP6 models.
For each simulation only the first ensemble member is adopted to ensure equal weight among the models
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variability of Arctic sea ice and the AMOC, the time series
of the Arctic sea ice area and AMOC strength are detrended
and processed with a 31-year running mean. We also use the
historical (1900-2005) and RCP8.5 (2006—2100) simula-
tions in CMIP5 and CESM1-CAMS5-BGC (CESM version
1 with Community Atmosphere Model version 5 physics in
atmosphere and biogeochemistry in ocean), and the histori-
cal (1900-2014) and SSP5-85 (2015-2100) simulations in
CMIP6. We adopt one (the first) ensemble member from
each model’s simulations to ensure an equal weight for each
model in the analysis. In addition, we use large ensemble
simulations with CESM1-CAM5-BGC (from the so-called
CESM-LE dataset) that follow the historical plus RCP8.5
scenarios. The first member of CESM-LE extends from
1850 to 2100 while the other members cover 1920-2100
and are generated by introducing round-off magnitude per-
turbations in their atmospheric initial conditions (Kay et al.
2015). The CESM-LE dataset has 40 ensemble members
for 1920-2100.

We also use CESM1-CN (the Community Earth System
Model version 1 with carbon nitrogen in land) whose atmos-
phere and land components use a T31 spectral truncation,
and ocean and sea ice components use an irregular horizon-
tal grid that is nominal 3° but becomes significantly finer
(~ 1°) around Greenland and over the Arctic and subarctic
areas (Shields et al. 2012). Starting from the quasi-equili-
brated CESM1-CN preindustrial control run, we conduct
an ensemble perturbation experiment by diminishing the
albedo of bare and ponded sea ice and of snow cover on ice
over the Northern Hemisphere oceans in the sea ice model
component. Specifically, we modify the standard deviation
parameters of bare and ponded sea ice (R, and R,,4) from
0 to — 2 and lower the single scattering albedo of snow by
10% in all spectral bands (Liu et al. 2019; Liu and Fedorov
2019). This choice of parameters facilitates our perturba-
tion experiment to reasonably replicate the observed Arctic
sea ice contraction change since the satellite era, from the
perspectives of both spatial distribution and seasonal cycle.

The model used (CESM1-CN) and the experimental setup
are generally similar to those in Liu et al. (2019). In the pre-
sent study we use nine ensemble members for the perturba-
tion experiment that are generated by slightly varying the
initial conditions of the model atmosphere component, while
only one ensemble member was used in Liu et al. (2019).
Here, the ensemble-mean results minimize the effect of
internal variability and hence facilitate a better representa-
tion of AMOC response to Arctic sea ice change.

2.2 Arctic seaice and AMOC metrics
We use Arctic sea ice total area as a measure of Arctic sea

ice since (1) this metric is independent of model grid and
resolution (Eisenman et al. 2011); and (2) it could precisely
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depict the changes between sea ice and open ocean, which is
critical for measuring solar radiation and freshwater fluxes
at ocean surface. The observed annual mean Arctic sea ice
area is based on HadISST.2 (Hadley Centre Sea Ice and Sea
Surface Temperature data set, version 2)—a monthly histori-
cal reconstruction on a 1° X 1° grid for 1900-2019 (Titchner
and Rayner 2014). The simulated annual mean Arctic sea ice
area in CMIP5/6 and CESM-LE simulations is calculated by
integrating the product of sea ice concentration and model
grid area over the Arctic and adjacent oceans.

In CMIP5/6 and CESM-LE simulations, the AMOC
strength is defined as the maximum value of annual mean
meridional stream function below 500 m in the North Atlan-
tic. As long-term AMOC observations are not available, we
also use an AMOC index defined as the difference in annual
mean surface air temperatures between the subpolar North
Atlantic (50-60° N and 10-50° W) and the Northern Hemi-
sphere (Rahmstorf et al. 2015; Sévellec et al. 2017). This
AMOC index is calculated from the annual mean of NASA
(National Aeronautics and Space Administration) GISS
(Goddard Institute for Space Studies) Surface Temperature
Analysis version 4 (GISTEMP v4) monthly data on a 2° X
2° grid for 1900-2019 (Hansen et al. 2010). However, one
should be careful when interpreting this index, especially
for the historical period, as the North Atlantic surface tem-
perature can be affected both by oceanic and atmospheric
processes.

3 Results

3.1 The two-way interaction between Arctic sea ice
and the AMOC

We first investigate the interaction between Arctic sea ice
and the AMOC using climate simulations selected from a
broad set of climate models, most taken from the CMIP5
and CMIP6 datasets. We start with the preindustrial con-
trol simulations in which anthropogenic warming is absent
and the low-frequency variability of Arctic sea ice and the
AMOC is part of natural climate variability. As discussed
next, the timescales under consideration will be critical to
the problem as the interaction between Artic sea ice and the
AMOC has distinct features on multi-decadal versus interan-
nual timescales.

We find that variations in the annual mean Arctic sea ice
area are positively correlated with AMOC variations when
the former (Arctic sea ice) leads the latter (the AMOC)
for timespans longer than 2 decades. The positive cor-
relation peaks when the AMOC lags by about 7 decades
in the multi-model mean (Fig. 2a), or by 3-9 decades for
individual models (Table 1; Fig. 3). While the correlation
coefficients are relatively low for the multi-model mean,
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AMOOC strength in the preindustrial control simulations of 16 cli-
mate models (14 CMIP5/6 models, gray; CESM1-CN, red; CESM1-
CAMS5-BGC, blue; MMM, black). After detrending, a 31-year run-
ning mean is applied to both SIA and AMOC time series to isolate
low-frequency variability. Positive lags mean that SIA changes lag
the AMOC; negative lags mean SIA changes lead the AMOC. Posi-
tive correlations at negative lags imply that SIA reduction would lead

as the best leads vary greatly across the models, the cor-
relations can reach as high as 0.7 for individual models
(Fig. 4). Herein the statistical significance of the correla-
tion coefficients accounts for autocorrelation in the time
series by using an “effective sample size” (N*¥)

0

0.06

to AMOC slowdown. b A spatial map of the MMM of point correla-
tions between annual mean sea ice concentration (SIC) and AMOC
strength at lead periods corresponding to positive correlation peaks
(SIC leads the AMOC, Table 1). Note positive correlations at sea ice
margins; much larger correlations are seen in individual models. ¢ As
in b but for Arctic sea ice lagging the AMOC by 1 year for all the
models

# 1—rn
N*=N-—=" 1
1+rr

where N is the number of available time steps and | and

r, are lag-one autocorrelation coefficients of each variable
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SIA leads the AMOC by 3 to 9 decades. Some models have second-
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(Bretherton et al. 1999). We examine the significance of  positive correlation is significant when Arctic sea ice leads
the lead-lag correlation between annual mean Arctic sea  the AMOC by several decades and the peak of negative
ice area and AMOC strength in the preindustrial control ~ correlation is significant when Arctic sea ice is in phase
runs where the time series are detrended but no running  with the AMOC or lags the AMOC by a few years (Fig. 3).
mean has been applied (Fig. 3). We find that the peak of
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One can further examine the spatial pattern of the corre-  Although the details of the pattern differ between the models
lation between sea ice concentration in the Arctic and sub- (Fig. 5), the multi-model mean (Fig. 2b) clearly shows a
arctic areas and the AMOC at the time of correlation peak.  pattern with positive correlations occurring at the margins

Corr(Arctic sea ice, AMOC) (lead)

ACCESS-ESM1-5 CESM1-CAM5-BGC

ACCESS1-0

Fig.5 Spatial maps of correlations between annual mean Arctic sea leads). The time series of SIC and AMOC strength are detrended and
ice concentration (SIC) and the AMOC strength in the preindustrial a 31-year running mean is applied
control when each model reaches its positive correlation peak (sea ice
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of Arctic sea ice, especially in the Labrador Sea, the Nordic
Sea and the Bering Sea. This result suggests that on multi-
decadal timescales Arctic sea ice retreat can drive an AMOC
slowdown, while Arctic sea ice expansion would lead to an
AMOC strengthening.

We have also computed the variance of the annual mean
Arctic sea ice volume in the 16 models used, which is (3.4
+ 1.5)x10° km®. Applying a 31-year running mean to low-
pass decadal or longer variations reduces this value to (1.2
+ 0.6)x10° km®. The ratio between the two variances is
(33.1 + 7.4)%, that is, the low-passed signal explains about
one third of the total variance of Arctic sea ice. This multi-
decadal and longer variability can sustain the sea ice-AMOC
interactions described in this study.

Our correlation analysis is consistent with the previous
studies (Sévellec et al. 2017; Liu et al. 2019) that investi-
gated the dynamical mechanism of how changes in Arctic
sea ice could drive AMOC changes. We can further illustrate
this mechanism by examining the propagation of freshening
signals using CESM1-CN experiment wherein the Arctic sea
ice albedo was instantaneously reduced. This experiment
isolates the effect of Arctic sea ice change while excluding
the effect of anthropogenic warming from consideration. We
find that the reduced snow/ice albedo causes a rapid Arctic

a Arctic seaice
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Fig.6 Results from the Arctic sea ice perturbation experiment:
Changes in a annual mean Arctic SIA and ¢ AMOC strength, and
changes in upper-ocean b potential density, d salinity and e tempera-
ture over the North Atlantic and Arctic Oceans as a function of time
and latitude. The last three variables show zonal mean, upper-ocean
200-m averaged values. These ensemble-mean results are obtained

sea ice retreat within the first few years of the simulation
(Fig. 6a). Enhanced sea ice melt over the Arctic and sub-
arctic ocean induces a strong freshening in the upper ocean,
and the signal propagates southward into the North Atlantic
(Fig. 7) following the East Greenland Current and the Green-
land—Iceland Ridge and Faroe Bank Channel overflows.
Together with the warming signals caused by the contraction
of sea ice cover (Figs. 6e and 8), these freshening signals in
the model reduce seawater density in the upper ocean and
suppress deep convection and the North Atlantic Deep Water
(NADW) formation in the Nordic Seas and south of Iceland
(Figs. 6b and 9).

A Hovmoller diagram of zonal mean salinity anomalies
over the Arctic and North Atlantic indicates that the full
effect of the freshening will reach the region south of Ice-
land in about 7 decades after the Arctic sea ice perturba-
tion was imposed (Fig. 6d). Owing to the advection of the
signals along the NADW pathways and associated ocean
adjustment via wave propagation (Zhang et al. 2010; Sével-
lec and Fedorov 2013; Muir and Fedorov 2017), AMOC
variations in lower latitudes are expected to lag the deep
convection changes in the subpolar North Atlantic by several
more years. As a result, in this model, the AMOC weakening
lags Arctic sea ice loss by about 8 decades (Fig. 6¢), which
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using CESM1-CN. Changes are computed with respect to the annual
mean climatology of the model’s preindustrial control run. Note that
thermal anomalies, important over the deep-convection regions in the
first 30 years of the experiment, are then compensated by the reduced
northward heat transport of the AMOC
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Fig.7 Annual mean salinity anomalies (color shading; psu) aver-
aged over the upper 200 m for years a 1-20, b 21-40, ¢ 41-60 and
d 61-80 generated in the CESM1-CN Arctic sea ice albedo perturba-
tion experiment. Ensemble-mean anomalies are shown with respect to

is consistent with the preindustrial control run indicating
that the positive correlation between Arctic sea ice area and
the AMOC is maximum when the latter lags the former by
about 8 decades (red curve in Fig. 2a). Note however that
this effect (i.e. positive correlations) emerges already after
around a 40-year lag.

The values of AMOC/Arctic sea ice best lag (Table 1;
Fig. 2) depend on the time needed for the buoyancy anoma-
lies to reach the NADW formation regions and for the sub-
sequent ocean adjustment, which shows a large inter-model
spread. This spread can be associated with differences in the
pattern of Arctic sea ice variability (Semenov et al. 2015),
the location and strength of the NADW formation regions
(Heuzé 2017), ocean currents in the subpolar North Atlan-
tic (Heuzé and Arthun 2019) and different active modes of
AMOC variability (Muir and Fedorov 2017) across climate
models. It merits attention that many models display a rela-
tively strong convection in the Labrador Sea (Heuzé 2017),
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the annual mean climatology of the model’s preindustrial control run.
Stippling marks the model deep convection regions (defined where
March mixed layer depth is greater than 400 m)

which is influenced by the strength of the North Atlantic
subpolar gyre (Born and Stocker 2014). In this context,
future studies using observations to evaluate and further con-
strain models’ behavior—for example, deep convection and
the NADW formation—could help constrain the timescales
of the interactions discussed in this study.

Next, we find that for most models negative correlations
develop when Arctic sea ice area lags the AMOC by roughly
0-5 years (Fig. 3). The multi-model mean gives the best lag
for negative correlations at about 1 year (Fig. 2a). The spa-
tial pattern of this negative correlation covers most of Arctic
sea ice area but is especially pronounced in the Atlantic sec-
tor (Figs. 2c and 10). This result confirms the importance of
the mechanism discussed by previous studies (Zhang 2015;
Mabhajan et al. 2011) in which the AMOC affects Arctic sea
ice through its poleward oceanic heat transport (a reduction
in poleward oceanic heat transport cools high-latitude sea
surface temperatures leading to the growth of sea ice). This
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Fig.8 Asin Fig. 7 but for temperature anomalies (color shading; K) averaged over the upper 200 m

mechanism is also present, as a negative feedback, in our
perturbation experiment (Fig. 6) wherein sea ice area starts
increasing slightly after the first 10 years as the AMOC is
weakening. It is worth noting that a strong signal of Arctic
sea ice change is also evident in the Sea of Okhotsk, which
might be related to atmospheric teleconnections excited by
AMOC variations (Liu et al. 2020).

To summarize, our analysis shows that the relationship
between Arctic sea ice and the AMOC involves two key
mechanisms: sea ice controls the AMOC through buoyancy
anomalies while the AMOC controls sea ice via poleward
oceanic heat transport. Both mechanisms operate in prein-
dustrial control and sea ice perturbation experiments. They
work in opposite directions and involve different timescales.
The former mechanism operates on multi-decadal timescales
since it takes several decades for sea-ice induced buoyancy
anomalies to spread to the North Atlantic and fully affect the
AMOC. The latter mechanism operates on a much shorter
timescales of several years since a change in AMOC inten-
sity and its poleward oceanic heat transport is felt quite
quickly, modulating the Arctic sea ice cover. We also note

that in addition to the impacts from Arctic sea ice, the intrin-
sic dynamics of AMOC interdecadal variability involving
mean zonal advection, geostrophic self-advection, and oce-
anic large-scale baroclinic Rossby waves in the subpolar
North Atlantic (e.g., Sévellec and Fedorov 2013, 2015; Muir
and Fedorov 2017; Ma et al. 2021) could play a role in this
two-way interaction.

3.2 The two-way interaction under global warming

Building on these results, we explore how the two-way inter-
action between Arctic sea ice and the AMOC may manifest
under global warming, subject to anthropogenic forcing and
ensuing feedbacks. Here we examine future climate simula-
tions within a large ensemble approach, since all ensemble
members experience the same anthropogenic forcing while
inter-member differences can reveal the connection between
Arctic sea ice and the AMOC. We choose the CESM large
ensemble (CESM-LE) based on CESM1-CAM5-BGC that
has a large number of members (40 in total) with historical
and RCP 8.5 simulations for 1920-2100.
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Fig.9 As in Fig. 7 but for potential density anomalies (color shading; kg/m?) averaged over the upper 200 m

To examine the relationship between the AMOC and
Arctic sea ice within this large ensemble in the context of
recent sea ice decline, firstly we estimate for each ensem-
ble member the change of sea ice area in the Arctic for the
period 1997-2016 relative to 1920-1939 (ASIA, 1997-2016
minus 1920-1939). The latter, reference interval is chosen
as a representative of near preindustrial conditions. Then
we compute the corresponding AMOC changes between
similar time intervals but shifted by 464 years and by — 1
year, AAMOC, . _gayeqr (20612080 minus 1997-2061) and
AAMOC = year (1998-2017 minus 1921-1940), respec-
tively. These time shifts, or the lag and the lead times, are
based on the highest positive and negative correlations for
this particular model (blue curve in Fig. 2a).

We find that, although the magnitudes of Arctic sea
ice loss and AMOC slowdown vary broadly among indi-
vidual ensemble members, the 40 ensemble members taken
together show a significant positive correlation (r = 0.47, p
< 0.01) between changes in Arctic sea ice and future changes
in the AMOC (i.e. between ASIA and AAMOC,,,_guycar-
Fig. 11a). In terms of spatial patterns, positive correlations
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are most robust at sea-ice margins (Fig. 11c), suggesting that
a greater Arctic sea ice loss (related to natural variability
within ensemble experiments) will drive a stronger future
AMOC slowdown in about 6 decades.

We also examine the relationship between the AMOC
weakening and Arctic sea ice change measured with 1-year
delay (i.e. between ASIA and AAMOC, 41y, Fig. 11Db).
We find that the ensemble members show a significant
negative correlation (r = — 0.61, p < 0.01) between these
changes in the AMOC and Arctic sea ice area, which indi-
cates that an AMOC decline can mitigate Arctic sea ice
loss in the coming year by diminishing poleward oceanic
heat transport (Fig. 12). Negative correlations appear in
most of the Arctic but are especially pronounced in the
Atlantic sector (Fig. 11d). This result is consistent with
Arthun et al. (2012) and Yeager et al. (2015), discussing
the role of the AMOC and associated oceanic heat trans-
port in Arctic sea ice change over the past decades and in
the future. It is also worth mentioning that in this study
the interaction between Arctic sea ice and the AMOC is
examined from the perspective of internal variability of
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Fig. 10 Asin Fig. 5 but when SIC lags the AMOC by 1 year
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Fig. 11 a A scatter plot of annual mean Arctic sea ice area loss
(ASIA < 0) in 1997-2016 (relative to 1920-1939) and the subse-
quent AMOC reduction with a shift of 64 years (AAMOC,,,_g4year)
in CESM-LE. Blue dots indicate individual ensemble members.
The best-fit line (black) is calculated as the first Empirical Orthogo-
nal Function (EOF) mode in the sea ice-AMOC space. For exact

two components. In this context, the AMOC change pri-
marily governs the variations of meridional oceanic heat
transports that affect Arctic sea ice and potentially Arctic
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definition of anomalies see the text. b The same but for ASIA and
AAMOC 4= year € d Spatial maps of point correlations between
local changes in annual mean SIC and AMOC strength, correspond-
ing to a and b, respectively. Stippling in ¢ and d indicates that the
response is statistically significant at the 95% confidence level

climate (Oldenburg et al. 2018), which is different from
the scenarios relying on external forcing (Nummerlin et al.
2017; Oldenburg et al. 2018).
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Fig. 12 Correlation between anomalies (relative to the ensemble
mean) in the Atlantic meridional heat transport (MHT) difference
between two periods (1997-2016 minus 1920-1939) and anomalies
in the Arctic SIA difference between the same periods but shifted
by 1 year (1998-2017 minus 1921-1940) as a function of latitude in
CESM-LE. Blue: MHT is based on Eulerian-mean advection; black:
MHT includes Eulerian-mean, eddy-induced and sub-mesoscale
advection. The correlation is statistically significant at the 95% con-
fidence level. This plot confirms a significant negative correlation
between MHT and SIA decadal changes, with the latter lagging the
former by 1 year

4 Conclusions and discussions

We have probed two-way interactions between Arctic sea ice
and the AMOC. Using a broad selection of coupled models,
we have shown that at multi-decadal lead times (when Arctic
sea ice leads by 3 decades or longer) Arctic sea ice decline
can drive an AMOC slowdown, whereas at a several-year lag
times (when Arctic sea ice lags by ~ 1 year) AMOC slow-
down can cause an Arctic sea ice expansion via changes in
the associated poleward oceanic heat transport.

Furthermore, as seen in large ensemble climate simula-
tions, the inter-member difference of the simulated recent
Arctic sea ice decline is positively correlated with the inter-
member difference of projected AMOC slowdown under the
RCPS8.5 scenario with a lag of the AMOC by about 6 dec-
ades, whereas the inter-member difference of recent AMOC
weakening is negatively correlated with the inter-member
difference of Arctic sea ice loss in the coming year. This
result indicates that the two-way interaction between Arctic
sea ice and the AMOC can indeed manifest under anthropo-
genic warming, modulating the AMOC strength and Arctic
sea ice cover.

We note that the statistical analysis of our study by itself
would not imply causality, especially with the relatively low
correlations we see. However, we emphasize that our statisti-
cal results are complementary to, and should be considered
together with the perturbation model experiments conducted
previously by these and other authors on the connections

between Arctic sea ice and the AMOC, as well as the experi-
ments presented in the current study.

It is noteworthy that anthropogenic warming could simul-
taneously affect Arctic sea ice and the AMOC in ways differ-
ent from the interaction mechanism described here, causing
their concurrent evolutions (Arctic sea ice loss and the weak-
ening of the AMOC) under anthropogenic warming. Other
processes can contribute to Arctic sea ice loss and AMOC
slowdown. In particular, Arctic sea ice loss can come from
the changes in large-scale atmospheric circulation (Maslanik
et al. 2007; Deser and Tung 2008), low clouds (Francis and
Hunter 2006) or oceanic heat transport from the Pacific (Shi-
mada et al. 2006). An AMOC slowdown could be caused
by the changes in air-sea heat fluxes and ocean temperature
(Gregory et al. 2005; Weaver et al. 2007) and/or freshwa-
ter discharge from Greenland Ice Sheet melting and altered
hydrological cycle (Hu et al. 2009; Bakker et al. 2016; Ma
et al. 2020), further influenced by AMOC stability (Liu
and Liu 2013; Liu et al. 2014, 2017). The AMOC can also
recover part of its strength under sustained climatic forcing
due to the ocean subsurface warming (Thomas and Fedorov
2019).

Additionally, changes in atmospheric circulation, includ-
ing atmospheric blocking (Drijthout et al. 2013) and remote
effects from other ocean basins (Hu and Fedorov 2019,
2020) can also modulate sea-ice transport and the AMOC.
The present study has demonstrated that the Arctic sea ice
— AMOC interaction is indeed one of the important mecha-
nisms to consider, especially when predicting future changes
in Arctic sea ice and the AMOC.
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