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Abstract

We report a multi-centennial oscillation of the Atlantic Meridional Overturning Circulation (AMOC) simulated by the EC-
Earth3 climate model under the pre-industrial climate. This oscillation has an amplitude of ~6 Sv and a period of ~ 150 years
and significantly impacts the atmosphere. We find that it is a self-sustained low-frequency internal variability, driven by the
accumulation of salinity anomalies in the Arctic and their release into the North Atlantic, affecting the water column stabil-
ity and the deep convection. Sea ice plays a major role in creating the salinity anomaly in the Arctic, while the anomalous
Arctic oceanic circulation, which drives the exchange of liquid freshwater between the Arctic and the open ocean, is the
main responsible for its southward propagation. Interestingly, EC-Earth3 simulations with increased greenhouse concen-
trations, and therefore under a warmer climate, do not exhibit these strong AMOC fluctuations. We hypothesize that in a
quasi-equilibrium climate with a global air surface temperature 4.5° higher than the pre-industrial period, the low amount

of sea ice in the high latitudes of the North Atlantic is no longer able to trigger the mechanism.

Keywords AMOC - Multi-centennial variability - EC-Earth3 - Pre-industrial climate

1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC)
consists of an extensive system of ocean currents that con-
tributes to the heat redistribution around the globe. It is con-
stituted by a northward component of warm and salty waters
in the upper layers of the Atlantic, the Gulf Stream, and a
southward component of cold waters in the deep layers, the
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North Atlantic Deep Water (Buckley and Marshall 2016).
The AMOC transports a substantial amount of heat from
the south, including the Southern Hemisphere and the Trop-
ics, toward the North Atlantic (Bryan 1962; Ganachaud and
Wunsch 2000; Jackson et al. 2015; Weijer et al. 2020), with
considerable implications on the global climate. Indeed,
paleoclimate records suggest that past abrupt climate
changes were a response to changes in the AMOC (Broecker
et al. 1985; Rahmstorf 2002; Clark et al. 2002; McManus
et al. 2004; Liu et al. 2009). Moreover, the AMOC vari-
ability on the centennial timescale is thought to play a role
in masking some of the anthropogenic effects of climate
change over the coming years (Bonnet et al. 2021; Latif et al.
2022). Therefore, understanding the AMOC behaviour and
the mechanisms associated with its natural variability is
necessary to assess the climate response to anthropogenic
forcing and climate projections.

The systematic monitoring of the AMOC started in 2004
with the RAPID array across the Atlantic at 26.5° N (Cun-
ningham et al. 2007). Although it provides direct infor-
mation on the AMOC strength, the observational record
is relatively short. Caesar et al. (2021) compared various
proxy records to reconstruct the AMOC evolution of the
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last 1500 years, but they focused on the AMOC decline of
the mid-twentieth century. There is evidence of fluctuations
of the AMOC on different timescales, from inter-annual to
multi-centennial. The driving mechanisms proposed in the
literature depend on the timescale of the oscillations. Many
studies show that the wind-driven variability mainly explains
the seasonal to inter-annual AMOC fluctuations (Kanzow
et al. 2010; Xu et al. 2014; Zhao and Johns 2014; Yang
2015), with a minor contribution being explained by the
intrinsic ocean variability (Grégorio et al. 2015). On dec-
adal and multi-decadal timescales, the AMOC variability is
often described by a delayed response to the North Atlantic
Oscillation (NAO; Latif et al. 2006). The NAO is associated
with variations in the storm tracks over the North Atlan-
tic (Gerber and Vallis 2009), which affect the large-scale
atmospheric circulation and the precipitation and tempera-
ture anomalies. These changes in heat flux and wind stress
associated with the NAO result in buoyancy changes in the
western sub-polar North Atlantic that force decadal AMOC
fluctuations (Boning et al. 2006; Deshayes and Frankignoul
2008; Xu et al. 2013; Danabasoglu et al. 2016). At the same
time, and through the poleward ocean heat transport, the
fluctuations in the ocean circulation might force anoma-
lies of sea surface temperature (SST) patterns to reverse
the NAO phase (Arthun et al. 2021). On the other hand,
AMOC variability in this timescale is also thought to be a
driver of Atlantic Multi-decadal Variability (AMYV; Bjerk-
nes 1964; Knight et al. 2005; Zhang et al. 2007; Msadek
and Frankignoul 2009; McCarthy et al. 2015). The AMV
is manifested as a basin-scale SST and sea level pressure
anomaly in the North Atlantic, with implications for the
Northern Hemisphere (Steinman et al. 2015) and European
(Sutton and Dong 2012) climates.

However, the centennial to multi-centennial variability
of the AMOC is less studied. Some studies with numerical
models found these low-frequency oscillations, although
both the frequency of the fluctuations and the mechanism
proposed for this variability are model dependent. For
instance, one of the mechanisms proposed for the centennial
and multi-centennial variability is related to density anoma-
lies propagating from the Southern Ocean into the North
Atlantic sub-polar gyre, affecting the stability of the water
column in the deep-water formation sites. Indeed, among
other studies, Mikolajewicz and Maier-Reimer (1990)
found natural ocean variability in response to a simulated
white-noise atmospheric forcing in an ocean general circu-
lation model. These fluctuations have a period of roughly
320 years, and the signal is strongest in the Southern Ocean,
which then is propagated to the North Atlantic. Delworth and
Zeng (2012) found variations of the AMOC with a timescale
of 200-500 years in the GFDL-CM2.1 climate model. In
that model, salinity anomalies propagate from the Southern
Ocean to the convective locations of the North Atlantic high
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latitudes. Martin et al. (2013) also found multi-centennial
variability in the AMOC as a response to a signal originated
in the Southern Ocean in the Kiel Climate Model, a coupled
atmosphere—ocean-sea ice general circulation model.

A second mechanism proposed for sustaining the cen-
tennial and multi-centennial variability of the AMOC is
related to salinity anomalies propagating from the tropics
and subtropics into the North Atlantic sub-polar gyre. Vel-
linga and Wu (2004) identified a centennial mode of AMOC
variability in the HadCM3 coupled model driven by air-sea
interaction in the Atlantic. They found that a strong phase
of the AMOC implies a strong northward ocean heat trans-
port causing an anomaly of the cross-equatorial SST gra-
dient. Consequently, the Inter-Tropical Convergence Zone
(ITCZ) shifts to the north, releasing an extra freshwater flux
in the tropical North Atlantic and causing a negative salinity
anomaly. This anomaly propagates into the sub-polar gyre
in around 5-6 decades, inhibiting the deep-water formation
and causing a slow-down of the AMOC. Then, the opposite
phase of the mechanisms starts. Menary et al. (2012) tested
the mechanism proposed by Vellinga and Wu (2004) in two
other climate models: the Kiel Climate Model showed ele-
ments of this mechanism, whereas the MPI-ESM did not.
In particular, the latter reproduced a weaker cross-equato-
rial SST gradient, which they attributed to a stronger mean
AMOC than the one simulated by the other two models.

A third mechanism proposed in the literature to explain
the multi-centennial variability of the AMOC consists of
density variations generated in the Arctic Ocean that propa-
gate into the North Atlantic. Jiang et al. (2021) found multi-
centennial AMOC fluctuations in the IPSL-CM6-LR climate
model. These fluctuations are sustained by the oceanic fresh-
water exchange between the North Atlantic and the Arctic,
with little atmospheric influence. A similar mechanism in
which oscillations of the AMOC are maintained by an inter-
play between the central Arctic and the Nordic seas was
previously found by Jungclaus et al. (2005) in the coupled
ECHAMS/MPI-OM model but with a multi-decadal time-
scale. Also, Hawkins and Sutton (2007) found multi-decadal
variability in the HadCM3, fed by salinity anomalies trans-
ported from the Arctic into the Nordic seas.

Reporting and understanding the low-frequency variabil-
ity of the AMOC in an Earth System Model is of interest not
only for the climate impacts but also to help better distin-
guish between forced and internal variability in long simu-
lations. This paper aims to (a) document a multi-centennial
AMOC variability in pre-industrial simulations of the EC-
Earth3 climate model, (b) understand the mechanism behind
the low-frequency variability in this specific model, and (c)
investigate if this multi-centennial internal variability would
also be present in a warmer climate. The following section
describes the EC-Earth model, the simulations analysed, and
the methods used. Section 3 introduces the multi-centennial
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variability present in the pre-industrial runs. A mechanism
behind the oscillation is proposed in Sect. 3.1, and the ques-
tion of what happens in a warmer climate is addressed in
Sect. 3.2. Section 4 is dedicated to conclusions.

2 Model simulations and methods
2.1 The climate model

The model used is the CMIP6-generation General Circu-
lation Model (GCM) EC-Earth version 3 (Doscher et al.
2022). The atmospheric component consists of a modified
cycle 36r4 Integrated Forecast System (IFS; ECMWF 2010)
and includes the land-surface scheme H-TESSEL (Balsamo
et al. 2009). The ocean model consists of the Nucleus for
European Modelling of the Ocean (NEMO; Madec 2008)
version 3.6, including the Louvain la Neuve (LIM3; Van-
coppenolle et al. 2012) sea-ice model. The OASIS3-MCT
(Valcke 2013) coupler version 3.0 exchanges fields between
the atmosphere and ocean components. The IFS spatial reso-
lution is T255L.91, corresponding to a horizontal resolution
of about 80 km and 91 vertical levels represented in a hybrid
coordinate system. The model configuration in NEMO is
the ORCAI1L7S, a tripolar grid with an average horizontal
resolution of 1°x 1° and 75 vertical levels.

To report the multi-centennial AMOC variability and
to study the sustaining mechanism behind it, we analyse
a 1000-year-long pre-industrial run (piControl, ensemble
member r5ilp1fl) which follows the boundary conditions
from the Coupled Model Intercomparison Project—Phase
6 protocol (Eyring et al. 2016). This simulation started after
the spin-up and was run with fixed conditions representative
of a pre-industrial climate (namely, using forcing from the
year 1850). This way, we can evaluate the internal variabil-
ity because the radiative forcing remains constant. We also
looked at a set of 500-year-long simulations with fixed exter-
nal forcing presented in Fabiano et al. (in preparation). These
are branched off from the EC-Earth3 historical + SSP5-8.5
simulation in 1990, 2025, 2050 and 2100 (named ‘6990’,
‘b025°, ‘b050° and ‘b100’), with the greenhouse gases and
aerosols kept fixed at the initial year’s condition.

2.2 Methods

The AMOC index is defined here as the maximum Atlantic
meridional streamfunction between 30° N and 50° N in the
depth range of 500 m and 2000 m. Because we are interested
in centennial to multi-centennial timescale, the high-fre-
quency variability is filtered with a low-pass filter and cut-
off period of 30 years. The regressed fields on the AMOC
index are computed by a unit of change of the AMOC index,

and consequently, they have units of the regressed field times
SvL.

We define three regions for assessing some of the diag-
nostics: the Labrador Sea (Labrador; 70° W—-40° W, 45°
N-72° N, see Fig. 3b), the Greenland-Iceland-Norwegian
seas (GIN; 20° W-20° E, 65° N-82° N, see Fig. 3b), and the
Arctic Sea (Arctic; northward of 78° N). The computation of
density fields and the temperature and salinity contributions
to the density changes were made offline through the com-
putationally-efficient expression for the density using the
TEOS-10 standard (Roquet et al. 2015). The annual means
of 3D prognostic temperature and salinity fields were used
for the computation.

The liquid and solid freshwater transports into the Arctic
were computed according to Fuentes-Franco and Koenigk
(2019). Both liquid and solid freshwater transports were cal-
culated through the Fram Strait, Northern Baffin Bay, the
Barents Sea and the Bering Strait (see Fig. 5b for details).
The native grids of the model are used to get the gridline
(line along the native grid) closest to the land points that
define each strait. Then, the velocity fields perpendicular
to the gridline are used: the 3D ocean velocity vo for the
liquid freshwater transports and the 2D sea-ice velocity siv
for the solid ones. The liquid freshwater transport in m? s~!
is estimated as:

2 rn (S, —S
fW tliquid = / / u‘)dzdx
ptd D Sy

where S is the 3D so field in practical salinity units (psu),
and v is the vo velocity perpendicular to the section in m s~
As in Aagaard and Carmack (1989), we use the value of
34.8 psu for the reference salinity Sref. The vertical inte-
gral goes from the bottom (D) to the surface (1), and the
horizontal integration is along the length between the two
land points that define the strait (p/ and p2). Similarly, solid
freshwater transport (i.e. the freshwater transport due to sea-

ice drift) is computed as:

P2 (S,0r = Sice) Ciuw
of ice P
fwtmlid =/ S 1(1)009 = hicevicedx
pl ref Pyater

where C,, is the sea-ice concentration (siconc), h,., is the
sea-ice thickness (sithick) and v, is the sea-ice velocity per-
pendicular to the grid lines (siv). We assume ice salinity S,
of 4 psu and density p,., of 900 kg m~> as in Serreze et al.
(2006), and p,,,,,,, of 1000 kg m~>. The freshwater trans-
ports are computed from monthly data before computing
the annual mean.

The significance of the lagged regressions and the
regressed fields on the AMOC index is computed with the
block bootstrapping technique. The blocks are determined

by the autocorrelation e-folding decay time of the filtered
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AMOC index, which is 25 years, and 1000 (for the lagged
regressions) or 500 (for the regressed fields on the AMOC
index) bootstrap samples were used. The significance is plot-
ted for the 95% of confidence level.

3 Results

The 1000-year time-series and power spectral density of the
AMOC index and the Atlantic meridional streamfunction
regressed on the AMOC index are plotted in Fig. 1. The
AMOC in the piControl run with EC-Earth3 is dominated
by a fluctuation of about 150 years (Fig. 1¢). The amplitude

a
24.0 )

of these oscillations (black line in Fig. 1a) is larger than the
amplitude of the inter-annual to multi-decadal variability
(grey line in Fig. 1a). Indeed, the standard deviation of the
low-frequency (period > 30 years) AMOC index is 1.77 Sv,
and the standard deviation of the high-frequency variabil-
ity (period <30 years) is 0.76 Sv. This centennial to multi-
centennial oscillation involves the whole Atlantic basin
(Fig. 1b); the highest values of meridional streamfunction
regressed on the AMOC index are between 30° N and 50°
N at around 1000 m depth, in agreement with the AMOC
index definition (Sect. 2).

The ocean sets the boundary conditions to the atmosphere
through the sea surface temperature. Therefore, the oceanic
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Fig. 1 a Time-series of annual AMOC index (grey) and low-frequency AMOC index (black). b Atlantic meridional streamfunction regressed on
the AMOC index. ¢ Power spectral density of the AMOC index. Significance at 95% confidence level in b and ¢ are indicated by dots
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low-frequency internal variability has implications for the ~ The Arctic and Scandinavia warm 2°-3° and Europe 1°-2°
atmosphere. To present an overview of the magnitude of these ~ during the strong AMOC phase with respect to the weak one.
implications, we computed the composites of the winter and A similar pattern occurs during boreal summer (Fig. 2c),
summer near-surface air temperature and precipitation for  although intensities are smaller, reaching a maximum differ-
strong (coloured in red in Fig. 2a) and weak (coloured in blue ~ ence of 5° in the Labrador and GIN seas. The changes in pre-
in Fig. 2a) AMOC events. A strong or weak event is consid-  cipitation comprise an increase in the sub-polar gyre and the
ered when the AMOC index exceeds or falls behind the mean ~ GIN seas during DJF (Fig. 2d) and a northward shift of the
value by one standard deviation. The differences between = ITCZ. The latter is displayed as an increase in precipitation
strong and weak events during the boreal winter (DJF) and  north of the equator and a decrease in precipitation south of the
summer (JJA) of the mean near-surface air temperature and  equator in JJA. The magnitude of the changes reaches values
precipitation fields are plotted in Fig. 2b, ¢ and Fig. 2d, e,  up to 1.5 mm day™', which is more than two times the mag-
respectively. Because the AMOC is associated with northward ~ nitude of the high-frequency variability. Indeed, the standard
heat transport, the near-surface air temperature is warmer dur-  deviation of the JJA precipitation averaged in the Atlantic box
ing the strong phase, particularly north of 20° N. The differ-  around the ITCZ (60° W-0; 10° S—10° N) is 1 mm day~! for
ence in the air temperature is larger in boreal winter (Fig. 2b),  the low-frequency variability and 0.4 mm day~" for the high-
with values higher than 10° in the sub-polar gyre and the GIN  frequency variability (cutoff period of 30 years). The meridi-
seas, which may be linked to the intensified deep convection. onal shift of the ITCZ, which is associated with an anomalous
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Fig.2 a Time-series of the 30-year low-pass filtered AMOC index. composites for strong and weak AMOC events for b DJF and ¢ JJA.
The strong and weak AMOC events are highlighted in red and blue, The difference in precipitation (mm day~') between the composites
respectively. The 2-m air temperature (C) difference between the for strong and weak AMOC events for d DJF and e JJA
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Mixed layer depth in March
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Fig.3 a Time-series of AMOC index. b Low-frequency MLD (m)
in March in the North Atlantic regressed on the AMOC index. c, e
Time-series of the mean MLD in March in the GIN and Labrador
seas, respectively. d, f Lagged regressions between the AMOC index
and the MLD in March in the GIN and Labrador seas. Positive lags

Hadley circulation, is a known feature of the climate response
to changes of the AMOC (e.g. Zhang and Delworth 2005)
or also the response to imposed changes of ice cover in the
Northern Hemisphere (Chiang and Bitz 2005). Motivated by
these large impacts on the atmosphere, we now focus on under-
standing the mechanisms of AMOC oscillations.

3.1 Mechanism behind the multi-centennial AMOC
oscillations

North Atlantic deep convection in EC-Earth3 is concentrated

in the Labrador Sea and the GIN seas. However, the low-
frequency variability of the mixed layer depth (MLD) in
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March, in association with changes in the AMOC, is more
intense in the GIN seas than in the Labrador Sea (Fig. 3b).
The time-series of MLD in March for the two areas (Fig. 3c,
e) covary with the AMOC index (Fig. 3a). Indeed, the corre-
lation (lag 0) between the low-frequency variability (period
> 30 years) of the AMOC and the MLD is 0.84 and 0.77
for the GIN seas and the Labrador Sea, respectively. The
lagged regression analysis (Fig. 3d, f) reveals that the MLD
variations in the GIN and Labrador lead the AMOC index
variations by 7 and 8 years, respectively. This suggests that
the low-frequency AMOC variability is modulated by the
low-frequency variability of the stratification in those areas.
Indeed, the upper 300 m mean potential density leading the
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AMOC index by 7 years is characterized by significant posi-
tive anomalies in the GIN and Labrador seas and negative
anomalies in the central Arctic (Fig. 4a). This means that
around 7 years before a maximum AMOC, the sites of deep
convection display positive anomalies of upper-layer density,
facilitating the deep water formation.

Seawater potential density depends on temperature and
salinity. We investigated the contributions to changes in
potential density (black lines in Fig. 4c—h) from temperature
(red lines) and salinity (blue lines) for the Arctic, GIN seas
and the Labrador Sea. The time-series are plotted in Fig. 4c,
e and g, respectively. The lagged regressions between those
time-series and the AMOC index are plotted in Fig. 4d, f and
h. It is clear that changes in the upper-layer salinity domi-
nate the low-frequency variability of the potential density in
these areas. In the Arctic and the Labrador Sea, the thermal
contribution to the density anomalies is negligible. In the
GIN seas, it has a small contribution but acts in the opposite
direction. Indeed, north of ~50°N, the pattern of upper-layer
salinity regressed on the AMOC index (Fig. 4b) resembles
the density one (Fig. 4a), with a negative anomaly in the cen-
tral Arctic and positive anomalies in the areas of deep con-
vection and the northern coast of Greenland, North America
and Siberia. The pattern of the mean salinity between 300

a) Upper 300 m density (Kg m-3)

Density changes in Arctic G d)

and 1500 m regressed on the AMOC index (not shown) also
shows positive anomalies in the GIN and Labrador seas and
negative anomalies in the central Arctic, but with smaller
absolute values. Moreover, the lagged regressions (Fig. 4d,
f and h) show that the maximum of AMOC occurs between 5
and 10 years after the maximum of upper-layer salinity in the
GIN and Labrador seas (in agreement with the MLD) and
between 40 and 50 years after the maximum in the central
Arctic. Thus, we conclude that the salinity field is a robust
indicator for density anomalies.

So far, we have shown that the multi-centennial AMOC
fluctuations are preceded by changes in the upper-layer
salinity in the GIN and Labrador seas. At the same time,
the Arctic displays salinity anomalies of the opposite sign.
The Hovmoller diagram of salinity for the North Atlantic
(Fig. 5a) reveals that salinity anomalies are highest in the
Arctic and clearly propagate southward from 90° N to 75° N.
It is possible to notice that the salinity anomalies in the Arc-
tic experience fast transitions from positive to negative val-
ues in synchrony with the southward propagation. Figure 5a
thus suggests that low-frequency AMOC variability is mod-
ulated by salinity anomalies accumulated in the Arctic that
propagate into the North Atlantic, thereby affecting the water
column stability in the areas of deep water formation. Hence,
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nificance at a 95% confidence level
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Fig.5 a Salinity anomalies (psu) in the upper 300 m of the Atlantic
Ocean as a function of time and latitude. b Position of the straits that
connect the Arctic to the open ocean. ¢ Components of the freshwater
fluxes in the Arctic regressed on the AMOC index. Positive lags indi-

in what follows, we investigate the freshwater budget in the
Arctic Ocean, which may explain the AMOC variability.
Freshwater in the Arctic can be modified by surface fresh-
water fluxes and freshwater transport through its boundaries
or straits (Fig. 5b). The surface freshwater flux includes net
precipitation (i.e., precipitation minus evaporation), river
runoff and sea-ice formation and melting. The lateral trans-
port of freshwater can be liquid (due to ocean currents car-
rying ocean water) or solid (due to sea-ice motion). Note that
the solid freshwater does not contribute directly to changes
in salinity, but it does indirectly through the availability of
sea ice to be melted. The lagged regressions of the surface
fluxes (black), and liquid (blue) and solid (red) freshwa-
ter transports on the AMOC index are plotted in Fig. Sc.
Positive freshwater surface flux or lateral transport values
indicate freshwater input to the Arctic, whereas negative
values indicate freshwater export from the Arctic. Fresh-
water input in the Arctic by surface fluxes (black line in
Fig. 5¢) is maximum at lag 0 approximately, in phase with
the maximum of AMOC. Net precipitation (black dashed
line in Fig. 5¢) and river runoff (black dotted line in Fig. 5c)
marginally contribute to the surface flux variability, which
is mainly accounted for by sea-ice formation and melting.
This suggests that a strong AMOC is associated with sea-ice
melting and consequent reduction of upper layers salinity
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cate that AMOC leads freshwater flux or transport, and negative lags
indicate that freshwater flux or transport leads AMOC. Dots indicate
significance at a 95% confidence level in ¢

in the Arctic. Indeed, the composites of sea-ice thickness
anomalies for strong (Fig. 6a) and weak (Fig. 6b) AMOC
events, as indicated in Fig. 2a, show a reduction and increase
of sea ice in the Arctic, respectively. Likewise, the solid
freshwater transport is maximum at lag 0, and its amplitude
suggests that part of the sea ice that melts in association
with a maximum AMOC comes from the open ocean and
enters the Arctic through the Arctic boundaries. On the other
hand, and in phase with the maximum AMOC, freshwater
is exported from the Arctic due to liquid transport through
the Arctic boundaries (blue lines in Fig. 5c). In summary,
in association with a strong AMOC and, therefore, a strong
meridional heat transport into the North Atlantic high lati-
tudes, the Arctic accumulates freshwater mainly due to sea-
ice melting and releases freshwater due to liquid transport
through the straits. Also, the positive values of the regressed
surface flux and solid transport are higher in absolute value
than the negative ones, whereas the opposite occurs for the
liquid transports. This indicates that sea ice contributes more
to the import of freshwater to the Arctic than to its export.
In contrast, liquid transport seems to play a dominant role in
exporting freshwater from the Arctic (Fig. 5¢).

To better understand the role of the exchanges between
the Arctic and the open ocean, Fig. 7 shows the freshwa-
ter transports through the single straits. The 1000-year
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a) Ice thickness composite (m)
for strong AMOC

b) Ice thickness composite (m)
for weak AMOC

Fig. 6 Composites of sea-ice thickness (m) anomalies for a strong and b weak AMOC events as indicated in Fig. 2a

time-series of liquid (blue) and solid (red) transports are
displayed in the left column, and the lagged regressions on
the AMOC index are shown in the right column of Fig. 7.
The liquid transport anomalies are decomposed in anomalies
caused by the mean currents transporting salinity anomalies
(Sprime, dashed blue lines) and the anomalies caused by the
mean salinity transported by the current anomalies (Vprime,
dotted blue lines). The mean terms refer to the whole 1000-
year period. The anomalies caused by the salinity anoma-
lies transported by the current anomalies (Sprime*Vprime)
were also computed, but because the lagged regressions
of this term are not significant at any lag and any strait,
they are not plotted in Fig. 7. Solid freshwater transports
occur through the Fram Strait and the Barents. The two are
nearly in phase and import solid freshwater to the Arctic
simultaneously with a maximum AMOC. Conversely, the
solid freshwater transport through North Baffin and Ber-
ing Strait is almost negligible. On the other hand, the liquid
transports through all the straits show a significant covari-
ance with the AMOC. The contributions through Barents
(mainly explained by Sprime) and Bering (entirely explained
by Vprime) are relatively small and in phase, both maxi-
mum at lag 0. Whereas a relatively small amount of liquid
freshwater is entering the Arctic through the Bering Strait
(~2.5 mSv per unit of AMOC change; Fig. 7h), freshwa-
ter is being exported through Barents (~4 mSv per unit of
AMOC change; Fig. 7d). However, the largest contributions
of liquid freshwater exchanges between the Arctic and the
open ocean occur through North Baffin and Fram Strait, and
they are not in phase with the AMOC changes. The maxi-
mum freshwater export by liquid transport through North
Baffin occurs between 10 and 20 years before a maximum

AMOC. 1t is entirely explained by the term Vprime, that
is, by the circulation anomaly that transports mean salinity
(Fig. 7f). In contrast, the maximum export through the Fram
Strait occurs around 30 years after a maximum AMOC in
which also the Vprime component dominates. There is a
contribution by Sprime too, but it is not significant (Fig. 7b,
blue lines). From this, it is possible to deduce that a large
amount of freshwater accumulated during a strong phase
of the AMOC due to sea-ice melting, leaves the Arctic and
enters the Labrador and GIN seas as liquid transport through
North Baffin and Fram Strait, mainly due to current anoma-
lies (with a minor contribution of Barents too). Although
the liquid transports through North Baffin and Fram Strait
appear to be not in phase with the AMOC index, summing
up all the contributions, the maximum net liquid export
occurs in phase with a maximum AMOC (Fig. 5b).

It seems thus plausible that the liquid freshwater, initially
exiting the Arctic from North Baffin and in a second instance
from the Fram Strait, is responsible for the freshening of the
Labrador and GIN seas and thus operates to slow down the
AMOC during its strong positive phase. This can be better
appreciated by looking at Fig. 8b—e, which show the com-
posites of the upper-layer salinity and current anomalies for
different lags with respect to a strong AMOC as indicated in
Fig. 2. The average fields of upper-layer salinity and current
anomalies are plotted in Fig. 8a.

Let's start looking at the composites at lag 0, that is,
simultaneously with a strong AMOC (Fig. 8b). As pointed
out before, the maximum AMOC is associated with a posi-
tive surface temperature anomaly and consequently with a
maximum freshwater input in the Arctic Ocean due to sea-
ice melting. As a consequence, the interior of the Arctic
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Fig. 7 Liquid (blue) and solid (red) freshwater transport into the Arc-
tic through the boundaries indicated in Fig. 5b: the Fram Strait (a,
b), Barents (c, d), the North Baffin (e, f) and the Bering Strait (g, h).
The time-series of the transport anomalies are plotted in the left col-
umn, whereas the lagged regressions on the AMOC index are in the
right column. The liquid freshwater transports are decomposed into
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the transports of the mean salinity by the current anomalies (Vprime,
dotted blue lines) and the transports of the salinity anomalies by the
mean current (Sprime, dashed blue lines). Positive lags indicate that
AMOC leads freshwater transport, and negative lags indicate that
freshwater transport leads AMOC. Dots indicate significance at a
95% confidence level in the right column plots
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Fig.8 a Mean salinity (psu) and current fields. Composites of salinity and current anomalies for b strong AMOC events; ¢ 30 years after strong
AMOC events; d 75 years after strong AMOC events; and e 15 years before strong AMOC events

Ocean exhibits a negative salinity anomaly. We do not find
significant regressions between the atmospheric fields (sea
level pressure and winds) in the Arctic and the AMOC index,
suggesting that the oceanic circulation is not forced by the
atmosphere. Indeed, the anticyclonic circulation anomaly
(Fig. 8b) is consistent with the vertically integrated thermal
wind relation. The anticyclonic circulation anomaly helps to

keep the salinity anomaly trapped in the central Arctic and
well-detached from the Fram Strait so that the latter margin-
ally contributes to the liquid freshwater exchanges with the
Arctic at lag O (see Fig. 8b). However, the largest freshwater
export is occurring through North Baffin (Fig. 7f), and it is
due to the circulation anomaly through the western Canadian
archipelagos. Since the mean salinity in the Arctic is lower

@ Springer



3706

V. L. Meccia et al.

than in the North Atlantic, the term Vprime contributes to
the export of freshwater from the Arctic.

Thirty years after the peak of the AMOC (Fig. 8c), the
negative salinity anomaly and the anticyclonic circulation
anomaly are shifted towards the North Atlantic. This can be
due to the mean currents in the Arctic that present a mean
flow from Siberia to the North Atlantic (Fig. 8a). At this
point, the freshwater export through Fram Strait is maximum
mainly due to the circulation anomaly transporting mean
salinity, Vprime (Fig. 7b). Indeed, the circulation anomaly
presents a strong southward component at the Fram Strait
(Fig. 8c). As in the case of North Baffin, since the mean
salinity in the Arctic is lower than in the North Atlantic, the
term Vprime contributes to the export of freshwater from
the Arctic. As a result, as the GIN seas become fresher, the
water column stabilizes, inhibiting deep water formation.
This way, the AMOC further slows down, less heat is trans-
ported to the high latitudes of the Northern Hemisphere and
sea ice forms, contributing to an accumulation of relatively
salty waters in the Arctic.

Around 75 years after a strong AMOC (Fig. 8d), roughly
half of the complete period and, therefore, a minimum of
AMOC is expected, the formation of sea ice contributes
to an increase in salinity in the central Arctic. As a con-
sequence, in thermal wind balance, the circulation reverts
to a cyclonic one, which prevents currents from crossing
the Fram Strait, minimising the freshwater's liquid transport
there (Figs. 7b and 8d). Some freshwater is entering the Arc-
tic through Barents (Fig. 7d) due to the term Sprime, that
is, salinity anomalies (fresher in the GIN seas with respect
to the Arctic) transported by the mean currents that have a
northward component there (Fig. 8a). Also the North Baffin
presents at lag 75 import of freshwater anomalies into the
Arctic due to the term Vprime (Fig. 7b).

By lag — 15 years (that is 15 years before a maximum
AMOC; Fig. 8e), the AMOC has already increased, so the
poleward heat transport that produces a melting of the sea
ice and thus contributes to the formation of the freshwater
anomaly in the Arctic. Again, the cyclonic circulation asso-
ciated with the previous minimum AMOC is shifted towards
the North Atlantic, probably transported by the mean cur-
rents that have that direction (Fig. 8a). The resulting local
circulation close to North Baffin has a strong southeast com-
ponent, favouring the liquid freshwater transport through
North Baffin that results maximum (Fig. 7f) due to the term
Vprime. This leads to a new reduction of the AMOC inten-
sity in a new cycle.

In summary, the mechanism can be explained by the accu-
mulation of upper-layer salinity anomalies in the Arctic and
its circulation-induced release to the North Atlantic, which
modify the vertical density profiles in the deep convection
regions that directly affect the meridional overturning cir-
culation. The sea-ice formation and melting controlled by
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the poleward ocean heat transport due to the AMOC are the
main contributors to the accumulation of freshwater anoma-
lies in the Arctic, providing negative feedback to control
the increase and reduction of the AMOC. The mechanism
is mediated by the liquid freshwater transports through the
Arctic boundaries, which are the main responsible for the
exchange of freshwater anomalies with the open ocean.
Whereas the net liquid freshwater transport is in phase with
the AMOC changes, the single contributions through North
Baffin and Fram Strait are not, suggesting a complementary
mechanism by the two regions. In particular, the maximum
freshwater export from the Arctic through North Baffin
results from local circulation anomaly which is associated
with the large scale cyclonic anomaly generated during the
previous minimum of AMOC that was already transported
towards the North Atlantic by the mean currents. Conversely,
the maximum export of freshwater through Fram Strait is
dominated by local circulation anomaly which is associated
with the anticyclonic circulation anomaly generated during
the previous maximum of AMOC that is shifted towards the
North Atlantic.

3.2 What happens in a warmer climate?

The 500-year time-series and power spectral density of the
AMOC index for five different runs are plotted in Fig. 9.
They include part of the piControl analysed above (black)
and four other quasi-equilibrium simulations forced with
fixed conditions corresponding to the years 1990 (990,
brown), 2025 (b025, blue), 2050 (b050, green) and 2100
(100, red) described in Sect. 2.1. The runs start from the
climate conditions of the years 1990, 2025, 2050 and 2100,
reached through the historical + SSP5.85 scenario. The
final mean temperature increase for the four simulations is
about 1.3°, 2.7°, 4.5° and 9.4°, respectively, with respect
to pre-industrial conditions (Fabiano et al., in preparation).
Time-series are detrended before computing the spectra. The
power spectral density of the AMOC index for the piCon-
trol run (Fig. 9b) considers the first 500 years to facilitate
the comparison to the other simulations, which are 500-year
long. Note that the y-axis in Fig. 9b, ¢ differ. On the one
hand, the mean AMOC index value decreases with warm-
ing under the SSP5.85 future scenario, being 17.21 Sv in
the piControl run and 15.16 in b050. In b990, however, the
mean value is 17.81, slightly higher than in the pre-industrial
run. On the other hand, the multi-centennial variability in
the pre-industrial climate seems to damp in a warmer cli-
mate (Fig. 9a). Indeed, the standard deviation of the low-fre-
quency variability (periods higher than 30 years) is 1.96 Sv
in the piControl run, and it is less than 0.9 Sv in all the
other experiments. Besides, the power spectra density of the
piControl is, by far, dominated by a ~ 150 years variability
(Fig. 9b). In the b990, b050 and b100 experiments, there is
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Fig.9 a Annual (thin lines) and 30 year low-pass filtered (thick
lines) AMOC index for the first 500 years of piControl (black), b990
(brown), b025 (blue), b050 (green) and b100 (red), representing dif-
ferent quasi-equilibrium climates. b power spectral density of the
AMOOC index for the first 500 years of piControl. ¢ Power spectral

still a signal at ~ 160 years (Fig. 9c), but the power spectra
density is almost two orders of magnitude lower than in the
piControl run. In the 025 and b050 experiments, the multi-
decadal variability dominates.

In summary, looking at the 6990, b025, b050 and b100
experiments, it seems that the multi-centennial AMOC vari-
ability that dominates the power spectra density in the pre-
industrial climate attenuates with warming. We hypothesize
that this mode of variability is state-dependent. We showed
in Sect. 3.2 that the melting or formation of the sea ice

density of the AMOC index for 5990 (brown), 025 (blue), b050
(green) and b100 (red). Significance at 95% confidence level in b and
c are indicated by dots. The mean values of the AMOC index for each
run are displayed between brackets in b and ¢

associated with a strong or weak AMOC plays an important
role in developing a salinity anomaly in the Arctic that is
released to the open ocean by the liquid exchanges through
the Arctic boundaries. We speculate that in a warmer climate
with respect to the pre-industrial one, the availability of sea
ice to be melted is reduced and so is the self-sustained mode.

For example, Fig. 10 shows the mean sea-ice thick-
ness (Fig. 10a, b), salinity and currents (Fig. 10c, d) for
the piControl and b050. The mean sea-ice thickness in the
central Arctic presents values between 3.5 and 5.5 m in the
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piControl (Fig. 10a) and below 1 m in 5050 (Fig. 10b). This
suggests that in a warmer climate, there is no sea ice avail-
able to melt which can contribute to the surface freshwa-
ter flux that produces the large negative salinity anomaly
during a strong AMOC phase in the piControl run. In fact,
the regression between the freshwater surface flux on the
AMOC index is not significant at any lag in the 050 experi-
ment (not shown). On the other hand, the mean upper-layer
salinity in the central Arctic displays much larger spatial
gradients and associated currents in b050 (Fig. 10d) than in
piControl (Fig. 10c). This, together with the low amount of
sea ice cover, favours a fast exchange of liquid freshwater
between the Arctic and the GIN seas. In fact, on average,
liquid freshwater leaves the Arctic Ocean through North Baf-
fin, Fram Strait, and Barents and enters the Arctic Ocean
through the Bering Strait (Table 1). The liquid transport's
absolute values, in general, increase with warming, as one
may expect since the region is less covered by sea ice in
the warm climate. In contrast, the mean solid freshwater

a) piControl - Mean sea-ice thickness (m)

transports decrease in absolute value with warming, even
reaching null values (Table 1). Overall, we conclude that the
intensity and even existence of the multi-centennial AMOC
variability would depend on the mean climate.

4 Final remarks

We report the presence of low-frequency variability in the
AMOC simulated by EC-Earth3 under pre-industrial condi-
tions. These oscillations have a period of around 150 years.
We find that the build-up of salinity anomalies in the Arctic
and their release into the North Atlantic affect the area of
deep-water formation and modulate AMOC variability on
centennial timescales. The proposed mechanism is summa-
rized in Fig. 11, in which the blue arrows represent the path
from a strong AMOC to a weak one, and the red arrows
represent the recovery toward a strong AMOC again. Spe-
cifically, a strong AMOC effectively transports heat into the

b) b050 - Mean sea-ice thickness (m)
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Fig. 10 a, b Mean sea-ice thickness (m) for the piControl and b050, respectively. ¢, d Mean upper-layer salinity (psu) and currents for the

piControl and b050, respectively
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Table 1 Mean liquid and solid freshwater transports through the Fram Strait, the Barents, the North Baffin and the Bering Strait for the piCon-

trol, b990, b025, b050 and b100 runs

Mean liquid freshwater transport into the Arctic (mSv)

Mean solid freshwater transport into the Arctic (mSv)

Fram Strait Barents North Baffin Bering Strait Fram Strait Barents North Baffin Bering Strait
PiControl —34.0 -35 -175.0 118.2 - 1322 - 127 - 120 5.0
b990 - 854 -214 -87.0 131.5 - 839 -12 - 132 2.0
b025 - 1187 —36.2 - 114.8 135.8 -274 -02 -10.7 0.18
b050 - 1183 —474 - 150.0 151.7 -175 0.0 -72 -03
b100 —106.14 -39.2 -277.4 155.2 -03 0.0 -05 - 1.1

high latitudes of the North Atlantic, favouring the sea-ice
melting in the North Atlantic and Arctic, particularly around
Greenland and north of Svalbard. The upper-layer salinity
and consequently the density in the Arctic reduce. A reduced
density yields a high sea surface height and an anticyclonic
circulation, trapping the salinity anomaly inside the Arctic.
As a combination of the resulting circulation anomaly and
the mean currents, freshwater exits the Arctic and enters
the North Atlantic as liquid transport through North Baffin,
Fram Strait and Barents. The maximum export of freshwater
through Barents is in phase with a maximum AMOC, but the
maximum exports through North Baffin and Fram Strait are
not. A local cyclonic circulation anomaly occurring around
15 years before a strong AMOC helps to enhance the fresh-
water export through North Baffin. This local circulation is
related to the large scale cyclonic anomaly generated dur-
ing the previous minimum AMOC phase and transported
by the mean currents towards the North Atlantic. Instead,

the maximum through Fram Strait occurs around 30 years
after the maximum AMOC. It is induced by a local anti-
cyclonic circulation anomaly generated during the strong
AMOC in the central Arctic and transported towards the
North Atlantic by the mean currents. As a result, the net
liquid freshwater export from the Arctic is in phase with a
maximum AMOC. This input of freshwater into the Labra-
dor and GIN seas stabilises the water column that inhibits
the deep-water formation, and as a consequence, the AMOC
reduces. A weak AMOC transports less heat to the North
Atlantic, constraining the sea-ice melting and producing
a positive salinity anomaly in the Arctic. This reverts the
circulation; the freshwater export from the Arctic into the
North Atlantic is minimum, favouring a positive salinity
anomaly in the areas of deep convection, which helps to
increase the AMOC again.

On the one hand, sea ice plays a crucial role in creating
the salinity anomalies in the Arctic in phase with the AMOC
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Fig. 11 Scheme summarizing the mechanisms of the multi-centennial AMOC variability simulated by EC-Earth3 under pre-industrial condi-
tions. Blue arrows represent the path from a strong AMOC to a weak one, and red arrows represent the recovery toward a strong AMOC again
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cycle. The solid freshwater import into the Arctic through
the Fram Strait modifies the sea-ice thickness distribution
contributing to the availability of sea ice to be melted in the
Arctic during a strong AMOC. On the other hand, the liquid
freshwater export from the Arctic through its boundaries is
essential to propagate the salinity anomaly into the North
Atlantic.

We here hypothesize that the above-described mode of
variability depends on the mean state of the climate. In our
piControl run with a mean AMOC index of ~17.5 Sv, these
oscillations have a period of around 150 years and an ampli-
tude of 6 Sv approximately (from crest to trough). However,
in a warmer climate, the water column in the deep-water
formation regions of the North Atlantic tends to stabilize.
Consequently, the AMOC is expected to reduce (e.g. Bel-
lomo et al. 2021). Further, sea-ice cover and thickness in the
GIN seas and around Greenland and Svalbard are very sensi-
tive to warming. Sea ice tends to disappear in a future sce-
nario with a mean surface air temperature about 4.5° warmer
than in the pre-industrial period. Moreover, the mean upper-
layer salinity in the Arctic shows larger spatial gradients and
consequently stronger mean currents in a warmer climate.
Therefore, we believe that the conditions mentioned above
for maintaining the multi-centennial fluctuations, namely the
surface freshwater fluxes due to sea-ice melting and forma-
tion in the Arctic and the exchanges of the freshwater by
liquid transport through the Arctic boundaries, change with
warming. As a consequence the self-sustained mechanism
tends to dampen.

We are aware that the simulations explored in Sect. 3.2
are partially limited by their duration since 500 years might
not be enough to achieve equilibrium, and climate variability
could potentially depend on the transient forcing. However,
the fact that (a) no centennial to multi-centennial cycles can
be observed even at the end of the simulations (Fig. 9a);
(b) the difference between the power spectral density with
respect to the piControl is of more than one order of mag-
nitude (Fig. 9b, c); and (c) all the experiments explored in
Sect. 3.2 behave consistently, we could conclude that the
oscillations tend to damp with warming and the self-sus-
tained oscillatory mechanism could be state-dependent.

The mechanism for describing the low-frequency self-
sustained AMOC variability in EC-Earth3 is very similar
to the one found in IPSL-CM6-LR (Jiang et al. 2021). The
authors showed that the AMOC fluctuations in their model
are preceded by density anomalies driven by salinity in the
main deep convection sites. The salinity anomaly comes
from the accumulation and release of freshwater in the Arc-
tic. Both models, EC-Earth3 and IPSL-CM6-LR, share the
same ocean model, ocean grid and sea-ice model, although
the atmospheric component differs. The main difference
between the two models is the amplitude and period of the
oscillations. The amplitude of the oscillations is larger in
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EC-Earth3 (~6 Sv) than in IPSL-CM6-LR (<3 Sv). This
discrepancy may be associated with the mean AMOC
value. The mean Atlantic meridional streamfunction at
30°N is 10.8 Sv in IPSL-CM6-LR (Jiang et al. 2021) and
16.25 Sv in EC-Earth3. Also, the period of the fluctuations
slightly differs: whereas it was reported to be approximately
200 years for IPSL-CM6-LR, we found a shorter period of
about 150 years in EC-Earth3. We speculate that the multi-
centennial time-scale is determined by the dimension of the
Arctic basin and the time needed to export the freshwater
from the Arctic into the North Atlantic. However, the differ-
ences in the features of the fluctuations between the models
could be associated with a different mean state, particularly
the mean salinity, temperature, currents and sea-ice cover
and volume in the North Atlantic and the Arctic. Indeed,
even if EC-Earth3 captures well the sea-ice area in the Arc-
tic, there are large regional biases in the sea-ice concentra-
tion. In particular, the model overestimates the sea-ice con-
centration in March near the ice margins in the Atlantic, that
is, in the Labrador, GIN and Barents seas (Figs. 10 and 11
from Ddscher et al. 2022). The characteristics of the multi-
centennial oscillations reported here probably change if the
model bias of sea ice in the Arctic is reduced.

To what extent these modelled oscillations can be consid-
ered model features, or a real phenomenon remains. There
is evidence of events of multi-centennial fluctuations of the
AMOC in paleoclimate records. For example, Mann et al.
(1995) studied a set of global temperature proxy records of
several centuries duration. They found evidence for centen-
nial natural climate variability exhibiting high amplitude
confined to the North Atlantic and Arctic. More specifically,
Ayache et al. (2018) found multi-centennial variations in
an AMOC reconstruction based on 22 proxy SST records
compiled in the North Atlantic during the Holocene. On the
other hand, Oppo et al. (2003) investigated changes in the
carbon-isotope composition of benthic foraminifera through-
out the Holocene as a proxy of the deep-water formation
in the North Atlantic. They found variations on a centen-
nial-millennial timescale. Laepple and Huybers (2013) also
found centennial to millennial variability when analysing the
late-Holocene marine temperature from Mg/Ca and Uk37
proxies.

Finally, the presence of such low-frequency variability
modelled by EC-Earth3 and IPSL-CM6A-LR can affect the
estimation of the transient climate sensitivity. Along this
line, Bonnet et al. (2021) analysed 32 historical simulations
performed with the IPSL-CM6A-LR model. They found that
the members with a large internally-driven weakening of the
AMOOC have, indeed, the lowest rates of global warming
over the past few decades.
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