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Abstract

The IPSL-CM6-LR atmosphere-ocean coupled modelbitshia pronounced multi-centennial
variability of the Atlantic meridional overturningirculation (AMOC), driven by delayed
freshwater accumulation and release in the Arditee AMOC fluctuations are preceded by
salinity-driven density anomalies in the main deepvection sites in the Labrador and Greenland
seas. During a strong AMOC, a combination of redusea-ice volume and anomalous currents
reduces the freshwater export from the Arctic asad$ instead to a slow accumulation of
freshwater in the central Arctic. Simultaneoushg saltier Atlantic inflow through the Barents
Sea results in a positive salinity anomaly in thestErn Arctic subsurface. When the surface
Central Arctic freshwater pool finally reaches thiecoln Sea, the oceanic currents around
Greenland reorganize, leading to the export ofahemalous Arctic freshwater to the North
Atlantic, enhancing the stratification in deep cection sites. The AMOC then decreases, positive
salinity anomalies appear in the Central Arctia #re variability switches to the opposite phase.
These AMOC and sea ice fluctuations have broadeaatt impacts, with a strong AMOC leading
to a mean warming of about 0.4°C north of 20°N,chéag up to 1°C in the Arctic lower
troposphere during winter. In all seasons, a naathwdisplacement of the intertropical
convergence zone is also simulated.

Plain L anguage Summary

The North Atlantic Ocean is known to have largendlie fluctuations emerging from the different
components of the climate system and their intemast These fluctuations play a crucial role in
the North American and European climate or the idrs¢a ice. A proper understanding of such
internal variations is key to attribute the obsdreémate changes to anthropogenic activities or
to assess the skill of decadal forecast systemsieMer, investigations of the long-term basin-
scale variations are restrained by the limitedrimeental observations. Therefore, an atmosphere-
ocean general circulation model is used here ttexphe low-frequency variability. This model
simulates a large variability in the North Atlantidth a period between one century and one
millennium. We found that this variability owes @sistence to the freshwater exchanges between
the North Atlantic and Arctic. Such North Atlantiariability has important impacts, as typical
positive anomalies of the Atlantic oceanic northdvheat transport reduce the sea-ice, warm up
the whole Northern Hemisphere by 0.4°C, and sloiftnward the intertropical convergence zone.

1 Introduction

The North Atlantic exhibits a pronounced varialitin different timescales, ranging from
interannual to multi-centennial. A proper underdiag of the low-frequency intrinsic variability
is essential for detecting the anthropogenic ckntdiange and assessing decadal climate forecast
skills (Cassou et al., 2018). Besides, since tlac#y of instrumental measurements hampers
research on variations on a multidecadal or lortgeescale (Vellinga and Wu, 2004), this
knowledge is also important for designing obseoratl networks.

The Atlantic Meridional Overturning Circulation (A®IC) consists of a warm northward
near-surface current and a colder southward rékonn extending over the full latitude range. It
has a significant influence on climate over thetNdktlantic and peripheral land masses due to
the associated basin-scale meridional heat transpastrengthening of the AMOC increases the
oceanic northward heat transport and leads to eimgrin the North Atlantic, extending into the
Arctic (Mahajan et al., 2011; Jackson et al., 20The low-frequency fluctuations of the AMOC
also have impacts in the Tropics and the Southexmigphere: a stronger AMOC and cross-
equatorial northward heat transport often leadrtoréhward shift of the Inter-tropical convergence
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zone (ITCZ; Vellinga and Wu, 2004; Frierson et &013) and a cooling of the Southern
Hemisphere (Stocker, 1998; Muir and Fedorov, 20Ibg AMOC has also been linked in climate
models to the multidecadal variability of the basiidle North Atlantic sea surface temperature
(SST; Roberts et al., 2013; Knight et al., 200%)oWn as the Atlantic multidecadal variability
(AMV), although other mechanisms have a large mleh as the atmospheric stochastic forcing
(Clement et al., 2015; Cane et al., 2017) or ttenghs associated to external forcings (Murphy et
al., 2017; Qin et al., 2020).

Most previous studies of the North Atlantic climatariability (e.g., Kerr, 2000;
Danabasoglu, 2008; Nigam et al., 2011; Brown et2016; Zhang et al., 2017; Colfescu &
Schneider, 2020) mainly focused on periods witlA70-yr, in agreement with the variability
observed in the instrumental period since 1850eHe&e concentrate instead on the centennial to
multi-centennial periods. Several paleo-proxy rdsedrave suggested the existence of a centennial
to multi-centennial variability in the North Atldat(Nyberg et al. 2002; Sicre et al., 2008) or in
the Northern Hemisphere (Mann et al., 1995; Lae@plduybers, 2013; Ayache et al., 2018).
However, the relative significance of internal aility compared to the external forcing from
solar irradiance and volcanic aerosol variatiomsai@s unknown.

The potential mechanisms for low-frequency varigbilin the North Atlantic
(multidecadal to multi-centennial) remain an operegjion due to the limited availability of
instrumental records. The AMOC observing systenve Heth short temporal and sparse spatial
coverage. Continuous observations of the AMOC cotetl by the Rapid Climate Change
(RAPID) program only started in 2004 and are caedirin the subtropical North Atlantic
(Cunningham et al., 2007). Hence, models are needexplore the low-frequency variability of
the AMOC, even if biases in the simulated AMOC #@s@ssociated heat transport remain in most
general circulation models (GCMs; Zhang et al.,204u et al., 2019). Variability of the North
Atlantic on multidecadal (particularly referring szale longer than 70 yr hereafter) to multi-
centennial scale is found in a number of modeldwbeh & Zeng (2012) found connections
between the Southern Ocean and the subpolar Ndkdht& through the propagation of salinity
anomalies in the GFDL CM2.1. Park and Latif (20880 emphasized in the KCM model the
importance of freshwater anomalies from the South@cean, associated with sea ice cover
anomalies. Vellinga and Wu (2004) proposed thatstiigropical salinity anomaly generated by
the AMOC-driven northward shift of the ITCZ was tbeurce of the AMOC oscillations in the
model HadCM3. The freshwater anomaly is advectedatd the subpolar Atlantic in 5 to 6
decades. On the other hand, some studies argubéehadriations come from the Arctic. Jungclaus
et al. (2005) suggested that the anomalous exgofteshwater from the Arctic center and
anomalous circulations in the Nordic Seas werearsiple for the 70-80-year variability in the
MPI coupled model. A dominant role of freshwateclanges between the Arctic and North
Atlantic regions also appears in other studies (Kiasvand Sutton, 2007; Pardaens et al., 2008;
Jahn & Holland, 2013). With an ensemble of pertdrpkysics based on HadCM3, Jackson and
Vellinga (2013) proposed that the salinity anonsalie the deep-water formation sites not only
originated in the tropical North Atlantic as debew previously in Vellinga and Wu (2004), but
also originated in the Arctic Ocean, probably dni\ay the stochastic sea level pressure.

In the present study, we explore the centenniaalidity emerging in the North Atlantic
in the IPSL (Institut Pierre Simon Laplace) atma=ghocean model developed for CMIP6
(Coupled Model Intercomparison Project Phase 6jngyet al., 2016). Boucher et al. (2020)
identified that in the multi-centennial preinduatrcontrol simulation of this model, both the
AMOC and AMV fluctuate with an approximate periofl 200-yr. We will show that these
oscillations are generated by a slow build-up e$lfiwater anomalies in the central Arctic when
the AMOC is intensified, resulting from reduced -g&& export. This freshwater is eventually
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flushed into the Nordic Seas and the North Atlantiih a delay of 4 to 5 decades, reversing the
sign of the AMOC anomalies.

2 Data and methodology

2.1 Model description

IPSL-CMG6A-LR is the low resolution (LR) version tife IPSL-CM6A model developed
by the IPSL for CMIP6. A complete description astmodel is provided in Boucher et al. (2020),
and we will focus below on the main characteristielevant to the investigation of the low-
frequency climate variability. The atmospheric camgnt is LMDZ6 and has a resolution of
1.26° x 2.5° and 79 levels in the vertical (up to 1 Pa). Theamic model NEMO has 75 vertical
levels and a nominal resolution of aba@tin the horizontal, refined up t/3° in the equatorial
and polar regions (ORCAL grid). The sea ice moduldM3.6 and adopts five sea-ice thickness
categories. We use the outputs from a 2000-yeamprestrial control simulation performed for
CMIP6. This run follows a 100-yr spin-up and uses-ipdustrial land-use and atmospheric
concentration of greenhouse gases, aerosols, mtdsgtheric ozone. A cooling drift exists in this
simulation, although it remains small at about Oi2R000 years. This drift was approximated by
a quadratic trend, which was removed from all deti@re analysis.

2.2 Assessment of the Arctic Ocean in the model

To evaluate the simulated salinity and temperafigies in the Arctic and the North
Atlantic, we use the World Ocean Atlas 2018 (WOAd8)aset (Locarnini et al., 2018; Zweng et
al., 2018) for comparison. In this study, the regiof interest are the Arctic and the North Atlanti
(Fig. S1). The Arctic is defined as being enclobgdhe Fram, Bering, and Davis straits and the
Barents Sea. The location of the four cross-sestiergiven in Fig. S1. In the top 200m, the
simulated Arctic temperature has a good agreemigintine WOA18 dataset (Fig. S1d). However,
the warm and salty North Atlantic inflow, shown thye ~1°C potential temperature maximum at
400m in WOA (Fig. Sla), is absent in the modeltdad, IPSL-CM6-LR simulates a uniform
water mass at ~0.2°C from 300m to 2000m, suggesithgr an underestimation of the inflow of
Atlantic water or an unrealistic mixing of the Nortlantic inflow with the Arctic deeper water.
In addition, the salinity in the top 200m is oveimsited in the Arctic, especially in the Eastern
Arctic over the shallow continental shelf (Fig.S1s)ggesting an underestimated runoff from the
Eurasian continent or a bias resulting from thes®maesolution of the steep continental slope. The
same diagnostics in the North Atlantic, from 30W\the Fram Strait and Barents Sea Opening
cross-section, also show that the simulated uppethMtlantic Deep Water is too cold between
300m and 800m (Fig. S1b). This bias is associatddawelatively weak AMOC in IPSL-CM6A-
LR, with a mean Atlantic meridional streamfunctar3CFN of 10.8 Sv (from 6.5 Sv to 15.4 Sv),
while the deep oceanic convection is underestimatéte Labrador Sea and overestimated in the
Nordic Seas (see Boucher et al. 2020). The model silmulates a cold and fresh bias in the
subpolar gyre (Fig. S1c and d), as the Gulf StraachNorth Atlantic current are not well resolved
when using a low oceanic resolution (Wang et 8114 Flato et al. 2013).

Figure S2a shows the mean oceanic currents andtgah the top 150m. The Atlantic
water inflow through the Barents Sea is well sirtedain the model, while the intensity of the
West Spitzbergen Current in the Eastern Fram Sgraihderestimated compared to observations
(Aksenov et al., 2011). This may contribute toltfees of the simulated Atlantic water in the Arctic,
as discussed above. The fresh Beaufort Gyre lodatide Canadian Basin is generally present in
IPSL-CM6A-LR, but the associated anticyclonic clation is not fully developed. Besides, the
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transpolar drift near 150°E and toward the FranmaiSis shifted west towards the north of the
Canadian Archipelago in the Lincoln Sea (Pnyushiéoal., 2015; Petty et al., 2016). This might
lead to an overestimation of the current north tdggland and of the Atlantic inflow penetrating
the Beaufort Gyre.

Table 1.Mean freshwater budget in the Arctic Ocean. Refezesalinity is 34.8 psu. Transport
and fluxes are positive when entering the Arctiacéftainty in IPSL-CM6-LR is one standard
deviation and is calculated from yearly outputs.

Freshwater fluxes

Freshwater Transport (mSv) (mSv)
Fram Strait Bermg Bare_n ts Davis Strait Total Runoff P-E
Strait section
IPSL-CM6-LR
Liquid -32.6+23.3 71.2+%15.0 10.6+13.2 -112.8+33.3 -63.5232108.9t5.6 46.1+5.2
Seaice -63.1+14.9 -0.63+4.0 -11.745.9 -8.9+3.4
Observations
Liquid -63/-95/-28 57179 -18 -92 94/102 65/31
Seaice -56/-88 3.00 -3.9 -12.9

To further explore the origin of the broad positsainity bias in the Arctic, we quantify
the freshwater exchanges between the Arctic and\tlaamtic. Freshwater can exit the Arctic in
liquid form or as sea ice. The liquid freshwatansport is computed on the four cross-sections
previously identified, from the monthly mass tram$@nd salinity fields. The mass transport used
includes resolved and parameterized advectivepmahsAs the mean Arctic salinity in our model
and observations is about 34.8 (Fig. S1), we tak8 3s reference salinity. These sections are
along the ocean grid to facilitate the calculatidfe use the sea-ice-mass transports provided by
the CMIPG6 outputs, at slightly different locatiofggven in Notz et al. 2016) from that shown in
Fig. S1, but still through the same passages. Wenas a constant sea-ice salinity of 7.2 psu to
compute the freshwater proportion in the sea-icesmransport. Table 1 compares the freshwater
transport in IPSL-CM6A-LR to various observatiomatimates (summarized by Lique et al.,
2009). The liquid export of Arctic freshwater ocgumainly through the Davis and Fram Straits,
and the model underestimates the export througm Esesome extent. The freshwater input from
the Bering Strait is realistic and leads to a reddy fresher Beaufort Gyre and a salinity gradient
in the Arctic from the Pacific sector to the Atlansector (Fig. S2a). The liquid freshwater
transport at the Barents Sea Opening is smallepaoed with the other three sections. It has a
sign opposite to that of observations, with considee uncertainty, which possibly leads to the
underestimation of salinity in the Arctic betweef0f-600m (Fig.S1a). The flux due to
precipitation minus evaporation (P-E) is undereated, which may explain the occurrence of the
positive surface salinity bias in comparison witfOW dataset. Nevertheless, the freshening
caused by the runoff seems to be well simulatedresdlts in the salinity minimum apparent in
the coastal seas of the eastern Arctic (Fig. S2arefore, the large positive bias in this reg®n i
more likely to result from the bottom topographyg(FS1c). Lastly, an overwhelming majority of
the sea ice export is realized through the FramitSand the model simulates well this export.
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2.3 Statistical Methods

2.3.1 Empirical orthogonal function and low freqagrcomponent analysis
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Figurel. (a) First Low-frequency pattern (LFP1) of the rdeynal streamfunction in the Atlantic
basin from 30°S to 80°N (colors) and the climatataj mean meridional streamfunction
(contours), in Sv. The streamfunction is positiwedlockwise rotation. LFP1 accounts for 50.6%
of the low frequency variance sampled by the 8rsimpirical orthogonal functions. (b) (Colors)
standardized first Low frequency component (LFQtje black line shows the maximum of the
Atlantic meridional streamfunction at 30 &fter applying a third-order Butterworth lowpaef
with a cutoff period of 20-yr. (c) The variancedueency spectrum of LFC1 (in black). The best-
fit first-order Markov red noise spectrum (loweragrcurve) and its 95% (upper gray curve)
confidence bounds are also indicated.

To characterize the centennial variability, we tficompute the empirical orthogonal
functions (EOF) of the Atlantic yearly meridionareamfunction from 30°S to 80°N, after
weighting the data by the square root of the geitithickness. Hereafter, the principal components
(PC) time-series are standardized, while the E®iBsvs are the regressions onto the PCs. The
resulting first EOF (Fig. S3, left) explains 21%tbe variance and has largest loadings in the
Tropics between 10°S and 10°N. The correspondirs§ RC shows some centennial to multi-
centennial variability, but it also includes somariations with a period smaller than 10-yr.
Conversely, the second EOF explains 16% of theamad and has large loadings between 40°N
and 50°N. The associated second PC also showaraicteentennial to multi-centennial variability
(Fig. S3, right). The two PCs are positively caatetl over a broad range of non-zero lags (with
PC2 leading by a decade); this illustrates thatdsted EOF analysis, designed to maximize the
variance, fails in our case to isolate a multi-eaenial variability with large meridional coherence.
Therefore, we use instead a low frequency compoaregysis (LFCA). The LFCA looks for the
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linear combination of the EOFs that maximizes #terof low frequency to total variance (Wills
et al., 2018). The LFCA then provides the spatigrn, called low frequency pattern (LFP), that
explains most of the low-frequency variance. Theoamted time series, called low frequency
component (LFC), is found by projecting the originafiltered data onto the LFP. Here, we apply
the LFCA using the first 8 EOFs, explaining 73.8%he total variance, and the low-frequency
time series are calculated using a third-orderdBwibrth filter with a 20-yr cutoff period. The firs
LFP then explains 50.6% of the low frequency var@a(Fig. 1, top) and is a meridional coherent
overturning cell extending from 30°S to 80°N, wethypical variability of 0.8 Sv between 30°N-
50°N. The associated LFC1 shows a clear multi-cend variability. Using 10-yr as the cutoff
period in the Butterworth filter applied does ne&d to significant differences. In the following,
LFC1 is used as an index of centennial AMOC fluttures.

2.3.2 Regression and significance test

The regression of various fields onto the LFC1 AM®@ex is used to investigate the
mechanisms of the centennial to multi-centenniaiabdity. The statistical significance of the
correlated time series is estimated by a nonparaameéthod (Ebisuzaki, 1997). We create a large
number of surrogate time series with the same pepectra as the AMOC LFC1 time series but
with randomized phases in Fourier space. The aigiarrelation between the AMOC index and
the field of interest is compared to the distribatof correlations with the surrogate time series.
The statistical significance level is the fractiminsurrogate time series with a larger correlation
than the actual value. 100 surrogate timeseriess@e in our case to estimate the significance. To
ease the calculation of the regression maps, weetbthe annual mean data into decadal time
series, replacing every 10-yr blocks by their tewerage. Only few differences were found when
using annual mean data.

In the following text, the sign convention is thia¢ AMOC leading the regressed fields is
positive. For instance, "at lag -10 yr" means thatAMOC lags by 10 years.
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3 Resaults

3.1 Role of salinity
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Figure 2. (a) Mean mixed layer depth (MLD), in m, in Februakjarch and April (FMA). Two
convective sites: the Nordic Seas (the upper oné)Labrador Sea (the lower one) are outlined
with black boxes. (b) Lagged regression of FMA MbbBto AMOC LFC1. The lag is positive
when the AMOC leads. The thick lines indicate digance level below 5%. (c) Density anomaly
(in black), in kg ¥, regressed onto AMOC when the AMOC lags by 10rythe Nordic Seas
and Labrador Sea convection sites. The density alygs, t) caused by salinity anomagys)

or temperature anomagy(t) is given in red and blue, respectively. Full (dabHines indicate the
significance level below (above) 5%. (d) VerticatBon of the lagged regression of the Arctic-
wide averaged salinity. Black lines indicate sigraihce level of 5%. The vertical scale is
proportional to the mean size of the model vertieaéls.
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As previously illustrated by the LFCA, a clear nmgéntennial variability is found in LFC1
(Fig.1). For comparison, the black line in Fig.Hothe standardized time series of maximum
AMOC streamfunction a20°N smoothed with a lowpass filter using 20-yr as ffyteriod. We
find that LFC1 captures many characteristics ofrdve AMOC time series. As noted in Boucher
et al. (2020), the first 1000-yr of the pre-indiadtcontrol run shows some variability with an
approximate period of 200-yr, but the last 100Giyows a less regular variability. A spectrum
analysis of LFC1(Fig.1c) indeed shows a broad marinemerging for periods longer than 100
years, without any clear peak. We also note a spealk at 30-yr, which could be similar to the
variability produced in the previous version of tR&L model, IPSL-CM5A-LR (Escudier et al.,
2013; Ortega et al., 2015). But this peak hasuiagance than the multi-centennial variability and
remains below the fitted red noise spectrum.

In IPSL-CM6A-LR, the mean mixed layer depth (MLD)February-March-April (FMA)
depicts one dominant deep-water formation sitéé@Nordic seas, with mean MLD of ~1400m,;
and a smaller one in the Labrador Sea (Fig. 24, mvean MLD of ~600m. The lagged regression
of the FMA MLD in these two sites onto LFC1 reaclaesaximum anomaly of ~120m at both
sites at lag -10 yr (Fig. 2b). To figure out théatwe importance of salinity and temperature
anomalies in driving the convection at those twessiwe calculate the density anomalies caused
by anomalous salinity and temperatwile keeping the other field as its mean value flesults
show that the upper (0-200m) density anomalieslanginated by salinity anomalies and slightly
balanced by temperature's impacts. The effect mpésature also decreases with depth and
becomes negligible below 200m (Fig. 2c¢). The deryeaf the MLD preceding the AMOC is
therefore mainly induced by salinity anomalies. ¥&0 note that these salinity-driven density
anomalies occur almost simultaneously in the Noadid Labrador Seas (Fig. 2b).
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Figure 3. Oceanic fields regressed onto AMOC LFC1 when AMOC lags by 10-yr. (a)
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Thermal and (e) haline components (in kg)montributing to the density anomaly in (c). Note
the difference in color scale for (d) when compae(t) or (e). (f) Regressed MLD in FMA (in
m). The black lines in (a)-(f) indicate the sigo#nce level at 5%. The red lines in (a) indicage th

locations of transects and the blue points indieatsh section's starting position.

Figure 3 (a) - (c) show maps of temperature, dglidind density anomalies in the top
150m at lag -10 yr, corresponding to the deepesDMh the subpolar gyre, the warming and
salinization pattern is coherent with that foundthner studies of low frequency Atlantic variations
(e.g., Drews & Greatbatch, 2017; Roberts et all 320with a southward extension of the subpolar
gyre. The similarity between the density and slianomaly patterns clearly reveals the solid
impact of salinity on density. The correspondingrthal and haline components of the density
anomalies, shown in Figs. 3 (d) and (e), furtHastrate that the Arctic density anomaly is almost
entirely determined by the abnormal salinity. Teeperature slightly influences the eastern part
of the Nordic seas and subpolar gyre since thenitd@®cean warms when the AMOC is strong.
But its impact is smaller than that of salinity.dpée a smaller density anomaly in the Nordic Seas
compared to the Labrador Sea, the anomalous MLEhede two sites are of comparable
amplitudes (Fig. 3f), and even the Nordic Seas aties1have a broader extent. This may be
linked to deeper mean MLD in the Nordic Seas.

Farther from the convection sites, we find a sileaiegative salinity anomaly in the
Central Arctic, contrasting with the positive sé@lynanomalies located around Greenland and in
the East Siberian Sea (Fig. 3b). The regressiothefbasin-averaged salinity shows that this
Central Arctic freshwater anomaly is located ab20@m and is present from lag -40 yr to 40 yr
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(Fig. 2d). This fresh anomaly is balanced by a snalositive salinity anomaly between 200m
and 1400m. As the top ~150 m presents an oppaditetg anomaly with the underlying ocean,
in the following, we use the mean of the upper 1%0mcharacterize the Arctic salinity anomalies.

To better illustrate the salinity anomalies in Aretic Ocean, we regress the salinity onto
AMOC LFC1 in a cross-section across the Arctic froonthern Greenland to the coast of northern
Siberia (see Fig. 3a for location). At lag -40 yre AMOC strengthens from the neutral state.
While salty anomalies are present at the northtaafaGreenland, a fresh anomaly occupies the
top 60m in the rest of the Arctic. Its structur@gests both a deepening and poleward extension
of the surface freshwater pool found off the Siercoast. At lag -10 yr (Fig. 4b), corresponding
to a strong AMOC, this initial fresh anomaly haswn and extended towards Greenland, where
the positive anomalies have decreased. Small pessilinity anomalies have appeared at the
continental slope of northern Siberia, and belo@m3
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Figure4. Salinity, in psu at the Arctic cross-sectionpfr@eft) Northern Greenland to (right) the
East Siberian Sea. (a) Anomalous (in colors) andnm@ black contours) salinity along the
section, leading AMOC by 40-yr. (b) Same as (a)fbuteading AMOC by 10-yr. Red contours
indicate the significance level at 5%. The vertisahle is proportional to the mean size of the
model vertical levels.
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Figure5. (a) Zonal-mean salinity anomalies in the Atlaisin regressed onto AMOC LFCL1 (in
colors). Black lines illustrate the significancedéat 5%. (b) Anomalous sea level pressure (SLP),

in Pa, in December, January, February (DJF) anduieg, July and August (JJA) regressed onto
AMOC LFC1, when the AMOC lags by 10-yr.
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Before investigating the link between the Arctidaorth Atlantic salinity anomalies, we
briefly inspect other possible drivers, such asospheric forcing or the propagation of salinity
anomalies from the tropics (e.g., Vellinga and \2@04) or the Southern Ocean (e.g., Delworth
& Zeng, 2012). To characterize the variations adraalous salinity in the Atlantic Ocean, we
show the Hovmoller diagram of the regression ofAllantic zonal-mean salinity (0-150m) onto
LFC1 (Fig. 5a). Indeed, the positive salinity antiegoccurring in the North Atlantic between
20°N and 60°N are associated with fresh anomakésden the equator and 15°N, as noticed by
Vellinga and Wu (2004). However, these tropicaklireanomalies do not seem to propagate
northward. Furthermore, few anomalies appear sofith0°S in the Southern Ocean, unlike
previous studies (Delworth and Zeng, 2012; Parklaxid, 2008). The positive salinity anomalies
in the middle-latitude North Atlantic seem instdadfollow positive anomalies North of 60°N.
Even if cause and effect cannot be fully distingat this suggests a stable linkage between the
Arctic Ocean and the salinity anomalies driving & dOC centennial variability. Finally, we
investigate the potential role of the atmosphesicihg, showing the regression of the sea level
pressure (SLP) onto AMOC LFC1 when the SLP leadsAOC LFC1 by 10-yr (Fig.5b and c).
The SLP decreases over the subpolar Atlantic duaisgong AMOC, but the magnitude of the
anomalies is small: about 40 Pa at maximum. As wlleshow in the following, the associated
geopotential height anomalies at higher altitudasetihe opposite sign. Such a baroclinic structure
contrasts with the barotropic modes of atmospheit@bility previously identified as driving the
AMOC (Eden and Willebrand, 2001; Hakkinen et a012). Moreover, the SLP anomalies over
the Arctic are not statistically significant, noeaurface wind anomalies (not shown). Therefore,
it is likely that the SLP anomalies and the tropgalinity anomalies are the results of the strong
AMOC, not the cause of the AMOC changes. In thio¥ahg, we will investigate how salinity
anomalies coming from the Arctic regulate the AMOC.
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3.2 Life cycle of the salinity anomalies
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Figure 6. Regression onto AMOC LFC1 of the top 150m saliff@olors), in psu, and currents
(arrow), in cm 8, onto AMOC LFC1. Red contours indicate the sigmifice level at 5% for the
salinity regression. The lag is positive when th@C leads.
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To investigate the propagation of salinity anonsalend understand the associated
mechanisms, figure 6 shows lagged regression nfape ¢op 150m salinity and currents in the
Arctic. From lags -80-yr to -60-yr, positive satinianomalies occur in the Arctic center then
propagate to the coast of Greenland, especiallyitteoln Sea and the Fram Strait. Minor negative
anomalies appear in the East Siberian and the L &#as. However, most of those anomalies are
not significant at the 5% level. By lag -40 yr, taty anomaly around Greenland has grown and
spread into the Nordic Seas, while a fresh anomapeared in the Central Arctic. These salinity
anomalies are associated with an anomalous antiaigctirculation in the central Arctic, and a
cyclonic one around Greenland, with weakened Wes¢@and Current (WGC) in the Baffin Bay
and East Greenland Current (EGC) through the FramitSclosed by a westward anomalous
current north of Greenland.

From lags -20-yr to 0-yr, the AMOC gradually reaghts maximum value. The fresh
anomaly in Central Arctic intensifies to about -@£u. The gradual accumulation of freshwater
leads to the reinforcement of the associated altinic geostrophic flow. This anomalous
circulation likely contributes in turn to maintang this fresh anomaly in the central Arctic instead
of it flushing through Fram Strait, as observedha recent decades (Proshutinsky et al., 2009;
Petty et al., 2016). Both the abnormal freshwatel pnd anticyclonic circulation peak together
with the AMOC (lag 0-yr), while the salty anomalywand Greenland has started to decrease.

When the AMOC leads by 10-yr, the Central Arctestiwater finally reaches the Lincoln
Sea and quickly spreads around Greenland. The adated freshwater is then gradually exported
toward the Atlantic Ocean through the Fram straighin lag 20-yr to lag 40-yr, presumably
through advection by the mean current, as wellyaa stronger southward WGC. We notice that
the negative salinity anomaly decays before exitimg Arctic (lag 30), probably due to the
advection of the positive anomalies from the Easterastal Arctic to the Central Arctic (Fig 4b).
When the freshwater has completely disappeared thenCentral Arctic (lag 40-yr to lag 70-yr),
an anomalous anticyclonic circulation sets up adoGneenland, together with negative salinity
anomalies. Simultaneously, a positive salinity aalyninitially located in the East Siberian and
Laptev Seas at lag 30-yr builds up and expandshhet&entral Arctic from lag 30-yr to lag 70-yr.
This salty anomaly is associated with an anomatgaknic flow. The pattern shown at lag 70-yr
is of the opposite sign when compared to that fadunmihg the strong AMOC (lag 0-yr). We can
note during this cycle alternating near-surfacengglanomalies between the Central Arctic and
at the Greenland coasts, with positive anomaliesrad Greenland leading the AMOC by 40 to 0O-
yr and negative anomalies lagging the AMOC by 48Qgr, while the central Arctic anomalies
are more in phase. This relatively uniform disttibn around Greenland could result from a fast
adjustment of salinity and current anomalies trapgp®und Greenland, associated with opposite
anomalous EGC and WGC.

To trace the source of the surface freshwaterngjeect the variations of sea ice thickness
(Fig 7a), volume (Fig. 7b, red line), and area (Fig, black line). The reduction of sea ice in all
aspects is simultaneous with the AMOC. This is ®iast with a sea ice loss associated with the
persistent warming linked to the increased northveareanic heat transport, as previously found
in models simulating a substantial multi-decadda@tic variability with a period larger than 40-
yr (Frankcombe et al., 2010; Mahajan et al., 20BRk).we discussed before, the atmospheric
circulation above the Arctic Ocean is not signifitg modified by the multi-centennial variability,
while the oceanic anticyclonic oceanic currentsnaalees increase at lag -10-yr (Fig. 6). This
results in a clockwise sea-ice velocity anomalg @eows in Fig. 7a).
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Figure 7. (a) Sea ice thickness in March (in colors), inamg sea ice velocity (in black curved
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1012m?, and the lagged regression of equivalent freshvedit@rctic sea ice volume (in red line),
in 1012m3. The lag is positive when the AMOC leads. Cirdtedicate significance level below
5%.

In summary, the anomalous salinity anomalies |latatéhe central Arctic grow gradually
with the AMOC, associated with anomalous oceanitetuis and sea-ice velocity. Conversely, the
main convection sites located in the Nordic andradbr Seas show salinity and density anomalies
more linked to large salinity anomalies formingatbund Greenland, that lead the AMOC. These
anomalies around Greenland in turn result fromddayed propagation of the anomalies located
over the Arctic.

3.3 Source of salinity anomalies

To understand the freshwater exchanges betweeArttie and the North Atlantic, we
guantify the liquid freshwater and sea-ice trantgacross the boundaries of the Arctic, as well as
the contribution from the sea ice melting/freezamgl surface fluxes due to runoff and precipitation
minus evaporation (see section 2.2 for details).

Figure 8a reveals that in phase with a strong AM@@d a maximum accumulated
freshwater in the top 150m of the Arctic), thera iarge compensation between a freshwater input
from sea-ice and surface fluxes (Fig. 8a, blac&)limnd an export by oceanic transport through
the straits (Fig. 8a, red line). Among the diffdreontributors to the surface and freshwater fluxes
sea-ice is by far the largest (~9 mSv at lag O; 8lg red line). Increased runoff (~1.5 mSv at lag
0) also contributes marginally to the positive aod input. The impact of precipitation and
evaporation is negligible (Fig. 8b, orange line3. ve will show in the following subsection, the
strong AMOC-driven heat transport warms the Norihdemisphere high latitudes, especially in
the lower troposphere in winter over the Arctic fop~1.5°C near the surface). This warming is
almost simultaneous with the AMOC due to the fasponse of the atmosphere, and leads to sea-
ice melt all over the Arctic — possibly with soneélbacks. In addition, sea ice export decreases
(~5.5 mSv at lag 0; Fig.8d, black line), in linethvihe decreased volume and weaker currents,
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mostly at the Fram Strait (~4.5 mSv Fig.8d, re@)liwith a small contribution from the Barents
Sea (~1.5 mSv at lag 0; Fig.8d, blue line).

To better understand the oceanic freshwater transpe also detail in Fig. 8c the oceanic
transport at each cross-section delimiting theiAtmbundaries. Anomalous transports at the Fram
and Davis Straits precede the AMOC by 30 to 407iey are opposite in sign and balance each
other to a large extent, with a slightly larger midgde at Davis (Fig. 8c). These transports are
consistent with the cyclonic (anticyclonic) circtiten and positive (negative) salinity anomalies
trapped around Greenland at lag -40-yr (50-yr)llastrated in Fig. 6. The total oceanic transport
is however in phase with the AMOC (Fig. 8c, blaole) and is mainly driven by the saltier Atlantic
inflow through the Barents Sea (Fig. 8c, blue line)

The oceanic transport anomalies are further deceethbanto the advection of salinity
anomalies by the mean current, and the anomalowectoin of the mean salinity (Fig. 8c). Both
contributions are equally important at the FranaiB{Fig. 8c, dashed and dotted black lines). The
current anomalies dominate at the Davis Strait,thednean advection of anomalous salinity at
the Barents Sea opening.

In order to link these freshwater fluxes with tteirsty anomalies, we also compute a
simple integrated freshwater budget:

AFWC = [ 2 Fedt' + [ Focedt' + R (1)

WhereFs denotes the surface and sea-ice freshwater flaxels;oceis the total freshwater fluxes
at the straitsAFWCis the anomaly of Arctic-integrated freshwater emt(FWC).R is a small
residue due to the off-line calculation of freshevatransports from monthly outputs. The
regression of the terms of Eq. (1) shows that thtal tArctic FWC (Fig. 8a, solid black line)
continuously decreases from lag -70 to 50 yr, aradresidual of a large cancellation between the
two terms on the right-hand side of Eq. (1). Theamic transport, dominated by the inflow of
North Atlantic water through Barents (Fig. 8e, hee), decreases the total Arctic FWC (Fig. 8e,
solid black line), resulting in the subsurface pesisalty anomalies found below 150m in Fig. 2d
or Fig. 4b. Meanwhile, the surface and especiadyise fluxes (Fig. 8e, blue line) bring freshwater
to the surface, damping the total FWC variationsh@ugh these two terms thus largely cancel
each other on average, their impacts on the védioacture differ, resulting in opposite salinity
anomalies in the surface layer and at depth (Fiy. [Bdeed, the FWC anomaly restricted to the
top 150m (Fig. 8e, dashed black line) is positivphase with a strong AMOC or with a short lag,
consistent with the surface freshwater input arth ¥ie salinity anomalies shown in Fig. 6. The
results suggest that the changes of the accumuatshic transport dominate the total and deep
FWC anomalies while the surface freshwater fluxemidate the near-surface FWC, with a
contribution from transport anomalies.

Lastly, we compare the FWC variation in the to®rb5(Fig. 8f, black line) to the
accumulated contribution from cross-neutral diffuns(Fig. 8f, red line). The impact of diffusion
is negligible. The internal wave-driven verticalximig scheme produces low mixing in the polar
region (de Lavergne et al., 2015), which is coesistvith the little role played by the diffusion in
IPSL-CM6A-LR.
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Figure 8. Freshwater content (FWC), in®t?®, and fluxes, in mSy, regressed onto AMOC LFC1
in the Arctic ocean. (a) Regression of the freskw#ux into the Arctic caused by surface and
sea-ice thermodynamics fluxes (black line) anditidteshwater fluxes (red line). (b) Regression
of the surface and sea-ice fluxes (black line);iseaonly flux (red line), the precipitation and
evaporation (orange line) and runoff (blue lin&) Regression of the total liquid freshwater
transport (black line) and individual freshwatemsport at each section: Fram (red lines), Davis
(orange lines) and Barents (blue lines). Soliddimalicate FW transport anomalies; dashed lines
represent anomalies caused by mean currents tréingpealinity anomalies; dotted lines are
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anomalies due to mean salinity transported by atmmaurrents. (d) Regression of freshwater
flux due to sea ice export in total (black lineddahrough each passage Fram (red line), Davis
(blue line) Straits and Barents Sea Opening (oréingg (e) Regression of the Arctic Ocean FWC
variation (solid black line) and FWC variation diet top 150m (dashed black line), and
corresponding variation due to accumulated ocetaitsport (red line) and freshwater fluxes
including sea-ice thermodynamics and surface fl§gebd blue line) and residual (orange line).
() Regression of the FWC variation in the top 15@0ack line), and contribution from cross-
neutral diffusion (red line). In (a) — (f), the sificance level below 5% is shown in circles.
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Figure 9. Salinity, in psu, and cross-section currengrin- s~1at the Davis and Fram straits and
Barents Sea Opening. (a) and (c) show the meanitgafin black contours) and anomalous
currents (in colors); (b), (d) and (e) show the mearrents (in black contours) and anomalous
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salinity (in colors). Note that the depth axis @gdle in each plot is different. Red lines indicate
the significance level at 5%.

The salinity and current at the three main bourdanf the Arctic Ocean are shown in Fig.
9, at the lags when the respective transport anespeak (preceding the AMOC by 40-yr for
Fram and Davis, lag O for Barents Sea Opening)rAm Strait, salty anomalies (largest above
the halocline) and a weaker EGC appear near thentaned coast (Fig 9 ¢, d). These changes are
in thermal wind balance, and both act to reducérdshwater export from the Arctic with a similar
magnitude (Fig. 8d, dashed and dotted black lingsd.Davis Strait shows anomalous southward
flow, consistent with the anomalous cyclonic ciatidn around Greenland. The salinity anomalies
are more complicated, with salty anomalies neaeand and fresh ones on the other side (Fig.
9b). They correspond to outflow of saltier watemfrthe Lincoln Sea through the Nares Strait and
of fresher water from the Beaufort Sea through Bagrow Strait. These opposite salinity
anomalies compensate, so the changes of curreatityeltransporting climatological mean
freshwater southward dominate. In the Barents &adng strong AMOC conditions (lag 0-yr),
the smaller northward freshwater transport is nyat@used by an increase of the salinity of the
water entering the Arctic where the mean currerdrisnted northward (Fig. 9e). This saltier
Atlantic inflow enters the Arctic through the BaterSea Opening and propagates below the
halocline toward the Eastern Arctic (Fig. 4b).

Next, we will evaluate the global impacts of therticAtlantic multi-centennial
variability.
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3.4 Climate Impacts of the multi-centennial varidpi
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The atmospheric changes associated with the AMQOi@tians are quite similar from lag
-10-yr to lag 10-yr. To better evaluate the atmespls response to the AMOC variations and
separate it from the atmospheric forcing, we showig. 10 the regressions when the AMOC
leads by 10-yr, but the results presented nexhar@ly modified for lag 0-yr and lag -10-yr.

Associated with the strong AMOC and increased meaatd heat transport, the Arctic
warms by ~1.5°C in winter and ~0.8°C in summer. &hwlification of the warming in winter is
likely linked to the anomalous heat release fromdbean to the atmosphere associated with sea
ice loss (Deser et al., 2015) and to the Northrttawarming. The Arctic atmosphere being more
stable near the surface in winter, the warmingoisfioed to the lower troposphere (Pithan &
Mauritsen, 2014), while it reaches 400-hPa or 3B&-m summer. Aside from the polar region,
the entire Northern Hemisphere north of 20°N alsorms by ~0.5°C, and the tropics between
20°S and 20°N show a weak warming of ~0.05°C (Ea and e). The zonal-mean tropospheric
temperature shows a local warming maximum in thpital upper troposphere (Fig.10b and f),
following changes in the moist adiabat (Chiang &BR005; Zhang et al., 2017). It is larger in
summer, as the SST anomalies are warmer, and pobsitause deep convection occurs more
frequently in the Northern Hemisphere. These trppesc temperature anomalies resemble the
'mini global warming' pattern found in many modglwworks simulating the Arctic sea ice loss
(e.g., Deser et al., 2015; Sun et al., 2018; Scetah, 2018; Liu & Fedorov, 2019). However, in
those cases, sea ice loss is imposed, and theéimgswbrming and freshwater release lead to an
AMOC decrease. In IPSL-CM6A-LR, the intrinsic vduilgy shows instead simultaneous AMOC
increase and Arctic sea ice extent decrease.

In summer, the geopotential height at 500-hPaeas®s uniformly in the Northern
Hemisphere, with a larger amplitude at high la@sidFig. 10c and g). At the same time, the SLP
anomalies are negative over the Arctic and Nortaric Ocean (not shown at lag 10, but similar
to Fig. 5c¢ at lag -10), indicating a thermal lowusture resulting from the heating of the lower
troposphere. The situation is similar in winteraggrom some small positive SLP anomalies over
the Arctic sea-ice edges (not shown). An exceptmthis baroclinic structure is the SLP and
geopotential height increase over the Aleutianss €buld be related to the relative cooling of the
Equatorial Pacific in winter, itself possibly a s@guence of the warm surface anomalies in the
Atlantic Ocean driving La Nifia-like anomalies thgbua reorganization of the Walker circulation
(Polo et al., 2015; Ruprich-Robert et al., 2017).

Another typical pattern associated with a warmirgtNern Hemisphere and an intensified
AMOC is the northward shift of the ITCZ. Precipitat indeed increases north of the equator and
decreases south of the equator, especially overgheal Atlantic in summer (Fig. 10h) and over
the Indo-Pacific in winter (Fig. 10d). This dispégwent causes more summertime rainfall in the
Caribbean, African Sahel, and the Indian and Asiansoon regions but less in Brazil (Fig. 10h).
Similar responses of rainfall to a strong AMOC fmend in other models (Folland et al., 2001;
Sutton & Hodson, 2005; Smith et al., 2017) as aelin observations (Folland et al., 1986; Zhang
& Delworth, 2006). An explanation involving the egg budget was put forward in atmospheric
model simulations coupled to a mixed layer ocedHldl.eder et al., 2015; Kang et al., 2008;
Frierson et al., 2013; Tomas et al., 2016): to f@dathe anomalous northward cross-equatorial
energy transport by a stronger AMOC, the atmospiheeels to transport energy southward. In the
Tropics, this is accomplished by a cross-equatétalley circulation, transporting total energy in
the direction of its upper branch. The anomalouarssarface circulation is then northward,
transporting more moisture into the northern hetnesp and leading to a northward shift of the
ITCZ.
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4 Discussion and conclusions

The variability emerging from the North Atlanticé@Arctic oceans in the 2000-yr IPSL-
CM6-LR pre-industrial control simulation is domiedt by multi-centennial fluctuations, as
previously noted in Boucher et al. (2020). We sthioat this multi-centennial variability is caused
by delayed oceanic freshwater exchanges betweeNdhé Atlantic and the Arctic, with little
influence of the atmospheric forcing. The AMOC opes are driven by density anomalies in the
deep convective regions, caused by salinity an@®salihe cycle starts with the build-up of a
positive salinity anomaly around Greenland, increathe surface seawater density and the deep
convection in the Labrador and Nordic Seas. Tlaidddo an intensified AMOC, and the associated
heat transport causes a surface warming in thenMdaléntic. The associated warming of the lower
troposphere then warms the ocean and melts theese negative salinity anomaly thus appears
at the surface in the Central Arctic. This frestewatnomaly builds up progressively, in thermal
wind balance with an anomalous anticyclonic cirtafathat helps to maintain it inside the Arctic.
Meanwhile, the advection of the positive salt anlyrbg the mean inflow of Atlantic water leads
to a positive salinity anomaly over the Laptev &abt-Siberian seas. The freshwater anomalies
in Central Arctic broaden during 4 to 5 decaded threy reach the Lincoln Sea north of Greenland.
Then, the salinity anomalies around Greenland ahaign to become negative, associated with a
faster anticyclonic circulation. Eventually, theoamlous freshwater spreads to the convection
sites in the Nordic and Labrador Seas, the AMOQeab=es and the oscillation shifts to the
opposite phase, with positive salt anomalies prapag from Eastern Arctic to Central Arctic.

The investigation of salt tendencies reveals thatarameterized diffusion does not play
a significant role, as expected from the low miximgolar region (de Lavergne et al., 2015). Thus,
we suggest that the multi-centennial timescale gegemostly from the freshwater holding
capacity in the central Arctic, and the interplagtvizeen this central freshwater pool and the
circulation circling Greenland. Besides, we speeuthat the salt anomalies advected by the
Atlantic inflow into the Eastern Arctic are actiag a negative feedback, reversing the sign of the
Arctic freshwater content anomalies. The oceamutation over the continental shelf in the East
Siberian Sea and the Laptev Sea might bring thewstdre salty Atlantic water to reach the surface.
However, the actual pathway of the salt anomalyaiamto be fully understood with tools such
as Lagrangian tracers. More work is also needegiamtify the advective time scales involved to
fully understand this Arctic freshwater holding aajty as well as the mixing processes in the
Laptev and East-Siberian Seas.

The primary driving mechanism in our study reminfithe one proposed by Jungclaus et
al. (2005, JO5), in which the anomalous freshwatethanges between the Arctic and North
Atlantic are also the key driving factor, but wgbme important differences. First, their period is
shorter, about 70-80yr, and the deep convectioisn phase in the Labrador and Nordic Seas.
The initial reduction in sea ice export resultsnir@anticyclonic circulation anomalies in the
Greenland Sea caused by ocean warming, and theotgetipl height difference between the
Greenland Sea and the Arctic Ocean. But in ourysttite influence of temperature does not
contribute to the density anomalies in the regimiriaterest. We also find that current and salinity
anomalies are in phase in the EGC, unlike in Jungckt al. (2005). Besides, in our case, the
atmospheric circulation anomalies remain smalltzardly statistically significant. More generally,
the accumulation of freshwater in the central Arsgems to play a larger role in our case, rather
than circulation changes in the Nordic Seas .

We did not find significant salinity anomalies pagating from the Southern Ocean, which
is the key mechanism proposed in Delworth and 42042). Some negative salinity anomalies
in the subtropical Atlantic are found associatethuhe ITCZ northward shift, as in Vellinga and
Wu (2004) or Jackson and Vellinga (2013), but thasemalies are much weaker than those

This article is protected by copyright. All rights reserved.



propagating from the Arctic. Therefore, we sugghst they do not have an active role in the
centennial variability.

A strong AMOC phase shows significant climate intpawith a Northern Hemisphere
warming, maximum in winter. The warming is mainlrbclinic over North Atlantic and Arctic,
with only a few sea-level-pressure changes, asdfaum@ previous study focusing on the impacts
of North Atlantic warming (Ruprich-Robert et alQX7). We also found an important northward
shift of the ITCZ, influencing both the West Afritand Indian monsoon. All these impacts are
consistent with a Northern Hemisphere warming caumseArctic sea ice reduction and AMOC
intensification. Further work would be needed tstidguish the specific role for climate of the
AMOC from the sea-ice loss and polar amplificatieedbacks.

Although such multi-centennial variability is nos alominant as the multi-decadal
variability, climate proxies indicate that a cemtehto multi-centennial North Atlantic variability
exists (Mann et al., 1995; Laepple & Huybers, 20Agache et al., 2018). More work is still
needed to further assess the realism of the vatyataiund in IPSL-CM6A-LR with proxy data.
Similar centennial variability also occurs in otleémate models participating in CMIP6. CNRM-
CM6 (Voldoire et al., 2019) has an even more domticantennial variability, while EC-Earth3.3
has a comparable one (Y. Ruprich-Robert; persamahtunication). As EC-Earth3.3 and CNRM-
CM6 share the same oceanic component as IPSL-CM6G-eER NEMOv6 with al° nominal
resolution, but with a different embedded sea-iceluke in the case of CNRM-CM6, the question
about the properties within the ocean favoringeiimergence of such centennial variability remains
open. Our results suggest that such variabiligh@racterized by an alternating salinity anomaly
between the Central Arctic and at the coast of GBasel. A better understanding of the freshwater
budget over these specific locations is neededwuestigate the relevant evolution. Besides, the
rapid adjustment of salinity anomalies around Glaah could be exacerbated by an over-
simplistic bathymetry around Greenland, with theddastrait being too deep (Fig. S2b). However,
multi-centennial sensitivity experiments would bquired to further assess the role of bathymetry.

Lastly, human activities are estimated to haveedapproximately 1°C of global warming
above pre-industrial levels (IPCC, 2018). The pmeseof such centennial variability might
potentially regulate and cover up the anthropogdnien climate change. Therefore, ongoing
efforts aim to assess the signature of centenaiahdlti-centennial variability in the warming
climate and investigate how it impacts the hisedrand scenario simulation in terms of spread or
uncertainty.
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