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Key Points 

• A centennial to multi-centennial variability emerges from the North Atlantic and Arctic 
Ocean in the IPSL-CM6A-LR model 

• AMOC oscillations are driven by freshwater build-up and release in the Arctic  

• The interplay between sea-ice and oceanic freshwater export modulates the salinity 
anomalies in the Arctic 
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Abstract 

The IPSL-CM6-LR atmosphere-ocean coupled model exhibits a pronounced multi-centennial 
variability of the Atlantic meridional overturning circulation (AMOC), driven by delayed 
freshwater accumulation and release in the Arctic. The AMOC fluctuations are preceded by 
salinity-driven density anomalies in the main deep convection sites in the Labrador and Greenland 
seas. During a strong AMOC, a combination of reduced sea-ice volume and anomalous currents 
reduces the freshwater export from the Arctic and leads instead to a slow accumulation of 
freshwater in the central Arctic. Simultaneously, the saltier Atlantic inflow through the Barents 
Sea results in a positive salinity anomaly in the Eastern Arctic subsurface. When the surface 
Central Arctic freshwater pool finally reaches the Lincoln Sea, the oceanic currents around 
Greenland reorganize, leading to the export of the anomalous Arctic freshwater to the North 
Atlantic, enhancing the stratification in deep convection sites. The AMOC then decreases, positive 
salinity anomalies appear in the Central Arctic, and the variability switches to the opposite phase. 
These AMOC and sea ice fluctuations have broader climate impacts, with a strong AMOC leading 
to a mean warming of about 0.4°C north of 20°N, reaching up to 1°C in the Arctic lower 
troposphere during winter. In all seasons, a northward displacement of the intertropical 
convergence zone is also simulated. 

Plain Language Summary 

The North Atlantic Ocean is known to have large climate fluctuations emerging from the different 
components of the climate system and their interactions. These fluctuations play a crucial role in 
the North American and European climate or the Arctic sea ice. A proper understanding of such 
internal variations is key to attribute the observed climate changes to anthropogenic activities or 
to assess the skill of decadal forecast systems. However, investigations of the long-term basin-
scale variations are restrained by the limited instrumental observations. Therefore, an atmosphere-
ocean general circulation model is used here to explore the low-frequency variability. This model 
simulates a large variability in the North Atlantic with a period between one century and one 
millennium. We found that this variability owes its existence to the freshwater exchanges between 
the North Atlantic and Arctic. Such North Atlantic variability has important impacts, as typical 
positive anomalies of the Atlantic oceanic northward heat transport reduce the sea-ice, warm up 
the whole Northern Hemisphere by 0.4°C, and shift northward the intertropical convergence zone.  

1 Introduction 

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

The Atlantic Meridional Overturning Circulation (AMOC) consists of a warm northward 
near-surface current and a colder southward return flow, extending over the full latitude range. It 
has a significant influence on climate over the North Atlantic and peripheral land masses due to 
the associated basin-scale meridional heat transport: a strengthening of the AMOC increases the 
oceanic northward heat transport and leads to a warming in the North Atlantic, extending into the 
Arctic (Mahajan et al., 2011; Jackson et al., 2015). The low-frequency fluctuations of the AMOC 
also have impacts in the Tropics and the Southern Hemisphere: a stronger AMOC and cross-
equatorial northward heat transport often lead to a northward shift of the Inter-tropical convergence 
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zone (ITCZ; Vellinga and Wu, 2004; Frierson et al., 2013) and a cooling of the Southern 
Hemisphere (Stocker, 1998; Muir and Fedorov, 2015). The AMOC has also been linked in climate 
models to the multidecadal variability of the basin-wide North Atlantic sea surface temperature 
(SST; Roberts et al., 2013; Knight et al., 2005), known as the Atlantic multidecadal variability 
(AMV), although other mechanisms have a large role, such as the atmospheric stochastic forcing 
(Clement et al., 2015; Cane et al., 2017) or the changes associated to external forcings (Murphy et 
al., 2017; Qin et al., 2020).  

Most previous studies of the North Atlantic climate variability (e.g., Kerr, 2000; 
Danabasoglu, 2008; Nigam et al., 2011; Brown et al., 2016; Zhang et al., 2017; Colfescu & 
Schneider, 2020) mainly focused on periods within 10-70-yr, in agreement with the variability 
observed in the instrumental period since 1850. Here, we concentrate instead on the centennial to 
multi-centennial periods. Several paleo-proxy records have suggested the existence of a centennial 
to multi-centennial variability in the North Atlantic (Nyberg et al. 2002; Sicre et al., 2008) or in 
the Northern Hemisphere (Mann et al., 1995; Laepple & Huybers, 2013; Ayache et al., 2018). 
However, the relative significance of internal variability compared to the external forcing from 
solar irradiance and volcanic aerosol variations remains unknown. 

The potential mechanisms for low-frequency variability in the North Atlantic 
(multidecadal to multi-centennial) remain an open question due to the limited availability of 
instrumental records. The AMOC observing systems have both short temporal and sparse spatial 
coverage. Continuous observations of the AMOC conducted by the Rapid Climate Change 
(RAPID) program only started in 2004 and are confined in the subtropical North Atlantic 
(Cunningham et al., 2007). Hence, models are needed to explore the low-frequency variability of 
the AMOC, even if biases in the simulated AMOC and its associated heat transport remain in most 
general circulation models (GCMs; Zhang et al., 2019; Xu et al., 2019). Variability of the North 
Atlantic on multidecadal (particularly referring to scale longer than 70 yr hereafter) to multi-
centennial scale is found in a number of models. Delworth & Zeng (2012) found connections 
between the Southern Ocean and the subpolar North Atlantic through the propagation of salinity 
anomalies in the GFDL CM2.1. Park and Latif (2008) also emphasized in the KCM model the 
importance of freshwater anomalies from the Southern Ocean, associated with sea ice cover 
anomalies. Vellinga and Wu (2004) proposed that the subtropical salinity anomaly generated by 
the AMOC-driven northward shift of the ITCZ was the source of the AMOC oscillations in the 
model HadCM3. The freshwater anomaly is advected toward the subpolar Atlantic in 5 to 6 
decades. On the other hand, some studies argue that the variations come from the Arctic. Jungclaus 
et al. (2005) suggested that the anomalous export of freshwater from the Arctic center and 
anomalous circulations in the Nordic Seas were responsible for the 70-80-year variability in the 
MPI coupled model. A dominant role of freshwater exchanges between the Arctic and North 
Atlantic regions also appears in other studies (Hawkins and Sutton, 2007; Pardaens et al., 2008; 
Jahn & Holland, 2013). With an ensemble of perturbed physics based on HadCM3, Jackson and 
Vellinga (2013) proposed that the salinity anomalies in the deep-water formation sites not only 
originated in the tropical North Atlantic as described previously in Vellinga and Wu (2004), but 
also originated in the Arctic Ocean, probably driven by the stochastic sea level pressure.  

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

2 Data and methodology 

2.1 Model description 

IPSL-CM6A-LR is the low resolution (LR) version of the IPSL-CM6A model developed 
by the IPSL for CMIP6. A complete description of this model is provided in Boucher et al. (2020), 
and we will focus below on the main characteristics relevant to the investigation of the low-
frequency climate variability. The atmospheric component is LMDZ6 and has a resolution of 
1.26° × 2.5° and 79 levels in the vertical (up to 1 Pa). The oceanic model NEMO has 75 vertical 
levels and a nominal resolution of about 1° in the horizontal, refined up to 1/3° in the equatorial 
and polar regions (ORCA1 grid). The sea ice module is LIM3.6 and adopts five sea-ice thickness 
categories. We use the outputs from a 2000-year pre-industrial control simulation performed for 
CMIP6. This run follows a 100-yr spin-up and uses pre-industrial land-use and atmospheric 
concentration of greenhouse gases, aerosols, and stratospheric ozone. A cooling drift exists in this 
simulation, although it remains small at about 0.2K in 2000 years. This drift was approximated by 
a quadratic trend, which was removed from all data before analysis.  

2.2 Assessment of the Arctic Ocean in the model 

To evaluate the simulated salinity and temperature fields in the Arctic and the North 
Atlantic, we use the World Ocean Atlas 2018 (WOA18) dataset (Locarnini et al., 2018; Zweng et 
al., 2018) for comparison. In this study, the regions of interest are the Arctic and the North Atlantic 
(Fig. S1). The Arctic is defined as being enclosed by the Fram, Bering, and Davis straits and the 
Barents Sea. The location of the four cross-sections is given in Fig. S1. In the top 200m, the 
simulated Arctic temperature has a good agreement with the WOA18 dataset (Fig. S1d). However, 
the warm and salty North Atlantic inflow, shown by the ~1°C potential temperature maximum at 
400m in WOA (Fig. S1a), is absent in the model. Instead, IPSL-CM6-LR simulates a uniform 
water mass at ~0.2°C from 300m to 2000m, suggesting either an underestimation of the inflow of 
Atlantic water or an unrealistic mixing of the North Atlantic inflow with the Arctic deeper water. 
In addition, the salinity in the top 200m is overestimated in the Arctic, especially in the Eastern 
Arctic over the shallow continental shelf (Fig.S1c), suggesting an underestimated runoff from the 
Eurasian continent or a bias resulting from the coarse resolution of the steep continental slope. The 
same diagnostics in the North Atlantic, from 30°N to the Fram Strait and Barents Sea Opening 
cross-section, also show that the simulated upper North Atlantic Deep Water is too cold between 
300m and 800m (Fig. S1b). This bias is associated with a relatively weak AMOC in IPSL-CM6A-
LR, with a mean Atlantic meridional streamfunction at 30°N of 10.8 Sv (from 6.5 Sv to 15.4 Sv), 
while the deep oceanic convection is underestimated in the Labrador Sea and overestimated in the 
Nordic Seas (see Boucher et al. 2020). The model also simulates a cold and fresh bias in the 
subpolar gyre (Fig. S1c and d), as the Gulf Stream and North Atlantic current are not well resolved 
when using a low oceanic resolution (Wang et al., 2014; Flato et al. 2013). 

Figure S2a shows the mean oceanic currents and salinity in the top 150m. The Atlantic 
water inflow through the Barents Sea is well simulated in the model, while the intensity of the 
West Spitzbergen Current in the Eastern Fram Strait is underestimated compared to observations 
(Aksenov et al., 2011). This may contribute to the bias of the simulated Atlantic water in the Arctic, 
as discussed above. The fresh Beaufort Gyre located in the Canadian Basin is generally present in 
IPSL-CM6A-LR, but the associated anticyclonic circulation is not fully developed. Besides, the 
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transpolar drift near 150°E and toward the Fram Strait is shifted west towards the north of the 
Canadian Archipelago in the Lincoln Sea (Pnyushkov et al., 2015; Petty et al., 2016). This might 
lead to an overestimation of the current north of Greenland and of the Atlantic inflow penetrating 
the Beaufort Gyre. 
Table 1.Mean freshwater budget in the Arctic Ocean. Reference salinity is 34.8 psu. Transport 
and fluxes are positive when entering the Arctic. Uncertainty in IPSL-CM6-LR is one standard 
deviation and is calculated from yearly outputs.  

  Freshwater Transport (mSv) 
Freshwater fluxes 

(mSv) 

 Fram Strait 
Bering 

Strait 
Barents 
section 

Davis Strait Total Runoff P-E 

IPSL-CM6-LR 
Liquid  -32.6±23.3 71.2±15.0 10.6±13.2 -112.8±33.3 -63.5±32.2 108.9±5.6 46.1±5.2 
Sea ice -63.1±14.9 -0.63±4.0 -11.7±5.9 -8.9±3.4     

Observations   

Liquid  -63/-95/-28 57/79 -18 -92  94/102 65/31 
Sea ice -56/-88 3.00 -3.9 -12.9       

 
To further explore the origin of the broad positive salinity bias in the Arctic, we quantify 

the freshwater exchanges between the Arctic and the Atlantic. Freshwater can exit the Arctic in 
liquid form or as sea ice. The liquid freshwater transport is computed on the four cross-sections 
previously identified, from the monthly mass transport and salinity fields. The mass transport used 
includes resolved and parameterized advective transport. As the mean Arctic salinity in our model 
and observations is about 34.8 (Fig. S1), we take 34.8 as reference salinity. These sections are 
along the ocean grid to facilitate the calculation. We use the sea-ice-mass transports provided by 
the CMIP6 outputs, at slightly different locations (given in Notz et al. 2016) from that shown in 
Fig. S1, but still through the same passages. We assume a constant sea-ice salinity of 7.2 psu to 
compute the freshwater proportion in the sea-ice mass transport. Table 1 compares the freshwater 
transport in IPSL-CM6A-LR to various observational estimates (summarized by Lique et al., 
2009). The liquid export of Arctic freshwater occurs mainly through the Davis and Fram Straits, 
and the model underestimates the export through Fram to some extent. The freshwater input from 
the Bering Strait is realistic and leads to a relatively fresher Beaufort Gyre and a salinity gradient 
in the Arctic from the Pacific sector to the Atlantic sector (Fig. S2a). The liquid freshwater 
transport at the Barents Sea Opening is smaller compared with the other three sections. It has a 
sign opposite to that of observations, with considerable uncertainty, which possibly leads to the 
underestimation of salinity in the Arctic between 200m-600m (Fig.S1a). The flux due to 
precipitation minus evaporation (P-E) is underestimated, which may explain the occurrence of the 
positive surface salinity bias in comparison with WOA dataset. Nevertheless, the freshening 
caused by the runoff seems to be well simulated and results in the salinity minimum apparent in 
the coastal seas of the eastern Arctic (Fig. S2a). Therefore, the large positive bias in this region is 
more likely to result from the bottom topography (Fig. S1c). Lastly, an overwhelming majority of 
the sea ice export is realized through the Fram Strait, and the model simulates well this export. 
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2.3 Statistical Methods 

2.3.1 Empirical orthogonal function and low frequency component analysis 

 

Figure 1. (a) First Low-frequency pattern (LFP1) of the meridional streamfunction in the Atlantic 
basin from 30°S to 80°N (colors) and the climatological mean meridional streamfunction 
(contours), in Sv. The streamfunction is positive for clockwise rotation. LFP1 accounts for 50.6% 
of the low frequency variance sampled by the first 8 empirical orthogonal functions. (b) (Colors) 
standardized first Low frequency component (LFC1). The black line shows the maximum of the 
Atlantic meridional streamfunction at 30°N, after applying a third-order Butterworth lowpass filter 
with a cutoff period of 20-yr. (c) The variance-frequency spectrum of LFC1 (in black). The best-
fit first-order Markov red noise spectrum (lower gray curve) and its 95% (upper gray curve) 
confidence bounds are also indicated. 
 

To characterize the centennial variability, we first compute the empirical orthogonal 
functions (EOF) of the Atlantic yearly meridional streamfunction from 30°S to 80°N, after 
weighting the data by the square root of the grid cell thickness. Hereafter, the principal components 
(PC) time-series are standardized, while the EOFs shown are the regressions onto the PCs. The 
resulting first EOF (Fig. S3, left) explains 21% of the variance and has largest loadings in the 
Tropics between 10°S and 10°N. The corresponding first PC shows some centennial to multi-
centennial variability, but it also includes some variations with a period smaller than 10-yr. 
Conversely, the second EOF explains 16% of the variance and has large loadings between 40°N 
and 50°N. The associated second PC also shows a clearer centennial to multi-centennial variability 
(Fig. S3, right). The two PCs are positively correlated over a broad range of non-zero lags (with 
PC2 leading by a decade); this illustrates that standard EOF analysis, designed to maximize the 
variance, fails in our case to isolate a multi-centennial variability with large meridional coherence. 
Therefore, we use instead a low frequency component analysis (LFCA). The LFCA looks for the 
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linear combination of the EOFs that maximizes the ratio of low frequency to total variance (Wills 
et al., 2018). The LFCA then provides the spatial pattern, called low frequency pattern (LFP), that 
explains most of the low-frequency variance. The associated time series, called low frequency 
component (LFC), is found by projecting the original unfiltered data onto the LFP. Here, we apply 
the LFCA using the first 8 EOFs, explaining 73.8% of the total variance, and the low-frequency 
time series are calculated using a third-order Butterworth filter with a 20-yr cutoff period. The first 
LFP then explains 50.6% of the low frequency variance (Fig. 1, top) and is a meridional coherent 
overturning cell extending from 30°S to 80°N, with a typical variability of 0.8 Sv between 30°N-
50°N. The associated LFC1 shows a clear multi-centennial variability. Using 10-yr as the cutoff 
period in the Butterworth filter applied does not lead to significant differences. In the following, 
LFC1 is used as an index of centennial AMOC fluctuations. 

 2.3.2 Regression and significance test 

The regression of various fields onto the LFC1 AMOC index is used to investigate the 
mechanisms of the centennial to multi-centennial variability. The statistical significance of the 
correlated time series is estimated by a nonparametric method (Ebisuzaki, 1997). We create a large 
number of surrogate time series with the same power spectra as the AMOC LFC1 time series but 
with randomized phases in Fourier space. The original correlation between the AMOC index and 
the field of interest is compared to the distribution of correlations with the surrogate time series. 
The statistical significance level is the fraction of surrogate time series with a larger correlation 
than the actual value. 100 surrogate timeseries are used in our case to estimate the significance. To 
ease the calculation of the regression maps, we convert the annual mean data into decadal time 
series, replacing every 10-yr blocks by their time average. Only few differences were found when 
using annual mean data.  

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

3.1 Role of salinity  

 
Figure 2. (a) Mean mixed layer depth (MLD), in m, in February, March and April (FMA). Two 
convective sites: the Nordic Seas (the upper one) and Labrador Sea (the lower one) are outlined 
with black boxes. (b) Lagged regression of FMA MLD onto AMOC LFC1. The lag is positive 
when the AMOC leads. The thick lines indicate significance level below 5%. (c) Density anomaly 
(in black), in kg m-3, regressed onto AMOC when the AMOC lags by 10 yr, in the Nordic Seas 
and Labrador Sea convection sites. The density anomaly ρ(s, t) caused by salinity anomaly ρ(s) 
or temperature anomaly ρ(t) is given in red and blue, respectively. Full (dashed) lines indicate the 
significance level below (above) 5%. (d) Vertical section of the lagged regression of the Arctic-
wide averaged salinity. Black lines indicate significance level of 5%. The vertical scale is 
proportional to the mean size of the model vertical levels. 
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As previously illustrated by the LFCA, a clear multi-centennial variability is found in LFC1 
(Fig.1). For comparison, the black line in Fig.1b is the standardized time series of maximum 
AMOC streamfunction at 30°� smoothed with a lowpass filter using 20-yr as cutoff period. We 
find that LFC1 captures many characteristics of the raw AMOC time series. As noted in Boucher 
et al. (2020), the first 1000-yr of the pre-industrial control run shows some variability with an 
approximate period of 200-yr, but the last 1000-yr shows a less regular variability. A spectrum 
analysis of LFC1(Fig.1c) indeed shows a broad maximum emerging for periods longer than 100 
years, without any clear peak. We also note a small peak at 30-yr, which could be similar to the 
variability produced in the previous version of the IPSL model, IPSL-CM5A-LR (Escudier et al., 
2013; Ortega et al., 2015). But this peak has less variance than the multi-centennial variability and 
remains below the fitted red noise spectrum.  

In IPSL-CM6A-LR, the mean mixed layer depth (MLD) in February-March-April (FMA) 
depicts one dominant deep-water formation site in the Nordic seas, with mean MLD of ~1400m; 
and a smaller one in the Labrador Sea (Fig. 2a), with mean MLD of ~600m. The lagged regression 
of the FMA MLD in these two sites onto LFC1 reaches a maximum anomaly of ~120m at both 
sites at lag -10 yr (Fig. 2b). To figure out the relative importance of salinity and temperature 
anomalies in driving the convection at those two sites, we calculate the density anomalies caused 
by anomalous salinity and temperature, while keeping the other field as its mean value. The results 
show that the upper (0-200m) density anomalies are dominated by salinity anomalies and slightly 
balanced by temperature's impacts. The effect of temperature also decreases with depth and 
becomes negligible below 200m (Fig. 2c). The deepening of the MLD preceding the AMOC is 
therefore mainly induced by salinity anomalies. We also note that these salinity-driven density 
anomalies occur almost simultaneously in the Nordic and Labrador Seas (Fig. 2b). 
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Figure 3. Oceanic fields regressed onto AMOC LFC1 when the AMOC lags by 10-yr. (a) 
Regressed temperature (in ℃), (b) salinity (in psu) and (c) density (in kg m-3) in the top 150m. (d) 
Thermal and (e) haline components (in kg m-3) contributing to the density anomaly in (c). Note 
the difference in color scale for (d) when compared to (c) or (e). (f) Regressed MLD in FMA (in 
m). The black lines in (a)-(f) indicate the significance level at 5%. The red lines in (a) indicate the 
locations of transects and the blue points indicate each section's starting position. 

Figure 3 (a) - (c) show maps of temperature, salinity, and density anomalies in the top 
150m at lag -10 yr, corresponding to the deepest MLD. In the subpolar gyre, the warming and 
salinization pattern is coherent with that found in other studies of low frequency Atlantic variations 
(e.g., Drews & Greatbatch, 2017; Roberts et al., 2013), with a southward extension of the subpolar 
gyre. The similarity between the density and salinity anomaly patterns clearly reveals the solid 
impact of salinity on density. The corresponding thermal and haline components of the density 
anomalies, shown in Figs. 3 (d) and (e), further illustrate that the Arctic density anomaly is almost 
entirely determined by the abnormal salinity. The temperature slightly influences the eastern part 
of the Nordic seas and subpolar gyre since the Atlantic Ocean warms when the AMOC is strong. 
But its impact is smaller than that of salinity. Despite a smaller density anomaly in the Nordic Seas 
compared to the Labrador Sea, the anomalous MLD at these two sites are of comparable 
amplitudes (Fig. 3f), and even the Nordic Seas anomalies have a broader extent. This may be 
linked to deeper mean MLD in the Nordic Seas. 

Farther from the convection sites, we find a sizeable negative salinity anomaly in the 
Central Arctic, contrasting with the positive salinity anomalies located around Greenland and in 
the East Siberian Sea (Fig. 3b). The regression of the basin-averaged salinity shows that this 
Central Arctic freshwater anomaly is located above 200m and is present from lag -40 yr to 40 yr 
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(Fig. 2d). This fresh anomaly is balanced by a smaller positive salinity anomaly between 200m 
and 1400m. As the top ~150 m presents an opposite salinity anomaly with the underlying ocean, 
in the following, we use the mean of the upper 150m to characterize the Arctic salinity anomalies. 

To better illustrate the salinity anomalies in the Arctic Ocean, we regress the salinity onto 
AMOC LFC1 in a cross-section across the Arctic from northern Greenland to the coast of northern 
Siberia (see Fig. 3a for location). At lag -40 yr, the AMOC strengthens from the neutral state. 
While salty anomalies are present at the north coast of Greenland, a fresh anomaly occupies the 
top 60m in the rest of the Arctic. Its structure suggests both a deepening and poleward extension 
of the surface freshwater pool found off the Siberian coast. At lag -10 yr (Fig. 4b), corresponding 
to a strong AMOC, this initial fresh anomaly has grown and extended towards Greenland, where 
the positive anomalies have decreased. Small positive salinity anomalies have appeared at the 
continental slope of northern Siberia, and below 180m.   

 
Figure 4. Salinity, in psu at the Arctic cross-section, from (left) Northern Greenland to (right) the 
East Siberian Sea. (a) Anomalous (in colors) and mean (in black contours) salinity along the 
section, leading AMOC by 40-yr. (b) Same as (a) but for leading AMOC by 10-yr. Red contours 
indicate the significance level at 5%. The vertical scale is proportional to the mean size of the 
model vertical levels. 

  

Figure 5. (a) Zonal-mean salinity anomalies in the Atlantic basin regressed onto AMOC LFC1 (in 
colors). Black lines illustrate the significance level at 5%. (b) Anomalous sea level pressure (SLP), 
in Pa, in December, January, February (DJF) and (c) June, 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 Arctic and North Atlantic salinity anomalies, we 
briefly inspect other possible drivers, such as atmospheric forcing or the propagation of salinity 
anomalies from the tropics (e.g., Vellinga and Wu, 2004) or the Southern Ocean (e.g., Delworth 
& Zeng, 2012). To characterize the variations of anomalous salinity in the Atlantic Ocean, we 
show the Hovmöller diagram of the regression of the Atlantic zonal-mean salinity (0-150m) onto 
LFC1 (Fig. 5a). Indeed, the positive salinity anomalies occurring in the North Atlantic between 
20°N and 60°N are associated with fresh anomalies between the equator and 15°N, as noticed by 
Vellinga and Wu (2004). However, these tropical fresh anomalies do not seem to propagate 
northward. Furthermore, few anomalies appear south of 40°S in the Southern Ocean, unlike 
previous studies (Delworth and Zeng, 2012; Park and Latif, 2008). The positive salinity anomalies 
in the middle-latitude North Atlantic seem instead to follow positive anomalies North of 60°N. 
Even if cause and effect cannot be fully distinguished, this suggests a stable linkage between the 
Arctic Ocean and the salinity anomalies driving the AMOC centennial variability. Finally, we 
investigate the potential role of the atmospheric forcing, showing the regression of the sea level 
pressure (SLP) onto AMOC LFC1 when the SLP leads the AMOC LFC1 by 10-yr (Fig.5b and c). 
The SLP decreases over the subpolar Atlantic during a strong AMOC, but the magnitude of the 
anomalies is small: about 40 Pa at maximum. As we will show in the following, the associated 
geopotential height anomalies at higher altitudes have the opposite sign. Such a baroclinic structure 
contrasts with the barotropic modes of atmospheric variability previously identified as driving the 
AMOC (Eden and Willebrand, 2001; Hakkinen et al., 2011). Moreover, the SLP anomalies over 
the Arctic are not statistically significant, nor are surface wind anomalies (not shown). Therefore, 
it is likely that the SLP anomalies and the tropical salinity anomalies are the results of the strong 
AMOC, not the cause of the AMOC changes. In the following, 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 

   
Figure 6. Regression onto AMOC LFC1 of the top 150m salinity (colors), in psu, and currents 
(arrow), in cm s-1, onto AMOC LFC1. Red contours indicate the significance level at 5% for the 
salinity regression. The lag is positive when the AMOC leads. 
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To investigate the propagation of salinity anomalies and understand the associated 
mechanisms, figure 6 shows lagged regression maps of the top 150m salinity and currents in the 
Arctic. From lags -80-yr to -60-yr, positive salinity anomalies occur in the Arctic center then 
propagate to the coast of Greenland, especially the Lincoln Sea and the Fram Strait. Minor negative 
anomalies appear in the East Siberian and the Laptev Seas. However, most of those anomalies are 
not significant at the 5% level. By lag -40 yr, the salty anomaly around Greenland has grown and 
spread into the Nordic Seas, while a fresh anomaly appeared in the Central Arctic. These salinity 
anomalies are associated with an anomalous anticyclonic circulation in the central Arctic, and a 
cyclonic one around Greenland, with weakened West Greenland Current (WGC) in the Baffin Bay 
and East Greenland Current (EGC) through the Fram Strait, closed by a westward anomalous 
current north of Greenland. 

From lags -20-yr to 0-yr, the AMOC gradually reaches its maximum value. The fresh 
anomaly in Central Arctic intensifies to about -0.5 psu. The gradual accumulation of freshwater 
leads to the reinforcement of the associated anticyclonic geostrophic flow. This anomalous 
circulation likely contributes in turn to maintaining this fresh anomaly in the central Arctic instead 
of it flushing through Fram Strait, as observed in the recent decades (Proshutinsky et al., 2009; 
Petty et al., 2016). Both the abnormal freshwater pool and anticyclonic circulation peak together 
with the AMOC (lag 0-yr), while the salty anomaly around Greenland has started to decrease.  

When the AMOC leads by 10-yr, the Central Arctic freshwater finally reaches the Lincoln 
Sea and quickly spreads around Greenland. The accumulated freshwater is then gradually exported 
toward the Atlantic Ocean through the Fram straight from lag 20-yr to lag 40-yr, presumably 
through advection by the mean current, as well as by a stronger southward WGC. We notice that 
the negative salinity anomaly decays before exiting the Arctic (lag 30), probably due to the 
advection of the positive anomalies from the Eastern coastal Arctic to the Central Arctic (Fig 4b). 
When the freshwater has completely disappeared from the Central Arctic (lag 40-yr to lag 70-yr), 
an anomalous anticyclonic circulation sets up around Greenland, together with negative salinity 
anomalies. Simultaneously, a positive salinity anomaly initially located in the East Siberian and 
Laptev Seas at lag 30-yr builds up and expands into the Central Arctic from lag 30-yr to lag 70-yr. 
This salty anomaly is associated with an anomalous cyclonic flow. The pattern shown at lag 70-yr 
is of the opposite sign when compared to that found during the strong AMOC (lag 0-yr). We can 
note during this cycle alternating near-surface salinity anomalies between the Central Arctic and 
at the Greenland coasts, with positive anomalies around Greenland leading the AMOC by 40 to 0-
yr and negative anomalies lagging the AMOC by 40 to 70 yr, while the central Arctic anomalies 
are more in phase. This relatively uniform distribution around Greenland could result from a fast 
adjustment of salinity and current anomalies trapped around Greenland, associated with opposite 
anomalous EGC and WGC.  

To trace the source of the surface freshwater, we inspect the variations of sea ice thickness 
(Fig 7a), volume (Fig. 7b, red line), and area (Fig. 7b, black line). The reduction of sea ice in all 
aspects is simultaneous with the AMOC. This is consistent with a sea ice loss associated with the 
persistent warming linked to the increased northward oceanic heat transport, as previously found 
in models simulating a substantial multi-decadal Atlantic variability with a period larger than 40-
yr (Frankcombe et al., 2010; Mahajan et al., 2011). As we discussed before, the atmospheric 
circulation above the Arctic Ocean is not significantly modified by the multi-centennial variability, 
while the oceanic anticyclonic oceanic currents anomalies increase at lag -10-yr (Fig. 6). This 
results in a clockwise sea-ice velocity anomaly (see arrows in Fig. 7a).  
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Figure 7. (a) Sea ice thickness in March (in colors), in m, and sea ice velocity (in black curved 
arrows), in �� ∙ ���,when the AMOC lags by 10 yr. Red contours indicate the significance level 
at 5% of sea ice thickness. (b) The lagged regression of Arctic sea ice extent (in black line), in 
10����, and the lagged regression of equivalent freshwater of Arctic sea ice volume (in red line), 
in 10����. The lag is positive when the AMOC leads. Circles indicate significance level below 
5%. 

In summary, the anomalous salinity anomalies located in the central Arctic grow gradually 
with the AMOC, associated with anomalous oceanic currents and sea-ice velocity. Conversely, the 
main convection sites located in the Nordic and Labrador Seas show salinity and density anomalies 
more linked to large salinity anomalies forming all around Greenland, that lead the AMOC. These 
anomalies around Greenland in turn result from the delayed propagation of the anomalies located 
over the Arctic.  

3.3 Source of salinity anomalies 

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

Figure 8a reveals that in phase with a strong AMOC (and a maximum accumulated 
freshwater in the top 150m of the Arctic), there is a large compensation between a freshwater input 
from sea-ice and surface fluxes (Fig. 8a, black line), and an export by oceanic transport through 
the straits (Fig. 8a, red line). Among the different contributors to the surface and freshwater fluxes, 
sea-ice is by far the largest (~9 mSv at lag 0; Fig. 8b, red line). Increased runoff (~1.5 mSv at lag 
0) also contributes marginally to the positive surface input. The impact of precipitation and 
evaporation is negligible (Fig. 8b, orange line). As we will show in the following subsection, the 
strong AMOC-driven heat transport warms the Northern Hemisphere high latitudes, especially in 
the lower troposphere in winter over the Arctic (up to ~1.5°C near the surface). This warming is 
almost simultaneous with the AMOC due to the fast response of the atmosphere, and leads to sea-
ice melt all over the Arctic – possibly with some feedbacks. In addition, sea ice export decreases 
(~5.5 mSv at lag 0; Fig.8d, black line), in line with the decreased volume and weaker currents, 
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mostly at the Fram Strait (~4.5 mSv Fig.8d, red line) with a small contribution from the Barents 
Sea (~1.5 mSv at lag 0; Fig.8d, blue line).  

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

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

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

∆��� =  ! �"#$′
&'(&

&)(*
+ ! �,-.#$′

&'(&

&)(*
+ /    (1) 

Where FS denotes the surface and sea-ice freshwater fluxes, and FOce is the total freshwater fluxes 
at the straits. ∆FWC is the anomaly of Arctic-integrated freshwater content (FWC). R is a small 
residue due to the off-line calculation of freshwater transports from monthly outputs. The 
regression of the terms of Eq. (1) shows that the total Arctic FWC (Fig. 8a, solid black line) 
continuously decreases from lag -70 to 50 yr, and is a residual of a large cancellation between the 
two terms on the right-hand side of Eq. (1). The oceanic transport, dominated by the inflow of 
North Atlantic water through Barents (Fig. 8e, red line), decreases the total Arctic FWC (Fig. 8e, 
solid black line), resulting in the subsurface positive salty anomalies found below 150m in Fig. 2d 
or Fig. 4b. Meanwhile, the surface and especially sea-ice fluxes (Fig. 8e, blue line) bring freshwater 
to the surface, damping the total FWC variations. Although these two terms thus largely cancel 
each other on average, their impacts on the vertical structure differ, resulting in opposite salinity 
anomalies in the surface layer and at depth (Fig. 2d). Indeed, the FWC anomaly restricted to the 
top 150m (Fig. 8e, dashed black line) is positive in phase with a strong AMOC or with a short lag, 
consistent with the surface freshwater input and with the salinity anomalies shown in Fig. 6. The 
results suggest that the changes of the accumulated oceanic transport dominate the total and deep 
FWC anomalies while the surface freshwater fluxes dominate the near-surface FWC, with a 
contribution from transport anomalies.  
 Lastly, we compare the FWC variation in the top 150m (Fig. 8f, black line) to the 
accumulated contribution from cross-neutral diffusion (Fig. 8f, red line). The impact of diffusion 
is negligible. The internal wave-driven vertical mixing scheme produces low mixing in the polar 
region (de Lavergne et al., 2015), which is consistent with the little role played by the diffusion in 
IPSL-CM6A-LR. 
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Figure 8. Freshwater content (FWC), in 1012m3, and fluxes, in mSv, regressed onto AMOC LFC1 
in the Arctic ocean. (a) Regression of the freshwater flux into the Arctic caused by surface and 
sea-ice thermodynamics fluxes (black line) and liquid freshwater fluxes (red line). (b) Regression 
of the surface and sea-ice fluxes (black line), sea-ice only flux (red line), the precipitation and 
evaporation (orange line) and runoff (blue line). (c) Regression of the total liquid freshwater 
transport (black line) and individual freshwater transport at each section: Fram (red lines), Davis 
(orange lines) and Barents (blue lines). Solid lines indicate FW transport anomalies; dashed lines 
represent anomalies caused by mean currents transporting salinity anomalies; dotted lines are 
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anomalies due to mean salinity transported by anomalous currents. (d) Regression of freshwater 
flux due to sea ice export in total (black line) and through each passage Fram (red line), Davis 
(blue line) Straits and Barents Sea Opening (orange line). (e) Regression of the Arctic Ocean FWC 
variation (solid black line) and FWC variation of the top 150m (dashed black line), and 
corresponding variation due to accumulated oceanic transport (red line) and freshwater fluxes 
including sea-ice thermodynamics and surface fluxes (solid blue line) and residual (orange line). 
(f) Regression of the FWC variation in the top 150m (black line), and contribution from cross-
neutral diffusion (red line). In (a) – (f), the significance level below 5% is shown in circles. 

 
Figure 9. Salinity, in psu, and cross-section current, in �� ∙ ���at the Davis and Fram straits and 
Barents Sea Opening. (a) and (c) show the mean salinity (in black contours) and anomalous 
currents (in colors); (b), (d) and (e) show the mean currents (in black contours) and anomalous 
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salinity (in colors). Note that the depth axis and scale in each plot is different. Red lines indicate 
the significance level at 5%. 

The salinity and current at the three main boundaries of the Arctic Ocean are shown in Fig. 
9, at the lags when the respective transport anomalies peak (preceding the AMOC by 40-yr for 
Fram and Davis, lag 0 for Barents Sea Opening). At Fram Strait, salty anomalies (largest above 
the halocline) and a weaker EGC appear near the Greenland coast (Fig 9 c, d). These changes are 
in thermal wind balance, and both act to reduce the freshwater export from the Arctic with a similar 
magnitude (Fig. 8d, dashed and dotted black lines). The Davis Strait shows anomalous southward 
flow, consistent with the anomalous cyclonic circulation around Greenland. The salinity anomalies 
are more complicated, with salty anomalies near Greenland and fresh ones on the other side (Fig. 
9b). They correspond to outflow of saltier water from the Lincoln Sea through the Nares Strait and 
of fresher water from the Beaufort Sea through the Barrow Strait. These opposite salinity 
anomalies compensate, so the changes of current velocity transporting climatological mean 
freshwater southward dominate. In the Barents Sea, during strong AMOC conditions (lag 0-yr), 
the smaller northward freshwater transport is mainly caused by an increase of the salinity of the 
water entering the Arctic where the mean current is oriented northward (Fig. 9e). This saltier 
Atlantic inflow enters the Arctic through the Barents Sea Opening and propagates below the 
halocline toward the Eastern Arctic (Fig. 4b).  

Next, we will evaluate the global impacts of the North Atlantic multi-centennial 
variability.  
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3.4 Climate Impacts of the multi-centennial variability  

 
Figure 10. Regression onto AMOC LFC1 of various climate fields in winter (DJF, (a)-(d)) and 
summer (JJA, (e)-(h)), when the AMOC leads by 10-yr: (a) Air temperature at 2m height, in K, 
(b) zonal mean air temperature, in K, (c) geopotential height at 500hPa, in m. (d) Precipitation, in 
mm d-1. In (a), (b) and (d), colors are shown if anomalies are statistically significant at 5% level, 
while blue contours intervals correspond to that shown in color bar. In (d), black contours 
indicate significance level at 5%. (e)-(h) are the same as (a)-(d), but for summer. Note the 
different color scale in (b) and (f). 
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The atmospheric changes associated with the AMOC variations are quite similar from lag 
-10-yr to lag 10-yr. To better evaluate the atmosphere's response to the AMOC variations and 
separate it from the atmospheric forcing, we show in Fig. 10 the regressions when the AMOC 
leads by 10-yr, but the results presented next are hardly modified for lag 0-yr and lag -10-yr.  

Associated with the strong AMOC and increased northward heat transport, the Arctic 
warms by ~1.5°C in winter and ~0.8°C in summer. The amplification of the warming in winter is 
likely linked to the anomalous heat release from the ocean to the atmosphere associated with sea 
ice loss (Deser et al., 2015) and to the North Atlantic warming. The Arctic atmosphere being more 
stable near the surface in winter, the warming is confined to the lower troposphere (Pithan & 
Mauritsen, 2014), while it reaches 400-hPa or 300-hPa in summer. Aside from the polar region, 
the entire Northern Hemisphere north of 20°N also warms by ~0.5°C, and the tropics between 
20°S and 20°N show a weak warming of ~0.05°C (Fig. 10a and e). The zonal-mean tropospheric 
temperature shows a local warming maximum in the tropical upper troposphere (Fig.10b and f), 
following changes in the moist adiabat (Chiang & Bitz, 2005; Zhang et al., 2017). It is larger in 
summer, as the SST anomalies are warmer, and possibly because deep convection occurs more 
frequently in the Northern Hemisphere. These tropospheric temperature anomalies resemble the 
'mini global warming' pattern found in many modeling works simulating the Arctic sea ice loss 
(e.g., Deser et al., 2015; Sun et al., 2018; Screen et al., 2018; Liu & Fedorov, 2019). However, in 
those cases, sea ice loss is imposed, and the resulting warming and freshwater release lead to an 
AMOC decrease. In IPSL-CM6A-LR, the intrinsic variability shows instead simultaneous AMOC 
increase and Arctic sea ice extent decrease. 

 In summer, the geopotential height at 500-hPa increases uniformly in the Northern 
Hemisphere, with a larger amplitude at high latitudes (Fig. 10c and g). At the same time, the SLP 
anomalies are negative over the Arctic and North Atlantic Ocean (not shown at lag 10, but similar 
to Fig. 5c at lag -10), indicating a thermal low structure resulting from the heating of the lower 
troposphere. The situation is similar in winter, apart from some small positive SLP anomalies over 
the Arctic sea-ice edges (not shown). An exception to this baroclinic structure is the SLP and 
geopotential height increase over the Aleutians. This could be related to the relative cooling of the 
Equatorial Pacific in winter, itself possibly a consequence of the warm surface anomalies in the 
Atlantic Ocean driving La Niña-like anomalies through a reorganization of the Walker circulation 
(Polo et al., 2015; Ruprich-Robert et al., 2017).  

Another typical pattern associated with a warming Northern Hemisphere and an intensified 
AMOC is the northward shift of the ITCZ. Precipitation indeed increases north of the equator and 
decreases south of the equator, especially over the tropical Atlantic in summer (Fig. 10h) and over 
the Indo-Pacific in winter (Fig. 10d). This displacement causes more summertime rainfall in the 
Caribbean, African Sahel, and the Indian and Asian monsoon regions but less in Brazil (Fig. 10h). 
Similar responses of rainfall to a strong AMOC are found in other models (Folland et al., 2001; 
Sutton & Hodson, 2005; Smith et al., 2017) as well as in observations (Folland et al., 1986; Zhang 
& Delworth, 2006). An explanation involving the energy budget was put forward in atmospheric 
model simulations coupled to a mixed layer ocean (L'Heveder et al., 2015; Kang et al., 2008; 
Frierson et al., 2013; Tomas et al., 2016): to balance the anomalous northward cross-equatorial 
energy transport by a stronger AMOC, the atmosphere needs to transport energy southward. In the 
Tropics, this is accomplished by a cross-equatorial Hadley circulation, transporting total energy in 
the direction of its upper branch. The anomalous near-surface circulation is then northward, 
transporting more moisture into the northern hemisphere and leading to a northward shift of the 
ITCZ. 
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4 Discussion and conclusions 

The variability emerging from the North Atlantic and Arctic oceans in the 2000-yr IPSL-
CM6-LR pre-industrial control simulation is dominated by multi-centennial fluctuations, as 
previously noted in Boucher et al. (2020). We show that this multi-centennial variability is caused 
by delayed oceanic freshwater exchanges between the North Atlantic and the Arctic, with little 
influence of the atmospheric forcing. The AMOC changes are driven by density anomalies in the 
deep convective regions, caused by salinity anomalies. The cycle starts with the build-up of a 
positive salinity anomaly around Greenland, increasing the surface seawater density and the deep 
convection in the Labrador and Nordic Seas. This leads to an intensified AMOC, and the associated 
heat transport causes a surface warming in the North Atlantic. The associated warming of the lower 
troposphere then warms the ocean and melts the sea ice. A negative salinity anomaly thus appears 
at the surface in the Central Arctic. This freshwater anomaly builds up progressively, in thermal 
wind balance with an anomalous anticyclonic circulation that helps to maintain it inside the Arctic. 
Meanwhile, the advection of the positive salt anomaly by the mean inflow of Atlantic water leads 
to a positive salinity anomaly over the Laptev and East-Siberian seas. The freshwater anomalies 
in Central Arctic broaden during 4 to 5 decades until they reach the Lincoln Sea north of Greenland. 
Then, the salinity anomalies around Greenland change sign to become negative, associated with a 
faster anticyclonic circulation. Eventually, the anomalous freshwater spreads to the convection 
sites in the Nordic and Labrador Seas, the AMOC decreases and the oscillation shifts to the 
opposite phase, with positive salt anomalies propagating from Eastern Arctic to Central Arctic.  

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

The primary driving mechanism in our study reminds of the one proposed by Jungclaus et 
al. (2005, J05), in which the anomalous freshwater exchanges between the Arctic and North 
Atlantic are also the key driving factor, but with some important differences. First, their period is 
shorter, about 70-80yr, and the deep convection is not in phase in the Labrador and Nordic Seas. 
The initial reduction in sea ice export results from anticyclonic circulation anomalies in the 
Greenland Sea caused by ocean warming, and the geopotential height difference between the 
Greenland Sea and the Arctic Ocean. But in our study, the influence of temperature does not 
contribute to the density anomalies in the regions of interest. We also find that current and salinity 
anomalies are in phase in the EGC, unlike in Jungclaus et al. (2005). Besides, in our case, the 
atmospheric circulation anomalies remain small and hardly statistically significant. More generally, 
the accumulation of freshwater in the central Arctic seems to play a larger role in our case, rather 
than circulation changes in the Nordic Seas . 

We did not find significant salinity anomalies propagating from the Southern Ocean, which 
is the key mechanism proposed in Delworth and Zeng (2012). Some negative salinity anomalies 
in the subtropical Atlantic are found associated with the ITCZ northward shift, as in Vellinga and 
Wu (2004) or Jackson and Vellinga (2013), but these anomalies are much weaker than those 
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propagating from the Arctic. Therefore, we suggest that they do not have an active role in the 
centennial variability. 

A strong AMOC phase shows significant climate impacts, with a Northern Hemisphere 
warming, maximum in winter. The warming is mainly baroclinic over North Atlantic and Arctic, 
with only a few sea-level-pressure changes, as found in a previous study focusing on the impacts 
of North Atlantic warming (Ruprich-Robert et al., 2017).  We also found an important northward 
shift of the ITCZ, influencing both the West African and Indian monsoon. All these impacts are 
consistent with a Northern Hemisphere warming caused by Arctic sea ice reduction and AMOC 
intensification. Further work would be needed to distinguish the specific role for climate of the 
AMOC from the sea-ice loss and polar amplification feedbacks.  

Although such multi-centennial variability is not as dominant as the multi-decadal 
variability, climate proxies indicate that a centennial to multi-centennial North Atlantic variability 
exists (Mann et al., 1995; Laepple & Huybers, 2013; Ayache et al., 2018). More work is still 
needed to further assess the realism of the variability found in IPSL-CM6A-LR with proxy data. 
Similar centennial variability also occurs in other climate models participating in CMIP6. CNRM-
CM6 (Voldoire et al., 2019) has an even more dominant centennial variability, while EC-Earth3.3 
has a comparable one (Y. Ruprich-Robert; personal communication). As EC-Earth3.3 and CNRM-
CM6 share the same oceanic component as IPSL-CM6-LR, i.e., NEMOv6 with a 1° nominal 
resolution, but with a different embedded sea-ice module in the case of CNRM-CM6, the question 
about the properties within the ocean favoring the emergence of such centennial variability remains 
open. Our results suggest that such variability is characterized by an alternating salinity anomaly 
between the Central Arctic and at the coast of Greenland. A better understanding of the freshwater 
budget over these specific locations is needed to investigate the relevant evolution. Besides, the 
rapid adjustment of salinity anomalies around Greenland could be exacerbated by an over-
simplistic bathymetry around Greenland, with the Nares strait being too deep (Fig. S2b). However, 
multi-centennial sensitivity experiments would be required to further assess the role of bathymetry. 

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