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Atlantification drives recent strengthening of the Arctic

overturning circulation

Marius Arthun'*, Ailin Brakstad', Jakob Dorr’, Helen L. Johnson?, Carlo Mans’,

Stefanie Semper’, Kjetil Vage'

The Arctic Ocean is the northern terminus of the Atlantic Meridional Overturning Circulation (AMOC), whose
dense water masses are key to the global ocean circulation. The Arctic climate is rapidly changing, and it is not
known how the Arctic Ocean overturning circulation is responding. Here, we use a high-resolution ocean reanaly-
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sis, corroborated by observations, to show that a poleward expansion of warm Atlantic waters and corresponding
sea-ice loss, a phenomenon referred to as an “Atlantification” of the Arctic, has caused a poleward shift of the
dense water source regions in recent decades (1993-2020). This is manifested in enhanced surface water mass
transformation in the Arctic Ocean, compensating for a reduction in the Nordic Seas. The associated strengthen-
ing of the Arctic Ocean overturning circulation has ensured that the transport of dense overflow waters across the
Greenland-Scotland Ridge to the AMOC's lower limb has remained stable. Our results thus provide evidence for a

resilient northern overturning circulation in a warming climate.

INTRODUCTION

The Atlantic Meridional Overturning Circulation (AMOC), carry-
ing warm, salty water to high latitudes, is a key component of the
global ocean circulation with profound impacts on climate (1).
To sustain the AMOC, dense water formation at northern high
latitudes is a requirement (2). The Nordic Seas and Arctic Ocean
(Fig. 1) are key regions of dense water formation (3-5). Here, sub-
stantial water mass transformation takes place as warm Atlantic
Water (AW) enters the Nordic Seas at the Greenland-Scotland Ridge
(GSR) and continues to the Arctic Ocean through the Barents Sea
(6) and Fram Strait (7) and eventually forms a boundary current
that encircles the Arctic Ocean (8, 9). Along its pathways through
the Nordic Seas and the Arctic Ocean, the AW experiences cooling
and freshening by heat and freshwater exchanges with the atmo-
sphere and by mixing with sea ice meltwater and fresher shelf wa-
ters (10, 11). The transformed AW returns to the North Atlantic
as dense overflow waters across the GSR that contribute substan-
tially to the mean state and variability of the lower limb of the
AMOC (12, 13).

The Nordic Seas and Arctic Ocean are now experiencing ampli-
fied climate change, manifested in loss of sea ice (14) and ocean
warming rates higher than the global average (15, 16). In the Nordic
Seas, this has reduced the cooling of the AW throughflow (17, 18)
and decreased the intensity of open-ocean convection (19, 20). In
contrast, an encroaching “Atlantification” from the expansion of
Atlantic waters into the Arctic Ocean (6, 21) has been accompanied
by a recent sea-ice retreat that has partially uncovered the boundary
current, leaving it exposed to the atmosphere in winter, which al-
lows for further modification of the AW during transit (22-24). As
the Atlantification of the Arctic continues, enhanced water mass
transformation might, therefore, be expected, possibly strengthen-
ing the Arctic overturning circulation, which starkly contrasts the
anticipated weakening of the North Atlantic overturning circula-
tion (25, 26).
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Some models support a possible strengthening of the Arctic
overturning circulation (27, 28). Still, in those models, a strength-
ened Arctic overturning circulation only occurs through the onset
of deep convection in the Arctic under strong warming and perma-
nently ice-free summers. Other models show no emergence of deep
convection in a warmer future Arctic (29). Such projections are
based on coarse resolution climate models that do not resolve the
transformation of AW along the boundary currents in the Nordic
Seas and Arctic Ocean. It is, therefore, not known how the Arctic
overturning circulation will respond to the ongoing Atlantification
and associated changes in AW modification. As Arctic overturning
occupies a key role in setting the strength and structure of the North
Atlantic overturning circulation (12, 30, 31), this is a particularly
important knowledge gap.

Here, we use the high-resolution (/12°) ocean reanalysis GLORYS12
(32), corroborated by observations and other reanalyses, to show
that the Arctic overturning circulation has increased in recent de-
cades (1993-2020). This increase has compensated for reduced
dense water formation in the Nordic Seas, leading to a stable supply
of dense overflow waters to the North Atlantic Ocean. We thus
demonstrate that a strengthened Arctic overturning circulation is
not a potential feature of the future, but an ongoing consequence of
Arctic Atlantification.

RESULTS

Reduced dense water formation in the Nordic Seas
compensated for by increased Arctic overturning

We mainly use the high-resolution ocean reanalysis GLORYS12 to
investigate potential changes in the Nordic Seas and Arctic over-
turning circulation during recent decades. Previous studies have shown
that GLORYS12 compares well with observations in the Nordic
Seas, Arctic Ocean, and subpolar North Atlantic (18, 33-36). Spe-
cifically, the exchanges across the GSR are well simulated (36), in-
cluding the dense overflow through the Faroe-Shetland Channel
(FSC) (34). A comparison between GLORYS12 and available his-
torical velocity observations demonstrates that the circulation with-
in the Nordic Seas is also realistic (18). This is further corroborated
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Fig. 1. The overturning circulation in the Nordic Seas and Arctic Ocean. (A) Hori-
zontal view of the ocean circulation in the Nordic Seas and Arctic Ocean. Warm
Atlantic Water (AW) is transported northward by the North Atlantic Current (NAC),
Norwegian Atlantic Current (NWAC), and West Spitsbergen Current (WSC). The AW
enters the Arctic Ocean through the Barents Sea Opening (BSO) and Fram Strait
(FS) and flows along the Atlantic Water Boundary Current (AWBC), before returning
southward in the East Greenland Current (EGC). Cold, dense overflows (black ar-
rows) exit the Nordic Seas through Denmark Strait (DS) and Faroe-Shetland Chan-
nel (FSC). The background color shows bottom depth in GLORYS12. (B) Vertical
view of the overturning circulation in the Nordic Seas and Arctic Ocean. The terms
used in the isopycnal volume budget used to quantify overturning changes are
included (see Materials and Methods for a detailed description).

by accurate AW transports in GLORYS12 through the Barents Sea
Opening (BSO; fig. S1) and upstream in the NwAC (Svingy section;
fig. S2), although observed short-term (monthly) variations are not
always reproduced by GLORYS12. The density and velocity fields
across Fram Strait and the BSO are also in good agreement with
observations (fig. S3). The southward velocities in western Fram
Strait are somewhat weaker in GLORYS12, consistent with an un-
derestimated liquid freshwater transport (37), but the net volume
transport through Fram Strait is, nevertheless, similar to observa-
tions (32). GLORYS12 is thus an appropriate product to study dense
water dynamics in the Nordic Seas.

We use a water mass transformation framework to determine the
processes setting the mean strength and variability in the Nordic
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Seas and Arctic Ocean overturning circulation (see Materials and
Methods) (38-41). Considering dense water formation within the
Nordic Seas, bounded by the GSR and the Arctic gateways (Fram
Strait and the BSO; Fig. 1), this framework allows us to establish the
balance between dense waters produced within the basin and dense
waters being exported across the boundaries. Here, we calculate the
overturning streamfunction in density-space (y,; Materials and
Methods) across the GSR and the two Arctic gateways (collectively
referred to as ARC) and relate the overturning transport (dense wa-
ter export) at different density levels to water mass transformation
by surface buoyancy fluxes (F.) and interior diapycnal mixing
(F,.,) within the Nordic Seas.

res
In GLORYS12, the time-mean density-space overturning across

the GSR (Wo) s Fig. 2A) has a maximum of 5.2 sverdrup (1 sverdrup =
10° m’ s71). The density associated with this maximum (o5 =
27.8 kg m ™) corresponds to the density used to define dense over-
flow waters in observations (3). The maximum overturning strength
is also referred to as the volume transport of the lower limb of the
overturning circulation. The overturning across the Arctic gateways
(Yo, Fig. 2B) is smaller than across the GSR but still substantial
(2.1 sverdrup at 6,z = 27.9 kg m ). The surface-forced water mass
transformation over the Nordic Seas (F; Fig. 2C) closely resembles
the overturning circulation across the GSR, demonstrating that
surface buoyancy forcing is a major source of water mass transfor-
mation in the Nordic Seas (42, 43). Diapycnal mixing (residual
term; F,.; Fig. 2D) also makes an important contribution, especially at
higher densities. The predominantly negative values of the residual
term indicate that diapycnal mixing acts to transform waters to lower
density. An important contribution of mixing-driven water mass
transformation in the Nordic Seas is consistent with observations
(44, 45) and simulations (31, 40). The mean volume change (0 V/0t)
is close to zero (Fig. 2D).

During the period 1993-2020, the strength of the overturning cir-
culation at the GSR (MOCgy; defined as the overturning strength
at 6geg = 27.8 kg m™%; Materials and Methods) shows pronounced
interannual variability but little long-term change (Fig. 3A). In con-
trast, both the Arctic overturning circulation (MOC,g¢) and the
surface-forced water mass transformation within the Nordic Seas
display clear and significant long-term trends (Fig. 3, B and C). The
contribution from diapycnal mixing shows little long-term change
(fig. S4). This implies that a stable overturning circulation at the
GSR (Fig. 3A) has been maintained by an increasing overturning
across the Arctic gateways (Fig. 3B), which has compensated for de-
creasing dense water formation by surface buoyancy fluxes over the
Nordic Seas (Fig. 3C).

Considering all density levels reveals that there are different
trends for lighter and denser water masses. At the GSR, there are
significant positive trends in the upper limb overturning (i.e., for
densities lower than 27.8 kg m™>; Fig. 3D). The strengthening of
the upper limb overturning circulation at the GSR is associated
with increased surface transformation at these density levels but
reduced transformation of denser waters (Fig. 3E). These results
suggest that surface buoyancy forcing in the Nordic Seas has not
been sufficient to transform the increased upper limb transport
across the GSR into lower-limb overturning (overflow) waters dur-
ing recent decades. The decreasing light-to-dense surface water
mass transformation in the Nordic Seas has, however, been com-
pensated for by increased export of dense waters from the Arctic
Ocean (Fig. 3F) and less dense-to-light water transformation by
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Fig. 2. Time-mean overturning circulation and water mass transformation. (A and B) Streamfunctions of density-space overturning strength at the GSR (ygsg) and
the Arctic gateways (Fram Strait and BSO; y zgc) in GLORYS12 between 1993 and 2020. (C) Diapycnal water mass transformation from surface buoyancy forcing in the
Nordic Seas (F ). (D) Volume change (0V/0t) and residual water mass transformation (). Gray shading is the interannual standard deviation. The observation-based
estimate in (B) is from (46) and is based on data from 2005 to 2009. As the mean volume tendency is close to zero, it follows that Wgsg — Ware ~ Fsic + Fres (Materials and

Methods). Sy, sverdrup.

diapycnal mixing (Fig. 3G, positive trends at overflow densities im-
ply less negative values). The trends in the storage rate (0V/0dt) of
dense waters are generally small and not significant (Fig. 3G), indi-
cating a long-term balance between water mass transformation
and export. The transport of dense water between the Nordic Seas
and the subpolar North Atlantic across the GSR has, therefore, re-
mained stable (Fig. 3D). Consistent with these results, two other
ocean reanalyses (ORAS5 and TOPAZ4b; their time-mean Arctic
overturning streamfunctions are shown in fig. S5) also show re-
duced surface dense water formation in the Nordic Seas (Fig. 3H)
and enhanced Arctic overturning circulation between 1993 and
2020 (Fig. 31).

An observation-based estimate of the Arctic overturning strength
exists (46) but only covers the period 2005-2009 (if considering
annual averages) and, therefore, cannot be used to evaluate the long-
term trend in the reanalyses. As an observation-based proxy for the
Arctic overturning strength, we instead use the subsurface zonal
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density gradient across Fram Strait, which captures the variability and
trend in Arctic overturning in GLORYS12 [Fig. 4A; correlation co-
efficient (r) = 0.70]. We chose the specific depth ranges (200 to 300 m
and 200 to 500 m) used to calculate the density gradient to capture
the density differences between the inflowing AW in the east and the
outflowing dense intermediate waters in the west (6, = 27.9 to 28.0kgm™>;
fig. S3). Consistent with a strengthened Arctic overturning, all three
ocean reanalyses and three observation-based products (Materials
and Methods) show a strengthened zonal density gradient in Fram
Strait between 1993 and 2020 (Fig. 4B).

Poleward shift in dense water formation

To further understand the contrasting changes in the Arctic over-
turning (Fig. 3B) and surface-forced water mass transformation
over the Nordic Seas (Fig. 3C), Fig. 5 shows maps of the mean and
changing surface-forced water mass transformation across the den-
sity surface 6, = 27.8 kg m . The reduced surface transformation of
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Fig. 3. Overturning trends. Time series of overturning strength at (A) the GSR (MOCggg) and (B) the Arctic gateways (MOCygc), and (C) time series of surface-forced water
mass transformation in the Nordic Seas (Fy) at 6, = 27.8 kg m~3. Observations in (A) are from the AtlantOS consortium (63), while the observation-based estimate in (B) is
from (46). (D to 1) Linear trends (in sverdrup decade™", 1993-2020) at different density levels in the overturning strength at GSR (ysg) and across the Arctic gateways
(W arc)s in surface water mass transformation (F;.), volume changes (0V/0t), and in the residual overturning (F,.,). Trends in (D) to (G) are from GLORYS12, while (H) and (I)
are based on ORAS5 and TOPAZ4b. Dots indicate significant trends at the 95% confidence level. Sy, sverdrup.

waters at this density level in the Nordic Seas is predominantly a re-
sult of less transformation along the outer branch of the Norwegian
Atlantic Current (NwAC) and along the West Spitsbergen Current
(WSC). Along the NwAC, the decrease in surface-forced water mass
transformation is predominantly a result of a reduction in the out-
cropping area of the 27.8 kg m™ isopycnal and not because of de-
creased surface buoyancy fluxes (fig. S6; Materials and Methods).
We note, however, that these two factors are somewhat interdepen-
dent, i.e., surface heat loss impacts surface temperature and, hence,
density. Surface buoyancy fluxes are, on the other hand, important
to water mass transformation changes along the WSC, which is also
the region with the largest reduction in surface heat fluxes (fig. S7A).
The spatial pattern of surface-forced water mass transformation trends
at 6, = 27.9 kg m~’ (fig. S8) looks similar to that for 27.8 kg m™.
For 28.0 kg m™>, there is reduced transformation along the WSC
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and its westward recirculation and enhanced transformation in the
Greenland Sea (figs. S9 and S10), resulting in a small (not significant)
positive overall trend for the Nordic Seas (Fig. 3E). This enhanced
transformation of the densest water is still relatively small compared
with the reduction at 6, = 27.8 to 27.9 kg m™.

While surface transformation of dense waters has reduced in the
Nordic Seas, we can see increased transformation in the northern
Barents Sea and in the Nansen Basin, north of Svalbard (Fig. 5B).
Averaging over the whole Barents Sea, we find no net change in
transformation of waters across the density surface 5, = 27.8 kg m™>,
while there is an increase at higher densities (Fig. 6A). North of
Svalbard, increased water mass transformation is dominated by a
step change between 2011 and 2012 (Fig. 6B). The increase in water
mass transformation north of Svalbard and in the northern Barents
Sea is mainly a result of surface density changes (larger isopycnal
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outcrop area; figs. S6 and S10) associated with sea-ice loss (Fig. 6, A and B)
(6, 14), enhanced surface heat loss (fig. S7A) (23, 47), and increased
winter convection (fig. S7B) (24). The enhanced surface-forced water
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mass transformation is not associated with an increased poleward
flow of AW, which shows little change for both the BSO and Fram
Strait (Fig. 6C).

The increase in surface-forced transformation of dense waters
in the Arctic Ocean during recent decades (1993-2020) together with
the concomitant reduction in water mass transformation in the
Nordic Seas demonstrates that there has been a poleward shift in
the source region of dense waters that maintain the lower limb of
the Nordic Seas and North Atlantic overturning circulations. The
increased surface-forced water mass transformation in the Barents
Sea [AF,. (27.9 kg m™>) = 0.2 sverdrup based on the linear trend
between 1993 and 2020] and north of Svalbard (0.4 sverdrup) is suf-
ficient to explain the increase in Arctic overturning (AMOC ¢ =
0.6 sverdrup; Fig. 2B). There is little surface-forced transformation
of dense waters elsewhere in the Arctic Ocean (Fig. 6D and fig. S11)
and no trend in dense-water storage. As exchanges between the
Arctic Ocean and other gateways (most notably, Bering Strait and
Davis Strait) do not contribute to the dense overturning circulation
in the Arctic (46), this indicates a balance between the increasing
(long-term trend) transformation of dense waters in the Barents Sea
and Nansen Basin and export through Fram Strait/BSO. Note that
such a balance does not necessarily hold on shorter (interannual)
timescales (39).

Warming of dense waters

Although compensating changes in dense water formation in the
Nordic Seas versus the Arctic Ocean have kept the strength of the
overturning circulation across the GSR unchanged over recent de-
cades, the properties of the overflow waters have not remained
constant. In the FSC, the overflow waters are warming (48). This
warming trend is also seen in GLORYS12 (Fig. 7A) with similar
magnitude (0.08°C/decade and 0.10°C/decade between 2000 and
2020 for GLORYS12 and observations, respectively). In support of
an upstream source of the warming of FSC overflow waters, dense
waters in Fram Strait (6, = 28.0 to 28.1 kg m™>; Fig. 7B) show com-
parable warming (0.07°C/decade). The interannual temperature
variability of the dense outflow waters in Fram Strait is also similar to
that in the FSC (r = 0.52 for detrended data when Fram Strait leads
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by 4 years), with a lag consistent with the transit time of observed
temperature anomalies (49). Consistent with observations (48),
the warming of the FSC overflow waters is accompanied by higher
salinities, resulting in no change to the density. In contrast to the
FSC, overflow temperatures in Denmark Strait from both obser-
vations and GLORYS12 show no significant trend (Fig. 7C). There
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is, however, pronounced interannual and decadal variability, the lat-
ter characterized by increasing temperatures in the late 1990s and
2000s and decreasing temperatures during the recent decade (2010s).
Similar variability is also found for dense waters in Fram Strait
with 6, = 27.9 to 28.0 kg m™> (r = 0.60 when Fram Strait leads by
3 years; Fig. 7D).
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The density and temperature of the lighter dense waters in Fram
Strait (Fig. 7D) suggest that these have their source in Arctic Atlantic
Waters, i.e., AW that has been modified within the Arctic Ocean
(45). AW recirculating in Fram Strait is characterized by higher tem-
peratures. The denser waters (Fig. 7B) have properties in line with
upper Polar Deep Water, which is the main intermediate water mass
of the central Arctic Ocean (45). Hence, although we have not as-
sessed the impact of variable dense water formation in other re-
gions, e.g., the Greenland Sea (20, 50), these results support an
important impact of Arctic Ocean dense waters on overflow tem-
peratures downstream at the GSR.

DISCUSSION

This study has examined the overturning circulation in the Nordic
Seas and Arctic Ocean and its drivers using a water mass transforma-
tion framework (Materials and Methods) (38-41). We demonstrate
that there has been a recent strengthening of the Arctic overturn-
ing circulation. Using a high-resolution ('/1,°) ocean reanalysis
(GLORYS12), we show that, while dense water formation from sur-
face forcing in the Nordic Seas has decreased over the recent decades
(1993-2020), the formation and export of Arctic Ocean dense waters
have increased. This poleward shift of the northern source region for
the AMOC is related to a retreating sea-ice cover along the AW path-
ways north of Svalbard and in the Barents Sea (23) and, hence, is inti-
mately linked to the ongoing Atlantification of the Arctic (6, 21). As
a result of a strengthened Arctic overturning circulation, the supply
of dense overflow waters from the Nordic Seas to the North Atlantic
Ocean has remained stable.

Our analysis is mainly based on GLORYS12, which compares
well to observations both in terms of water masses and transports in
the Nordic Seas and Arctic Ocean (Figs. 2B and 3B and figs. S1 to
S3) (18, 34-36). A recent strengthening of the Arctic overturning
circulation is also corroborated by two other ocean reanalyses
(ORAS5 and TOPAZ4b; Fig. 3I) and by a strengthened zonal den-
sity gradient across Fram Strait in both reanalyses and observations
(Fig. 4B). A common source of uncertainty for ocean reanalyses is
the impact of data assimilation. This can introduce external sources
of heat and mass that can lead to enhanced variability and spurious
long-term trends (51). The favorable comparisons with observations
nevertheless provide confidence in our results. The mechanism of a
strengthened Arctic overturning circulation (increased surface
water mass transformation in areas of sea-ice retreat) is also firmly
rooted in observations (22, 23).

The results presented here concern changes in the Nordic Seas
and Arctic Ocean overturning circulation over recent decades, a
period of rapid Arctic climate change. Climate model projections
show a sustained incursion of Atlantic waters into the Eurasian Basin
throughout the century (16, 47, 52), supporting a strengthened Arctic
overturning circulation also in the future. The near-term trajectory
of the Arctic overturning circulation will, however, also be deter-
mined by natural (internal) climate variability. In the Nordic Seas
and Arctic Ocean, this is manifested in pronounced decadal vari-
ability in the poleward flow of AW (52, 53) and, hence, in the extent
of Arctic Atlantification.

The strengthening of the Arctic overturning, as demonstrated
here, provides evidence for a resilient northern overturning circula-
tion in a warming climate. The resulting steady supply of dense waters
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helps sustain the lower limb of the AMOC. Current generation cli-
mate models do not accurately resolve water mass transformation
processes in the Arctic Ocean and, hence, diverge in their projec-
tions of Atlantification (54) and the emergence of new areas of deep
convection (29). The stabilizing role of the Arctic Ocean in future
AMOC projections could, therefore, be underestimated, and a bet-
ter understanding of the Arctic overturning circulation and its rep-
resentation in models is essential to constrain the future strength
and structure of the AMOC.

MATERIALS AND METHODS

Ocean reanalyses

The main results in this study are based on the high-resolution Global
Ocean Physics Reanalysis [hereafter, GLORYS12 (32)]. GLORYS12
uses the Nucleus for European Modeling of the Ocean (NEMO)
ocean model and the LIM2 sea ice model with a horizontal resolu-
tion of '/1,° and 50 depth layers. A variety of in situ and satellite data,
including sea level, surface and subsurface hydrography, sea ice con-
centration, and thickness, are assimilated using a reduced-order Kal-
man filter. At the surface, the ocean model is driven by the ECMWF
ERA-Interim atmospheric reanalysis (55). Previous studies show
that GLORYS12 compares well with observations in the Nordic Seas,
Arctic Ocean, and subpolar North Atlantic (18, 33-36). In this study,
we provide further comparisons between GLORYS12 and observa-
tions (figs. S1 to S3).

In addition to GLORYS12, we also use data from ORAS5 (56).
ORASS5 is also based on the NEMO model and has a horizontal reso-
lution of '/,° and 75 depth layers. ORAS5 performs well in the Nordic
Seas (43) and Arctic Ocean (53, 57). We also use data from the cou-
pled ocean and sea ice data assimilation system TOPAZ4b (58, 59).
TOPAZ4b is based on the HYCOM ocean model and uses the en-
semble Kalman filter to assimilate different types of ocean and sea ice
observations. The model covers the North Atlantic and the Arctic
with a horizontal resolution of 12 to 16 km.

Observations

We use monthly fields of gridded temperature, salinity, and velocity
across Fram Strait and the BSO between October 2004 and May
2010 (46) to evaluate the overturning streamfunction at the Arctic
gateways and the hydrographic structure across Fram Strait and
BSO in the ocean reanalyses. This dataset has been constructed us-
ing available moored instruments and hydrographic data together
with a box inverse model (46). Given the use of an inverse model,
we will refer to these data as “observation based” We note that the
moored instruments used in the box inverse model are not assimi-
lated in the ocean reanalyses.

Observed transport of AW (T > 3°C) into the Barents Sea in
GLORYSI2 is evaluated on the basis of current meter moorings in the
BSO (71.5°N to 73.5°N, 20°E) operated by the Institute of Marine
Research, Norway (60). Monthly data are available from September
1997 until March 2017 (61). We also compare GLORYS12 with the
observed current speed in the core of the Norwegian Atlantic Slope
Current (Sviney section; 62°48'N, 4°55’E, 100-m depth) since 1995
(62), with observed transports of overflow water (6,> 27.80 kg m™)
through the Faroe Bank Channel and Denmark Strait between 1997
and 2015 (63) and with observed overflow (bottom) temperatures
from the Faroe Bank Channel (site FB) since 1995 (48). We use
the hydrographic database from (50) that combines all available
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observations (Argo and shipboard measurements) from the Nordic
Seas (here referred to as NS-HYD) to assess overflow temperatures
in Denmark Strait. Temperature and salinity profiles in Denmark
Strait were interpolated onto regular depth levels before calculating
annual mean overflow (c, = 27.9 to 28.0 kg m ) temperatures. Note
that the dataset contains no observations from 2013 and 2014.

Temperature and salinity fields from NS-HYD (50), EN4 [EN4.2.2,
(64)], and ARMOR3D (65) are analyzed to evaluate the long-term
(1993-2020) trend in the zonal density gradient across Fram Strait.
EN4 comprises available hydrographic data from ships and Argo
floats interpolated on a 1° horizontal grid with 42 levels in the verti-
cal. ARMOR3D also merges different sources of observations and
provides monthly three-dimensional temperature and salinity fields
with a horizontal resolution of 0.25° and 50 vertical levels. These
observation-based products have been extensively used to investi-
gate hydrographic variability in the Nordic Seas and North Atlantic
(33,40, 66, 67).

Calculation of overturning circulation
We calculate the isopycnal volume and buoyancy budget for the
Nordic Seas following previous studies (38-41)

where 0V, /0t is the temporal volume change (in sverdrup) of fluid
denser than ¢ within the Nordic Seas, which is here bounded in the
south by the GSR and in the north by Fram Strait (79°N) and the
BSO (collectively denoted the Arctic gateways; ARC) (Fig. 1). The
location of the Arctic gateways is based on the location of observa-
tional arrays and previous studies (30, 46).

The overturning divergence, My, is defined as

MG = WUIGSR - WG'ARC

where  is the overturning streamfunction in density-space along
a section and is calculated as (34)

o X,

Y, =-— J J v(x, 6)dxdc*

[ X,

max ‘w

where x,, and x, denote the start and end of the sections, respec-
tively; o, is the maximum density; and v(x,0) is the velocity
perpendicular to the section (positive northward). The isopycnal
volume budget is performed for a closed domain (closed mass bud-
get), and no compensation is, therefore, applied to account for the
small (<1 sverdrup) net transport through each section. We calcu-
late time series of overturning strength in density-space across the
GSR (MOCqgp; Fig. 3A) and the Arctic gateways (MOCarc; Fig. 3B)
based on the respective time-mean isopycnals of the maximum
overturning streamfunction

MOCgsr (1) = Wy, (oGsrot)
MOC,gc(t) = We),, (Oarcs 1)
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where 65y = 27.8 kg m™ and 6,zc = 27.9 kg m ™. Using time-
variable 6 ;g and 6 4z has no discernible impact on the overturning
time series and trends.

F, is the diapycnal transformation rate (in sverdrup) within the
domain and is decomposed into two terms

F,=Ff+F*

Fs, generally referred to as the surface-forced water mass transfor-
mation, is the diapycnal transformation driven by surface density
flux acting over the area enclosed by outcropping isopycnal, 6, and
is calculated as

1 o S
stc=_ _ v RS A
: A"H & BI_SQFW]d

Here, a is the thermal expansion coefficient, f is the haline con-
traction coefficient, C, is the specific heat capacity of seawater, Qy is
the net surface heat flux into the ocean, S is surface salinity, and Qg
is the net freshwater flux into the ocean that includes evaporation,
precipitation, sea ice melting/freezing and river runoff. The surface
density flux is integrated over surface density outcrop regions dA for
densities in the range 6 — Ac/2 <6 <6+ Ac/2and Ac =0.1. If o
does not outcrop within the defined region in a given month, then
Fs is set to zero. We obtain maps of F5 by accumulating the inte-
grand over outcrops. F5* could not be calculated for TOPAZ4b as
surface heat and freshwater fluxes were not available.

Surface-forced water mass transformation depends on both the
ocean surface density field (D; setting the surface area, dA, covered
by a particular isopycnal) and air-sea buoyancy fluxes (Q; a combi-
nation of Qp and Qpy), that is, F;fC(D, Q) (68). To assess the relative
importance of D and Q, we also calculate F;fc using (i) a combina-
tion of the variable surface density (D) and the mean (monthly cli-
matology) heat and freshwater fluxes (Q), F;fC(D, 6), and (ii) the
mean surface density (D) and variable heat and freshwater flux-
es (Q), (D, Q).

After calculating all other terms in the isopycnal volume and
buoyancy budget, we calculate F_** as a residual. This term is com-
monly interpreted as the transformation induced by interior diapyc-
nal mixing (39-41) but also includes other unresolved processes,
including the impact of data assimilation.

All calculations are performed on monthly data and then aver-
aged into annual fields. Linear trends are calculated on the basis of
the annual data by least squares fitting and their statistical signifi-
cance assessed using a Student’s t test.

Supplementary Materials
This PDF file includes:
Figs.S1to S11

REFERENCES AND NOTES

1. R.Zhang, R. Sutton, G. Danabasoglu, Y.-O. Kwon, R. Marsh, S. G. Yeager, D. E. Amrhein,
C. M. Little, A review of the role of the Atlantic Meridional Overturning Circulation in
Atlantic multidecadal variability and associated climate impacts. Rev. Geophys. 57,
316-375(2019).

2. M.W.Buckley, J. Marshall, Observations, inferences, and mechanisms of the Atlantic
Meridional Overturning Circulation: A review. Rev. Geophys. 54, 5-63 (2016).

3. R.R.Dickson, J. Brown, The production of North Atlantic Deep Water: Sources, rates, and
pathways. J. Geophys. Res. 99, 12319-12341 (1994).

80of10



SCIENCE ADVANCES | RESEARCH ARTICLE

4.,

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Arthun et al.,, Sci. Adv. 11, eadu1794 (2025)

L. Chafik, T. Rossby, Volume, heat, and freshwater divergences in the subpolar North
Atlantic suggest the Nordic Seas as key to the state of the meridional overturning
circulation. Geophys. Res. Lett. 46, 4799-4808 (2019).

. T.Tsubouchi, K. Vdge, B. Hansen, K. M. H. Larsen, S. @sterhus, C. Johnson, S. Jénsson,

H. Valdimarsson, Increased ocean heat transport into the Nordic Seas and Arctic Ocean
over the period 1993-2016. Nat. Clim. Change 11, 21-26 (2021).

. M. Arthun, T. Eldevik, L. H. Smedsrud, @. Skagseth, R. B. Ingvaldsen, Quantifying the

influence of Atlantic heat on Barents Sea ice variability and retreat. J. Clim. 25, 4736-4743
(2012).

. U.Schauer, E. Fahrbach, S. @sterhus, G. Rohardt, Arctic warming through the Fram Strait:

Oceanic heat transport from 3 years of measurements. J. Geophys. Res. 109,
10.1029/2003JC001823 (2004).

. L.Coachman, C. Barnes, The movement of Atlantic water in the Arctic Ocean. Arctic 16,

8-16(1963).

. M.-L.Timmermans, J. Marshall, Understanding Arctic Ocean circulation: A review of ocean

dynamics in a changing climate. J. Geophys. Res. 125, e2018JC014378 (2020).

. T.Eldevik, J. E. @. Nilsen, The Arctic-Atlantic thermohaline circulation. J. Clim. 26,

8698-8705 (2013).

. T.W. Haine, A conceptual model of polar overturning circulations. J. Phys. Oceanogr. 51,

727-744 (2021).

. W.Weijer, T. Haine, A. Siddiqui, W. Cheng, M. Veneziani, P. Kurtakoti, Interactions between

the Arctic Mediterranean and the Atlantic Meridional Overturning Circulation: A review.
Oceanography 35, 118-127 (2022).

. A.Zhao, J. Robson, R. Sutton, M. W. Lai, J. V. Mecking, S. Yeager, T. Petit, Large diversity in

AMOC internal variability across NEMO-based climate models. Clim. Dyn. 62, 3355-3374
(2024).

. |.H. Onarheim, T. Eldevik, L. H. Smedsrud, J. C. Stroeve, Seasonal and regional

manifestation of Arctic sea ice loss. J. Clim. 31, 4917-4932 (2018).

. S.Lind, R. B. Ingvaldsen, T. Furevik, Arctic warming hotspot in the northern Barents Sea

linked to declining sea-ice import. Nat. Clim. Change 8, 634-639 (2018).

. Q.Shu, Q. Wang, M. Arthun, S. Wang, Z. Song, M. Zhang, F. Qiao, Arctic Ocean

Amplification in a warming climate in CMIP6 models. Sci. Adv. 8, eabn9755 (2022).

. L.H.Smedsrud, M. Muilwijk, A. Brakstad, E. Madonna, S. K. Lauvset, C. Spensberger,

A.Born, T. Eldevik, H. Drange, E. Jeansson, C. Li, A. Olsen, @. Skagseth, D. A. Slater,
F. Straneo, K. Vage, M. Arthun, Nordic Seas heat loss, Atlantic inflow, and Arctic sea ice
cover over the last century. Rev. Geophys. 60, e2020RG000725 (2022).

. J.Huang, R. S. Pickart, Z. Chen, R. X. Huang, Role of air-sea heat flux on the transformation

of Atlantic Water encircling the Nordic Seas. Nat. Commun. 14, 141 (2023).

. G.W. K. Moore, K. Vage, R. S. Pickart, I. A. Renfrew, Decreasing intensity of

open-ocean convection in the Greenland and Iceland seas. Nat. Clim. Change 5,
877-882 (2015).

A.-M. Strehl, K. Vage, L. H. Smedsrud, T. Barreyre, A 70-year perspective on water-mass
transformation in the Greenland Sea: From thermobaric to thermal convection. Prog.
Oceanogr. 227, 103304 (2024).

I.V. Polyakov, A.V. Pnyushkov, M. B. Alkire, I. M. Ashik, T. M. Baumann, E. C. Carmack,

I. Goszczko, J. Guthrie, V. V. Ivanov, T. Kanzow, R. Krishfield, R. Kwok, A. Sundfjord,

J. Morison, R. Rember, A. Yulin, Greater role for Atlantic inflows on sea-ice loss in the
Eurasian Basin of the Arctic Ocean. Science 356, 285-291 (2017).

M. D. Pérez-Hernandez, R. S. Pickart, D. J. Torres, F. Bahr, A. Sundfjord, R. B. Ingvaldsen,

A. H. H. Renner, A. Beszczynska-Maller, W.-J. von Appen, V. Pavlov, Structure, transport,
and seasonality of the Atlantic Water boundary current north of Svalbard: Results from a
yearlong mooring array. J. Geophys. Res. 124, 1679-1698 (2019).

G.W. K. Moore, K. Vage, I. Renfrew, R. S. Pickart, Sea-ice retreat suggests re-organization
of water mass transformation in the Nordic and Barents Seas. Nat. Commun. 13, 67
(2022).

M. Athanase, C. Provost, M. D. Pérez-Hernandez, N. Sennéchael, C. Bertosio, C. Artana,
G. Garric, J-M. Lellouche, Atlantic water modification north of Svalbard in the Mercator
physical system from 2007 to 2020. J. Geophys. Res. 125, €2020JC016463 (2020).

W. Weijer, W. Cheng, O. A. Garuba, A. Hu, B. Nadiga, CMIP6 models predict significant 21st
century decline of the Atlantic Meridional Overturning Circulation. Geophys. Res. Lett. 47,
e2019GL086075 (2020).

H. Asbjornsen, M. Arthun, Deconstructing future AMOC decline at 26.5° N. Geophys. Res.
Lett. 50, e2023GL103515 (2023).

C. Lique, M. D. Thomas, Latitudinal shift of the Atlantic Meridional Overturning
Circulation source regions under a warming climate. Nat. Clim. Change 8, 1013-1020
(2018).

A. Bretones, K. H. Nisancioglu, M. F. Jensen, A. Brakstad, S. Yang, Transient increase in
Arctic deep-water formation and ocean circulation under sea-ice retreat. J. Clim. 35,
109-124 (2022).

C. Heuze, H. Liu, No emergence of deep convection in the Arctic Ocean across CMIP6
models. Geophys. Res. Lett. 51, e2023GL106499 (2024).

11 July 2025

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

R. Zhang, M. Thomas, Horizontal circulation across density surfaces contributes
substantially to the long-term mean northern Atlantic Meridional Overturning
Circulation. Commun. Earth Environ. 2, 112 (2021).

D. Dey, R. Marsh, S. Drijfhout, S. A. Josey, B. Sinha, J. Grist, K. D66s, Formation of the
Atlantic Meridional Overturning Circulation lower limb is critically dependent on
Atlantic-Arctic mixing. Nat. Commun. 15, 7341 (2024).

J.-M. Lellouche, E. Greiner, R. Bourdallé-Badie, G. Garric, A. Melet, M. Drévillon, C. Bricaud,
M. Hamon, L. G. Olivier, R. Charly, C. Tony, T. Charles-Emmanuel, F. Gasparin, R. Giovanni,
B. Mounir, D. Yann, P-Y. Le Traon, The Copernicus global 1/12° oceanic and sea ice
GLORYS12 reanalysis. Front. Earth Sci. 9, 698876 (2021).

P.Verezemskaya, B. Barnier, S. K. Gulev, S. Gladysheyv, J.-M. Molines, V. Gladysheyv,

J.-M. Lellouche, A. Gavrikov, Assessing eddying (1/12°) ocean reanalysis GLORYS12 using
the 14-yr instrumental record from 59.5°N section in the Atlantic. J. Geophys. Res. 126,
10.3389/feart.2021.698876 (2021).

L. Chafik, J. Nilsson, T. Rossby, S. Kondetharayil, A., The Faroe-Shetland channel jet:
Structure, variability, and driving mechanisms. J. Geophys. Res. 128, €2022JC019083
(2023).

P.Lin, R. S. Pickart, H. Heorton, M. Tsamados, M. Itoh, T. Kikuchi, Recent state transition of
the Arctic Ocean’s Beaufort Gyre. Nat. Geosci. 16, 485-491 (2023).

M. Mayer, T. Tsubouchi, S. Winkelbauer, K. M. H. Larsen, B. Berx, A. Macrander, D. lovino,
S.Jénsson, R. Renshaw, Recent variations in oceanic transports across the Greenland-
Scotland Ridge. State Planet 1-osr7, 1-13 (2023).

1. Schiller-Weiss, T. Martin, J. Karstensen, A. Biastoch, Do salinity variations along the East
Greenland shelf show imprints of increasing meltwater runoff? J. Geophys. Res. 128,
€2023JC019890 (2023).

G. Walin, On the relation between sea-surface heat flow and thermal circulation in the
ocean. Tellus 34, 187-195 (2022).

M. W. Buckley, M. S. Lozier, D. Desbruyeres, D. G. Evans, Buoyancy forcing and the
subpolar Atlantic meridional overturning circulation. Philos. Trans. A Math Phys. Eng. Sci.
381, 20220181 (2023).

D. G. Evans, N. P. Holliday, S. Bacon, I. Le Bras, Mixing and air-sea buoyancy fluxes set the
time-mean overturning circulation in the subpolar North Atlantic and Nordic Seas. Ocean
Sci. 19, 745-768 (2023).

S.Zou, T. Petit, F. Li, M. S. Lozier, Observation-based estimates of water mass
transformation and formation in the Labrador Sea. J. Phys. Oceanogr 54, 1411-1429 (2024).
P.E. Isachsen, C. Mauritzen, H. Svendsen, Dense water formation in the Nordic Seas
diagnosed from sea surface buoyancy fluxes. Deep Sea Res. 54, 22-41 (2007).

M. Arthun, Surface-forced variability in the Nordic Seas overturning circulation and
overflows. Geophys. Res. Lett. 50, e2023GL104158 (2023).

A.Bosse, |. Fer, H. Sgiland, T. Rossby, Atlantic water transformation along its poleward
pathway across the Nordic Seas. J. Geophys. Res. 123, 6428-6448 (2018).

B. Rudels, E. Fahrbach, J. Meincke, G. Budeus, P. Eriksson, The East Greenland Current and
its contribution to the Denmark Strait overflow. ICES J. Mar. Sci. 59, 1133-1154 (2002).

T. Tsubouchi, W.-J. von Appen, T. Kanzow, L. de Steur, Temporal variability of the
overturning circulation in the Arctic Ocean and the associated heat and freshwater
transports during 2004-10. J. Phys. Oceanogr. 54, 81-94 (2024).

Q. Shu, Q. Wang, Z. Song, F. Qiao, F, The poleward enhanced Arctic Ocean cooling
machine in a warming climate. Nat. Commun. 12, 2966 (2021).

K. M. H. Larsen, B. Hansen, H. Hatun, G. E. Johansen, S. @sterhus, S. M. Olsen, The coldest
and densest overflow branch into the North Atlantic is stable in transport, but warming.
Geophys. Res. Lett. 51, €2024GL110097 (2024).

T. Eldevik, J. E. @. Nilsen, D. lovino, K. Anders Olsson, A. B. Sandg, H. Drange, Observed
sources and variability of Nordic seas overflow. Nat. Geosci. 321, 406-410 (2009).

A. Brakstad, G. Gebbie, K. Vage, E. Jeansson, S. R. Olafsdottir, Formation and pathways of
dense water in the Nordic Seas based on a regional inversion. Prog. Oceanogr. 212,
102981 (2023).

N. G. Loeb, M. Mayer, S. Kato, J. T. Fasullo, H. Zuo, R. Senan, J. M. Lyman, G. C. Johnson,

M. Balmaseda, Evaluating twenty-year trends in Earth’s energy flows from observations
and reanalyses. J. Geophys. Res. 127, €2022JD036686 (2022).

J. Dérr, M. Arthun, T. Eldevik, A. B. Sandg, Expanding influence of Atlantic and Pacific
Ocean heat transport on winter sea-ice variability in a warming Arctic. J. Geophys. Res.
129, €2023JC019900 (2024).

1. V. Polyakov, R. B. Ingvaldsen, A.V. Pnyushkov, U. S. Bhatt, J. A. Francis, M. Janout,

R. Kwok, @. Skagseth, Fluctuating Atlantic inflows modulate Arctic atlantification. Science
381, 972-979 (2023).

M. Muilwijk, A. Nummelin, C. Heuzé, I. V. Polyakov, H. Zanowski, L. H. Smedsrud,
Divergence in climate model projections of future Arctic Atlantification. J. Clim. 36,
1727-1748 (2023).

D.P.Dee, S. M. Uppala, A. J. Simmons, P. Berrisford, P. Poli, S. Kobayashi, U. Andrae,

M. A. Balmaseda, G. Balsamo, P. Bauer, P. Bechtold, A. C. M. Beljaars, L. van de Berg,

J. Bidlot, N. Bormann, C. Delsol, R. Dragani, M. Fuentes, A. J. Geer, L. Haimberger,

90f10



SCIENCE ADVANCES | RESEARCH ARTICLE

S.B. Healy, H. Hersbach, E. V. HoIm, L. Isaksen, P. Kallberg, M. Kéhler, M. Matricardi,
A. P. McNally, B. M. Monge-Sanz, J.-J. Morcrette, B.-K. Park, C. Peubey, P. de Rosnay,
C.Tavolato, J.-N. Thépaut, F. Vitart, The ERA-Interim reanalysis: Configuration and

performance of the data assimilation system. Q. J. Roy. Meteorol. Soc. 137, 553-597 (2011).

56. H.Zuo, M. A. Balmaseda, S. Tietsche, K. Mogensen, M. Mayer, The ECMWF operational
ensemble reanalysis—analysis system for ocean and sea ice: A description of the system
and assessment. Ocean Sci. 15, 779-808 (2019).

57. J.A.Carton, S. G. Penny, E. Kalnay, Temperature and salinity variability in the SODA3,
ECCO4r3, and ORAS5 ocean reanalyses, 1993-2015. J. Clim. 32,2277-2293 (2019).

58. P.Sakov, F. Counillon, L. Bertino, K. A. Liszeter, P. R. Oke, A. Korablev, TOPAZ4: An ocean-sea ice
data assimilation system for the North Atlantic and Arctic. Ocean Sci. 8, 633-656 (2012).

59. J.Xie, L. Bertino, F. Counillon, K. A. Lisater, P. Sakov, Quality assessment of the TOPAZ4
reanalysis in the Arctic over the period 1991-2013. Ocean Sci. 13, 123-144 (2017).

60. R.B.Ingvaldsen, L. Asplin, H. Loeng, The seasonal cycle in the Atlantic transport to the
Barents Sea during the years 1997-2001. Cont. Shelf Res. 24, 1015-1032 (2004).

61. @.Skagseth, T. Eldevik, M. Arthun, H. Asbjernsen, V. S. Lien, L. H. Smedsrud, Reduced
efficiency of the Barents Sea cooling machine. Nat. Clim. Change 10, 661-666 (2020).

62. K. A.Orvik, Long-term moored current and temperature measurements of the Atlantic
inflow into the Nordic Seas in the Norwegian Atlantic Current; 1995-2020. Geophys. Res.
Lett. 49, e2021GL096427 (2022).

63. S.@sterhus, R. Woodgate, H. Valdimarsson, B. Turrell, L. de Steur, D. Quadfasel, S. M. Olsen,
M. Moritz, C. M. Lee, K. M. H. Larsen, S. Jonsson, C. Johnson, K. Jochumsen, B. Hansen,
B. Curry, S. Cunningham, B. Berx, Arctic Mediterranean exchanges: A consistent volume
budget and trends in transports from two decades of observations. Ocean Sci. 15,
379-399 (2019).

64. S.A.Good, M. J. Martin, N. A. Rayner, EN4: Quality controlled ocean temperature and
salinity profiles and monthly objective analyses with uncertainty estimates. J. Geophys.
Res. 118, 6704-6716 (2013).

65. S.Guinehut, A.-L. Dhomps, G. Larnicol, P-Y. Le Traon, High resolution 3-D temperature and
salinity fields derived from in situ and satellite observations. Ocean Sci. 8, 845-857 (2012).

66. S.Broomé, L. Chafik, J. Nilsson, Mechanisms of decadal changes in sea surface height and
heat content in the eastern Nordic Seas. Ocean Sci. 16, 715-728 (2020).

67. J.Kenigson, M.-L. Timmermans, Nordic seas hydrography in the context of Arctic and
North Atlantic Ocean dynamics. J. Phys. Oceanogr. 51, 101-114 (2021).

Arthun et al,, Sci. Adv. 11, eadu1794 (2025) 11 July 2025

68. T.Petit, M. S. Lozier, S. A. Josey, S. A. Cunningham, Role of air-sea fluxes and ocean
surface density in the production of deep waters in the eastern subpolar gyre of the
North Atlantic. Ocean Sci. 17, 1353-1365 (2021).

Acknowledgments: We thank anonymous reviewers for valuable feedback that improved the
manuscript. Funding: This work was supported by The Research Council of Norway (project
“Overturning circulation in the new Arctic;” grant 335255) (M.A, J.D.,CM,, S.S., and K.V.),
European Union (ERC, ROVER, 101088452) (K.V.), the Bjerknes Centre for Climate Research
(project DYNASOR) (M.A. and S.5.), and UK Natural Environment Research Council [SNAP-
DRAGON project (NE/T013494/1)] (H.L.J.). Author contributions: Conceptualization: M.A,, J.D.,
and C.M. Formal analysis: M.A. and C.M. Investigation: A.B., J.D., and C.M. Visualization: M.A. and
C.M. Validation: J.D. and C.M. Software: J.D. Methodology: J.D. and C.M. Funding acquisition:
M.A. and K.V. Supervision: H.L.J. Writing—original draft: M.A. and C.M. Writing—review and
editing: M.A, AB, J.D, H.LJ, CM, S5, and K.V. Competing interests: The authors declare that
they have no competing interests. Data and materials availability: All data needed to
evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials. Data from GLORYS12 are available from https://data.marine.copernicus.eu/product/
GLOBAL_MULTIYEAR_PHY_001_030, ORAS5 from https://doi.org/10.24381/cds.67e8eeb7,
TOPAZA4b from https://doi.org/10.48670/moi-00007, EN4 from www.metoffice.gov.uk/hadobs/
en4, and ARMOR3D from https://data.marine.copernicus.eu/product/MULTIOBS_GLO_PHY _
TSUV_3D_MYNRT_015_012. Observations from AtlantOS (63) are from www.ocean-ops.org/
oceansites/tma/gsr.html. The data from (46) are available from https://doi.pangaea.de/
10.1594/PANGAEA.909966. BSO volume transports (67) are available from ftp://ftp.nmdc.no/
nmdc/IMR/fastesnitt/indeks/fluks_mnd_1997_2017 xls. Svingy mooring data (62) are available
through the Norwegian Marine Data Center (http://metadata.nmdc.no/Userlnterface, search word
“GFl mooring data — SVI"). Time series of FBC bottom temperature (48) is available at http://envofar.
fo/data/index.php?dir=Timeseries&sort=N&order=A. The combined and quality-controlled
dataset of Nordic Seas hydrography (50) is available at the Norwegian Marine Data Centre
(http://metadata.nmdc.no/metadata-api/landingpage/52f7f460728c944e4a5330e8a8b75eaf).

Submitted 28 October 2024
Accepted 5 June 2025
Published 11 July 2025
10.1126/sciadv.adu1794

100f 10


https://data.marine.copernicus.eu/product/GLOBAL_MULTIYEAR_PHY_001_030
https://data.marine.copernicus.eu/product/GLOBAL_MULTIYEAR_PHY_001_030
https://doi.org/10.24381/cds.67e8eeb7
https://doi.org/10.48670/moi-00007
http://www.metoffice.gov.uk/hadobs/en4
http://www.metoffice.gov.uk/hadobs/en4
https://data.marine.copernicus.eu/product/MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012
https://data.marine.copernicus.eu/product/MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012
http://www.ocean-ops.org/oceansites/tma/gsr.html
http://www.ocean-ops.org/oceansites/tma/gsr.html
https://doi.pangaea.de/10.1594/PANGAEA.909966
https://doi.pangaea.de/10.1594/PANGAEA.909966
ftp://ftp.nmdc.no/nmdc/IMR/fastesnitt/indeks/fluks_mnd_1997_2017.xls
ftp://ftp.nmdc.no/nmdc/IMR/fastesnitt/indeks/fluks_mnd_1997_2017.xls
http://envofar.fo/data/index.php?dir=Timeseries&sort=N&order=A
http://envofar.fo/data/index.php?dir=Timeseries&sort=N&order=A
http://metadata.nmdc.no/metadata-api/landingpage/52f7f460728c944e4a5330e8a8b75eaf

	Atlantification drives recent strengthening of the Arctic overturning circulation
	INTRODUCTION
	RESULTS
	Reduced dense water formation in the Nordic Seas compensated for by increased Arctic overturning
	Poleward shift in dense water formation
	Warming of dense waters

	DISCUSSION
	MATERIALS AND METHODS
	Ocean reanalyses
	Observations
	Calculation of overturning circulation

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


