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Arctic freshwater anomaly transiting to the 
North Atlantic delayed within a buffer zone

Qiang Wang    1  , Sergey Danilov    1,2 & Thomas Jung    1,3

A two-decade-long accumulation of freshwater in the Arctic Ocean’s 
Beaufort Gyre has recently started to be released. Here we use satellite 
observations and model simulations to show that changes in wind regimes 
and sea ice declines are causing freshwater to accumulate close to the 
export gateways to the North Atlantic. This emerging buffer zone plays 
an important role in modulating the propagation of freshwater into the 
subpolar North Atlantic.

The Arctic Ocean is one of the major freshwater reservoirs of the climate 
system and an important component of the hydrological cycle of the 
Northern Hemisphere1,2. It is fed by river runoff from land, precipita-
tion from the atmosphere and Pacific water with relatively low salin-
ity3. In a warming climate, these freshwater sources are increasing, 
with the addition of ice melt water4. The Arctic freshwater is ultimately 
exported to the subpolar North Atlantic (SPNA) via the Fram and Davis 
straits. Changes in Arctic freshwater export can influence the ocean 
stratification and dense water formation in the SPNA, thus impacting 
the large-scale Atlantic Meridional Overturning Circulation and the 
climate5,6.

Great Salinity Anomalies of the 1970s, 1980s and 1990s, featur-
ing low-salinity pulses propagating in the SPNA, were induced or 
enhanced by freshwater export from the Arctic Ocean7,8, although 
wind-driven ocean circulation changes in the North Atlantic can also 
lead to large-scale salinity anomalies in the SPNA9. An intense Great 
Salinity Anomaly can lead to the shutdown of deep convection in the 
Labrador Sea10. Furthermore, it was suggested that the Atlantic over-
turning circulation is more sensitive to changes in Arctic freshwater 
export and precipitation than it is to Greenland melt water11.

The Arctic Ocean is known to have accumulated an unprecedented 
amount of liquid freshwater in the 2000s and 2010s, with most of it 
stored in the Beaufort Gyre region12,13. This freshwater accumulation 
was not only due to unusual anti-cyclonic winds in the western Arctic, 
which helped converge surface freshwater into the Beaufort Gyre; it 
was also related to the strong sea ice decline, which supplied additional 
melt water and intensified the Ekman transport of freshwater towards 
the Beaufort Gyre region14.

Here, we use a combination of satellite observations and model 
simulations to show that the Arctic Ocean freshwater system entered 
a new state recently. While the Beaufort Gyre was releasing freshwater, 
a buffer zone north of Greenland was accumulating freshwater. Our 

results suggest that this buffer zone plays a crucial role in modulating 
the propagation of Arctic low-salinity anomalies to the SPNA.

The Beaufort Gyre experienced three major changes since the 
beginning of the twenty-first century. First, from 2004 to 2009, its 
freshwater content (FWC) increased rapidly (Fig. 1a,d)15–17. This increase 
was accompanied by a westward expansion of its spatial extent18. 
This period was characterized by a strong anti-cyclonic atmospheric 
circulation anomaly over the Canada Basin (Extended Data Fig. 1a), 
which was associated with higher than normal Beaufort High sea level 
pressure (Extended Data Fig. 2b). Along with effects of Arctic sea ice 
decline, which increases both the availability of freshwater and ocean  
surface stress, this anti-cyclonic wind anomaly increased the FWC of 
the Beaufort Gyre, causing a spin-up of the gyre’s circulation (Extended 
Data Fig. 2)14.

The second major change in the Beaufort Gyre occurred between 
2014 and 2019 (Fig. 1d). In this period, the total FWC in the Beaufort 
Gyre further increased, but the increase was confined to the eastern 
part of the gyre; the western part actually experienced a reduction in 
FWC (Extended Data Fig. 3). This effectively caused a shrinkage of the 
Beaufort Gyre in the zonal direction14,19,20. This simultaneous increase 
in FWC and reduction in zonal extent of the gyre can be explained by 
the anomalous atmospheric circulation in the Arctic (Extended Data 
Fig. 3b). The Arctic sea level pressure was slightly above climatology in 
the southeastern Canada Basin and anomalously low elsewhere. This 
led to an anti-cyclonic wind anomaly over the southeastern Canada 
Basin (Extended Data Fig. 1a), causing the accumulation of freshwater 
in this region.

The third, transformative change in the Beaufort Gyre commenced 
around 2019. Not only has the zonal extent of the gyre continued to 
shrink (comparing Fig. 1b,c), the total FWC of the gyre also started 
decreasing (Fig. 1d). Both satellite observations and model simula-
tions consistently reveal a reduction in sea surface height in the central 
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to as a freshwater ‘buffer zone’. Notably, the dynamic ocean topography 
from satellite observations shows a marked increase in the buffer zone 
between 2019 and 2022 (Fig. 2a). This trend is consistently reproduced 
in simulated sea surface height (Fig. 2c), corroborating the notion of a 
corresponding rise in FWC (Fig. 2d).

The buffer zone not only serves as a conduit for Beaufort Gyre 
freshwater but also modulates the time it takes for the freshwater to 
exit the Arctic Ocean, a process influenced by wind conditions. To bet-
ter understand this, we conducted a wind-perturbation simulation in 
which the anti-cyclonic wind anomaly—associated with the positive 
sea level pressure anomaly in the central Arctic during 2019–2022—was 
changed to a cyclonic pattern (Extended Data Fig. 4a–c). The model 
results indicate that, under cyclonic wind conditions, freshwater 
released from the Beaufort Gyre is exported more rapidly through the 
buffer zone and subsequently through the Arctic gateways (Extended 
Data Fig. 4d,e). Thus, the buffer zone can delay the propagation of 
freshwater from the Beaufort Gyre to the SPNA under certain wind con-
ditions, such as those observed in 2019–2022. Moreover, the ongoing 
decline in Arctic sea ice can enhance ocean surface stress and Ekman 
transport, potentially amplifying the influence of winds on freshwater 
accumulation and release in the Arctic Ocean26.

By 2022, the Beaufort Gyre’s anomalous FWC has decreased to 
approximately 4,000 km3, while the buffer zone has accumulated 
around 3,000 km3 anomalous freshwater (Fig. 1d,e). Different from 
the freshwater stored in the Beaufort Gyre, the anomalous freshwater 
in the buffer zone is situated in close proximity to the Arctic export 

Beaufort Gyre from 2019 to 2022 (Fig. 2a,c), in response to the reduc-
tion in FWC (Fig. 2d). The latter can be explained by the negative sea 
level pressure anomaly (Fig. 2b) and, thus, the positive wind curl anom-
aly over the Canada Basin (Extended Data Fig. 1a).

The contraction and spin-up of the Beaufort Gyre between 
2014 and 2019 were accompanied by a reduction in FWC in the east-
ern Eurasian Basin and Makarov Basin (Fig. 1b and Extended Data 
Fig. 3d). Between 2019 and 2022, the area with lower than normal FWC 
extended further eastwards into the western Canada Basin (Fig. 1c). The 
large-scale ocean circulation in the Arctic alternates between cyclonic 
and anti-cyclonic regimes on subdecadal time scales, mainly associ-
ated with the phase change of the Arctic Oscillation21,22. The eastward 
extension of negative FWC anomalies suggests a recent intensification 
of the Arctic Ocean cyclonic circulation mode23. This intensification is 
attributed to the predominantly positive phase of the Arctic Oscillation 
since the mid-2010s (Extended Data Fig. 1b) and increased ocean sur-
face stress resulting from sea ice decline14. The concurrent contraction 
of the Beaufort Gyre and the strengthening of the cyclonic circulation 
can also facilitate the propagation of water of Atlantic origin towards 
the Canada Basin24,25.

During the rapid inflation of the Beaufort Gyre before 2009, 
the FWC in the region north of the Canadian Arctic Archipelago and 
Greenland did not change much (Fig. 1a). However, after 2009, as the 
Beaufort Gyre contracted eastwards, this region began accumulat-
ing freshwater released from the Beaufort Gyre (Fig. 1b,c). Due to its  
ability to accumulate freshwater over time (Fig. 1e), this area is referred 
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Fig. 1 | State transition of Arctic FWC. a–c, FWC anomaly in 2009 (a), 2019 (b) 
and 2022 (c) relative to the climatological mean over 1980–2004 in the FESOM 
simulation. d,e, Time series of FWC anomaly relative to the climatological mean 
in the Beaufort Gyre region (d) and buffer zone (e) in the FESOM simulation.  
The hydrography-based FWC anomaly in the Beaufort Gyre region, provided in 
refs. 12,13, is presented as mean values ± one standard deviation (error bars) in d. 

The uncertainty of satellite-based estimates in d is about ±3.9%, as provided in  
ref. 12. The Beaufort Gyre region and buffer zone are indicated in a–c with black 
and magenta lines, respectively. Other main geographic areas mentioned in 
the text are labelled in c: EEB, eastern Eurasian Basin; MB, Makarov Basin; WCB, 
western Canada Basin; FS, Fram Strait; DS, Davis Strait.
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gateways. Previous modelling studies have offered a quantitative 
assessment of the potential impact of releasing Beaufort Gyre fresh-
water on downstream salinity. It was demonstrated that releasing 
5,600 km3 freshwater over a 13-year period through Davis Strait could 
reduce upper-200-m salinity by 0.2–0.4 along the Baffin Island Cur-
rent and Labrador Current27. Therefore, the current total anomalous 
freshwater in the buffer zone and eastern Beaufort Gyre, distributed 
just behind the doors leading to the SPNA, has the potential to trigger 
notable salinity anomalies upon eventual release. The distribution of 
freshwater export between the two Arctic gateways (east and west of 
Greenland) can be influenced by atmospheric forcing both inside and 
outside the Arctic4.

In conclusion, we found that the Arctic Ocean’s Beaufort Gyre has 
started to release freshwater after accumulating it for an unusually pro-
longed period, while a buffer zone situated close to the Arctic export 
gateways has shown an emerging ability to accumulate freshwater. 
With the contraction of the Beaufort Gyre and the strengthening of 
the cyclonic circulation mode of the Arctic Ocean, anomalous fresh-
water has shifted into this buffer zone. The propagation of the Arctic 
freshwater anomaly to the North Atlantic was delayed in the buffer 
zone under the recent wind conditions. Given the anticipated increase 
in the ocean’s sensitivity to winds due to sea ice decline, the role of the 
buffer zone in modulating the propagation of freshwater to the North 
Atlantic warrants greater attention.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
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Fig. 2 | Recent changes in the Arctic Ocean from 2019 to 2022. a, The change in dynamic ocean topography (DOT) obtained from satellite observations23. b, The sea 
level pressure (SLP) anomaly in 2019–2022 relative to the long-term mean of 1980–2022. c, The simulated sea surface height (SSH) change. d, The simulated FWC change.
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Methods
Model simulations
We employed the global Finite Element Sea-ice Ocean Model 
(FESOM)28,29. The model is based on unstructured meshes, thus allow-
ing to use variable horizontal resolution. The setup used here has a 
horizontal resolution of 4.5 km in the Arctic Ocean, 24 km in the SPNA 
and about nominal one degree in the rest of the global ocean. In the 
vertical, the grid spacing is 10 m in the upper 100 m and then coarsened 
with depth. The model was initialized from the Polar science center 
Hydrographic Climatology version 3 (ref. 30) and run from 1958 to 
2022 forced by the surface-atmospheric dataset JRA55-do, which is 
based on the Japanese 55-year atmospheric reanalysis31. The model 
has been used in studies on Arctic freshwater32, sea ice33 and Arctic 
gateway transports4,34. As shown in the model assessment in these 
studies, the model can reasonably reproduce observed trends and 
variability in Arctic sea ice extent and ocean temperature and salinity. 
In particular, the observed changes in the Beaufort Gyre FWC over the 
past two decades were reasonably reproduced in the model, with some 
underestimation in the magnitudes of the changes (Fig. 1d).

Besides the historical control simulation described above, we per-
formed a wind-perturbation simulation. On average, the atmospheric 
circulation in the central Arctic was in an anti-cyclonic regime in the 
period 2019–2022 (Extended Data Fig. 4a). To reveal the role of this 
wind condition in trapping the freshwater released from the Beaufort 
Gyre, in the wind-perturbation simulation we added a cyclonic wind 
perturbation north of 79° N to the wind forcing so that the wind con-
dition in the central Arctic is changed to a cyclonic regime (Extended 
Data Fig. 4b,c). A dye tracer with value 1 is injected in the Beaufort 
Gyre region (the area indicated by the black box in Fig. 1a) in the upper 
100 m at the beginning of 2019. The dye tracer experiences the same 
advection and diffusion processes as salinity during model simulations. 
The spatial distribution of the dye tracer at the end of the simulations 
shows that the freshwater originating from the Beaufort Gyre leaves the 
buffer zone and propagates through the Arctic gateways more rapidly 
in the wind-perturbation simulation than in the control simulation 
(Extended Data Fig. 4d,e). At the end of the simulations, the buffer zone 
contains 25% more dye tracer in the control simulation compared with 
the wind-perturbation simulation. In the wind-perturbation simulation, 
this portion of the dye tracer has exited the Arctic Ocean. Therefore, 
the buffer zone can influence the time it takes for the Arctic fresh, cold 
surface water to transit into the North Atlantic.

Observational dataset
Dynamic ocean topography (physically equivalent to sea surface height 
in ocean model simulations) from satellite altimetry measurements 
was employed to investigate Arctic Ocean changes in different periods, 
including the gridded dynamic ocean topography product for the period 
of 2004–2019 derived from Envisat and CryoSat-2 data35 and that for the 
period of 2019–2022 derived from ICESat-2 data36. The product derived 
from ICESat-2 was not smoothed as strongly as that derived from Envisat 
and CryoSat-2, so some fingerprints of satellite tracks and missing data 
are visible in the plot of dynamic ocean topography anomaly (Fig. 2a).

FWC in the Beaufort Gyre was estimated from both hydrography 
observations (2003–2018) and satellite-derived dynamic ocean topog-
raphy (2004–2014) in previous studies12. With the recent update13, the 
estimate based on hydrography observations now covers the period 
of 2003–2021. These observational estimates together with model 
results are used to illustrate the changes in Beaufort Gyre FWC over 
the past two decades.

In the Arctic deep basin, changes in steric sea level are primarily 
attributed to variations in the halosteric component. Changes in FWC, 
which is a measure of vertically integrated salinity signal, are thus corre-
lated with variations in sea surface height16,17,35. Consequently, satellite 
altimeter data can be interpreted as a metric for assessing FWC in the 
Arctic basin. Over continental shelf, mass changes may play a relatively 

large role, so changes in sea surface height have less correspondence 
with changes in FWC.

Definition of FWC
We define vertically integrated FWC (in metres) within a water column as

FWC = ∫
0

D
(Sref − S)/Srefdz, (1)

where S represents ocean salinity, Sref is the reference salinity, which is 
set to the mean salinity of the Arctic Ocean (34.8)37, D represents the 
depth of the 34.8 isohaline and z represents the vertical coordinate. By 
integrating the vertically integrated FWC over an area, one obtains the 
volumetric FWC (in cubic metres).

The FWC in a column means the amount of pure water that can be 
taken out so that the mean salinity of the column becomes the reference 
salinity. Using a different reference salinity, such as a value representing 
the upper ocean salinity of the SPNA, would result in a different mean 
value of the FWC. However, the temporal change of FWC as we focus 
on in this study does not change much when a different reference salin-
ity is used. In particular, both the observational estimates12,13 and our 
model results use the same reference salinity. As depicted in Fig. 1d, 
they consistently show the temporal changes in the Beaufort Gyre FWC.

Data availability
The model data used in Figs. 1 and 2 and Extended Data Figs. 1–4 are avail-
able via Zenodo at https://doi.org/10.5281/zenodo.10409535 (ref. 38).  
The dynamic ocean topography data are available at http://www.
cpom.ucl.ac.uk/dynamic_topography/ (ref. 35) and https://nsidc.org/  
(ref. 36). Observational estimates for the FWC are from refs. 12,13. The 
Arctic Oscillation index is available at https://www.cpc.ncep.noaa.gov/.
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Extended Data Fig. 1 | Climate indices. a, Normalized wind curl over the Canada Basin. b, Arctic Oscillation index.

http://www.nature.com/naturegeoscience


Nature Geoscience

Brief Communication https://doi.org/10.1038/s41561-024-01592-1

Extended Data Fig. 2 | Changes in the Arctic Ocean from 2004 to 2009. a, Change in dynamic ocean topography (DOT) obtained from satellite observations. b, Sea 
level pressure (SLP) anomaly in 2004-2009 relative to the long-term mean of 1980-2022. c, Simulated sea surface height (SSH) change. d, Simulated freshwater content 
(FWC) change.
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Extended Data Fig. 3 | Changes in the Arctic Ocean from 2014 to 2019. a, Change in dynamic ocean topography (DOT) obtained from satellite observations. b, Sea 
level pressure (SLP) anomaly in 2014-2019 relative to the long-term mean of 1980-2022. c, Simulated sea surface height (SSH) change. d, Simulated freshwater content 
(FWC) change.

http://www.nature.com/naturegeoscience


Nature Geoscience

Brief Communication https://doi.org/10.1038/s41561-024-01592-1

Extended Data Fig. 4 | Accumulation of freshwater in the buffer zone 
influenced by wind conditions. a, Sea level pressure (SLP) anomaly in 2019-2022 
relative to the long-term mean of 1980-2022. b, SLP anomaly in 2019-2022 in case 
the perturbation shown in (c) is added, that is, (b) is obtained by adding (c) to 
(a) in the area indicated by the black circles. c, A negative SLP perturbation. The 
wind perturbation associated with this SLP perturbation (shown by arrows) is 

used in the perturbation simulation to reveal the impacts of winds on the ocean. 
d, Beaufort Gyre dye tracer at the end of 2022 in the historical control simulation, 
which corresponds to the atmospheric circulation condition in (a). e, The same 
as (d), but for the wind-perturbation simulation, which corresponds to the 
atmospheric circulation condition in (b).
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