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The Nordic and Barents Seas play a critical role in the global climate system as a result of 20 

water mass transformation, triggered by intense air-sea heat fluxes, that is an integral component 21 

of the Atlantic Meridional Overturning Circulation (AMOC). These seas are undergoing rapid 22 

warming, associated with a significant retreat in ice cover, that is impacting regional ecosystems 23 

and the ocean convection that occurs within the Greenland and Iceland Seas. Here we present a 24 

novel analysis of the spatiotemporal variability of the air-sea heat fluxes along the region’s 25 

boundary currents, where the most significant impacts on the overturning oceanic circulation are 26 

focused. We find recent trends towards higher air-sea heat fluxes – by up to 30% of the 40-year 27 

winter means – along these currents, implying enhanced water mass transformation. The  28 

enhanced transformation may be a transient situation, associated with sea ice retreat, or persist 29 

as a consequence of the reduced sea ice state. This needs to be considered to ascertain how the 30 

AMOC will respond to a warming climate. 31 

The northward transport of warm and salty water within the North Atlantic Ocean, 32 

emanating from the Gulf Stream system, plays a fundamental role in the Earth’s climate1,2.  The 33 

wintertime densification of this Atlantic Water, via the transfer of heat and moisture to the 34 

atmosphere as it passes through the Nordic (Norwegian, Greenland and Iceland) and Barents Seas, 35 

is an important contributor to the deep southward return flow of the AMOC1,3,4.  This water mass 36 

modification produces “Atlantic-origin overflow water” along the rim current system encircling 37 

the Nordic Seas 4. In addition, colder and fresher “Arctic-origin overflow water” is formed within 38 

the interior basins of the western Nordic Seas5-7. Atlantic Water also enters the Arctic Ocean 39 

through Fram Strait and the Barents Sea8,9 where it is further transformed10, impacting the 40 

thermohaline structure of the Arctic Ocean, as well as the distribution of sea ice11. Ultimately this 41 

modified Atlantic Water reenters the Nordic Seas through Fram Strait where it contributes to 42 



 3 

overflow waters crossing the Greenland-Scotland Ridge4,5,12. The regional air-sea interaction has 43 

an important impact on the atmosphere through a warming and moistening of the atmospheric 44 

boundary layer13 and on marine ecosystems14.   45 

Within the Nordic and Barents Seas, there exist three major boundary currents where water 46 

mass modification occurs (Figure 1): the East Greenland Current (EGC) that flows southward 47 

along the East Greenland shelf break / upper-slope from Fram Strait to Denmark Strait15; the 48 

Norwegian Atlantic Current that flows northward through Fram Strait into the Nansen Basin as 49 

the Svalbard Branch (SB)9,10; and the Barents Sea Branch (BSB) that progresses from the 50 

Norwegian Sea through the Barents Sea towards Novaya Zemlya8,16. These latter two branches 51 

merge in the Arctic Ocean to form the circumpolar Atlantic Water Boundary Current. Water mass 52 

modification also occurs throughout the central Nordic Seas, most notably within the Norwegian 53 

Sea’s Lofoten Basin17 as well as within the Iceland and Greenland Seas3,6,12.  Both the EGC and 54 

SB flow along the shelf break and this characteristic was used to define these current’s domains, 55 

while for the BSB a representation of its spatial extent18 was used.  For all three currents, we 56 

assumed a width of 100km. 57 

Most studies addressing the retreat of Arctic sea ice have focused on the loss of multi-year 58 

ice during September, when the extent is at its minimum19. However, here there has also been a 59 

significant decrease in sea-ice extent during winter.  This can be seen by comparing the winter 60 

(November-April) mean sea-ice concentration20 for the entire period 1979-2020 (Fig 2a) with that 61 

for the first and second halves of the period (Fig 2c&e). The retreat is substantial along the east 62 

coast of Greenland where it has resulted in the disappearance of the Odden Ice Tongue21, as well 63 

as over the northern and eastern parts of the Barents Sea22 and to the north of Svalbard23.  The 64 

trends in winter mean sea-ice concentration (Figs. 2b,d,f) indicate a recent acceleration in ice loss 65 
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especially over the northern and eastern Barents Sea, the southwest Greenland Sea, and the western 66 

Iceland Sea. 67 

There is evidence that this retreat is leading to a reduction in air-sea interaction over the 68 

central Iceland and Greenland Seas that may be lessening the production of dense overflow 69 

waters12,24. At the same time, this is potentially exposing the EGC to the atmosphere leading to 70 

enhanced air-sea interaction in that region25. Within the Barents Sea, the retreat of winter sea ice 71 

has resulted in profound changes in the climate – an ‘Atlantification’ of the region26. 72 

Figure 2 clearly shows that the retreat of winter mean sea ice over the Nordic and Barents 73 

Seas has occurred in the vicinity of the three boundary currents in question. This motivates an 74 

examination of the spatiotemporal variability of air-sea heat fluxes along these currents. To 75 

accomplish this, the 5th generation reanalysis from the European Centre for Medium-Range 76 

Forecasts (ECMWF) known as ERA5 is used27. Both ERA5 and the well-established 4th generation 77 

reanalysis known as ERA-Interim28 are based on ECMWF’s Integrated Forecast System (IFS). A 78 

comparison with in-situ observations indicates that IFS-based datasets are able to represent the air-79 

sea fluxes in these subpolar seas with a good degree of fidelity29-31. The complex spatial 80 

heterogeneity of the marginal ice zone leads to mesoscale variability in the air-sea heat fluxes32 81 

that is not fully captured in reanalysis datasets33. To assess the impact of this uncertainty, a number 82 

of sensitivity tests were performed that involved merging the native ERA5 air-sea heat fluxes with 83 

those from the COARE bulk flux parameterization as a function of ice concentration. These tests 84 

provided sufficient confidence in the ERA5 air-sea heat fluxes within the marginal ice zone for 85 

this study. The ERA5 data have a spatial resolution of ~30 km and temporal resolution of 3 hours 86 

for the period 1979-2020.  The convention used is that fluxes out of the ocean are positive.  87 
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Figure 3 shows the spatiotemporal variability in the winter mean surface turbulent heat flux 88 

(the sum of the sensible and latent heat fluxes). The winter mean turbulent heat flux (Fig 3a) is 89 

small over ice covered regions as a result of the insulating properties of sea ice34 and increases 90 

rapidly across the marginal ice zones with maxima in the northern Greenland Sea in the vicinity 91 

of Svalbard12,24,35.  There are also minima in the Iceland and Greenland Seas that are the result of 92 

the competing influences of the two climatological low-pressure systems, the Icelandic and the 93 

Lofoten Lows, that are prevalent in the region during winter35.   94 

A change in the spatial distribution of the air-sea heat fluxes is clear in the trend of this 95 

field between 1979-1999 and 2000-2020 (Figs 3b&c). There is generally an increase in the 96 

turbulent heat flux in regions where there has been a loss of sea ice (c.f. Figs 2d&f). During the 97 

period 1979-1999 (Fig 3b), this is most pronounced over the western Greenland Sea, in the region 98 

of the Odden Ice Tongue, and over the central Barents Sea.  From 2000-2020 (Fig 3c), there are 99 

more substantial trends over the northeastern Barents Sea, the northwestern Barents Sea / southern 100 

Nansen Basin, as well as the southwestern Greenland Sea and western Iceland Sea. In the interior 101 

of the Nordic Seas, including the location of the former Odden Ice Tongue, there is a near-uniform 102 

decrease in turbulent heat fluxes.  103 

These geographical differences in the turbulent heat flux trend are the result of two distinct 104 

effects. In regions where there has been a loss of sea ice, the ocean has been exposed to the 105 

atmosphere allowing for an increased transfer of heat and moisture across the interface and hence 106 

a positive trend in winter24.  Away from these regions, the trend towards lower air-sea heat fluxes 107 

is because the atmosphere is warming more rapidly than the ocean, leading to a smaller sea-air 108 

temperature difference (Supp. Fig 1). Idealized climate model experiments have shown that sea-109 
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ice retreat is important for the Iceland Sea, while differential warming is dominant for the 110 

Greenland Sea36.   111 

Figure 3 also reveals that the areas of largest air-sea flux trend overlap with the boundary 112 

currents where water mass modification occurs. To quantify this, time series of the winter mean 113 

turbulent heat flux averaged over each of the boundary current segments (see Figure 1) are shown 114 

in Figure 4. Given the time-varying trends in Figure 3, linear or piecewise linear fits to the time 115 

series are overlaid. The choice of fit – and corresponding breakpoint – were determined from a 116 

low-frequency reconstruction of the time series generated by the Singular Spectral Analysis (SSA) 117 

technique37.  The statistical significance of the trends was assessed using a Monte Carlo technique 118 

that uses 10,000 synthetic time series generated so as to retain the spectral characteristics of the 119 

underlying time series, thereby retaining any temporal autocorrelation that may reduce the degrees 120 

of freedom24. A 15-year moving window standard deviation is also shown for each time series as 121 

a measure of the inter-annual variability. 122 

All three currents have a statistically significant increase in surface turbulence heat fluxes 123 

over time. In the EGC time series (Fig 4a) the trend is ~8 W m-2 decade-1 after 2004 and is 124 

associated with a decrease in the magnitude of the inter-annual variability from ~20 Wm-2 to ~11 125 

W m-2. In the SB time series (Fig 4b) the trend is ~22 W m-2 decade-1 after 2004 and is associated 126 

with an increase in the magnitude of the inter-annual variability from ~9 W m-2 to ~15 W m-2.  In 127 

the BSB time series (Fig 4c) the trend is ~8 W m-2 decade-1 throughout the entire period with no 128 

apparent change in the magnitude of the inter-annual variability. The changes in inter-annual 129 

variability are driven by qualitative changes in wintertime sea ice in these regions. In the EGC 130 

region the inter-annual presence or absence of the Odden Ice tongue in the first two decades21 131 

dictates high variability in heat fluxes, compared to the latter decades when it is completely absent. 132 
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Similarly, a trend towards higher month-to-month variability in the Barents Sea ice cover38 133 

accounts for the higher variability in heat fluxes there.       134 

The loss of sea ice and associated change in turbulent heat fluxes along these currents has 135 

not been uniform. This is demonstrated by constructing Hovmöller plots of the anomaly in the 136 

turbulent heat flux (Fig. 5). In the EGC (Fig 5a), there is a transition from a regime characterized 137 

by large inter-annual variability, with anomalies of either sign extending the length of the current, 138 

to one of mostly positive anomalies, especially along the southern extent of the current towards 139 

Denmark Strait (i.e. distances > 800 km; Fig.1). In the SB (Fig 5b) there is a change in behavior 140 

around 2007.  Prior to this, the heat fluxes along the southern extent of the current (up to ~400 km) 141 

tended to be positive and out of phase with those along the northern extent. After the transition, 142 

the anomalies to the north are generally positive, extensive, and stronger, associated with negative 143 

anomalies to the south. Similar results also hold for the BSB starting around 2005, with a division 144 

at ~ 700 km (Fig 5c).  145 

The magnitudes of these heat flux anomalies are substantial – as large as 30% of the winter 146 

mean values (Fig. 3a). Locally, the decadal changes are up to 20% for the EGC; up to 300% for 147 

the SB; and up to 200% for the BSB (Supp. Fig. 2). These changes are associated with the retreat 148 

of sea ice that is now exposing portions of these currents to the atmosphere (Supp Fig 3).  149 

Concomitant, there has been differential warming of the atmosphere and ocean, leading to a 150 

decrease in the sea-air temperature difference (Supp. Fig. 1), which would imply a decrease in 151 

surface sensible heat fluxes. However, for the boundary currents this is outweighed by the impact 152 

of the retreating sea ice.  153 

It is likely that the increase in the magnitude of the turbulent heat flux along the three 154 

boundary currents is a transient response as the currents transition from one sea-ice regime to 155 



 8 

another (Supp. Fig. 3). Once the wintertime sea ice has permanently retreated from a region, the 156 

differential warming of the atmosphere and ocean will lead to a decrease in the air-sea heat fluxes 157 

– as already evident along the southern sections of SB and BSB (Figs. 3, 5).  We would anticipate 158 

these reduced fluxes will extend northward over time, and that the higher variability seen in the 159 

SB and BSB (Fig. 4) should continue, due to synoptic-scale atmospheric variability.  160 

Previous work24 has shown that the trend towards lower heat fluxes within the central 161 

basins is leading to shallower oceanic mixed-layers that are reducing the volume of the overturned 162 

waters. This in turn has the potential to reduce the ventilation of intermediate waters in the region, 163 

as well as to reduce the supply of dense overflow waters to the North Atlantic.  In contrast, the 164 

reduction in ice and increased heat fluxes along the boundary currents has the potential to further 165 

ventilate and densify the Atlantic Water being transported by these currents. This has recently been 166 

observed along the southern EGC25. Our results place these observations in a longer-term context. 167 

Shifts in the region of enhanced air-sea interaction may also impact atmospheric phenomena such 168 

as polar lows39 and cold-air outbreaks40 – pushing the genesis of these northwards, consistent with 169 

Zahn and von Storch (2010). 170 

The enhanced boundary current transformation implicated in this study has far-reaching 171 

consequences. The EGC supplies roughly half the overflow water to the North Atlantic Deep 172 

Western Boundary Current. Moreover, recent work has demonstrated that the largest contribution 173 

to the AMOC comes from the transformation that occurs in the Nordic Seas41. Further densification 174 

of this water will therefore restructure the AMOC by increasing its deep limb. This process needs 175 

to be considered in order to more accurately predict how the global overturning will respond to a 176 

warming climate. With regard to the SB and BSB, these two currents together supply warm and 177 

salty Atlantic Water to the Arctic Ocean. Increased densification within these currents will lead to 178 
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changes in the structure of the deep halocline of the Arctic Ocean, possibly altering the magnitude 179 

and depth range of the flux of this water into the interior. The enhanced heat loss as the water first 180 

enters the Nansen Basin could also impact the fate of the downstream ice cover, since less heat 181 

will be available for mixing into the surface waters. Going forward, more attention needs to be 182 

paid to the response of high latitude boundary currents as the wintertime ice recedes from the 183 

continental margins. 184 
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Figure 1) The bathymetry (km) of the Nordic and Barents Seas.  The domains associated with the East Green-
land Current (EGC) , the Svalbard Branch (SB) and the Barents Sea Branch (BSB) of the Atlantic Water Bound-
ary Current are shown in black with distances along the direction of the current flow indicated. 



Figure 2) Spatiotemporal variability in sea ice concentration over the Nordic and Barents Seas in winter (Novem-
ber to April). The mean (%; left column) and trends (% decade-1; right column) are shown for: a),b) 1979-2020; 
c),d) 1979-1999; e),f) 2000-2020. The domains associated with the EGC, and the SB and BSB of the Atlantic 
Water Boundary Current are shown in black. The 15% and 50% sea ice concentration contours are shown in red 
in the left column.  
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Figure 3) Spatiotemporal variabilty in turbulent heat flux over the Nordic and Barents Seas in winter. Panels show 
a) the mean (W m-2) for 1979-2020; and the trends (W m-2 decade-1) for b) 1979-1999; and c) 2000-2020. The do-
mains associated with the EGC, and the SB and BSB of the Atlantic Water Boundary Current are shown in black. 
The 15% and 50% sea ice concentration contours are shown in red in a). 
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Figure 4) Time series of winter mean turbulent heat flux (W m-2) over a) the East Greenland Current; b) the Sval-
bard Branch; and c) the Barents Sea Branch of the Atlantic Water Boundary Current. Linear or piecewise linear 
least-square fits to the time series are shown in red, with trends that are statistically significant indicated by the 
solid lines. Interannual variability, using a 15-year moving window standard deviation, is shown via the dashed 
black curves. 
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Figure 5) Hovmöller plots illustrating turbulent heat flux anomaly (W m-2) with respect to year and distance along 
the current. Panels are for a) EGC; b) SB and c) BSB. The anomaly is an annual anomaly with respect to the mean 
from 1979-2020.  
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Supplementary Figure 1 | Trends in winter mean meteorological variables for the period 1979-2020: a) 2-m air 
temperature; b) sea surface temperature; and c) sea-air temperature difference. All trends are in K decade-1 using 
ERA5 data. 
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Supplementary Figure 2) Along-current winter mean climatological turbulent heat fluxes (left; W m-2) and ice 
concentration (right; %). The panels are for the a),b) EGC; c),d) SB; e),f) BSB.   The black curves are for the 
period 1979-2020, while the red and blue curves are for 1979-1999 and 2000-2020 respectively.

0 200 400 600 800 1000 1200 1400
Distance (km)

0

20

40

60

80

100

Ic
e 

C
on

ce
nt

ra
tio

n 
(%

)

1979to2020
1979to1999
2000to2020

0 200 400 600 800 1000
Distance (km)

0

20

40

60

80

100

Ic
e 

C
on

ce
nt

ra
tio

n 
(%

)

1979to2020
1979to1999
2000to2020

0 200 400 600 800 1000
Distance (km)

0

20

40

60

80

100
Ic

e 
C

on
ce

nt
ra

tio
n 

(%
)

1979to2020
1979to1999
2000to2020

d)                            SB

b)                            EBC

f)                          BSB



1979 1984 1989 1994 1999 2004 2009 2014 2020
Year

0

200

400

600

800

1000

1200

1400
D

is
ta

nc
e 

(k
m

)

1979 1984 1989 1994 1999 2004 2009 2014 2020
Year

0

200

400

600

800

1000

D
is

ta
nc

e 
(k

m
)

1979 1984 1989 1994 1999 2004 2009 2014 2020
Year

0

200

400

600

800

1000

D
is

ta
nc

e 
(k

m
)

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30
Ice Concentration Anomaly (%)

c)              BSB

b)              SB

a)              EGC

Supplementary Figure  3) Hovmöller plots illustrating ice concentration anomaly (%) with respect to year and 
distance along the current. Panels are for a) EGC; b) SB and c) BSB. The anomaly is an annual anomaly with 
respect to the mean from 1979-2020.  


