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The surface circulation in the Arctic Mediterranean
Two main inflow passages to the Arctic Ocean from
the Nordic Seas & the North Atlantic:
Fram Strait and the Barents Sea
The transports of volume and heat through Fram Strait (FS) in
the West Spitsbergen Current (below left) and through the
Svinøy section and the Barents Sea opening (BSO) (below
right) are comparable and show similar time variability.
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The Atlantic water leaving the Arctic Ocean has
lower temperature than the inflowing water

Schauer et al., 2008

Facts
Much of the variability of the Arctic Ocean water column, especially in the Atlantic
layer, is due to waters advected from the south.
There are two inflows from the Nordic Seas, the Fram Strait branch (FSB) and the
Barents Sea branch (BSB).

Questions
What are the characteristics of the two branches?
Do they contribute to the water column in different parts of the Arctic Ocean?
What does it imply that the Arctic Atlantic water leaving the Arctic Ocean (AAW) is
colder than the entering Atlantic water (AW)? Heat loss, storage or cooling?
Is it now possible to formulate tentative volume and freshwater balances for the
Arctic Ocean?
Can any sensible statements be made about the fate of the heat entering the Arctic
Ocean through Fram Strait?

Salinity and potential temperature sections in Fram Strait
1998

2010

The Atlantic and intermediate water have become warmer and more saline in the last 10 years.
The larger spreading of the -0.5oC and 0.5oC isotherms in the East Greenland Current compared to
the West Spitsbergen Current indicates an outflow of intermediate water from the Arctic Ocean

Rudels et al., 2012

Section across the northern Barents Sea and the southern Nansen Basin 2007 showing
FSB Atlantic core and the presence of the upper mixed layer in the FSB and BSB.
Only the part of the BSB passing north of the Central Bank is seen.

Conditions in the St. Anna and Voronin troughs 1996
FSB Atlantic water

intermediate BSB contribution
densest BSB contribution

FSB return flow

BSB Atlantic
water?

The Barents Sea and the Fram Strait branches north of the Kara Sea

Barents Sea branch
water that has
entered the deep
basin directly at the
St. Anna Trough

The Fram Strait and Barents Sea branches on the Kara Sea shelf and slope 2007

The Eurasian Basin

Potential temperature and salinity sections from Polarstern 2007 & 2011
Polarstern 2011

Polarstern 2007

Polarstern 2011

The temperature and salinity maxima of the Fram Strait branch are confined to the Nansen Basin, and the less saline
Barents Sea branch forms an envelope around the warm, saline FSB core

Potential temperature and salinity sections from the eastern Eurasian Basin
Full blue full lines indicate the BSB at the slope and broken lines possible BSB return flow
Polarstern 1993

Polarstern 1995

Polarstern 1996

Summary of changes in water mass characteristics in the eastern Eurasian Basin
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Interleaving structures in the Nansen Basin 2007 & 2011
Polarstern 2011

Interleaving observed on the basin side of the FSB
Polarstern 2007

Polarstern 2011

Interleaving observed on the slope side of the FSB

Different water masses north
of Fram Strait in 2004

Rudels et al., 2012

1: Atlantic water
2:Arctic Atlantic water,
Eurasian Basin
3: Arctic Atlantic
Water, Amerasian
Basin
4: Dense Atlantic
Water
5: Upper Polar Deep
Water, Eurasian Basin
6: Upper Polar Deep
Water, Amerasian
Basin
7: Arctic Intermediate
Water (Nordic Seas)
8: Amerasian Basin
Deep Water
9: Nordic Seas Deep
Water
10: Eurasian Basin
Deep Water

Heat and freshwater content

The heat content in the in the
different water masses found
in the Eurasian Basin in 2007
and 2011.
Higher heat content in the
Atlantic layer in the Nansen
Basin

The freshwater content in the
different water masses of the
Eurasian Basin.
Since the total freshwater is
obtained by adding the contributions
from the different waters the high
salinity of the Atlantic water makes
the freshwater content negative in
the Nansen Basin in 2007.
The increase in freshwater in the
Amundsen Basin towards the
Lomonosov Ridge indicates low
salinity shelf outflow

The difference between 2007 and 2011 at the Gakkel Ridge
The Atlantic water in 2011 was colder and significantly fresher

Polarstern 2007

Polarstern 2011

Volume and freshwater budget for the Arctic Ocean

Volumes and freshwater transports through the different passages
Passage

volume Sv

salinity

freshwater mSv

Bering Strait
Barents Sea AW
Barents Sea NCC

0.8
1.5
1.8

31.5
35.06
34.3

78
–6
32

Salinity relative to the mean total inflow salinity in Fram Strait – 34.92
River Runoff
P-E
Ice export

0.1
0.065 (0.03)
0.08

0
0
0

100
65 (30)
–80

Canadian Arctic Archipelago (CAA) ??

Sources: Dickson et al., 2007; Skagseth et al., 2011; Aagaard & Carmack 1989

Transports through the
Canadian Arctic Archipelago

The outflow of Polar water through the
Canadian Arctic Archipelago is driven by
the higher sea level in the Arctic Ocean,

This is partly due to the freshwater input
to the Arctic Ocean and partly caused by
the higher sea level in the Pacific Ocean.

Rudels et al., 2012
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baroclinic

The barotropic pressure gradient increases the
outflow in the upper layer and drives a deeper inflow
through Nares Strait and also forces the deep water to
leave Baffin Bay.
The salinity of the Polar water that gives a balance of
the deep in and outflows to Baffin Bay is taken as the
salinity of the CAA upper outflow

baroclinic +
barotropic

Rudels, 2011

M1 = Lancaster Sound upper
M2 = Nares Strait upper
M3 = West Greenland
Current upper
MB = Davis Strait upper
M1b = Lancaster Sound upper
+ barotrop
M2b = Nares Strait upper +
barotrop
MBb = Davis Strait upper +
barotrop
M2D = Nares Strait deep +
barotrop
M3D = West Greenland
Current deep
MBDb = Davis Strait deep +
barotrop

Different transports estimates through the Canadian Arctic Archipelago

Rudels, 2011

Volumes and freshwater transports through the different passages
Passage

volume Sv

salinity

freshwater mSv

Bering Strait
Barents Sea AW
Barents Sea NCC

0.8
1.5
1.8

31.5
35.06
34.3

78
–6
32

Salinity relative to the mean total inflow salinity in Fram Strait – 34.92
River Runoff
P-E
Ice export

0.1
0.065 (0.03)
0.08

0
0
0

100
65 (30)
–80

CAA upper layer
CAA lower layer

–1.6
–0.6

33.1
34.45

–83
–8

Fram Strait Net outflow

–2.0

–98 (–63)

Observations

−2.0

−80 to −66

Sources: Dickson et al. (2007), Skagseth et al. (2011), Aagaard & Carmack (1989), Rudels (2011),
Schauer et al. (2008), Rabe et al. (2009).

The transports over the Barents Sea

Wassmann et al., 2006

Possible water mass transformations in the Barents Sea
Ice melting on
Atlantic water
forming
halocline water
(0.6 Sv AW
34.85 + 7mSv fw
→ 0.6 Sv HC
34.5 to BB)
Seasonal ice
formation
Freezing, ice
and dense
water
formation

Ice export
>>
freshwater
input

1.3 NCC water to Laptev Sea

West of NZ:
0.5 Sv NCC
of 34.3 →
0.5 Sv dense
water of
34.85 +
7mSv fw
To mix with
0.9 Sv AW

Among the largest changes in the Arctic
Ocean is the diminishing of the ice cover
in the Barents Sea.
The present dense water formation, as
well as the formation of the Barents Sea
halocline water and the maintainance of
the low salinity upper layer and the
seasonal ice cover in the northern Barents
Sea, then depends upon the ice formation
and ice export from the shelf area west of
Novaya Zemlya.
Should the ice formation diminish either
because of a warmer climate or a warmer
inflow, the effects would be not only a less
extensive ice cover in the Barents Sea,
but also changes in the Barents Sea
branch input to the Arctic Ocean.
The denser water may not be created by
ice formation and mixing but solely by
cooling the Atlantic water. This would
result in a more saline deep input from the
Barents Sea and the characteristic middepth low salinity signal might disappear.

Anatomy of the net outflow through Fram Strait I

Assume that 1.4 Sv of the combined Barents Sea inflow is transformed into, or
remains, dense water that can only leave the Arctic Ocean through Fram Strait and has
a mean salinity of 34.85.
This implies a freshwater transport in the deeper layers of −3 mSv
The remaining volume, 0.6 Sv, then leaves as a shallow upper layer water transporting
95 mSv (60 mSv) of freshwater. This requires a salinity of 29.3 (31.4).
The numbers within brackets refer to the Aagaard & Carmack (1989) E-P estimate.

The mean salinity of the low salinity Polar water leaving the Arctic Ocean through Fram
Strait has a salinity around 33.1

Rudels et al., 2008

Anatomy of the net outflow through Fram Strait II
Assume that 1.4 Sv of the combined Barents Sea inflow are transformed into, or remain, dense
water that can only leave the Arctic Ocean through Fram Strait and has a mean salinity of
34.85.
This implies a freshwater transport in the deeper layers of −3 mSv
The remaining volume, 0.6 Sv, would then leave in the shallow upper layer,
transporting 95 mSv (60 mSv) of freshwater. This implies a salinity of 29.3 (31.4).
The mean salinity of the outflowing upper layer is higher than this, around 33.1
To attain a salinity of 33.1, 1. 2 Sv (0.6 Sv) of the Fram Strait inflow water, with salinity
34.92, must be mixed into the upper layer. This implies that 1.8 Sv (1.2 Sv) of upper layer
water must leave through Fram Strait to achieve freshwater balance.
Since the major part of the low salinity shelf water enters the Arctic Ocean from the
Laptev Sea, it is difficult to see how the subsurface Fram Strait inflow branch there can
interact directly with the low salinity shelf outflow.
One possible mechanism is ice melting on top of the AW as it enters through Fram Strait.

If the inflowing AW is cooled from 3.1oC to –1.9oC, 24 TW are released.
The melt water layer prevents heat from reaching the ice, and not all heat is used for ice melt.
Observations and theoretical considerations suggest that about 1/3 of the heat loss goes to
melting ice (Rudels et al., 1999).

Salinity and temperature in the Atlantic
layers (diamonds) of the Fram Strait
branch (red) and the Barents Sea
branch (blue) north of the Kara Sea.

Open diamonds indicate the salinity at
the freezing point, when only a fraction
φo ≈ 2αL(cβSA)−1 goes to ice melt.
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For comparison the salinity when all heat goes to
ice melt is shown as solid diamonds

SA
SA
≈
 φ o c∆T A   2α∆T A 
1 +
 1 +


L
βS A 

 

S1 =

SA
1 + c∆TA L−1

(

)
Rudels, 2010

The low salinity layer found above the Fram Strait inflow branch is created by sea ice
melting on top of the AW. If the water is cooled by 5 degrees, from 3.1oC to –1.9oC 24 TW
(7 TW) are released.
Because a low salinity melt water layer prevents heat from reaching the ice, not all heat is
used for ice melt. Observations and theoretical considerations indicate that about one
third of the heat loss goes to ice melt.
This implies that 25 mSv (12 mSv) of freshwater is added to the inflowing water,
reducing the salinity of the 1.2 Sv (0.6 Sv) from 34.92 to 34.2 (34.2).
Because the ice export is prescribed, the freshwater carried by the low salinity
Polar water has to be reduced by the corresponding amount, leading to a low
salinity Polar outflow of 0.6 Sv with salinity 30.80 (32.1) carrying 70 mSv (48 mSv)
of freshwater through Fram Strait.
The formation of 1.2 Sv of lower halocline water and a total outflow of 1.8 Sv of low
salinity Polar water appear high, and it is possible that the net precipitation given
by Serreze et al. (2006) and Dickson et al. (2007) is too high and that the older
estimate from Aagaard & Carmack (1989) is closer to reality.

The fate of the heat transported through Fram Strait

Transports in temperature classes 2002-2008

Mauritzen et al., 2011

Net inflow of 3.2 Sv, all warmer than 2oC. Mean temperature 3.1oC
Net outflow of 5.2 Sv, all colder than 2oC. Mean temperature −0.4oC
Relative to the net outflow temperature this implies an heat (temperature)
transport to the Arctic Ocean through Fram Strat of 44 TW.
If the circulation of the Atlantic water entering through Fram Strait is confined to
the Nansen Basin, this heat has to be lost there.

Heat is lost to melting ice on top of the Atlantic water
1.2 Sv with salinity 34.2 are required to reach salinity 33.1 in the upper layer.
This implies that 1.2 Sv of AW are cooled from 3.1oC to −1.9oC, releasing 24 TW.
The net outflow of 1.4 Sv of dense water has temperatures close to −0.4oC and carries little heat.
The net outflow of 0.6 Sv of upper layer water and the 1.2 Sv of halocline water both have been
at freezing point and have to be heated to the outflow temperature, which requires ca 10 TW.

The remaining 10 TW could either be:
Stored in the Atlantic layer in the Nansen Basin
The ventilation time of the 500m thick AW layer in the Nansen
Basin (0.6×1012m2) is ∼ 5 years.
Korhonen et al. (2012) estimate an increase in heat content of
1.5 ×109 Jm−2 between 2001 and 2007. This is about 3/5 of the
expected heat content increase, if all heat advected through
Fram Strait was stored in the Nansen Basin.
Lost to the Barents Sea branch stream on the Kara Sea
upper slope in St. Anna Trough
Heat is being conducted through the ice with no net melt.

Korhonen et al., 2012

Possible heat loss processes in the Nansen Basin

When the mixed layer reaches freezing temperature, the heat entrained from below is not
sufficient to cause net ice melt. It can only reduce the rate of freezing and ice formation.
When freezing dominates, the main stirring of the mixed layer is by haline convection, an
ineffiecient stirrer (Rudels et al., 1999). The entrainment from below then becomes small.
However, the convecting parcels may penetrate into the thermocline and and keep a large
temperature gradient below the mixed layer. Heat may then be transferred into the mixed
layer by double diffusive convection through diffusive interfaces and brought to the surface
by a filling box mode of haline convection (Baines & Turner, 1969).

Plumes convecting to the base of the
mixed layer,,inducing a weak return flow
to the surface by mass continuity.

If the heat added to the mixed layer from the Atlantic layer below is transported by double
diffusive convection, the transports could, in principle, be found from the laboratory or
theoretically derived flux laws. How large temperature step across a diffusive interface is
needed to transport 5 – 15 Wm, corresponding to a heat flux of 5 to 10 TW?
There are no dramatic differences in the transports given by the different 4/3 flux laws,
applied to diffusive interfaces, and we choose one proposed by Foldvik & Rudels (1996),
which keeps the flux ratio RF = FβSFαT−1 constant also for stability ratios Rρ <2.
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with C = 0948 R ρ−1.18

Here Q is the heat flux, c = 4000 Jkg−1oC−1 the heat capacity and ρ = 1000 kgm−3 the density of water,
g = 9.8 ms−2 the acceleration of gravity, κT = 1×10−7 m2s−1 and ν = 1.5×10−6 the coefficients of heat
conduction and viscosity of water, α = 0.6×10−4 is the coefficient of heat expansion and ∆TA the
temperature step. Rρ = β∆Sα∆T−1 is the stability ratio and β = 8×10−4 the coefficient of salt contraction.

Solving for ∆TA the temperature step needed to transport 15 Wm−2 is 0.6oC and for 5 Wm−2 a
step of 0.2oC is necessary

To have a constant flux ratio RF = (κSκT−1)1/2 with κS = 1×10−9 being the diffusion coefficient of
salt, the transports must at some stage be molecular. Assuming a combination of heat and salt
diffusion through a diffusive core and a balancing intermittent convection of heat and salt into
the layers, we have for the intermittent diffusion into the layers

κ t 
FT = 2α∆T ′ T 
 π 

κ t 
FS = 2 β∆S ′ S 
 π 

1/ 2

;

1/ 2

:

The ratio of the diffusive transports through the core becomes

κS

(β∆S o − 2β∆S ′)
H

κ S (β∆S o − 2β∆S ′)  κ S 
=
(α∆To − 2α∆T ′) κ T (α∆To − 2α∆T ′) =  κ T 
κT

1/ 2

H

To balance the transports and maintain the flux ratio α∆T’ = β∆S’. Forming a Rayleigh
number Ra based on the penetration depth δ ∼ (πκTt)1/2 the time t* for the instability to
become critical is given by


Ra∗ν
t∗ = 
 gα∆T (πκ )1 / 2 1 − τ 1 / 2 R
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ρ
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The thickness of the diffusive core is then determined from

H=

τ 1 / 2 (R ρ − 1)(πκ T t ∗ )1 / 2

(1 − τ

1/ 2

Rρ

)

Using a stability ratio of 2.1 and either 0.6oC or 0.2oC for the temperature step H becomes
either less than 0.2cm or 0.3cm. To this the unstable layers δ on both side of the diffusive core
have to added, giving a total thickness of the diffusive interface to < 3cm or < 4 cm.
Such thin interfaces are still difficult to observe. Since the coefficient of viscosity is larger than
the diffusion coefficients, it is possible that the motions are coupled across the interfaces and
the convection takes place as quasi-stationary plumes (Foldvik & Rudels, 1996).

Rudels, 1991

Diffusive steps observed in the inflow area
north of Fram Strait. The straight thermocline
(the mixing line between the mixed layer and
the Atlantic water) suggests that the heating
from below and thermal convection, or
turbulent mixing, stir the mixed layer.
(Observations from Oden 2001)

The thermocline in the eastern Nansen Basin,
observed in 1996 at the time when the shelf
water was diverted towards the Makarov and
Canada basins.
The curved thermocline suggests haline
convection penetrating into the thermocline. The
diffusive steps at this return flow, however,
appear less distinct than at the inflow closer to
Fram Strait. Some heat might still be transferred
to the mixed layer from below and eventually
reach the ice, the sea surface and the
atmosphere.
(observations from Polarstern)

Summary & Conclusions
The two Atlantic inflow branches entering the Arctic Ocean are examined.
The heat and salt carried by the Fram Strait branch is mainly confined to and return
towards Fram Strait within the Nansen Basin.
The Atlantic water influence beyond the Gakkel Ridge mostly derives from the Barents
Sea inflow branch.
The observed reduction of temperature and salinity in the subsurface Atlantic layer in
the Nansen Basin is largely due to mixing with colder, less saline Barents Sea branch
water.
Recent estimates, especially of the strength of Norwegian Coastal Current and of the
outflow through the Canadian Arctic Archipelago, are used to formulate volume and
freshwater balances for the Arctic Ocean, which imply a net outflow of ~2.0 Sv and a
freshwater export of ~ 98 mSv (~63 mSv) through Fram Strait.
Most of the 44 TW of heat advected by the Fram Strait inflow, 24 TW (12 TW), goes to
the atmosphere and to ice melt north of Svalbard, where the lower halocline water is
formed.
About 10 TW are used to increase, through mixing and through compensation, the
temperature of the colder, less saline Polar waters and the formed halocline to the
outflow temperature through Fram Strait.

The remaining 10 TW could be stored in the Atlantic layer.
An increase in heat storage of 1.5×109 Jm−2 is observed between 2001 and 2007, the
same period as the heat transport through Fram Strait was 44 TW, which corresponds
to 3/5 of the remaining advected heat.
Warm Atlantic water from the Fram Strait branch could jump stream in St. Anna
Trough and join the Barents Sea branch and continue into the Amundsen, Makarov
and Canada basins.
Heat could be conducted through the ice without any net ice melt, only reduced ice
formation, leading to thinner and more mobile ice.
Possible mechanisms for such vertical heat flux could be heat transfer through the
thermocline by double-diffusive convection at diffusive interfaces combined with
haline convection in a filling box mode, creating a return flow towards the sea surface.
This requires large temperature steps ∼0.5oC and thin, < 5 cm, diffusive interfaces.
Such thin interfaces have been detected but are not commonly observed.
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