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Fig. 1. A map by Silas Bent, 1872, showing the warm ocean currents and their assumed impact on the ice cover of the Arctic Ocean. From

Hayes (2003).

winter gradually increasing in density. Eventually this dense

shelf bottom water crossed the shelf break and sank into the

deep Arctic Ocean, creating the cold, saline bottom water

(Nansen, 1906). The accuracy of the salinity measurements

on the Fram salinity samples was later questioned, and after

making observations of the Arctic Ocean deep and bottom

water north of Svalbard, Nansen concluded that the salini-

ties measured on the Fram samples were too high, and pro-

posed that the deep water in the Arctic Ocean derived from

the open ocean deep convection area in the central Greenland

Sea (Nansen, 1915).

After the drift of Fram, intense oceanographic studies were

also conducted in the Greenland Sea and the Barents Sea

(e.g. Knipowisch, 1905; Nansen, 1906; Helland-Hansen and

Nansen, 1909) and the Northwest Passage was finally navi-

gated by Roald Amundsen with Gjøa 1903–1905. Fram un-

der Sverdrup made a second voyage to the Canadian Arctic

Archipelago 1898–1902 and explored several of its islands

and straits, and the Russian Hydrographic Expedition of the

Arctic Ocean 1910–1915 charted the northern sea route (the

Northeast Passage) and discovered Severnaya Zemlya. After

the First World War, Amundsen tried to reach the North Pole

from the Pacific on Maud 1918–1925, but Maud was trapped

by the ice in the East Siberian Sea and did not cross the shelf

break into the deep basin. The studies on tides and long

waves by H. U. Sverdrup (1925) and on sea ice by F. Malm-

gren (1927) were the main oceanographic achievements from

this expedition.

In the 1930s the Soviet icebreaker Sedov, getting caught in

the ice, involuntarily duplicated the drift of Fram. Another,

rather spectacular, attempt to penetrate into the interior of

the Arctic Ocean was made in 1931, when a discarded US

submarine, Nautilus, was taken to the waters west and north

of Svalbard. When Nautilus reached the ice, it was discov-

ered that the diving rudders did not function. The submarine

could not dive and no subsurface voyage to the North Pole

could be made. It should take 27 yr before another Nau-

tilus surfaced at the North Pole. However, some oceano-

graphic stations were taken in the deep Arctic Ocean north

of Svalbard. A more successful attempt to reach the North

pole was made in May 1937, when the Soviet Union estab-

lished its first ice station North Pole – 1 led by I. Papanin at

89.4! N, 78.7! E. The station drifted quickly southward and
passed through the strait between Greenland and Svalbard,

now called Fram Strait after the Fram drift, and the four

members were picked up by the Soviet icebreakers Taymyr

and Murman in the Greenland Sea in February 1938.

The observations from Nautilus and from North Pole – 1

complemented the picture of the Arctic Ocean given by the

Fram voyage. It was a deep ocean with a warm Atlantic layer

deriving from the inflow through Fram Strait in the West

Spitsbergen Current and cold bottom water with tempera-

tures increasing with increasing distance from the Greenland

Sea, supporting Nansen’s revised view of the deep water ven-

tilation with the deep water source for the Arctic Ocean and

the Nordic Seas in the Greenland Sea (Fig. 3).

www.ocean-sci.net/8/261/2012/ Ocean Sci., 8, 261–286, 2012

Silas Bent 1872 Map of
Hypothesized Sea Surface Temperature



Wall Street Journal
Aug.-1, 2014:

1879 USS Jeanette 
leaves Seattle for Arctic

1881 Sinking of USS 
Jeanette off Siberia

1884 Wreckage of USS 
Jeanette appears off SW 
Greenland

1888 Nansen skies 
across Greenland

1893 Nansen attempts 
to repeat the drift

1918 Sverdrup & Maud



Fridtjof Nansen, 1861-1930

Fram 1893-1896





Nansen
1893-96

ITP
2013-14

Nansen Oct. 1894



July 12, 1894
  81:19N 124:38E



Apr. 14-26, 1894
First Arctic Deep 
Basin Cast



264 B. Rudels: Arctic Ocean circulation and variability

Fig. 2. (a) Map of the Arctic Mediterranean showing the drift of Fram and the surface salinity (colours) and the surface isoterms (dotted

lines). From Nansen (1902). (b) Temperature and salinity section based on the hydrographic observations made from Fram during the drift

from the Laptev Sea to Fram Strait. From Nansen (1902).
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Fig. 2. (a) Map of the Arctic Mediterranean showing the drift of Fram and the surface salinity (colours) and the surface isoterms (dotted

lines). From Nansen (1902). (b) Temperature and salinity section based on the hydrographic observations made from Fram during the drift

from the Laptev Sea to Fram Strait. From Nansen (1902).
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Fig. 11. Circulation of the Atlantic and intermediate waters in the

Arctic Mediterranean Sea showing the mixing area north of Sever-

naya Zemlya and the gradual changes of the properties of the At-

lantic water. Based on Rudels et al. (1994), figure from Rudels et

al. (2011).

in the Canada Basin (Fig. 11). This makes the name “the

Arctic Circumpolar Boundary Current” used by Rudels et

al. (1999b) still valid. It also became clear that much of the

cooling of the Atlantic water and the warming of the inter-

mediate water must occur north of the Chukchi shelf, since

the water on the East Siberian Sea shelf had too low salin-

ity to produce water dense enough to sink below the PML

(Aagaard et al., 1981).

Several warm Atlantic water pulses have later been ob-

served and followed upstream in the Norwegian Sea and

downstream in the boundary current along the Eurasian con-

tinental slope, along the Lomonosov Ridge and into the

Amundsen Basin (Swift et al., 1997; Polyakov et al., 2005,

2011). The suggested return flow in the northern Nansen

Basin and over the Gakkel Ridge has, however, largely been

questioned or ignored.

The area north of the Laptev Sea is where the largest

changes in the Atlantic water properties take place. The core

of the Atlantic water does not appear to cool significantly

in the boundary current between the western Barents Sea

(30! E) and the eastern Kara Sea (90! E) and smooth profiles
in temperature and salinity are seen in the core of the Fram

Strait branch (Fig. 12). On the Kara Sea slope the inner part

of the boundary current comprises the Barents Sea inflow

branch that is located at the 400m isobath and the potential

for mixing between the two branches is present and partly

takes place. At 126! E, north of the Laptev Sea, the smooth
central core of the Fram Strait branch has disappeared. The

temperature of the temperature maximum has decreased by

1 !C and the salinity has been reduced by 0.05. Strong intru-
sions are also present in the Atlantic layer and in the inter-

mediate water below. The temperature is lower at the slope

and in the interior of the basin and lateral temperature and

salinity maxima are still present close to the slope (Fig. 13).

At 90! E, on the basin side of the Fram Strait branch, similar
cooling and freshening of the Atlantic and intermediate wa-

ters are observed and intrusions indicate lateral mixing with

the less saline and colder Barents Sea branch (Fig. 12).

There are four processes that can explain the strong cool-

ing and freshening of the Atlantic layer that occur north of

the Laptev Sea. (1) Heat loss to the atmosphere and to ice

melt. The difficulty with this explanation is to introduce

freshwater into the core of the Atlantic layer since melt wa-

ter, due to its low density, would likely be trapped in the Po-

lar Mixed Layer. (2) Lateral mixing between the two inflow

branches, leading to the formation of intrusive layers and to

lower temperature and salinity in the Fram Strait branch. The

heat remains in the core but the temperature is reduced be-

cause of the mixing and volume increase due to the incorpo-

ration of Barents Sea branch water. (3) Cooling and freshen-

ing by shelf-slope convection that brings colder, less saline

water into the Atlantic layer and also convects denser water

that bypasses the Atlantic layer, entrains warmer water and

brings it downwards to deeper levels. Heat is displaced ver-

tically but stays in the water column. (4) The Fram Strait

branch is imbedded between Barents Sea branch water at the

slope and in the interior, which suggests that the Barents Sea

branch water partly leaves the slope and enters the interior of

the Nansen Basin. The Fram Strait branch would then have

to return with the Barents Sea branch water towards Fram

Strait within the Nansen Basin and most of its heat would

not pass eastward of the section along 126! E and thus not
enter the Amundsen Basin and cross the Lomonosov Ridge.

This return flow then also carries the intrusive layers between

the two branches towards Fram Strait.

This implies that most of the Atlantic layer in the Arctic

Ocean beyond the Nansen Basin is supplied by the Barents

Sea branch. By comparing the !S structure of the differ-

ent basins with that of the Barents Sea branch, this does not

appear inconceivable (Fig. 14). However, there are no water-

tight boundaries in the ocean and intermittently some water

from the Fram Strait branch enters the Barents Sea branch

and crosses the Lomonosov Ridge. The warm pulse traced

since the 1990s could be such an instance.

Another caveat is that the Barents Sea branch proper-

ties considered here are those observed on the shelf-slope

at 90! E. This may not be the properties that the Barents
Sea branch had, when it left the Barents Sea and entered

the St. Anna Trough. Recent studies indicate that most heat

of the Atlantic water entering the Barents Sea is lost locally

and the mean temperature of the Atlantic water leaving the

Barents Sea is about 0 !C (Gammelsrød et al., 2010). How-
ever, most of the surface water is at the freezing point and

the deeper layers have temperatures between "1.0 !C and

www.ocean-sci.net/8/261/2012/ Ocean Sci., 8, 261–286, 2012
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Fig. 6. Potential temperature and salinity profiles and !S curves

from different parts of the Arctic Ocean showing the effects of wind

mixing and heat entrained and lost to ice melt and to the atmosphere

at the entrance to the Arctic Ocean, of haline convection bringing

cold water into and cooling the thermocline in the Nansen Basin,

and of heat mixed from below into and stored in halocline in the

interior of the Arctic Ocean The ODV software (Schlitzer, 2012)

has been used to create diagrams in this and most other figures.

in the St. Anna Trough. On a north-south section taken over

the shelf and slope by Polarstern in 2007 and crossing the

two inflow branches the !S curves from the two branches

clearly show that the upper part of the Barents Sea branch has

a higher salinity than the warm Fram Strait branch (Fig. 7).

It is also evident that the salinity at the base of the up-

per layer, which indicates the salinity of the mixed layer in

winter, in both branches better corresponds to the salinity ob-

tained from Eq. (17) than the situation when all heat goes to

ice melt (Eq. 10). The lower salinity seen along the freezing

point line reflects the summer melting caused by the incom-

ing short wave solar radiation.

North of the Laptev Sea the boundary current and the two

branches become overrun by low salinity shelf water com-

prising the major part of the river runoff from Ob, Yenisey

and Lena that crosses the shelf break. After this the cooling

and ice formation in winter only homogenize the water col-

umn down the base of the less saline shelf water layer that

becomes the Polar Mixed Layer (PML). The upper parts of

the two inflow branches become isolated from the surface

processes and are transformed to cold halocline waters that

further insulate the sea ice cover from the heat stored in the

Atlantic layer. The mixing and entrainment that do occur

will only bring more saline but cold halocline water into the

mixed layer and little heat is supplied from below. The heat

from the Atlantic layer is instead trapped in the halocline,

where the temperature gradually increases (Fig. 6).

The winter convection and the homogenization of the PML

is in summer identified by an upper temperature minimum

that is the remnant of the convection being eroded by the

radiative heating above and by mixing with the somewhat

warmer halocline below, where the heat lost vertically up-

Fig. 7. Potential temperature and salinity profiles and !S diagrams

showing the difference of the winter mixed layers and the Atlantic

cores of the Fram Strait branch (red) and the Barents Sea branch

(blue). In spite of having a cooler and less saline Atlantic layer the

winter mixed layer of the Barents Sea branch, created by stirring

melt water into the upper part of the Atlantic water, is more saline

than that of the Fram Strait branch. The filled diamonds indicate the

salinity of the mixed layer if all oceanic heat is going to ice melt,

the open diamonds the salinity if minimum heat is going to ice melt

based on the temperature and salinity of the Atlantic water.

ward by the Atlantic layer is stored (Fig. 8). Only on the

slope in the western Nansen Basin, where no halocline is

present and the Atlantic layer is brought close to the sea

surface, does the temperature minimum become completely

eroded. This indicates that heat can be transferred from the

Atlantic layer to the mixed layer and the ice also in summer

(Rudels, 2010). In the rest of the Arctic Ocean the heat trans-

ferred upward from the Atlantic layer will be trapped in the

halocline.

The heat flux appears to be stronger in the Barents Sea

branch, possibly due to enhanced mixing over the continental

slope. The colder Fram Strait branch is farther away from the

slope and eventually supplies the halocline in the Amundsen,

Makarov and northern Canada basins, while the Barents Sea

branch remains at the slope and passes between the Chukchi

Sea and the Chukchi Cap into the southern Canada Basin

(Rudels et al., 2004; Shimada et al., 2005).

Between the Laptev Sea and the Canada Basin, shelf wa-

ter is added to the Arctic Ocean as well as Pacific water from

Bering Strait via the Chukchi Sea. Most of these waters are

less dense than the Laptev Sea outflow and contribute addi-

tional layers to the upper part of the water column. Some

Ocean Sci., 8, 261–286, 2012 www.ocean-sci.net/8/261/2012/
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cold water into and cooling the thermocline in the Nansen Basin,

and of heat mixed from below into and stored in halocline in the
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clearly show that the upper part of the Barents Sea branch has
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ward by the Atlantic layer is stored (Fig. 8). Only on the

slope in the western Nansen Basin, where no halocline is

present and the Atlantic layer is brought close to the sea

surface, does the temperature minimum become completely

eroded. This indicates that heat can be transferred from the

Atlantic layer to the mixed layer and the ice also in summer

(Rudels, 2010). In the rest of the Arctic Ocean the heat trans-

ferred upward from the Atlantic layer will be trapped in the

halocline.

The heat flux appears to be stronger in the Barents Sea

branch, possibly due to enhanced mixing over the continental

slope. The colder Fram Strait branch is farther away from the

slope and eventually supplies the halocline in the Amundsen,

Makarov and northern Canada basins, while the Barents Sea

branch remains at the slope and passes between the Chukchi

Sea and the Chukchi Cap into the southern Canada Basin

(Rudels et al., 2004; Shimada et al., 2005).

Between the Laptev Sea and the Canada Basin, shelf wa-

ter is added to the Arctic Ocean as well as Pacific water from

Bering Strait via the Chukchi Sea. Most of these waters are

less dense than the Laptev Sea outflow and contribute addi-

tional layers to the upper part of the water column. Some

Ocean Sci., 8, 261–286, 2012 www.ocean-sci.net/8/261/2012/

Atlantic Tmax



Max Heat into Melt


vs.


Min Heat into Melt


Atlantic Cores:

1. Fram – red
2. Barents - blue



B. Rudels: Arctic Ocean circulation and variability 271

Fig. 8. Halocline features in the Arctic Ocean. The grey, dark red

and magenta arrows indicate the temperature minimum created by

the winter homogenization. The red arrows show on one station,

the Near Surface Temperature Maximum (NSTM) due to seasonal

heating (Jackson et al., 2010), the temperature maximum due to the

inflow of Bering Strait Summer Water (BSSW) and a temperature

minimum due to the presence of an (isolated?) eddy of Fram Strait

branch lower halocline water. The green arrows show the tempera-

ture maximum of the BSSW and the temperature minimum of the

Bering Sea Winter Water (BSWW). Note that the NSTM is present

also on the green station and that the temperature minimum of the

winter homogenization is present above the BSSW maximum on

both the green and the red station.

water masses like the Bering Sea Summer Water (BSSW)

and Bering Sea Winter Water (BSWW) (Coachman and

Barnes, 1961) and other brine enriched shelf waters from the

Chukchi Sea (Jones and Anderson, 1986) are dense enough

to penetrate between the PML and the halocline, making fur-

ther contributions to the halocline and changing the initial,

denser halocline with salinity of !34.2 into the lower halo-
cline (Fig. 8). The circulation of the halocline waters is sum-

marized in Fig. 9.

4 The circulation of the Atlantic water

The uppermost part of the water column follows the wind

driven ice motion and circulates anticyclonally in the Beau-

fort Gyre in the southern Canada Basin and also participates

in the transpolar drift from Siberia towards Fram Strait. By

contrast the Atlantic water moves cyclonically around the

deep Arctic Ocean basin. This motion was first deduced from

the decrease in temperature of the Atlantic core in the differ-

ent parts of the Arctic Ocean. It is highest in the Nansen

Basin north of Svalbard and lowest in the Canada Basin and

north of Greenland, indicating a cyclonic flow and a gradual

Fig. 9. Schematics showing the formation and circulation of the

waters feeding the Fram Strait branch and the Barents Sea branch

lower haloclines and how they become covered by less saline shelf

water and Pacific water. Based on Rudels et al. (2004), figure from

Rudels (2009).

cooling of the Atlantic layer (Timofeyev, 1960; Coachman

and Barnes, 1963).

In 1991 the icebreaker Oden took a hydrographic section

from the central Nansen Basin across the Gakkel Ridge, the

Amundsen Basin, the Lomonosov Ridge into the Makarov

Basin (Anderson et al., 1994; Rudels et al., 1994). On the

section two distinct temperature fronts were found, one over

the Gakkel Ridge and one over the Lomonosov Ridge. At

the same time extensive layers of temperature and salinity

inversions were observed. These layers, being identified

in !S space on several stations, suggested mixing between

two water masses, one warm and saline closer to the con-

tinental slope and the other colder and fresher nearer the

Lomonosov Ridge. The intrusive layers were found over a

large depth range and the transports of the two involved wa-

ter masses should be of about equal strength. The origin of

the warmer end member is the inflow through Fram Strait and

the most likely source for the colder end member is the inflow

from the Norwegian Sea over the Barents Sea to the Arctic

Ocean. The Barents Sea branch enters the Arctic Ocean in

the St. Anna Trough and should be found closer to the conti-

nental slope north of the Kara and Laptev seas.

The Oden section did not extend to the continental slope

east of the St. Anna Trough and the properties of this in-

flow had to be hypothetical. Furthermore, since the intru-

sions were observed in the central part of the basins with the

warmest water in the Nansen Basin and the colder, less saline

water in the Amundsen Basin, this would imply that a part of

the boundary current leaves the continental slope and enters

www.ocean-sci.net/8/261/2012/ Ocean Sci., 8, 261–286, 2012
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Fig. 8. Halocline features in the Arctic Ocean. The grey, dark red

and magenta arrows indicate the temperature minimum created by

the winter homogenization. The red arrows show on one station,

the Near Surface Temperature Maximum (NSTM) due to seasonal

heating (Jackson et al., 2010), the temperature maximum due to the

inflow of Bering Strait Summer Water (BSSW) and a temperature

minimum due to the presence of an (isolated?) eddy of Fram Strait

branch lower halocline water. The green arrows show the tempera-

ture maximum of the BSSW and the temperature minimum of the

Bering Sea Winter Water (BSWW). Note that the NSTM is present

also on the green station and that the temperature minimum of the

winter homogenization is present above the BSSW maximum on

both the green and the red station.

water masses like the Bering Sea Summer Water (BSSW)

and Bering Sea Winter Water (BSWW) (Coachman and

Barnes, 1961) and other brine enriched shelf waters from the

Chukchi Sea (Jones and Anderson, 1986) are dense enough

to penetrate between the PML and the halocline, making fur-

ther contributions to the halocline and changing the initial,

denser halocline with salinity of !34.2 into the lower halo-
cline (Fig. 8). The circulation of the halocline waters is sum-

marized in Fig. 9.

4 The circulation of the Atlantic water

The uppermost part of the water column follows the wind

driven ice motion and circulates anticyclonally in the Beau-

fort Gyre in the southern Canada Basin and also participates

in the transpolar drift from Siberia towards Fram Strait. By

contrast the Atlantic water moves cyclonically around the

deep Arctic Ocean basin. This motion was first deduced from

the decrease in temperature of the Atlantic core in the differ-

ent parts of the Arctic Ocean. It is highest in the Nansen

Basin north of Svalbard and lowest in the Canada Basin and

north of Greenland, indicating a cyclonic flow and a gradual

Fig. 9. Schematics showing the formation and circulation of the

waters feeding the Fram Strait branch and the Barents Sea branch

lower haloclines and how they become covered by less saline shelf

water and Pacific water. Based on Rudels et al. (2004), figure from

Rudels (2009).

cooling of the Atlantic layer (Timofeyev, 1960; Coachman

and Barnes, 1963).

In 1991 the icebreaker Oden took a hydrographic section

from the central Nansen Basin across the Gakkel Ridge, the

Amundsen Basin, the Lomonosov Ridge into the Makarov

Basin (Anderson et al., 1994; Rudels et al., 1994). On the

section two distinct temperature fronts were found, one over

the Gakkel Ridge and one over the Lomonosov Ridge. At

the same time extensive layers of temperature and salinity

inversions were observed. These layers, being identified

in !S space on several stations, suggested mixing between

two water masses, one warm and saline closer to the con-

tinental slope and the other colder and fresher nearer the

Lomonosov Ridge. The intrusive layers were found over a

large depth range and the transports of the two involved wa-

ter masses should be of about equal strength. The origin of

the warmer end member is the inflow through Fram Strait and

the most likely source for the colder end member is the inflow

from the Norwegian Sea over the Barents Sea to the Arctic

Ocean. The Barents Sea branch enters the Arctic Ocean in

the St. Anna Trough and should be found closer to the conti-

nental slope north of the Kara and Laptev seas.

The Oden section did not extend to the continental slope

east of the St. Anna Trough and the properties of this in-

flow had to be hypothetical. Furthermore, since the intru-

sions were observed in the central part of the basins with the

warmest water in the Nansen Basin and the colder, less saline

water in the Amundsen Basin, this would imply that a part of

the boundary current leaves the continental slope and enters

www.ocean-sci.net/8/261/2012/ Ocean Sci., 8, 261–286, 2012
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Fig. 12. Water masses mixing and interleaving in the Nansen Basin north of the eastern Kara Sea. Upper panel: temperature and salinity

sections from the shelf to the Gakkel Ridge showing the warm saline Fram Strait Atlantic core and the cooler and less saline Barents Sea

branch water on the slope and also on the basin side of the warm core. Upper centre panel: potential temperature and salinity profiles and

!S curves from the slope showing the characteristics of the two branches and the mixing between them across the front. Lower centre panel:

potential temperature and salinity profiles and !S curves from the deep basin showing the interleaving structures and different fronts. Lower

panel: maps showing the positions of the stations. Data from Polarstern 2007.

!0.5 "C. A remaining core of Atlantic water with temper-

atures around 1 "C could be present and still give an average
outflow temperature of 0 "C.

It is also possible that Fram Strait branch water that enters

the St. Anna Trough from the Arctic Ocean mixes with the

Barents Sea branch in the trough and becomes incorporated

in the Barents Sea branch, adding warmer Atlantic water, and

then flows high on the slope eastward within the Barents Sea

branch. In such a way the Fram Strait branch would con-

tribute to the Atlantic layer also beyond the Nansen Basin.
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Fig. 13. Water masses mixing and interleaving along the Gakkel Ridge north of the Laptev Sea. Upper panel: temperature and salinity

sections from the shelf along the Gakkel Ridge showing a colder and less saline Fram Strait Atlantic core compared to the Kara Sea section

(Fig. 12) and the Barents Sea branch water has spread from the slope into the basin. It is also observed on the basin side of the warm core.

Upper centre panel: potential temperature and salinity profiles and !S curves from the slope showing interleaving between the two branches.

Note that no smooth warm and saline Atlantic core is present. Interleaving layers are found everywhere. Lower centre panel: potential

temperature and salinity profiles and !S curves along the Gakkel Ridge showing the interleaving structures. Lower panel: maps showing the

positions of the stations. Data from Polarstern 2007.

5 The deep and bottom waters

Differences between the water columns in the basins indi-

cate that water mass transformations are taking place, chang-

ing the properties of the water masses as they are advected

through the Arctic Mediterranean Sea. Because of the strong

stability in the upper part of the Arctic Ocean, any changes

occurring in the deeper layers must be caused by processes

taking place at the rim. The most obvious mechanism for

creating dense water capable of sinking into the deep basins

is, as Nansen (1906) already pointed out, freezing and brine

rejection over shallow areas, where the brine can accumulate

www.ocean-sci.net/8/261/2012/ Ocean Sci., 8, 261–286, 2012
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Fig. 14. Potential temperature and salinity profiles and !S curves

comparing the Barents Sea branch characteristics with those found

in the other basins. The Barents Sea branch could, at least in princi-

ple, supply the Atlantic and intermediate water to the Arctic Ocean

Basins beyond the Nansen Basin and the Gakkel Ridge. Data from

Polarstern 2007 and Oden 2005.

and generate cold, highly dense bottom water. Evidence that

such process is active had then already been found e.g. close

to the coast of Novaya Zemlya, where a lee polynya forces

ice away from the coast, allowing for larger ice production

and stronger brine rejection (Knipowisch, 1905) (Fig. 15).

As the cold, saline waters cross the shelf break and sink

down the slope into the deep basins they entrain ambient

water and become less dense. Depending upon their initial

density they sink to different depths, where the final den-

sity matches that of the surroundings. There they merge with

and change the characteristics of the boundary current. Ini-

tially less dense plumes supply the halocline in the Canada

Basin (Jones and Anderson, 1986) and cool and freshen the

Atlantic layer, while denser plumes sink deeper, entraining

Atlantic water and become warmer than the ambient waters

and thus increase both the temperature and the salinity of

the deeper layers (Rudels, 1986b) (Fig. 16). The characteris-

tics of the Atlantic, intermediate and deep waters in the dif-

ferent basins largely agree with such processes. Compared

with the Greenland Sea, the second deep water source in the

Arctic Mediterranean Sea, i.e. the Arctic Ocean, supplies

warmer and more saline deep and bottom waters (Aagaard et

al., 1985; Rudels, 1986b) (Fig. 10).

There are deviations from this picture. In the Canada

Basin and in the Amundsen and Nansen basins there is a tem-

perature minimum present above the homogenous, warmer

and more saline bottom water, at 1200m above the bottom

in the Canada Basin and at 500–800m above the bottom in

the Amundsen and Nansen basins (Fig. 17). The higher tem-

perature in the bottom water has been suggested to be caused

by geothermal heating (Timmermanns et al., 2003; Björk and

Winsor, 2006), which then eventually would remove the tem-

perature minimum. The temperature minimum in the Canada

Basin can be explained by advection of colder, less saline

deep water from the Makarov Basin across the sills in the

Alpha Ridge and the Mendeleyev Ridge (Fig. 17). For the

minima in the Amundsen and Nansen basins such explana-

tion is not possible. The temperature minima lie too deep to

be caused by deep water advected from the Greenland Sea

through Fram Strait. One possibility could be that occasion-

ally cold, dense water is created in the eastern Barents Sea

and enters the Arctic Ocean in the St. Anna Trough. It would

then entrain less warm water from the boundary current at

the slope and could reach the deeper layers still retaining its

cold signature (Rudels et al., 2000). However, at present this

must remain a speculation.

The Makarov Basin is different. There the salinity be-

comes constant with depth but the temperature continues to

decrease until the !600m thick, homogenous bottom layer

is reached (Fig. 17). This structure can neither be explained

by geothermal heating nor by slope convection, which would

bring warmer water to the deeper layers. Jones et al. (1995)

proposed that colder Amundsen Basin deep water could spill

over the deepest part in the central Lomonosov Ridge. It

would then sink, aided by the fact that colder water is more

compressible – i.e. the thermobaric effect (Gill, 1982) – into

the deepest layers of the Makarov Basin and cool these.

In 2005 IB Oden and USCGC Healy located the sill of

the passage, an intra-basin, where such exchange could oc-

cur. However, it was found that the densest water at the

sill (depth 1870m) was from the Makarov Basin (Fig. 18,

green station). Makarov Basin water filled the intra-basin be-

tween sill depth down to 2200m, overlying denser Amund-

sen Basin water (Fig. 18, magenta station), and was observed

to enter the Amundsen Basin and continue along the slope

of the Lomonosov Ridge toward Greenland (Björk et al.,

2007). This might be the most important passage for the

Amerasian Basin deep water to the Eurasian Basin and then

to the Nordic Seas. This outflow is also likely to supply the

salinity maximum observed in the Amundsen Basin at 1700–

1800m depth, which was postulated to derive from the Am-

erasian Basin deep water (Anderson et al., 1994; Jones et al.,

1995).

In 2001 IB Oden was trying to locate this passage in the

Lomonosov Ridge and obtained, without realising it then,

two stations very close to the sill (Fig. 18, orange sta-

tion (only one station shown)). These stations, by contrast,

showed that the densest water at the bottom (about 1700m)

was Amundsen Basin deep water, not Makarov Basin deep

water, and if this water continued into the Makarov Basin its

density referred to 2000db, "2, corresponded to the density
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Fig. 15. Temperature and salinity section from 75!02" N, 33!30" E (Central Bank) to 72!29" N, 51!21" E (Novaya Zemlya) showing cold and
brine enriched saline water on the shallow area west of Novaya Zemlya in 1901. From Knipowisch (1905).

Fig. 16. Schematics showing to the left the evolution of the char-

acteristics of dense shelf waters (A) due to entrainment as they sink

down the continental slope (B). Depending upon the initial salinity

the final characteristics form an envelope (C), which merges with

the boundary current (E) to form the transformed water column (D).

An idealised picture of plumes sinking to different depth is shown

to the right. From Rudels and Quadfasel (1991).

found at 2500m and its density referred to 4000db, !4,

was higher than that found at the bottom in the Makarov

Basin. This water could then potentially renew and cool the

Makarov Basin deep water (Fig. 18).

One possible mechanism for driving such intermittent

transports is the pressure gradient at sill depth. Observations

in the Beaufort Sea of hydrography, of bottom pressure from

pressure gauges mounted at the sea floor, and of gravity and

sea level heights obtained from satellites indicate that when

a water column becomes less dense the bottom pressure goes

down (Kwok et al., 2009). The rise in sea level does not fully

compensate the lighter water column, leading to a reduc-

tion in bottom pressure. Translating this to the Lomonosov

Ridge, a larger dynamical depth implies a less dense water

column. In 2005 the dynamic height between the sea surface

and 2000db was larger in the Amundsen Basin than in the

Makarov Basin, indicating that the negative pressure gradi-

ent along a geopotential surface at about 2000m would be di-

rected from the Makarov Basin to the Amundsen Basin. This

would force water at sill depth from the Makarov Basin into

the intra-basin and then to the Amundsen Basin. No similar

Fig. 17. Deep and bottom water characteristics from the Nansen

Basin, Amundsen Basin, Makarov Basin and Canada Basin. Note

the absence of a deep temperature minimum in the Makarov Basin

and that the temperature minimum observed in the Canada Basin

could derive from the Makarov Basin and the deep salinity maxi-

mum in the Amundsen Basin could be caused by Makarov Basin

deep water crossing the Lomonosov Ridge.

section exists from 2001, but a section across the Lomonosov

Ridge taken by Polarstern in 1996 shows that the dynamic

height between the sea surface and 2000db then was smaller

in the Amundsen Basin than in the Makarov Basin and the

direction of the pressure gradient would be reversed, favour-

ing a flow at the sill from the Amundsen to the Makarov

Basin (Fig. 19). It is thus conceivable that the deepest ex-

change across the sill varies in time and intermittently denser

Amundsen Basin water is brought into the Makarov Basin

and sinks into the deep, cooling the bottom water. The other

mixing end member would be deep water from the Canada

Basin, which, in the absence of a spill over, would gradually

increase the salinity and temperature of the Makarov Basin
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to the right. From Rudels and Quadfasel (1991).
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Basin. This water could then potentially renew and cool the

Makarov Basin deep water (Fig. 18).

One possible mechanism for driving such intermittent

transports is the pressure gradient at sill depth. Observations

in the Beaufort Sea of hydrography, of bottom pressure from

pressure gauges mounted at the sea floor, and of gravity and

sea level heights obtained from satellites indicate that when

a water column becomes less dense the bottom pressure goes

down (Kwok et al., 2009). The rise in sea level does not fully

compensate the lighter water column, leading to a reduc-

tion in bottom pressure. Translating this to the Lomonosov

Ridge, a larger dynamical depth implies a less dense water

column. In 2005 the dynamic height between the sea surface

and 2000db was larger in the Amundsen Basin than in the

Makarov Basin, indicating that the negative pressure gradi-

ent along a geopotential surface at about 2000m would be di-

rected from the Makarov Basin to the Amundsen Basin. This

would force water at sill depth from the Makarov Basin into

the intra-basin and then to the Amundsen Basin. No similar

Fig. 17. Deep and bottom water characteristics from the Nansen

Basin, Amundsen Basin, Makarov Basin and Canada Basin. Note

the absence of a deep temperature minimum in the Makarov Basin

and that the temperature minimum observed in the Canada Basin

could derive from the Makarov Basin and the deep salinity maxi-

mum in the Amundsen Basin could be caused by Makarov Basin

deep water crossing the Lomonosov Ridge.

section exists from 2001, but a section across the Lomonosov

Ridge taken by Polarstern in 1996 shows that the dynamic

height between the sea surface and 2000db then was smaller

in the Amundsen Basin than in the Makarov Basin and the

direction of the pressure gradient would be reversed, favour-

ing a flow at the sill from the Amundsen to the Makarov

Basin (Fig. 19). It is thus conceivable that the deepest ex-

change across the sill varies in time and intermittently denser

Amundsen Basin water is brought into the Makarov Basin

and sinks into the deep, cooling the bottom water. The other

mixing end member would be deep water from the Canada

Basin, which, in the absence of a spill over, would gradually

increase the salinity and temperature of the Makarov Basin
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Fig. 15. Temperature and salinity section from 75!02" N, 33!30" E (Central Bank) to 72!29" N, 51!21" E (Novaya Zemlya) showing cold and
brine enriched saline water on the shallow area west of Novaya Zemlya in 1901. From Knipowisch (1905).

Fig. 16. Schematics showing to the left the evolution of the char-

acteristics of dense shelf waters (A) due to entrainment as they sink

down the continental slope (B). Depending upon the initial salinity

the final characteristics form an envelope (C), which merges with

the boundary current (E) to form the transformed water column (D).

An idealised picture of plumes sinking to different depth is shown

to the right. From Rudels and Quadfasel (1991).

found at 2500m and its density referred to 4000db, !4,

was higher than that found at the bottom in the Makarov

Basin. This water could then potentially renew and cool the

Makarov Basin deep water (Fig. 18).

One possible mechanism for driving such intermittent

transports is the pressure gradient at sill depth. Observations

in the Beaufort Sea of hydrography, of bottom pressure from

pressure gauges mounted at the sea floor, and of gravity and

sea level heights obtained from satellites indicate that when

a water column becomes less dense the bottom pressure goes

down (Kwok et al., 2009). The rise in sea level does not fully

compensate the lighter water column, leading to a reduc-

tion in bottom pressure. Translating this to the Lomonosov

Ridge, a larger dynamical depth implies a less dense water

column. In 2005 the dynamic height between the sea surface

and 2000db was larger in the Amundsen Basin than in the

Makarov Basin, indicating that the negative pressure gradi-

ent along a geopotential surface at about 2000m would be di-

rected from the Makarov Basin to the Amundsen Basin. This

would force water at sill depth from the Makarov Basin into

the intra-basin and then to the Amundsen Basin. No similar

Fig. 17. Deep and bottom water characteristics from the Nansen

Basin, Amundsen Basin, Makarov Basin and Canada Basin. Note

the absence of a deep temperature minimum in the Makarov Basin

and that the temperature minimum observed in the Canada Basin

could derive from the Makarov Basin and the deep salinity maxi-

mum in the Amundsen Basin could be caused by Makarov Basin

deep water crossing the Lomonosov Ridge.

section exists from 2001, but a section across the Lomonosov

Ridge taken by Polarstern in 1996 shows that the dynamic

height between the sea surface and 2000db then was smaller

in the Amundsen Basin than in the Makarov Basin and the

direction of the pressure gradient would be reversed, favour-

ing a flow at the sill from the Amundsen to the Makarov

Basin (Fig. 19). It is thus conceivable that the deepest ex-

change across the sill varies in time and intermittently denser

Amundsen Basin water is brought into the Makarov Basin

and sinks into the deep, cooling the bottom water. The other

mixing end member would be deep water from the Canada

Basin, which, in the absence of a spill over, would gradually

increase the salinity and temperature of the Makarov Basin
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Fig. 18. Potential temperature and salinity profiles and !S curves from stations in the Makarov Basin, the Amundsen Basin and the intra-

basin in the Lomonosov Ridge (lower map left). The magenta station from the interior of the intra-basin and the green station at the sill

(lower map right), as well as the stations in the Amundsen and Makarov basins, were taken in 2005 by Oden. The orange station at the sill

was taken by Oden in 2001. The 2001 station indicates that water deriving from the Amundsen Basin deep water was present in the deepest

part, located above the sill depth to the Makarov Basin. If this water crossed the sill, it could sink down to 2500m in the Makarov Basin.

bottom water. Such temperature and salinity increases have

been reported (see e.g. Timmermanns and Garrett, 2006) but

especially the salinity increase is close to the observational

uncertainty.

6 The exchanges through Fram Strait

Fram Strait is the deepest (2600m) and the most important

connection between the Arctic Ocean and, via the Nordic

Seas, the world ocean. It has a two-directional exchange. To

the east, warm Atlantic water and also Arctic intermediate

and deep waters from the Nordic Seas are carried northward

in the West Spitsbergen Current, while in the west the East

Greenland Current transports low salinity Polar surface wa-

ter, cooled and transformed Arctic Atlantic Water and differ-

ent Arctic Ocean intermediate and deep waters southward to

the Nordic Sea (Fig. 20). The net transport is about 2 Sv out

of the Arctic Ocean and the mean total in- and outflows are

estimated to 7 Sv and 9 Sv, respectively, based on geostro-

phy (Rudels et al., 2008) and to 12 Sv and 14 Sv from direct

current observations (Schauer et al., 2008). The flow has a

strong barotropic component, strongest in the West Spits-

bergen Current but significant also in the East Greenland

Current, which makes geostrophic calculations unreliable
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Fig. 20. Potential temperature and salinity sections from Fram Strait taken in 1997 by RV Lance. The West Spitsbergen Current and the East

Greenland Current are indicated by red and blue ellipses respectively.

Arctic Ocean. At this level the outflow in the East Greenland

Current is blocked.

We only consider Fram Strait. The inflow through

Bering Strait is taken to exit through the Canadian Arctic

Archipelago and the inflow over the Barents Sea is presently

ignored. The river runoff is assumed first to be frozen to sea

ice and then a part of the sea ice is melted by heat supplied

by the inflowing Atlantic water. Taking the Atlantic water

temperature to be 3.1 !C and the salinity 35 and the density
! is approximated by:

! = !f (1" " (T " 0.6) + #S) (18)

Here 0.6 !C is the mean temperature of the Atlantic water set
to 3.1 !C and the outflow at freezing temperature, "1.9 !C,
" = 0.6# 10"4, and # = 8# 10"4 (Gill, 1982). From the

expression for the salinity of the upper layer (Eq. 17), the

upper layer salinity, S1, becomes 34.27. A possible salinity

increase due to brine rejection is ignored.

The river runoff to the Arctic Ocean, and thus the ice

export, is about 0.1 Sv and we first assume that 0.02 Sv is

melted by heat carried by the Atlantic water. The amount of

low salinity Polar water leaving the Arctic Ocean can then be

computed from the Knudsen relations (Knudsen, 1900):

M1 = MA+ 0.02, (19)

S1M1 = SAMA (20)

The thickness of the moving part of the upper layer is then

found from Werenskiold’s formula (Eq. 1) with H1 being the

depth of the pressure reversal given by:

!1H1 = !A (H1" $) (21)

where $ is the sea level difference between the two water

columns. The inflow of Atlantic water takes place below H1

and to transport the needed volumeMA a thicknessHA is re-

quired, which can be determined from the geostrophic trans-

port;

MA = g

!f

!
(!A" !1)

HA

2

"
HA (22)

However, the pressure gradient driving the Atlantic water

cannot be removed with depth even if the depth of the upper

layer in the East Greenland Current would be less than H1 +

HA, and the Atlantic water will continue to flow into the Arc-

tic Ocean in the deep (Fig. 21). This leads to an imbalance of

the exchanges and the sea surface in the Arctic Ocean would

start to rise. A barotropic outflow is then generated, which

balances the inflow. The exchanges become larger than those

necessary to create the required density field.

So far the fact that also denser waters are produced in the

Arctic Ocean has not been taken into account. To simplisti-

cally do so, we allow some of the low salinity Polar water to

flow onto the shelves, where its salinity is increased by brine

rejection to 35, while its temperature remains at the freezing

point,"1.9 !C. In the three examples considered, 25%, 50%
and 75% of the Polar surface water is assumed to flow onto

the shelves (Tables 1 and 2). As the shelf water descends

down the slope, it entrains ambient water and we consider

five cases, where the entrainment increases the volume of the

convecting shelf water by 0%, 20%, 40%, 60% and 80%

(Tables 1 and 2). The salinity 35 for layer 3 is chosen to sim-

plify the computations of the density of the outflowing deep

water, which then has the same salinity as the Atlantic water

and only differs in temperature. The density of the deep wa-

ter should be considered as an average of the denser waters

formed in the Arctic Ocean, the Arctic Atlantic water and the

intermediate and the deep waters.

To export the deep water from the Arctic Ocean, a sec-

ond pressure reversal must exist, where the negative pres-

sure gradient is directed out of the Arctic Ocean. The second
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Fig. 3. A temperature section from the Nordic Seas into the Arc-

tic Ocean compiled by Wüst from available observations taken be-

tween the 1880s and the 1930s. From Wüst (1941).

After World War II more ice stations were established,

by the Soviet Union and by the United States and Canada,

and the airborne activity of the Soviet Union continued in

spring each year extending over almost the entire Arctic

Ocean, gradually increasing the number of hydrographic sta-

tions. From these observations a more detailed picture of

the bathymetry, the water masses and the circulation of the

Arctic Ocean was emerging (Fig. 4). In the following sec-

tions we shall concentrate on five themes present almost at

the beginning of the scientific study of the Arctic Ocean and

see how our understanding of these themes has evolved, if at

all, from the first attempts made by Nansen and others in the

beginning of the last century. The themes considered are:

1. The low salinity surface layer and the storage and export

of freshwater.

2. The heat flux between the Atlantic layer, the sea ice and

the atmosphere.

3. The circulation of the Atlantic water.

4. The formation and circulation of deep and bottomwater.

5. Exchanges through Fram Strait.

2 The low salinity surface layer and the storage and

export of freshwater

The Arctic Ocean is a small ocean. Its coastline, and hence

its drainage area, is large compared to its area. Precipitation

Fig. 4. Bathymetry of the Arctic Ocean (IBCAO) (Jakobsson et al.,

2008), map from Rudels et al. (2011). AB (Amerasian Basin), EB

(Eurasian Basin), BIT (Bear Island Trough), VC, (Victoria Chan-

nel), FJL (Franz Josef Land), SAT (St. Anna trough), VS (Vilk-

iltskiy Strait), YM (Yermak Plateau), MJP (Morris Jesup Plateau),

GFZ (Greenland Fracture Zone), JMFZ (Jan Mayen Fracture Zone).

over the ocean is larger than evaporation, adding to the fresh-

water input. This has created the observed strong stability in

the upper layer and allows ice to form in winter and to sur-

vive the seasonal melting in summer. Freshwater is also sup-

plied by the low salinity inflow through Bering Strait. This

inflow is driven by a higher sea level in the North Pacific

compared to the North Atlantic (Stigebrandt, 1984), which

ultimately arises because of the atmospheric water vapour

transfer from the North Atlantic to the North Pacific across

the Isthmus of Panama (Weyl, 1968). However, the transport

has a strong seasonal cycle, being weaker in winter due to

persisting northerly winds that oppose the inflow (Coachman

and Aagaard, 1988). A smaller advective contribution to the

positive freshwater balance of the Arctic Ocean is provided

by the Norwegian Coastal Current that carries low salinity

water from the Baltic Sea and from the Norwegian coast into

the Barents Sea and then to the deep Arctic Ocean via the

Siberian shelf seas.

The freshwater balance is maintained by the export of sea

ice and by the outflow of low salinity surface water through

Fram Strait and through the shallow and narrow passages in

the Canadian Arctic Archipelago. The ice export is largely

driven by the wind fields and only to a smaller degree by

the ocean currents and is therefore subject to large tempo-

ral variations (Dickson et al., 2000). The transport of liq-

uid freshwater, by contrast, occurs primarily as rotationally

controlled buoyant boundary currents (Wadhams et al., 1979;

Stigebrandt, 1981). The currents have the coast to the right
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