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The evolving knowledge of the Arctic Ocean, its hydrography and its water masses and their transforma-
tions and circulation is reviewed starting with the observations made on Fram 1893–1896 and extending
to the International Polar Year (IPY) 2007–2009. The expeditions and observations after Fram to the mid
20th century as well as the more extensive and systematic studies of water masses and circulation made
from ice stations and airborne expeditions from the late 1940s to the late 1970s are briefly described. The
early concepts of the connections and exchanges between the Arctic Ocean and the world ocean are also
discussed. In the 1980s scientific icebreakers were beginning to enter the inner parts of the Arctic Ocean
and large international programmes were launched, culminating in the IPY. The changes in the Arctic
Ocean, first noted in the Atlantic layer in 1990 and shortly after in the upper layers, are described. The
exchanges between the Arctic Ocean and the surrounding seas through the four main openings, Fram
Strait, Barents Sea, Bering Strait and the Canadian Arctic Archipelago as well the volume and freshwater
balances of the Arctic Ocean are examined.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The Arctic Ocean is an enclosed ocean with extensive shelves
making up 53% of its 9.5 � 1012 m2 surface area (Jakobsson et al.,
2004). The remaining part consists of two major basins, the Eur-
asian and the Amerasian (Canadian) basins, separated by the
Lomonosov Ridge (Fig. 1). The Eurasian Basin is further divided into
the Nansen and the Amundsen basins by the Gakkel Ridge and the
Amerasian Basin into the Canada and Makarov basins by the Alpha
and Medeleyev ridges. The Amundsen Basin is the deepest, reach-
ing about 4500 m, while the other three basins have maximum
depths around 4000 m. The Arctic Ocean is dominated by the se-
vere high latitude climate and the deep basins are ice covered
throughout the year. The Arctic Ocean, in spite of its name, is often
considered a part of the Arctic Mediterranean Sea, forming the
northernmost part of the North Atlantic (Sverdrup et al., 1942). It
communicates with the North Atlantic through Fram Strait and
the Barents Sea via the Nordic Seas and across the Greenland–
Scotland Ridge, and through the Canadian Arctic Archipelago via
Baffin Bay and Davis Strait. Fram Strait is the only deep passage,
2600 m, and the only one allowing for a two-way exchange. In
the 200–300 m deep Barents Sea there is an inflow from the North
Atlantic via the Norwegian Sea to the Arctic Ocean, but a substan-
tial recirculation to the Norwegian Sea takes place in the Bear
Island Trough. The 125–230 m deep and narrow channels of the
Canadian Arctic Archipelago are dominated by outflows from the
Arctic Ocean. Through the shallow (50 m) and narrow (85 km)
Bering Strait the Arctic Ocean is connected to the Pacific Ocean,
which allows for an inflow of Pacific water and a communication
between the North Atlantic and the North Pacific.
2. Historical overview

2.1. The beginning

The Arctic Ocean emerged out of the realms of myth and spec-
ulation with the drift of Fram 1893–1896 (Nansen, 1902). Before
this expedition hopes of an ice free ocean and of large undiscov-
ered land areas would not be abandoned. The Fram expedition dis-
covered many of the most fundamental features of the Arctic
Ocean. It is an enclosed ocean with extensive shelf areas and a deep
central basin (Fig. 1). That the Arctic Ocean is deep came as a sur-
prise and the party on Fram had to improvise to get enough rope to
carry out soundings and water sampling. The Arctic Ocean was
found stratified in salinity and the stability in the upper part was
sufficiently strong to reduce the mixing with the water below,
allowing the upper low salinity layer to be cooled to freezing tem-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.pocean.2013.11.006&domain=pdf
http://dx.doi.org/10.1016/j.pocean.2013.11.006
mailto:bert.rudels@fmi.fi
http://dx.doi.org/10.1016/j.pocean.2013.11.006
http://www.sciencedirect.com/science/journal/00796611
http://www.elsevier.com/locate/pocean


Fig. 1. Left panel, recent bathymetric map of the Arctic Mediterranean Sea based on Jakobsson et al. (2008). Right panel, map of the Arctic Mediterranean made by F. Nansen
1897 after the drift of Fram 1893–1896.

Fig. 2. Temperature (full lines) and salinity (colours) sections in the Nansen Basin from the Laptev Sea to Fram Strait based on the hydrographic observations made from Fram
1893–1896. (from Nansen, 1902).
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perature without deep overturning (Fig. 2). Ice is then formed in
winter and persists throughout the year in the central part of the
Arctic Ocean.

A warm subsurface layer was observed between 200 m and
700 m with temperature above 0 �C, and Nansen concluded that
this layer was maintained by an inflow of warm Atlantic water
through the passage between Greenland and Svalbard (later to be
called Fram Strait). This was not entirely unexpected. It had been
assumed (e.g. Petermann, 1865) that the heat carried northward
by the Gulf Stream and its extensions in the North Atlantic would
be sufficient to melt the sea ice and create an ice-free Arctic Ocean.
This was now found not to be the case. The runoff from the Siberian
rivers is large enough to isolate the heat in the Atlantic water from
the surface, allowing sea ice to form and grow. A further observa-
tion made on the Fram expedition was that the ice drift deviated to
the right of the wind direction. An observation that eventually led
to the formulation of the theory of wind driven ocean currents (Ek-
man, 1905).

The salinity measured on the water samples taken from Fram
showed a salinity increase towards the bottom, which made Nan-
sen speculate about the possibility that freezing and brine rejection
on the shelves could result in the formation and drainage of dense
saline water into the deep Arctic Ocean. High bottom salinities had
been found on the Barents Sea shelf, especially close to Novaya
Zemlya (Knipovitch, 1905) and were presented by Nansen
(1906). However, based on later observations made northwest of
Svalbard from the sailing vessel Veslemøy in 1912 (Nansen,
1915), Nansen concluded that the salinities measured on the deep
water samples taken from Fram were too high and he adopted the
view that the deep waters of the Arctic Ocean derive from an
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inflow of dense, cold water, formed by winter convection in the
Greenland Sea.

2.2. Interlude

After the Fram expedition studies were continued in the Barents
Sea (Knipovitch, 1905; Nansen, 1906) and in the Greenland Sea
(Nansen, 1906; Helland-Hansen and Nansen, 1909). During the
second Fram expedition (1898–1902) under Otto Sverdrup several
islands were charted in the Canadian Arctic Archipelago and the
Severnaya Zemlya archipelago was discovered during the Russian
Hydrographic Expedition of the Arctic (1910–1915). The effort by
Amundsen to reach the inner Arctic Ocean and North Pole from
Bering Strait with Maud (1919–1925) did not succeed, and Maud
remained on the shelf in the East Siberian Sea. Harald Sverdrup’s
work on long waves and tides (Sverdrup, 1926) and Malmgren’s
studies of sea ice (Malmgren, 1927) were some of the oceano-
graphic results from this expedition.

The Soviet icebreaker Sedov involuntarily almost repeated the
drift of Fram between 1937 and 1940, and in 1931 an attempt by
H. Wilkins to reach the North Pole under the ice using a discarded
US submarine, Nautilus, was abandoned north of Fram Strait due to
malfunction of the diving rudders. However, the most impressive
achievement during the period was the launching of the first Soviet
drifting ice station, North Pole 1, led by I.N. Papanin. It was estab-
lished at the North Pole by aircrafts in May 1937. The station then
drifted southward and exited through Fram Strait in the East
Greenland Current, where the members were picked by two Soviet
icebreakers in February 1938. The observations made from North
Pole 1, Fram and Nautilus in the Arctic Ocean and from Belgica
and Gjøa in the Greenland Sea formed the basis for the celebrated
schematics, constructed by Wüst (1941), showing the temperature
of the deep waters increasing from the Greenland Sea to the North
Pole. This suggested a gradual heating of the dense water formed in
the Greenland Sea by mixing with surrounding waters as it spreads
into the Arctic Ocean (Fig. 3).
Fig. 3. Potential temperature section from the Nordic Seas to the North Pole based
2.3. A new start

After the Second World War North Pole 1 was followed by many
other drifting ice stations, most of them established by the Soviet
Union, forming an impressive sequence of ‘‘North Pole’’ stations
but also by the United States, e.g. T3, Alpha, ARLIS I & II (Arctic Re-
search Laboratory Ice Station), AIDJEX (Arctic Ice Dynamics Joint
Experiment), and by Canada, e.g. CESAR (Canadian Experiment to
Study the Alpha Ridge) and LOREX (Lomonosov Ridge Experiment).
Each spring the Soviet Union also launched extensive airborne
campaigns, SEVER, observing the upper layers over the entire Arc-
tic Ocean. Most of this observational work conducted between the
1950s and the 1970s is masterfully synthesised and presented in
the Atlas of the Arctic Ocean (Gorshkov, 1980). Fig. 4 shows TS dia-
grams, revealing the characteristics of the water columns in differ-
ent areas of the Arctic Mediterranean. Below we summarise some
major findings during this period.
2.3.1. Water masses and circulation
The observations gathered on the many campaigns during the

1950s allowed for major summaries of the different water masses
and their circulation in the Arctic Ocean (Timofeyev, 1960; Coachman
and Barnes, 1961, 1962, 1963; Treshnikov and Baranov, 1972; Coach-
man and Aagaard, 1974; Treshnikov, 1997). The Arctic Ocean water
masses can, simplistically, be separated vertically into three major
layers with some important sub-divisions within these layers that
will become apparent in due course.

(1) The Polar Surface Water (PSW) consisting of the Polar Mixed
Layer (PML) and the halocline.

(2) The Atlantic water, historically identified as a subsurface
layer bounded above and below by the 0 �C isotherm, and
the intermediate waters below that can communicate freely
over the Lomonosov Ridge.

(3) The deep and bottom waters in the different basins.
on data available from expeditions conducted before 1940 (from Wüst, 1941).



Fig. 4. The upper part presents TS curves from different areas of the Arctic Mediterranean Sea showing the characteristics of the different water masses. The lower part shows
four temperature sections in the Arctic Ocean and the Nordic Sea. The different areas and the positions of the sections are indicated on the map (from Gorshkov, 1980).
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The PML comprises the part of the water column that is homog-
enised during winter by freezing, brine release and haline convec-
tion. In summer the uppermost part of the PML becomes freshened
and stratified by a seasonal melt water layer, which again is re-
moved by freezing in fall.
Below the PML there is a layer characterised by a strong salinity
increase with depth but with temperatures remaining close to
freezing. This is the Arctic Ocean halocline. This cold water mass
cannot be created by direct mixing between the PML and the
underlying warm and saline Atlantic water but must have an



Fig. 5. TS characteristics of the upper layers in the southern Canada Basin and in the Bering Sea, Bering Strait and the Chukchi Sea showing the subsurface temperature
maximum of the Bering Strait Summer Water (BSSW) and the temperature minimum of the Bering Strait Winter Water (BSWW). The map indicates the positions of the
stations (from Coachman and Barnes, 1961).
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advective origin. In the Amerasian Basin such advective sources are
easy to find. Coachman and Barnes (1961) showed that the inflow
of Pacific water, being less saline than the Atlantic water but com-
monly more saline than the PML found in the Amerasian Basin,
would provide an intermediate layer, characterised by two temper-
ature signals. An upper temperature maximum observed around
75 m derives from the Bering Sea Summer Water (BSSW), entering
through the Bering Strait during summer, and a deeper tempera-
ture minimum located at 150 m is caused by the inflow of colder
and more saline Bering Sea Winter Water (BSWW) (Fig. 5).

The Pacific water is mainly confined to the Amerasian Basin. In
the Eurasian Basin the PML is more saline than in the Amerasian
Basin because of the higher salinity of the Atlantic water and be-
cause the freshwater sources are limited to river runoff and ice
melt. A cold halocline is nevertheless present, and since it cannot
be formed as a mixing product from the PML and the Atlantic
water, Coachman and Barnes (1962) suggested that Atlantic water
is brought onto the shelves along deep canyons, e.g. the St. Anna
Trough east of Franz Josef Land, and becomes cooled by interaction
with the atmosphere and freshened by mixing with low salinity
shelf water. As it returns to the deep basin it has a reduced density,
allowing it to enter between the PML and the Atlantic water.

The circulation of the upper layers, at least of the PML, was as-
sumed similar to the ice drift, which is dominated by the anticy-
clonic Beaufort gyre centred in the Beaufort Sea in the southern
Canada Basin and the Transpolar Drift extending from Siberia to
Fram Strait (Fig. 6). The Atlantic water, by contrast, was deduced
from the spatial variations of the temperature maximum in the
Atlantic layer to move cyclonically around the Arctic Ocean, enter-
ing through Fram Strait as the West Spitsbergen Current, circulating
around the Arctic Ocean, and exiting through Fram Strait as the East
Greenland Current (Timofeyev, 1962; Coachman and Barnes, 1963).
It was assumed to lose its heat by turbulent diffusion to the overly-
ing waters during its transit around the Arctic Ocean (Fig. 7).

In this context it is appropriate to mention the revolution the
introduction of the CTD (conductivity–temperature–depth) made
in providing details of the vertical stratification of the water
column. It improved the resolution and showed features of the
different water masses and offered clues to the active processes
unobtainable before. One early example was the observation, made
from the ice island T-3, of small regular steps at about 300 m depth
in the thermocline above the Atlantic layer in the Canada Basin
(Neal et al., 1969). The detection of these steps was facilitated by
the stable platform provided by the sea ice, eliminating the surface
wave motions. The alternating interfaces and homogenous layers
(Fig. 8) indicated that the turbulent activity in the interior Arctic
Ocean was low and that heat could be transported by molecular
processes such as double-diffusive convection through the diffu-
sive interfaces (Turner, 1973).

Observation from the AIDJEX pilot ice camps in the early 1970s
and during the main AIDJEX experiment 1975–1976 showed the
existence of several meso-scale eddies in the Canada Basin
(Hunkins, 1974; Newton et al., 1974). Most of these eddies were
anti-cyclonic, located in the upper 250 m of the water column
and associated with waters with properties different from the sur-
roundings. Only three of the eddies observed on the AIDJEX main



Fig. 6. Dynamic topography relative to 2000 db (solid lines) and drift tracks from ice floes (arrows) (from Coachman and Aagaard (1974)).
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camp were identified as cyclonic but two of these were found dee-
per than 500 m, within or below the Atlantic layer (Manley and
Hunkins, 1985). The depth range of the majority of the eddies coin-
cides with that of the Pacific water, indicating that they are related
to the inflow of Pacific summer and winter waters across the Chuk-
chi Sea shelf. Hart and Killworth (1976) and Hunkins (1981) sug-
gested that the eddies were formed by baroclinic instability as
the Pacific water crosses the shelf break and Manley and Hunkins
(1985) proposed a possible formation along the Alaskan shelf
break. D’Asaro (1988a,b)also assumed that the eddies might be
formed close to the Barrow Canyon but suggested that relative vor-
ticity could be imparted to the entering water by friction against
the coastal wall of the Barrow Canyon, creating the anti-cyclonic
vorticity of the observed eddies.

The temperature of the deep water in the Amerasian Basin was
found to correspond to that observed at 1300 m in the Eurasian
Basin (Worthington, 1953). This fact was taken as evidence of the
existence of a submarine ridge across the Arctic Ocean – the
Lomonosov Ridge – which was discovered and charted by scien-
tists from the Soviet Union at about the same time. The existence
of a submarine ridge in the central Arctic Ocean had been deduced
earlier from the characteristics of propagating tidal waves (Harris,
1911; Fjeldstad, 1936). This was also in agreement with Nansen’s
view that the deep water of the Arctic Ocean is formed in the
Greenland Sea and then advected into the Arctic Ocean through
Fram Strait (Nansen, 1915). The Lomonosov Ridge blocked the pas-
sage for the coldest and densest part of this inflow to the Amer-
asian Basin, which would instead be filled by water present at
sill depth.
2.3.2. Budgets
The first detailed volume, heat and salt budgets for the Arctic

Ocean and for the Nordic Seas were formulated during the 1960s
and 1970s (Mosby, 1962; Vowinckel and Orvig, 1962, 1970;
Timofeyev, 1963; Aagaard and Greisman, 1975). Prior to the
1950s the Arctic Mediterranean Sea, the part of the North Atlantic
north of the Greenland–Scotland Ridge was considered an almost
isolated sea and in the budget for the Arctic Mediterranean pre-
sented in ‘‘The Oceans’’ Sverdrup only considered transformations
of Atlantic water into less dense and less saline Polar surface water.
The northward transport through Bering Strait was assumed to be
small, around 0.3 Sv (1 Sv = 106 m3 s�1), and the transports through
the Canadian Arctic Archipelago were regarded as negligible
(Sverdrup et al., 1942). At that time the formation of North Atlantic
Deep Water (NADW) was believed to occur in the North Atlantic
south of Greenland and although contributions from dense over-
flows from the Arctic Mediterranean had been suggested in the
past (e.g. Nansen, 1912), they were deemed not important.

The first budgets for the Arctic Ocean were based on volumes
and salt balances and, when available, geostrophic calculations of
the transports through the different openings. The transport of
Atlantic water into the Arctic Ocean in the West Spitsbergen Cur-
rent was determined by geostrophy from sections from Barents-
burg on Svalbard to the ice edge to be 3–4 Sv (Timofeyev, 1963).
A similar value was obtained by Fletcher (1965), while Mosby esti-
mated an inflow of 1.4 Sv. The outflow of low salinity Polar water
in the East Greenland Current was estimated to 2 Sv by Mosby
and 4 Sv by Fletcher, largely based on budget constraints and geo-
strophic computations.



Fig. 7. Upper panel, the percentage of Atlantic water (T > 0 �C) in different parts of the Arctic Ocean. Lower panel, the inferred circulation of the Atlantic water (from
Coachman and Barnes, 1963).
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The transports through the Canadian Arctic Archipelago were
obtained by geostrophic computations in the individual straits as
well as in Davis Strait between Baffin Bay and the Labrador Sea
(Bailey, 1957; Collin and Dunbar, 1963; Muench, 1971). In Smith
Sound and in the Nares Strait current observations were available
that could supply estimates for the unknown reference velocity
(Day, 1968; Sadler, 1976). The overall transport through the Cana-
dian Arctic Archipelago was estimated to 1–2 Sv.

The inflow through Bering Strait was found to be around 1 Sv from
a one-dimensional hydraulic model of the strait, where the sea sur-
face slope was balanced by bottom drag (Coachman and Aagaard,
1966). This agreed with existing current measurements in the Chuk-



Fig. 8. Step structure in the thermocline above the Atlantic layer in the Canada
Basin observed from the AIDJEX ice camp (from Neal et al., 1969).
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chi Sea (Coachman and Aagaard, 1974). The most important contribu-
tions to the Arctic Ocean heat budget were the inflow of warm Atlan-
tic water and the export of sea ice (latent heat) through Fram Strait.

The inflow through the Barents Sea was often neglected in the
early budgets in spite of the fact that Petermann (1865) and also
Nansen, before his expedition with Fram, considered this the most
important passage of warm water from the North Atlantic into the
Arctic Ocean (Nansen, 1902). In the budgets by Timofeyev (1963),
Fletcher (1965) and Nikiferov and Shpaiker (1980) the inflow was
estimated to about 1 Sv, which was about one third of their esti-
mated transport through Fram Strait. A later estimate by Aagaard
and Greisman (1975) reduced this inflow to 0.7 Sv.

The first direct yearlong current measurements were obtained
in the West Spitsbergen Current in 1971–1972 (Aagaard et al.,
1973). These indicated a much larger (>7 Sv) northward transport
of Atlantic water than found from geostrophic calculations. This
showed that not all of the Atlantic water that enters the Arctic
Ocean would be transformed into less dense Polar Surface Water
and a substantial fraction of the Atlantic water had to return
through Fram Strait as cooled ‘‘Arctic’’ Atlantic water in the East
Greenland Current below the PSW. Aagaard and Greisman (1975)
used the inflow estimated from the current measurements,
7.1 Sv, and postulated that the northward and southward trans-
ports in Fram Strait were equal. The outflow in the East Greenland
Current was assumed to consist of 1.8 Sv of Polar water and 5.3 Sv
of ‘‘Arctic’’ Atlantic water. The inflow through Fram Strait was then
considered ten times larger than that over the Barents Sea.

The large transport of oceanic heat to the Arctic Ocean and the
amount of heat stored in the Atlantic layer, enough to melt 20 m of
sea ice, accentuated the question: If the river runoff should de-
crease, e.g. due to then discussed projects of turning one or two
of the Siberian rivers southward for agricultural purposes, would
this weaken the stratification sufficiently to allow heat from the
Atlantic layer to be brought to the surface and reduce, and even re-
move, the ice cover (Aagaard and Coachman, 1975)?

2.4. Activities and advances in the 1980s and early 1990s

The 1980s and 1990s saw the hesitant beginning of the ice
breaker expeditions, first to the gateways and later into the interior
of the Arctic Ocean. This largely improved the possibilities to make
oceanographic observations, especially to collect water samples,
being allowed to work on a ship instead of on the ice, either at
an ice station or out of an airplane.

2.4.1. Exchanges between the Arctic Ocean and the Nordic Seas
The observational activity in the Fram Strait area increased

significantly during the 1980s, partly due to dedicated scientific
icebreaker expeditions, starting with IB Ymer in 1980 and RV
Polarstern in 1983, partly due to large international programmes
like the Marginal Ice Zone Experiment (MIZEX), the Greenland
Sea Project (GSP) and the Fram Strait Project (FSP), which brought
additional capable ships into the area. MIZEX was primarily a pro-
cess study concentrated on small and mesoscale motions in the
vicinity of fronts, while the Fram Strait project investigated the ex-
changes between the Arctic Ocean and the Nordic Seas. Stronger
ice breakers like Ymer and Polarstern and ice strengthened vessels
like RV Lance made it possible to extend the sections across the en-
tire strait onto the Greenland continental shelf and to the coast of
Greenland. This resulted in better estimates of the outflow in the
East Greenland Current and of the net exchanges through Fram
Strait by geostrophic calculations combined with mass and salinity
constraints (e.g. Rudels, 1987; Bourke et al., 1988).

In 1984–1985 yearlong moorings were deployed across the en-
tire strait and a reduced number of moorings was also deployed in
1985–1986. The results from the current measurements (Foldvik
et al., 1988) as well as from geostrophic calculations (Rudels,
1987; Bourke et al., 1988) and float observations (Quadfasel et al.,
1987) showed that a large fraction of the Atlantic water of the West
Spitsbergen Current recirculates in the strait and never enters the
Arctic Ocean. The geostrophic calculations and also the moored cur-
rent observations thus indicated a significantly lower transport of
Atlantic water into the Arctic Ocean than those estimated from the
current measurements in the 1970s. This suggested that the passage
to the Arctic Ocean over the Barents Sea might be as important as
Fram Strait for the mass balance of the Arctic Ocean (Rudels, 1987;
Blindheim, 1989). The Barents Sea inflow, however, becomes cooled
and freshened during its transit and does not contribute significantly
to the oceanic heat transport to the Arctic Ocean.

2.4.2. Water transformations in the Arctic Ocean
In the 1980s the picture of an advection dominated, passive

Arctic Ocean began to be revised. The formation of dense water
on the shelves by freezing and brine rejection, earlier suggested
by Nansen (1906), was proposed as a possible process for creating
water dense enough to sink into the Arctic Ocean and penetrate be-
tween the Polar Mixed Layer and the Atlantic water and thus form-
ing the halocline (Aagaard et al., 1981) (Fig. 9). Evidence that this
process takes place was reported by Jones and Anderson (1986),
who traced the nutrient maximum in the Amerasian Basin,
observed around 150 m depth and centred on salinity 33.1 in the
Pacific derived halocline, back to the Chukchi Sea and to the regen-
eration of nutrients from bottom sediments. Dense water, formed
by freezing and brine rejection, sinks to and accumulates at the
bottom during winter, where it becomes rich in dissolved nutri-
ents. As it eventually crosses the shelf break and penetrates into
the deep basins to its neutral density level it supplies the observed
nutrient maximum.

Aagaard (1980) pointed out that the deep waters in the Amer-
asian Basin are not only warmer but also more saline than the deep
waters of the Eurasian Basin, implying that the deep waters are
transformed within the Arctic Ocean. The most probable mecha-
nism also for such transformation is the creation of saline, dense
water on the shelves, which then would sink down the slope into
the deeper layers. Aagaard et al. (1985) and Rudels (1986a) devel-
oped circulation schemes for the deep waters of the Arctic Medi-



Fig. 9. (a) Schematics showing temperature and salinity profiles from the upper part of the Arctic Ocean indicating the increase in salinity beneath the surface layer while the
temperature remains close to freezing. This suggests that (b) the halocline can be formed through freezing, brine release and the accumulation of brine enriched bottom water
on the shallow shelves in winter. Eventually the dense bottom water crosses the shelf break and sinks down to its neutral density level, forming the halocline (from Aagaard
et al., 1981).

Fig. 10. Left, station positions, and right, the evolution of the characteristics of the Storfjorden plume as it mixes with ambient waters AW (Atlantic Water), ESW (East
Spitsbergen Water), NSDW (Norwegian Sea Deep Water) (from Quadfasel et al., 1988).
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terranean, connecting the dense, saline Arctic Ocean deep waters,
formed by brine rejection on the shelves and slope convection
and entrainment, with the less saline and colder Greenland Sea
deep water, created by open ocean convection, by advection path-
ways through the Norwegian Sea and Fram Strait.

Two different plume concepts were proposed. Aagaard et al.
(1985) introduced large shaving plumes, where the upper part of
the plume becomes detached at different levels as the plume sinks
down the slope, while Rudels (1986a) suggested several plumes,
intermittent in time and space, which would sink through the water
column, entraining ambient water until they reach their neutral
density level and there merge with the surrounding water. Dense
shelf water was reported from the Barents Sea west of Novaya Zem-
lya (Midttun, 1985) and from Storfjorden in the southern part of the
Svalbard Archipelago (Anderson et al., 1988) and a dense, warm and
more saline bottom layer, originating from Storfjorden, was
observed in Fram Strait, substantiating the concept of entraining
shelf-slope plumes (Quadfasel et al., 1988) (Fig. 10). The entrain-
ment of warmer water would eventually make the more saline
and denser plumes warmer than the ambient water, leading to both
temperature and salinity increases in the deep waters that entered
the Arctic Ocean from the Nordic Seas. The outflowing Arctic Ocean
deep waters would then be recognised as saline cores in the deeper
layers of the East Greenland Current (Aagaard et al., 1985; Rudels,
1986a). One upper, less dense core derives from the Amerasian Ba-
sin, and a deeper and colder salinity maximum originates from the
Eurasian Basin (Rudels, 1986a).

2.4.3. Circulation in the Arctic Ocean deep basins
In 1991, on the Arctic Ocean-91 expedition, IB Oden and RV

Polarstern reached, as the first conventional icebreakers, the North
Pole after crossing the Eurasian basin and passing over the



Fig. 11. Station positions and hS curves from the Oden-91 expedition. Upper panel (a) the Eurasian Basin, (b) stations in the Amundsen Basin and the Makarov Basin close to
the Lomonosov Ridge. The dotted lines indicate the characteristics of the water masses which the water entering the Eurasian Basin and Makarov Basin respectively must mix
with to attain the properties observed in the basin. The lower panel shows stations along the Nansen Basin (left), the Amundsen Basin (centre) and in the Makarov Basin and
close to the Morris Jesup Plateau (right) displaying similarities in the intrusive features along the expected flow paths (from Rudels et al., 1994).
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Lomonosov Ridge into the Makarov Basin. Although the station
spacing in the Nansen Basin was sparse due to technical problems
and time constraints sufficient information could be gathered from
the water mass distribution to infer a more detailed circulation
scheme for the Atlantic and intermediate layers. The temperature
of the Atlantic core was decreasing from the Nansen Basin across
the Gakkel Ridge, remaining fairly constant in the Amundsen Basin,
and increasing slightly as the Lomonosov Ridge was approached.
On the Makarov Basin side of the Lomonosov Ridge the tempera-
ture of the Atlantic layer decreased substantially. Over the Gakkel
Ridge and in the Amundsen Basin interleaving structures were ob-
served in the Atlantic layer between 250 m and 600 m as well as in
the intermediate layer around 1000 m. The salinities observed be-
low the Atlantic layer in the Amundsen Basin and over the Gakkel
Ridge were lower than those found in the Nansen Basin and in the
Makarov Basin (Anderson et al., 1994; Rudels et al., 1994) (Fig. 11).

These observations were interpreted as results of interactions be-
tween two inflow branches. One branch enters through Fram Strait
and then continues as a boundary current eastward along the conti-
nental slope. At the St. Anna Trough the boundary current encoun-
ters the second inflow branch, passing over the Barents Sea, which
has become cooled and freshened by interactions with atmosphere
and sea ice. Strong mixing between the two branches takes place,
creating the interleaving layers observed in the interior of the
Eurasian Basin. However, the colder end member, the Barents Sea
branch, is in the interior of the basin found closer to the Lomonosov
Ridge, suggesting that the two streams partly leave the continental
slope and flow towards Fram Strait over the Gakkel Ridge, along
the Amundsen Basin, and along the Lomonosov Ridge (Rudels
et al., 1994).
The idea of a return flow along the Gakkel Ridge was not new. It
was suggested by Anderson et al. (1989), using hydrographic and
nutrient observations from the Polarstern 1987 cruise across the
Nansen Basin, and by Quadfasel et al. (1993), based on XBT obser-
vations of intrusions over the Gakkel Ridge taken from the ice-
breaker Rossiya in 1990. Quadfasel et al. (1993) proposed that
these intrusions were created by dense shelf water entering from
the Laptev Sea and subsequently advected as fossil signals with
the mean flow towards Fram Strait. Rudels et al. (1994) also as-
sumed that the intrusions were mostly old, rundown and no longer
active and advected with the mean flow. However, they suggested,
because of the larger number of interleaving layers and the exten-
sive depth range of the interleaving, that they originated from a
more permanent source than an intermittent shelf outflow from
the Laptev Sea. This left an inflow over the Barents Sea as the only
remaining possibility.

This is different from the interpretation of the formation of
thermohaline intrusions made by Perkin and Lewis (1984), who
observed intrusive layers in the Nansen Basin north of the Barents
Sea during the airborne EUBEX (Eurasian Basin Experiment) cam-
paign. They considered that the intrusions were formed north of
Svalbard as warm Atlantic water entered through Fram Strait and
mixed with older Atlantic water present in the Nansen Basin. The
detailed modelling of such a process was later elaborated by May
and Kelley (1997, 2001).

Indications of a strong inflow from the Barents Sea, presumably
via the St. Anna Trough, was found on the Polarstern cruise to the
Laptev Sea in 1993 (Schauer et al., 1997). The Barents Sea branch
enters the Arctic Ocean as a stratified water column, which follows
the continental slope eastward as a colder, less saline 1000 m thick
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wedge that displaces the warmer, more saline Fram Strait branch
farther into the basin and depresses the deeper underlying waters
at the slope. The Barents Sea branch inflow in the St. Anna Trough
and its interaction with the Fram Strait branch were further stud-
ied on Polarstern cruises in 1995 and 1996 (Rudels et al., 1999a,
2000a; Woodgate et al., 2001; Schauer et al., 2002a,b).

Rudels et al. (1999a) examined the interleaving structures ob-
served on the Oden 1991 and Polarstern 1995 and 1996 cruises
and suggested two mechanisms to explain the distribution of the
interleaving layers in the Nansen and the Amundsen Basin: (1)
The intrusions are driven by double-diffusive convection between
the warmer Fram Strait branch in the Nansen Basin and the colder
Barents Sea branch in the Amundsen Basin. (2) The intrusions are
generated at the continental slope as the Barents Sea branch enters
the Arctic Ocean in the St. Anna Trough and interacts with the Fram
Strait branch. After a period of active double-diffusive convection
and double-diffusively driven interleaving most of the potential
energy initially available in the stratification is removed and the
layers cease to be self-propelled. They are then advected with
the mean circulation, first in the boundary current towards the
Laptev Sea and then back along the Gakkel Ridge and the
Amundsen Basin towards Fram Strait.

Barents Sea branch water was not only seen as colder intru-
sions in the Atlantic layer but also as a deeper, comparatively
cold and less saline layer, occasionally creating a salinity mini-
mum below the Atlantic water in the Amundsen Basin and over
the Gakkel Ridge. This is different from the situation in the Maka-
rov Basin side of the Lomonosov Ridge, where the temperature of
the Atlantic layer was considerably lower but the intermediate
water below was warmer and more saline than on the Amundsen
Basin side (Fig. 11). This implies that the temperature and salinity
in the intermediate layer have increased due to slope convection
in the Amerasian Basin, presumably off the Chukchi Sea, and the
Fig. 12. The circulation of the Atlantic and intermediate waters inferred fro
more saline water circulates around the Amerasian Basin and en-
ters the Makarov Basin from the North American side along the
Lomonosov Ridge (Rudels et al., 1994). Differences in silicate
concentrations in the Atlantic and intermediate water at the
Oden stations close to the Morris Jesup Plateau indicated the
presence of two separate streams north of Greenland. The colder
one with higher silicate concentration was interpreted as having
taken the longest loop along the continental slope around the en-
tire Arctic Ocean. The slightly warmer water mass with less sili-
cate content would then only have circulated in the Makarov
Basin along the Alpha and Mendeleyev ridges and then again
joined the boundary current north of Greenland (Rudels et al.,
1994) (Fig. 12).

Warmer, more saline intermediate water in the Amerasian Ba-
sin is consistent with a simple mass balance model for entraining
boundary plumes (Rudels et al., 1994). It is also obvious that the
crossover to warmer and more saline intermediate water in the
Makarov Basin compared to the Amundsen Basin occurs at levels
shallower than the sill depth of the Lomonosov Ridge. This indi-
cates that the higher temperatures and salinities in the Amerasian
Basin intermediate water, the upper Polar Deep Water (uPDW), are
due to a longer exposure to shelf-slope convection rather than to
the blocking effect of the Lomonosov Ridge (Rudels, 1995; Meincke
et al., 1997). The splitting of the boundary current at the Lomono-
sov Ridge was confirmed by direct current observations at the con-
tinental slope north of the Laptev and East Siberian seas and on the
Amundsen Basin side of the Lomonosov Ridge (Woodgate et al.,
2001).

A further insight, gained from the Oden-91 cruise, and
previously also appreciated during the AIDJEX campaign (Mcphee,
1986), was that the limit of the local winter convection can be as-
sessed by determining an upper temperature minimum associated
with a fairly constant salinity, a halostad, both of which are
m the observed changes in hS characteristics (from Rudels et al., 1994).



B. Rudels / Progress in Oceanography 132 (2015) 22–67 33
gradually weakened by mixing from above and below during sum-
mer. Observations from the Nansen Basin showed that the temper-
ature minimum was located deep, around 100 m, and just above
the thermocline. This implies that no permanent, cold halocline
is present in the Nansen Basin, only a seasonal halocline formed
by ice melt in summer and removed again by freezing during fall
(Rudels et al., 1996).

The warm Atlantic water enters the Arctic Ocean and encoun-
ters and melts sea ice. Its upper part becomes transformed into a
less saline layer, which in winter is homogenised first by cooling
and thermal convection and eventually by brine rejection and ha-
line convection. As the Fram Strait inflow moves farther into the
Nansen Basin a seasonal halocline is developing in summer and
then removed in fall and winter by brine rejection and haline con-
vection reaching down to the thermocline. This situation holds for
the entire southern part of the Nansen Basin as far east as the Lap-
tev Sea, where the export of low salinity shelf water overruns the
‘‘winter mixed layer’’ and creates a salinity stratification in the
upper part of the water column. The freezing and brine rejection
in fall and winter cannot create water saline and dense enough
to break through the increased stratification and reach the thermo-
cline. The convection is limited to the less saline shelf water that is
homogenised and becomes the Polar Mixed Layer (PML), while the
initial deep winter mixed layer in the Nansen Basin becomes iso-
lated from the sea surface and is gradually transformed into a hal-
ocline water mass. This halocline, created out of the upper part of
the Fram Strait inflow branch, partly enters the Amerasian Basin,
where it contributes to the ‘‘lower’’ halocline centred on a salinity
of 34.3 (Rudels et al., 1996) (Fig. 13). This process of forming the
halocline is an alternative to the brine rejection and accumulation
of dense water on the shelves proposed by Aagaard et al. (1981). In
the Nansen Basin the stratification above the Atlantic water is
weak, and a shelf outflow is unlikely to penetrate between the
Fig. 13. Formation of a deep, less saline mixed layer in the Nansen Basin from the uppe
winter. Subsequent summer melting farther into the basin is removed by freezing and ha
water from mainly the Laptev Sea enters at the surface and creates a stronger stratifica
mixed layer is transformed into the more saline, ‘‘lower’’ halocline (from Rudels et al., 1
upper layer and the Atlantic water. It would either enter at the sur-
face or, being denser, sink directly into the Atlantic core or deeper.
2.4.4. Double-diffusive interfaces
The Arctic Internal Wave Experiment (AIWEX) showed that the

interior Arctic Ocean was a low energy environment with little tur-
bulence (Padman, 1995). This allows for small-scale processes such
as double-diffusive convection, differential diffusion and effects of
the non-linearity of the equation of state, contraction on mixing (or
cabbeling) and the thermobaric effect to become important. Many
of the processes active in ice covered waters and seas are described
by Carmack (1986) and Padman (1995). During the AIWEX exper-
iment 1985 conducted from the ice in the Canada Basin the diffu-
sive interfaces and layers observed earlier from T3 (Neal et al.,
1969; Neshyba et al., 1971) were intensively studied. It was found
that the interfaces were a few cm thick and by assuming a diffusive
flux through the interfaces coupled with a convection into and stir-
ring of the layers the vertical heat flux could be estimated using
laboratory flux laws (Padman and Dillon, 1987). The obtained heat
transports were small, less than 0.1 W m�2, and it is unlikely that
these transports can contribute significantly to the cooling of the
Atlantic layer and still less to the oceanic heat flux to the upper lay-
ers and the sea ice.
3. Change

The increased number of icebreaker expeditions penetrating
into the interior of the Arctic Ocean and the launching of the Scien-
tific Submarine Expeditions (SCICEX) in the 1990s combined with
the observations accumulated earlier during the century made it
possible to move beyond establishing the mean conditions of the
r part of the inflowing Atlantic water through cooling, ice melt and mixing during
line convection the following winter. A halocline is formed, when low salinity shelf
tion, which is not removed the following winter. The previous more saline winter
996).
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Arctic Ocean hydrography to also detect changes in the properties
of the water column and in the circulation.

3.1. The Atlantic water

The perhaps earliest indication of large changes in the Arctic
Ocean came from the XBT observations made from the icebreaker
Rossiya in 1990 (Quadfasel et al., 1991). It was discovered that the
temperature of the Atlantic layer in the boundary current in the
Nansen Basin was almost 1 �C higher than the long term mean.
This temperature increase was traced to a warmer inflow in the
West Spitsbergen Current during the late 1980s (Quadfasel et al.,
1991, 1993; Grotefendt et al., 1998). This was not an isolated
observation. In 1993 measurements from the Canadian icebreaker
CCGS Henry Larsen indicated warmer Atlantic water in the Maka-
rov Basin close to the Mendeleyev Ridge (Carmack et al., 1995).
From the Henry Larsen observations it was also deduced that the
boundary separating upper layer waters of Pacific origin from
those of Atlantic origin had shifted from the Lomonosov Ridge to
the Mendeleyev Ridge, allowing Atlantic derived waters to domi-
nate the uppermost layers of the Makarov Basin (Carmack et al.,
1995; McLaughlin et al., 1996).

The inflow of warmer Atlantic water in the Fram Strait branch
persisted during most of the 1990s as was observed by the Polar-
stern cruises in 1993, 1995 and 1996 to the eastern part of the Eur-
asian Basin (e.g. Schauer et al., 1997, 2002a; Rudels et al., 2000a)
and the temperatures in the Amundsen Basin and over the Gakkel
Ridge were higher than those observed from Oden in 1991. A com-
plete section across the Arctic Ocean from the Chukchi Sea to the
Nansen Basin was obtained by the CCGS Louis S. St. Laurent during
the Arctic Ocean Section (AOS) expedition 1994. This section
showed a significant increase in Atlantic water temperature on
the Amundsen Basin side of the Lomonosov Ridge as well as at
the North Pole compared to 1991 (Carmack et al., 1997; Swift
et al., 1997). The AOS-94 observations also confirmed the existence
of the warm front penetrating into the Makarov Basin in 1993. In
addition to tracking the advance of the temperature anomaly in
the Atlantic layer, these observations proved valuable in testing
the different circulation schemes proposed for the Atlantic water
in the Arctic Ocean. Swift et al. (1997) estimated the time needed
for the warmer Atlantic water to reach from Fram Strait along the
continental slope to the Laptev Sea and then along the Lomonosov
Ridge to the vicinity of the North Pole to about 10 years.

Some warm Atlantic water remained at the slope and crossed
the Mendeleyev Ridge and entered the Canada Basin, but appeared
to split as it approached the Chukchi Borderland. One part re-
mained at the slope and moved between the Chukchi Sea and
the Chukchi Borderland to the southern Canada Basin (McLaughlin
et al., 2004; Shimada et al., 2004), while the rest flowed northward
along the western flank of the Chukchi Borderland. This warm
pulse could be followed to the northernmost part of the Chukchi
Borderland, where it possibly splits into three parts. One part
moves north, entering the Canada Basin. This loop was identified
from tracer observations by Smith et al. (1999) and Smethie et al.
(2000). The spreading of the other two branches were observed
on the SHEBA/JOIS (Surface Heat Budget of the Arctic Ocean & Joint
Ocean Ice Studies) cruises in 1997–1998. SHEBA was conducted
from the Canadian icebreaker CCGS Des Groseilliers, which was
frozen into the ices for one year, acting as a drifting ice station.
One branch turned southward following the eastern flank of the
Northwind Ridge, possibly to join the boundary current at the
slope, while the rest appeared to move eastward directly into the
Beaufort Sea (McLaughlin et al., 2004; Shimada et al., 2004). The di-
rect penetration was suggested to take place not by advection but
through interleaving layers driven by double-diffusive convection
(Walsh and Carmack, 2003; McLaughlin et al., 2009) but the
velocities expected in the intrusions appear to be too small to ex-
plain the spreading (Shimada et al., 2004).

3.2. The upper layers

The Atlantic inflow during the 1990s was not only warmer than
previously observed. The observations from the SCICEX cruise with
the submarine USS Pargo in 1993 showed that the Atlantic layer in
the Amundsen and Makarov basins had shifted to shallower levels,
resulting in a salinity increase in the upper layer compared with
historical data (Morison et al., 1998). By contrast the Atlantic layer
was located deeper in the Canada Basin, leading to a lower salinity
at similar levels in the southern Canada Basin (Fig. 14). At the
North Pole the stratification above the Atlantic layer had weakened
significantly after the Oden-91 expedition and the salinity gradient
in the cold upper layers almost disappeared (Steele and Boyd,
1998). A similar situation was found in a large part of the Amund-
sen Basin and over the Gakkel Ridge (Schauer et al., 2002a) and also
in the Makarov Basin (Steele and Boyd, 1998).

A likely cause for these changes would be that the low salinity
shelf water, which ‘‘usually’’ crosses the shelf break in the eastern
Laptev Sea and enters the Amundsen Basin, in the early and mid
1990s was diverted into the East Siberian Sea and then into the
Canada Basin, largely bypassing the Amundsen and Makarov ba-
sins. This decrease in thickness of the low salinity upper layer
brought the core of the Atlantic water closer to the surface. It also
prevented the halocline to form over the Gakkel Ridge and in a
large part of the Amundsen Basin, allowing for a homogenisation
in winter down to the thermocline not only in the Nansen Basin,
which does not normally receive any substantial amount of low
salinity shelf water, but also in the Amundsen Basin and perhaps
also in the Makarov Basin (Steele and Boyd, 1998) (Fig. 15).

This situation was described by Steele and Boyd (1998) as ‘‘the
retreat of the cold halocline layer’’, but the creation of the water
mass that eventually forms the cold, more saline layer between
the PML and the Atlantic water did not stop. However, without
the outflow of low salinity shelf water, capping the ‘‘winter mixed
layer‘‘, no intermediate halocline layer was formed above the
Atlantic layer. The ‘‘lower’’ halocline formation is then intimately
tied to the discharge of low salinity shelf water to the interior of
the Arctic Ocean. This in turn largely depends upon the state of
the North Atlantic Oscillation (NAO) (Hurrell, 1995) and the Arctic
Oscillation (AO) (Thompson and Wallace, 1998). The high, positive
NAO situation shifts the mid-latitude cyclone tracks farther to the
north, and they more often reach the Arctic Ocean over the Barents
Sea and Fram Strait and weaken the high pressure cell over the
Beaufort Sea. The anticyclonic circulation in the upper part of the
gyre, mostly consisting of Pacific water, contracts and is forced to-
wards the North American continent.

The effects of such a change in the atmospheric circulation were
examined in a numerical model by Maslowski et al. (2000). They
compared the situation in 1979 with that in 1993, when the Arctic
Oscillation (AO) and North Atlantic Oscillation (NAO) were in high
positive states. The ice drift changed from a strong and well estab-
lished anti-cyclonic Beaufort gyre into an almost cyclonic circula-
tion in the Beaufort Sea and the entering Pacific water was
confined to the North American continent. The water from the
Siberian rivers was deflected into the Amerasian Basin and the
Atlantic water entering the Arctic Ocean over the Barents Sea
and through Fram Strait, which with the 1979 atmospheric circu-
lation had largely remained in the Eurasian Basin now crossed
the Lomonosov Ridge and spread into the Makarov Basin. This is
similar to the observed situation.

In recent years the conditions in the upper parts of the water
column have been returning to ‘‘normal’’. The low salinity shelf
water layer was re-established over the Lomonosov Ridge and over



Fig. 14. Upper panel, the increase in salinity in the upper layers of the Arctic Ocean, especially in the Amundsen Basin, in the 1990s compared to climatology. Lower panel, the
increase in temperature in the Amundsen and Makarov basins and the reduction in temperature at the same depth in the Canada Basin. Observations from USS Pargo in 1993
(from Morison et al., 1998).
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much of the Amundsen Basin in 2001 (Björk et al., 2002; Boyd
et al., 2002; Anderson et al., 2004). In 1997 a thick, more than
150 m, saline upper layer with little shelf water was observed
north of Fram Strait and Rudels et al. (2000b) suggested that this
water derived from the high salinity upper layer observed in
1996 in the interior of the Eurasian Basin, which by then would
have been advected to Fram Strait and was about to exit the Arctic
Ocean.
4. Variability, technical progress and the International Polar
Year

The large changes observed in the 1990s led to a search for sim-
ilar strong events happening in the past, and the partial release of
the Russian observations collected during the 20th century,
especially the Environmental Working Group (EWG) data set, has
opened the opportunity for studying the long-term variability of
the Arctic Ocean (e.g. Polyakov et al., 2004; Swift et al., 2005). Swift
et al. (2005) used a special version of the EWG data, which allowed
for identification of different areas and examined the variability in
the upper layer, the Atlantic layer and the Pacific waters. Similar
strong and sudden changes as in the 1990s could be detected in
the 1960s, which showed a strong increase in Atlantic water tem-
peratures and in the 1970s with a salinity increase in the upper
layer. The weakening and disappearance of the Pacific water Sili-
cate maximum in the central Arctic Ocean was found to occur in
the mid 1980s, before the inflow of warm Atlantic water and the
redistribution of the low salinity shelf water into the Amerasian
Basin in the 1990s. The causes behind the observed variability
could, however, not be determined with certainty.



Fig. 15. The shift in the freshwater front and the changes in the outflow paths of the low salinity shelf water during the 1990s (from Steele and Boyd, 1998).
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To study the variability in the interior of the Arctic Ocean time
series are necessary, obtained either by repeated ship observations
or by moored instruments. Before the 1990s long-term current
deployments in the deep Arctic Ocean basin, at the rim and in
the interior, were almost non-existent (Aagaard, 1989). The three
current meters on the Laptev Sea and the East Siberian Sea slopes
and on the Amundsen Basin side of the Lomonosov Ridge at the
1700 m isobath deployed and recovered from Polarstern in
1995–1996 thus constitute one of the first long (one year) current
meter deployment in the interior of the Arctic Ocean (Woodgate
et al., 2001). In the first decade of the 21st century many more
long-term mooring deployments have been undertaken. The Nan-
sen Amundsen Basin Observation System (NABOS) was established
at the Laptev Sea continental slope in 2002. The North Pole Envi-
ronmental Observatory (NPEO), consisting of one deep mooring
in the Amundsen Basin close to the North Pole, was established
in 2001 (Morison et al., 2002). The Beaufort Gyre Exploration Pro-
gram (BGEP) started with four deep moorings in the Beaufort Sea
in 2003 (Proshutinsky et al., 2009). Within the Shelf-Basin Interac-
tion initiative (SBI) a current meter and CTD mooring array was
established 2002–2004 across the Alaskan shelf and slope (Spall
et al., 2008; Nikolopoulos et al., 2009). The mooring array was later
replaced by a single mooring. These efforts allowed for a more in-
tense study of the Arctic Ocean variability.

In 2004 the first Ice-Tethered Profilers (ITP) were deployed.
These instruments, consisting of a profiling ctd and a transmitter
at the surface that sends its data via satellite to the home labora-
tory, have given a possibility for real-time monitoring of the water
column (Krishfield et al., 2008; Toole et al., 2011). Although subject
to wind and ice motion the ITPs have, by virtue of the often slow
drift and the short time between the profiles, been suitable not
only for studying seasonal changes but also small-scale features
such as eddies as well as diffusive interfaces and layers and ther-
mohaline intrusions (Toole et al., 2011).

The fourth International Polar Year (IPY) was launched 2007–
2009. This counting includes the Geophysical year 1957–1958.
The IPY was in all respect a success. It gave Polar sciences a pres-
ence in a much wider community than was expected. Nature itself
also played along by creating, in 2007, the smallest minimum ice
cover extent ever observed, which brought the Arctic conditions
and its relation to the global climate and to climate change into fo-
cus. It is not possible here to review all research undertaken during
IPY and continued after 2009. A comprehensive overview of the
Arctic activities is given in a special number of Oceanography,
‘‘the Changing Arctic Ocean’’ (Ortiz et al., 2011), and the develop-
ment of the Arctic Ocean Observations is clearly presented in the
iAOOS (intergrated Arctic Ocean Observing System) reports by
Dickson (2008, 2009, 2011) and Dickson and Fahrbach (2010). Here
results from IPY will not be especially highlighted, but given their
proper place in the growing knowledge of the Arctic Ocean and the
processes determining its state and evolution.

4.1. The Atlantic water

4.1.1. The Fram Strait inflow Branch
The extended inflow pulse of warm Atlantic water apparently

ceased during the 1990s. The temperature of the Atlantic water
in Fram Strait was lower in 1997 than in the mid 1980s (Rudels
et al., 2000b), and north of the Laptev Sea the temperature of the
Atlantic water observed on the NABOS cruise in 2002 was reduced
considerably from the high values observed by Polarstern in 1993,
1995 and 1996 (Dmitrenko et al., 2005, 2008a; Polyakov et al.,
2005). In the Eurasian Basin similar interleaving structures were
identified in the warm Atlantic layer over the Gakkel Ridge. In
1995 they were seen north of the Laptev Sea, in 1996 in the central
part of the Eurasian Basin, and in 1997 northwest of the Yermak
Plateau. This was interpreted as a return flow within the Eurasian
Basin of the warm Atlantic water pulse that had entered through
Fram Strait in the mid and late 1980s (Rudels et al., 2000b).

The downstream propagation of the part of the earlier pulse
that crossed the Lomonosov Ridge had by 2005 reached to the
southern Canada Basin, but the penetration of the warm Atlantic



Fig. 16. The sudden increase in Atlantic water temperature observed at the NABOS moorings north of the Laptev Sea in 2004 (from Dmitrenko et al., 2008a).
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pulse into the southern Canada Basin and the Beaufort gyre ap-
pears to be slow and either take place in the boundary current
along the continental slope or moving directly into the Beaufort
gyre from the Northwind Ridge (Shimada et al., 2004). This direct
spreading into the interior of the Beaufort gyre has been suggested
due to the penetration of thermohaline intrusions from the bound-
ary current into the centre of the gyre (Walsh and Carmack, 2003;
McLaughlin et al., 2009). McLaughlin et al. (2009) also proposed
that the interior path might be driven by an anti-cyclonal circula-
tion of the Atlantic layer in the Beaufort gyre. Such anti-cyclonic
circulation had been deduced earlier by Coachman and Barnes
(1962) and by Newton and Coachman (1974) and could be espe-
cially well developed when the atmospheric forcing of the Beaufort
gyre leads to strong Ekman pumping, accumulating upper layer
water in the centre of the gyre, which has been the case in the late
part of the 2000s. The presence of a colder Atlantic layer at the Al-
pha Ridge also suggests that older Canada Basin Atlantic water has
been forced towards the Alpha Ridge and is partly recirculating in
the Canada Basin (Falkner et al., 2005).

In the Makarov Basin the temperature of the Atlantic layer had
increased throughout the basin since the early 1990s, indicating
that the warm Atlantic water reported by Carmack et al. (1995)
had circulated around the basin, reaching the North Atlantic conti-
nental slope east of the Alpha Ridge, and was 10 years later partly
returning towards Siberia along the Lomonosov Ridge (Kikuchi
et al., 2005). On the Amundsen Basin side of the Lomonosov Ridge
the temperature, by contrast, had decreased, consistent with a
bifurcation of the boundary current at the Lomonosov Ridge and
that the colder water observed north of the Laptev Sea in 2002
was propagating towards Greenland along the Lomonosov Ridge.

The temperature measured at the NABOS moorings on the Lap-
tev Sea slope began to rise again in 2004, when a sudden increase
in both temperature and thickness of the Atlantic layer was ob-
served, occurring almost over a day (Fig. 16). The temperature
has remained high thereafter (Dmitrenko et al., 2008a,b; Polyakov
et al., 2005). A corresponding temperature and salinity increase
was seen in Fram Strait a few years earlier, starting in 1998, indi-
cating the arrival of a new pulse of warm Atlantic water at Fram
Strait to enter the Arctic Ocean (Schauer et al., 2004, 2008; Fahr-
bach, 2006). A further increase in temperature and salinity in Fram
Strait occurred between 2002 and 2004, reaching its maximum in
2006 (Beszczynska-Möller et al., 2012) indicating a new warm
pulse on its way into the Arctic Ocean. The advection of these
pulses around the basins has been documented by Polyakov et al.
(2010, 2011, 2012a), who also discuss their possible impact on
the Arctic Ocean ice cover and climate. The pathways of these
pulses have been modelled e.g. by Karcher et al. (2011), describing
the different loops in the Arctic Ocean basins.

In addition to these warm water pulses there are seasonal
changes in the temperature observed in the boundary current due
to the different atmospheric circulations dominating in winter and
summer (see e.g. Fig. 27 below). This brings the Atlantic water closer
to the surface in winter, thus indicating a higher temperature at a gi-
ven level (Dmitrenko et al., 2006). There are also the seasonal varia-
tions of the Fram Strait inflow temperatures, which do not disappear
as the Atlantic water enters the Arctic Ocean. Instead they are ad-
vected along in the boundary current, adding seasonal variability
to downstream observations in the boundary current, the phase
depending on the distance from Fram Strait. The seasonal signal is
present east of Svalbard (Ivanov et al., 2009) and from the model
and observational study by Lique and Steele (2012) the seasonal sig-
nal, receiving additional input from the Barents Sea branch inflow in
St. Anna Trough, should still be detectable north of the Laptev Sea
with a phase lag of one year. This suggests a rather rapid,
0.06 ms�1, flow along the Eurasian continental slope.
4.1.2. The Barents Sea branch
Less saline and colder water was observed below the Atlantic

layer in the Makarov Basin from the CCCG Henry Larsen in 1993.
It was proposed by McLaughlin et al. (1996) that this water was
produced on a nearby shelf, presumably the East Siberian Sea shelf.
Similarly, during the AOS-94 expedition with the CCGS Louis S.
St-Laurent a colder and less saline lens was observed in the deeper
(1000 m) part of the water column in the Makarov Basin close to the
Mendeleyev Ridge (Fig. 17). The lens was also first assumed con-
nected with dense outflows from nearby shelves (Aagaard et al.,
1996; Carmack et al., 1997), but was later identified as similar to
the denser water from the Barents Sea branch that penetrates be-
neath the warm core of the Fram Strait branch (Swift et al., 1997).
The intermediate water in the Makarov Basin is clearly colder and
fresher than the intermediate water in the Canada Basin (Fig. 17),
and observations at the sill of the Lomonosov Ridge close to the
Siberian shelf showed water of similar characteristics on both sides
of the Lomonosov Ridge (Rudels et al., 2000a) (Fig. 18).

This was perhaps one of the first times an eddy was observed so
deep in the water column in the Arctic Ocean. Eddies had been
detected previously, especially in the Canada Basin in the upper
100–200 m (see Section 2.3.1 above). In 1996 several deep eddies
were observed in the Eurasian Basin from Polarstern (Schauer
et al., 2002a) (Fig. 19). After this, deep eddies have been found to
be fairly common in the Arctic Ocean (Aagaard et al., 2008; Walsh



Fig. 17. Upper panel, hS diagram showing the differences in the intermediate layers between the deep, central Makarov basin and the slope of the Mendeleyev Ridge. The
deep, cold and low salinity eddy is located at station 22. The station positions are shown in the lower panel (from Swift et al., 1997).
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et al., 2007; Dmitrenko et al., 2008b; Carpenter and Timmermans,
2012).

In the Eurasian Basin the intrusion of the Barents Sea branch de-
creases the temperature and salinity of the water column below
the Atlantic layer, bending the hS curves in the intermediate water
density range below the straight line towards lower temperatures
and higher salinities. In the Amerasian Basin, by contrast, the inter-
mediate layer below the Atlantic layer but above the sill depth of
the Lomonosov Ridge is characterised by temperatures decreasing
from 0 �C to �0.5 �C and salinities increasing with depth, forming
an almost straight line in the hS curves (Fig. 20). As the boundary
current crosses the Lomonosov Ridge the colder, less saline hS



Fig. 18. Potential temperature and salinity profiles and hS curves from station 51 at the Amundsen Basin side of the Lomonosov Ridge, station 57 from the southern Makarov
Basin and station 60 at the continental slope north of the East Siberian Sea showing colder, less saline intermediate water crossing the ridge into the Makarov Basin in the
boundary current along the slope. There is also a small, deep spillover from the Makarov Basin to the Amundsen Basin seen in the deep part of station 51. Data from Polarstern
1995 (from Rudels et al., 2000a).

Fig. 19. hS curves showing interleaving structures and intermediate and deep layer eddies observed in the Eurasian Basin from Polarstern in 1996 (from Schauer et al., 2002a).
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Fig. 20. hS curves from the Oden 91 stations showing (1) the intermediate and deep
waters in the Makarov Basin with the almost linear increase in salinity and decrease
in temperature with depth in the intermediate layer and the decrease in
temperature at constant salinity in the bottom water. (2) indicates the salinity
maximum in the Amundsen Basin created by Makarov Basin deep water that has
crossed the Lomonosov Ridge. (3) shows the increase in salinity with depth in the
bottom water of the Amundsen and Nansen basins. The slight increase in
temperature is also seen. (4) indicates the less saline intermediate water of the
Amundsen Basin deriving from the Barents Sea inflow branch. (5) shows the less
saline and colder Nordic Sea Deep Water north of the Yermak Plateau that has
entered through Fram Strait (from Rudels, 1995).
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structure is advected into the Amerasian Basin (Rudels et al.,
2000a) and penetrates into the Makarov Basin as was seen on
the AOS-94 stations taken close to the Mendeleyev Ridge (Swift
et al., 1997). Because of the higher temperature of the deep water
in the Makarov Basin than in the Eurasian Basin the Barents Sea
branch intermediate water with h < 0 �C and S < 34.90 here shows
up as a temperature minimum. This advection of colder, less saline
water could indicate a gradual change occurring in the intermedi-
ate layer of the Amerasian Basin. Another possibility is that the
slope convection in the Amerasian Basin, especially at the Chukchi
Sea slope, transports cold, saline water produced in lee polynyas on
the shelves (Aagaard et al., 1985; Winsor and Björk, 2000) and by
entrainment redistributes heat downwards within the water col-
umn, changing the initial hS structure of the entering boundary
current into the straight, warmer and more saline curves found
in the Amerasian Basin (Rudels et al., 1994, 2000a; Rudels and
Friedrich, 2000).

Not just the Fram Strait branch changed its characteristics dur-
ing the 1990s. Between the Oden 1991 section and the Polarstern
sections taken closer to the Laptev Sea in 1995–1996 the salinity
of the Barents Sea branch intermediate water (h < 0 �C) had de-
creased and not just a bent h–S curve but also a salinity minimum
was present below the Atlantic layer (Fig. 18). Since the Fram Strait
inflow during this period was warm and saline the changes must
have taken place in the Barents Sea, where they could be caused
by increased cooling and precipitation. Another possibility would
be that sea ice drifts into the Barents Sea and melts, creating less
saline upper layer water, which in winter becomes dense enough
to convect into and freshen the main part of the Barents Sea inflow
(Rudels and Friedrich, 2000; Aagaard and Woodgate, 2001). Rudels
and Friedrich (2000) explored the possibility that the missing low
salinity shelf water of the mid 1990s (Steele and Boyd, 1998) could
be mixed into the denser Barents Sea outflow in the St. Anna
Trough, but estimated that the lower salinity of the Barents Sea in-
flow would only explain 10% of the loss of low salinity surface
water in the Amundsen Basin.
McLaughlin et al. (2002) reported that the intermediate water
in the Canada Basin had become colder and fresher between
1985 and 1995 with the largest changes between 1992 and 1995.
This was interpreted as an inflow of newly ventilated Atlantic
water from the Barents Sea, indicating a possible increase in the
advection of Barents Sea branch water into the Amerasian Basin
and Canada Basin connected with the highly positive AO and
NAO state prevailing in the late 1980s and early 1990s. This change
then appears to occur earlier than the warming of the Fram Strait
inflow branch found in the Nansen Basin (Quadfasel et al., 1991)
and the Makarov Basin (Carmack et al., 1995). This would agree
with model results which suggest that the principal pathway for
a wind driven increase of the Atlantic inflow would take place over
the Barents Sea (Maslowski et al., 2000, 2004; Proshutinsky et al.,
2011).

At the Laptev Sea slope the Barents Sea branch was observed to
be colder, more saline, denser and located deeper in the water col-
umn in 2005–2006 than in 1995 (Dmitrenko et al., 2009). Their
interpretation of these observation was that the wind pattern dur-
ing the early 1990s over the Barents Sea caused a rapid flow
through the Barents Sea, leading to less cooling, less ice formation
(or more ice melt) and a less dense Barents Sea inflow than in the
early 2000s when the winds were onshore. Onshore wind could
prolong the transit time over the Barents and Kara seas and cause
a stronger modification of the Barents Sea inflow than that taking
place in the 1990s. This suggests that the less studied transforma-
tions of the Barents Sea inflow branch in the Barents Sea might be
as important as the variations of the Fram Strait inflow character-
istics for the advective changes observed in the Arctic Ocean
basins.

4.1.3. The Arctic Circumpolar Boundary Current
The Arctic Circumpolar Boundary Current was the name sug-

gested by Rudels et al. (1999c) when describing the transforma-
tions of the Atlantic water in the Arctic Mediterranean Sea as it
circulates along the slope from the Norwegian Sea through Fram
Strait around the Arctic Ocean deep basins and then returning
through Fram Strait along the Greenland slope to exit through Den-
mark Strait and the Faroe Bank Channel. The same name is used by
Aksenov et al. (2011) describing the circulation of the Arctic Ocean.
They identify three Atlantic inflow stream, the ‘‘traditional’’ Fram
Strait and Barents Sea inflow branches and one less dense Arctic
Shelf Break Branch that is created in the Barents Sea by cooling
and sea ice melt. This stream, present at the slope from the St. Anna
Trough to western Fram Strait more belongs to the upper layers to
be discussed in Section 4.2 and here we concentrate on the other
two branches. The model results indicate that the Fram Strait
branch is present at the boundary from Svalbard to Greenland,
while the Barents Sea branch, starting at the St. Anna Trough, flows
along the Siberian continental slope to the Chukchi Borderland,
where it appears to partly leave the slope. In this model the denser
part of the Barents Sea inflow is much weaker than the Fram Strait
branch.

In an earlier model study Maslowski et al. (2004) examined the
boundary current at 30�E, east of Svalbard, and at 95�E, north of
Severnaya Zemlya. They found that only a small fraction
(�1.5 Sv, ca 25%) of the Fram Strait inflow joined the boundary cur-
rent, the rest recirculated in Fram Strait. As the boundary current
flows along the Kara Sea slope it is augmented by the incorporation
of the substantially stronger (2.6 Sv) Barents Sea inflow branch. At
the section north of Severnaya Zemlya the Barents Sea branch con-
tributes, according to the model, about 80% of the volume and 15%
of the heat flux, the Barents Sea branch being much colder than the
Fram Strait branch. This dominance of the Barents Sea branch is
different from the Aksenov et al. (2011) study. Surprisingly, in
the Maslowski et al. model the Barents Sea branch also provides
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more salt (80%) i.e. less freshwater than the Fram Strait branch.
This appears rather unlikely considering the cooling and freshening
taking place in the Barents Sea.

The two branches can be observed moving side by side on the
eastern Kara Sea slope and Rudels (2012) compared the hS structure
of the Barents Sea branch with those from the other basins in the
Arctic Ocean and noticed that, excluding the Nansen Basin, the
temperature maximum of the Barents Sea branch was as warm or
warmer than the temperature maximum observed in the other ba-
sins. This, and the fact that the warm saline core of the Fram Strait
branch appears to be confined to the Nansen Basin, made Rudels
(2012) propose that the Fram Strait branch is largely confined to
the Nansen Basin and that the Atlantic layer present in the other ba-
sins is supplied by the Barents Sea branch. This idea was further
elaborated by Rudels et al. (2013). There is one caveat. The proper-
ties of the Barents Sea branch were taken to be those observed on
the upper <600 m part of the eastern Kara Sea slope in 2007 and
no documentation is available to show that part of the Atlantic
water retains such high (�1 �C) temperatures after crossing the
Barents Sea. It is therefore possible that some of the warmer Fram
Strait branch enters the St. Anna Trough, mixes with the Barents
Sea branch and shifts stream, providing the warmer part observed
on the slope. In any case, it is conceivable that the Arctic Circumpo-
lar Boundary Current is not quite continuous. From the Barents Sea
opening to Severnaya Zemlya Sea it is supplied by the Fram Strait
branch but from Severnaya Zemlya, around the Arctic Ocean to
Fram Strait, the water would derive from the Barents Sea branch.

4.2. The upper layers and the halocline

The increased observational activity in recent years has revealed
a more complex structure of the halocline, especially in the Canada
Basin. The Pacific derived upper halocline, centred on salinity 33.1, is
not only associated with a high nutrient, low oxygen water mass.
Also a high oxygen mode of the upper halocline water with similar
hS characteristics has been observed. One hypothesis (Shimada
et al., 2005) is that the differences are caused by different pathways
taken by the, to be, halocline waters across the Chukchi shelf. One,
rapid, path down the Herald Canyon would involve little interaction
with the bottom sediments, allowing the oxygen content to remain
high, while on the second path farther to the east a longer time is
spent in contact with the sediments leading to remineralisation
and higher nutrient and lower oxygen concentrations (Fig. 21). Apart
from the Pacific water Fig. 21 also shows two modes of the Atlantic
derived lower halocline water, one colder oxygen rich and one war-
mer, oxygen poor lower halocline water mass.

Halocline water with salinities close to 34 and with high oxygen
content has been observed north of the Chukchi Borderland
(Shimada et al., 2004; McLaughlin et al., 2004). As a source for this
high oxygen halocline water McLaughlin et al. (2004) suggested
the shelves of the East Siberian Sea. This is, however, a rather un-
likely location due to the large freshwater content and thus low
salinity found in the East Siberian Sea. More than 2 m of ice must
be formed to attain salinities between 33 and 34 (Aagaard et al.,
1981), which made Aagaard et al. (1981) exclude it as a possible
source for shelf derived halocline waters.

Rudels et al. (2004) studying the formation of Atlantic derived
lower halocline waters favoured the explanation that during the
high NAO index situation in the 1990s the area, where a locally
ventilated high salinity mixed layer reached down to the thermo-
cline, extended from the Nansen Basin into the Amundsen Basin
and possibly also into the Makarov Basin. This could create a well
ventilated and oxygen rich water mass close to the Chukchi
Borderland and when this mixed layer is covered by low salinity
shelf water and becomes a halocline advected towards the Chukchi
Borderland its oxygen content would still be high.
The Barents Sea has always been considered a possible source
for the lower halocline water, identified as a bend in the hS curves
around 34.4. The formation process could either be upwelling and
subsequent dilution and cooling of Atlantic water on the shelf
(Coachman and Barnes, 1962), or freezing and brine rejection lead-
ing to accumulation of dense water at the shelf bottom (Aagaard
et al., 1981). In both cases the formed, or modified, water is in-
jected into the Arctic Ocean water column between the Polar
Mixed layer and the Atlantic water. A more recent idea has been
that the melting of sea ice at the marginal ice zone in the Barents
Sea would create a water mass with lower halocline properties that
could enter the Arctic Ocean through the Kara Sea and then return
towards Fram Strait (Steele et al., 1995).

Rudels et al. (2004) proposed that the melting of sea ice on top
of the warm Atlantic water would, similar to the situation north of
Svalbard, create a less saline surface layer that becomes homoge-
nised by cooling and ice formation in winter also in the northern
Barents Sea as well as west of Novaya Zemlya and in the northern
Kara Sea. This upper layer then moves as a part of the main Barents
Sea branch into the Arctic Ocean across the Kara Sea shelf break.
There it follows the continental slope eastward on the shelf side
of the winter mixed layer of the Fram Strait branch. Both layers be-
come covered by less dense shelf water north of the Laptev Sea and
are transformed into halocline waters. The Fram Strait branch hal-
ocline spreads from the slope into the Amundsen and Makarov ba-
sins and into the Canada Basin up to the Chukchi Borderland. The
temperature minimum and the halostad, both marking the depth
of the winter convection, become slowly eroded by turbulent mix-
ing from above and below, but a clear bend close to 34.3 still iden-
tifies the original properties of the Fram Strait branch winter mixed
layer. The initially more saline Barents Sea branch halocline stays
at the slope, where stronger mixing with the underlying Atlantic
water, perhaps driven by tidal motions, more rapidly increases
the temperature (Dewey et al., 1999), and the Barents Sea branch
halocline becomes both more saline and warmer than the Fram
Strait halocline as is seen from the profiles and hS curves shown
in Fig. 22. The Barents Sea branch halocline water continues along
the slope past the East Siberian Sea and passes between the slope
and the Chukchi Borderland into the southern Canada Basin, where
it supplies the water of the lower halocline. Rudels et al. (2004)
identified the evolved properties of the Barents Sea halocline water
as similar to those of the Baffin Bay deep and bottom waters and
suggested that it partly leaves the Arctic Ocean through Nares
Strait and supplies the bottom water of Baffin Bay. Fig. 23 shows
a schematic of the formation and circulation of the lower halocline
water in the Arctic Ocean. The formation and circulation of the
Barents Sea halocline water would then be similar to those of the
Arctic Shelf Break Branch identified by Aksenov et al. (2011) in
their numerical model.

The lower halocline in the Canada Basin has higher silicate con-
tent than in the Makarov Basin, indicating that some silicate rich
Pacific water must be made dense enough by brine rejection on
the Chukchi shelf to penetrate into the lower halocline (Salmon
and McRoy, 1994). Another possibility would be direct mixing be-
tween the Pacific water and the underlying Atlantic derived halo-
cline waters (Woodgate et al., 2005a). This would then imply
that the temperature and salinity characteristics of the Canada Ba-
sin lower halocline are created north of the Chukchi Sea, not far-
ther west as was proposed by Rudels et al. (2004).

From mooring data north of the Laptev Sea Woodgate et al.
(2001) observed two different modes of halocline water, one cold
mode, which would correspond to the Fram Strait halocline water,
and one warmer and slightly more saline, which they suggested
originated from the Barents Sea, formed by the shelf process sug-
gested by Aagaard et al. (1981). The two haloclines waters would
then be meandering along the continental slope, either one or



Fig. 21. Potential temperature and salinity profiles and hS curves and oxygen–salinity curves showing the halocline structure along 175�W north of the Chukchi Sea. The
black station is from the Makarov Basin (from Shimada et al., 2005).

Fig. 22. Potential temperature and salinity profiles and hS curves from north of the Kara Sea and north of the East Siberian Sea showing the difference in the winter mixed
layer in the Fram Strait branch and the Barents Sea branch and the larger temperature increase in the Barents Sea branch halocline along the slope from the Kara Sea to the
East Siberian Sea. Data from Polarstern 1995 (from Rudels et al., 2004).
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Fig. 23. The formation area for the Fram Strait branch halocline water in the Nansen Basin (black diagonals) and for the Barents Sea branch halocline water in the Barents and
Kara seas (blue diagonals) and the circulation of the halocline waters after they have been covered by low salinity shelf water (black and blue arrows), AW (Atlantic Water),
PW (Pacific Water), RR (River runoff) (from Rudels et al., 2004).
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the other passing the mooring position. However, regardless of
how the halocline water in the Barents Sea is formed, by accumu-
lation at the shelf bottom or from an initially fairly saline mixed
layer, the Barents Sea branch halocline appears to attain much of
its distinct properties, close to those observed in the southern Can-
ada Basins, already in the Eurasian Basin.

The presence of a cold halocline between the about 40 m thick
Polar Mixed Layer and the Atlantic water implies that water en-
trained in the mixed layer is cold and do not supply heat either
to ice melt or to the atmosphere The absence of a cold halocline
above the Atlantic water, as was observed over a large part of
the Eurasian Basin in the mid 1990s, therefore actualised the
question of how vertical transfer of heat from the Atlantic layer
to the surface might influence the thickness and compactness of
the ice cover. North of Svalbard, where the Atlantic water meets
the sea ice, ice melts and wind mixing transforms the upper part
of the Atlantic water into a cold, less saline upper layer. In winter
cooling and wind mixing homogenise and deepen this upper
layer, entraining warmer Atlantic water from below. The stability
and depth of the upper layer increases and eventually the temper-
ature reaches the freezing point and the heat stored in the upper
layer is gone. The salinity of the upper layer is then higher than if
all heat had been used to melt ice, implying that a large fraction of
oceanic heat goes directly to the atmosphere. In fact, the density
step caused by the salinity reduction is twice the density step
due to the temperature difference between the upper and the
Atlantic layer, implying that higher temperature in the Atlantic
layer leads to stronger stability (Rudels et al., 1999b). When the
upper layer reaches the freezing point, the heat entrained from
below is not sufficient to balance the heat loss to the atmosphere
and to ice melt. Sea ice starts to reform, increasing the salinity of
the upper layer and reducing the stability. However, in the Arctic
Ocean the stability is so strong that this will not lead to an over-
turning of the upper layer. Only if the initial layer is cold could the
stability be weak enough that convection out of the upper layer
could take place within one winter season (Rudels et al., 1999b;
Rudels, 2010).

In the interior of the Arctic Ocean the situation is different. A
low salinity upper layer exists, which in summer is covered with
an even less saline melt water layer. Ice formation then removes
the summer melt in fall and brine rejection and haline convection
homogenise the upper layer and in the Nansen Basin the convec-
tion eventually reaches down to the thermocline. Indications that
this occurs can be seen by comparing hS curves from the entrance
area north of Fram Strait, where the wind induced mixing domi-
nates, with hS curves from areas in the interior of the Nansen Basin,
where the mixed layer extends down to the thermocline in winter.
North of Fram Strait the mixing line between the mixed layer and
the temperature maximum of the Atlantic layer is straight, imply-
ing mechanical mixing (Rudels et al., 2005). In the Nansen Basin, by
contrast, the mixing line between the cold upper layer and the
temperature maximum of the Atlantic layer is curved into a shape
similar to that of an isopycnal (Rudels et al., 1996) (Fig. 24). This
suggests that convection allows cold, dense water from the surface
to penetrate into and cool the upper part of the thermocline.
Instead of stirring heat into the upper layer, to be lost to the atmo-
sphere and to ice melt, cold convecting brine enriched plumes and
isolated parcels enter and cool the upper part of the thermocline at
depth (Rudels and Friedrich, 2000; Kikuchi et al., 2004). The pro-
cess is shown schematically in Fig. 24.



Fig. 24. Upper panel, hS curves from Oden 1991stations in the Nansen Basin (5), over the Gakkel Ridge (12), in the Amundsen Basin (17) and in the Makarov Basin (26)
showing the temperature minimum and the bent shape of the thermocline in the Nansen Basin, indicating haline convection. On the other stations the winter convection is
shallower and the temperature minimum is removed by turbulent diffusion mainly from below (from Rudels et al., 1996). Lower panel, schematics showing the
homogenisation of the upper layer by convection (from Kikuchi et al., 2004).
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Furthermore, if heat brought into the upper layer by convection
is used to melt ice, the brine rejection and the haline convection
would weaken, reducing the heat flux from below. Entrainment
generated by haline convection is thus a self-regulating process.
If too much heat is entrained, less ice will form and the convection
weakens, the entrainment stops and heat loss to atmosphere and
ice melt removes the heat and ice again start to form, again leading
to brine rejection and new entrainment (Martinson and Steele,
2001). This implies that the ice cover, at least in the deep basins
of the Arctic Ocean, is not likely threatened by heat flux from the
Atlantic layer. At the continental slope the mixing lines in the hS
diagram are straight, indicating that the mixing is dominated by
mechanically generated turbulence and a larger upward heat
transport would be present (Dewey et al., 1999).

4.3. The thermocline and double-diffusive transports

New techniques and the increased observational coverage and
frequency provided by the Ice-Tethered-Platforms (ITP) made it
possible to study the characteristics of the diffusive interfaces
and thermohaline steps first observed from T3 ice island (Neal
et al., 1969) and the AIWEX ice camp (Padman and Dillon, 1987)
in detail and for longer periods and over large areas. The rising
speed of the ITPs is 0.25 ms�1, and its observational frequency
1 Hz, which gives a vertical distance of 25 cm between the obser-
vations. This cannot dissolve the structure of the interfaces, which
have a thickness of �5 cm. Actually the interfaces are rarely sam-
pled and the overwhelming number of observations will be from
the homogenous layers (Timmermans et al., 2008).

When collecting observations over a longer time and from sev-
eral ITPs the observations plotted on a hS diagram tend to form ver-
tically elongated clusters, the layers, separated by empty spaces,
the interfaces, as seen in Fig. 25 (Timmermans et al., 2008). This
suggests an extensive lateral coherence of the layers and Timmer-
mans et al. (2008) estimate that the individual layers, a few metres
thick, extend over 800 km, implying the almost unbelievable verti-
cal to horizontal ratio of �1/200,000. The range in temperature of
the individual clusters describes the evolution of the layer in time
and space. When the Atlantic water enters the Canada Basin the
temperature of its temperature maximum is high and the upper



Fig. 25. hS diagrams showing the individual measurements from one ITP (panel a) and from ITP 1–6 (panel b) as they drift across the Canada Basin. The clusters show
observations made in the homogenous layers, while the almost empty spaces indicate the presence of interfaces. The full hS curves the properties of the water column in
different part of the Canada Basin. The thin line is from a station taken close to the Chukchi Borderland, the dashed line from the centre of the Canada Basin and the thick line
from the continental slope close to the Canadian Arctic Archipelago (from Timmermans et al., 2008).
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part of the thermocline is cold. As the water circulate in the Canada
Basin heat is transferred from the warm core through the diffusive
interfaces to the cold upper part, and the hS curves become flatter.
The central part would display the smallest vertical ranges because
the heat is mainly fluxed through these layers, not changing their
temperature.

The Atlantic water and the thermocline probably need about
10–20 years to pass through the Canada Basin and it is remarkable
that the layers in the newly entered waters should line up with
those that have been present in the basin for more than a decade.
Especially since double-diffusive convection at diffusive interfaces
essentially is a vertical process. However, from the observations of
diffusive steps made on AIWEX ice camp Padman and Dillon
(1988) could not trace individual steps on profiles more than
1000 m apart. The microstructure measurements conducted by
Sirevaag and Fer (2012) from the ice camp Borneo at the North Pole
also did not indicate such large spatial coherence. After about 5
successive casts with the microstructure probe individual layers
could no longer be identified and followed.
The heat fluxes obtained for the diffusive interfaces in the Can-
ada Basin from the ITP observations using the laboratory 4/3 flux
law proposed by Kelley (1990) were between 0.05 and 0.3 W m�2

(Timmermans et al., 2008). This is a factor 2–3 larger than the
fluxes reported by Padman and Dillon (1987) but the positions
are not exactly the same, and it is not possible to definitely relate
this increase to the warmer Atlantic water passing through the
Canada Basin in the 2000s (Timmermans et al., 2008). The vertical
heat flux is in any case small and its influence on e.g. the ice cover
would be almost negligible. That is, if it could penetrate through
the intermediate halocline and reach the mixed layer and the ice,
which is not likely.

Sirevaag and Fer (2012) used microstructure measurements to
directly determine the vertical heat flux in the interior of the
Amundsen Basin. They found a vertical heat flux of
0.07 ± 0.09 W m�2, which almost an order of magnitude lower than
the transport obtained using the flux law formulated by Kelley. The
measured heat flux was only slightly larger than the computed
molecular heat flux 0.05 ± 0.04 W m�2. The vertical heat transport
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due to diffusive interfaces then does not seem to be of importance
for the ice cover also in the Amundsen Basin, where the halocline
layer is thinner and the thermocline closer to the mixed layer.

Lenn et al. (2009) studied the possible effect of double-diffusive
heat transfer in the boundary current north of the Laptev and East
Siberian seas using microstructure measurements and hydro-
graphic observations. They found a slightly higher double-diffusive
heat flux, �1 W m�2 compared to Sirevaag and Fer (2012) but con-
cluded that this flux could not account for the observed changes in
the Atlantic layer taking place as it is advected along the slope and
suggested lateral mixing with other water masses, mainly originat-
ing from the shelves to explain the observed changes.

Polyakov et al. (2012b) using observations from a McLane pro-
filer moored at the Laptev Sea slope identified several persisting
layers being advected by the boundary current past the instru-
ment. The layers formed similar clusters as those observed in the
Canada Basin but with the temperature variations caused by the
changing properties of the boundary current. The vertical distance
between the observation points were 12 cm and by using the Kel-
ley laboratory flux law (Kelley, 1990) they obtained a vertical heat
flux of 7–8 W m�2, significantly larger than Lenn et al. (2009) and
concluded that the fluxes through double-diffusive interfaces
might be important in explaining the state of the ice cover in the
Eurasian Basin. The question still remains how well do the labora-
tory flux laws represent the reality (Sirevaag and Fer, 2012) and do
the observations from the McLane profiler have sufficient vertical
resolution to apply these laws adequately.

The Nansen Basin is perhaps the only part of the Arctic Ocean,
where the heat flux through diffusive interface might be of impor-
tance. Here the thermocline is thin and in direct contact with the
mixed layer. The temperature differences across the interfaces
and the layer thicknesses are large (e.g. Rudels et al., 2009). The
stability ratio is often below 2 indicating strong diffusive fluxes.
In combination with haline convection in winter this heat might
be stirred into the mixed layer and eventually reach the sea surface
and the ice and possibly reduce the ice formation somewhat.

4.4. The deep and bottom waters

The increased number of deep stations occupied in the Arctic
Ocean during the last 20 years and the higher accuracy of the mea-
surements have revealed differences between the deep and bottom
waters in the separate basins more subtle than just higher temper-
atures and salinities in the Amerasian Basin as compared to the
Eurasian Basin. The salinity and temperature is lower in the Nan-
sen Basin at 2500 m depth around the Yermak Plateau than in
the rest of the Eurasian Basin, indicating an inflow of cold, less sal-
ine water from the Nordic Seas (Rudels et al., 2000b). The inflow
was postulated by Nansen in the earlier part of the 20th century.
This signal in temperature and salinity disappears rather quickly
towards the north and east but the Nordic Seas deep inflow is still
noticeable along the Siberian slope in other parameters and tracers
(e.g. Frank et al., 1998; Smethie et al., 2000).

The salinity increases towards the bottom in all basins and in
the Amundsen Basin there is, in addition, a mid-depth salinity
maximum centred around 1700 m depth (see e.g. Fig. 20). The tem-
perature in the Nansen, Amundsen and Canada basins decreases to
a minimum and then increases slightly until a thick, 1200 m in the
Canada Basin, 800 m in the Amundsen Basin and 400 m in the Nan-
sen Basin, isothermal and isohaline bottom layer is reached. The
Makarov Basin is different. No temperature minimum is present
and the temperature continues to decrease a few hundred meters
after the salinity has become constant until it reaches a 600 m deep
isothermal and isohaline bottom layer.

The warmer and homogenous bottom layer in the Canada Basin is
separated from the colder, less saline layer above by sharp, extensive
diffusive interfaces. This made Timmermans et al. (2003) propose
that the bottom layer in the Canada Basin is a relic from a convection
period taking place perhaps 500 years ago (Macdonald et al., 1993),
which is now gradually becoming warmer due to geothermal heat
flux from the sea floor. The induced convection and the rising warm
water would stir the bottom layer, keeping it isothermal and isoha-
line. The temperature increase, however, appears to be smaller than
anticipated from the estimates of geothermal heat fluxes and
Timmermans et al. (2003) looked for mechanisms that could allow
the heat to pass upward from the bottom layer. One obvious
candidate would be double-diffusively driven transports through
the diffusive interfaces, but the existing laboratory flux laws for dif-
fusive interfaces indicate that such heat flux would not be sufficient.
Timmermans et al. (2003) therefore proposed that vertical mixing at
the basin boundaries was the most likely process for bringing heat
upwards from the bottom layer. Björk and Winsor (2006) reported
an increase in the bottom temperatures in the Amundsen Basin be-
tween 1991 and 2001 and also attributed this to geothermal heating,
the bottom layer becoming gradually warmer and homogenised as
the temperature increases and the boundary of the bottom layer mi-
grates upwards.

Geothermal heating presents quite a different picture than that
of sinking, entraining shelf-slope plumes bringing saline shelf
water as well as entrained heat from the Atlantic and intermediate
waters into the deep and bottom layers (e.g. Rudels, 1986a). Warm,
saline plumes originating from Storfjorden have been observed in
Fram Strait (Quadfasel et al., 1988; Schauer, 1995; Rudels et al.,
1999c; Schauer and Fahrbach, 1999) (see also Fig. 10 above) and
in 1995 similar warmer, more saline and denser bottom layers
were observed in the Nansen Basin at the continental slope north
of Severnaya Zemlya (Rudels et al., 2000a). However, these scenar-
ios are not exclusive, being driven by two completely decoupled
processes, geothermal heating at the bottom and cooling and ice
formation at the surface. In different periods one or the other
might be the most important one in determining the characteris-
tics and evolution of the bottom layers in the deep Arctic Ocean
basins.

The deep temperature minimum in the Canada Basin has similar
characteristics as the deep water at the same level in the Makarov
Basin and can be explained by an inflow of colder water from the
Makarov Basin across the Alpha and Mendeleyev ridges and this
has been discussed by Timmermans and Garrett (2006). The min-
ima in the Nansen and Amundsen basins are not so easy to explain
by advection, since they are too dense and located too deep to be
supplied by the inflow of colder deep water from the Nordic Seas
(Fig. 20). Rudels et al. (2000a) suggested that the temperature min-
ima present above the homogenous bottom layer in the Nansen
and Amundsen basins originated from a denser, perhaps intermit-
tent, bottom water mode of the Barents Sea inflow branch. Saline
and dense water formed by brine rejection in the eastern Barents
Sea would flow into the Arctic Ocean via St. Anna Trough. There
it enters below the main part of the warm Atlantic and intermedi-
ate waters and entrains less warm water. This leads to a smaller
temperature increase and also implies that a lower initial salinity
might be required to reach the deeper layers. Such inflow could
show up as a deep, below 3000 m, temperature minimum. The
more saline shelf water contributing to the bottom water would,
by contrast, be formed in the eastern Kara Sea and around Sever-
naya Zemlya, where warmer, more saline and denser bottom water
has been observed on the continental slope off Severnaya Zemlya
(Rudels et al., 2000a). Here the distance to the shelf break is short
and the dense shelf water does not experience much dilution be-
fore it crosses the shelf break and starts to sink down the slope.
It would pass through the cold Barents Sea branch water column
and entrain less warm water than e.g. plumes originating from
the Chukchi Sea, where Atlantic water with temperature >0 �C
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forms the bottom water over a part of the slope. The plumes, how-
ever, entrain sufficient amount of intermediate water to become
warmer than the dense water passing down the St. Anna Trough
and would require a higher initial salinity to reach the bottom.
The presence of these two sources could explain the deep temper-
ature minimum and the structure of the deep and bottom part of
the Nansen Basin and Amundsen Basin water columns.

The absence of a deep temperature minimum in the Makarov
Basin and the fact that the temperature in the deeper layers is low-
er than expected from shelf-slope convection made Jones et al.
(1995) propose that the low temperatures were due to a spillover
of deep water from the Amundsen Basin to the Makarov Basin
across the central part of the Lomonosov Ridge away from the con-
tinental slope and the boundary current. The sinking of colder
Amundsen Basin water into the deep Makarov Basin would be
aided by its higher compressibility (the thermobaric effect) and it
would entrain less warm water than the slope plumes and thus
balance their influence on the temperature in the deep Amerasian
Basin water column. Jones et al. (1995) also assumed that the flow
crossing the ridge might be forced by internal, topographically
trapped waves, moving along the Lomonosov Ridge.

In more recent bathymetric maps of the Arctic Ocean (e.g.
Jakobsson et al., 2000) a deep intra-basin was shown within the
Lomonosov Ridge, indicating a possible sill depth of 2500 m, and
the area where a possible flow of Amundsen Basin deep water into
the Makarov Basin could occur was expected to be located at
88�250N, 150�E. Timmermans et al. (2005) proposed that a rota-
tionally controlled flow takes place through this passage from
the Amundsen Basin to the Makarov Basin. In 2005 IB Oden and
USCGC Healy crossed the Arctic Ocean from Alaska to Svalbard.
One of the objectives of this expedition was to examine the
bathymetry of the intra-basin in the Lomonosov Ridge, determine
the sill depth to the Makarov Basin, and study the possibility of a
flow through the passage. The expedition found no passage deeper
than 1870 m, and the expected flow of dense Amundsen Basin
deep water into the Makarov Basin was not observed. Instead the
layer in the intra-basin between 1700 m and 2300 m was domi-
nated by water from the Makarov Basin, and on the Amundsen Ba-
sin side of the Lomonosov Ridge a salinity maximum centred at
2000 m was observed (Björk et al., 2007). This implied an inflow
of Makarov Basin deep water into the Amundsen Basin. On the
neighbouring station, 25 nm away from the ridge, the maximum
was strongly reduced, suggesting that the inflow follows the ridge
towards Greenland (Björk et al., 2007). No continuous deep flow
from the Amundsen to the Makarov Basin was detected. The ex-
changes across the Lomonosov Ridge suggested to explain the deep
water characteristics of the Makarov Basin, should they occur,
must take place elsewhere or be intermittent.

Rudels (2012) examined earlier observation made from IB Oden
in 2001 and noticed that two stations obtained then and shallower
than the sill depth, were located very close to the sill and both sta-
tions had a colder, less saline bottom water indicating presence of
Amundsen Basin deep water above sill depth. The density of the
water relative to 2000 db was high enough for this water to sink
down to 2400 m and its density relative to 4000 db was higher
than that of the Makarov Basin bottom water. Rudels (2012) sug-
gested that the exchanges were dependent upon the pressure gra-
dient at sill depth. In 2005 the water column above 2000 m was
less dense in the Amundsen Basin compared to the Makarov Basin
and the negative pressure gradient at 2000 m would be directed
from the Makarov to the Amundsen Basin. In 1996, when Polar-
stern crossed the Lomonosov Ridge, the water column in the
Amundsen Basin was denser than that in the Makarov Basin (Ru-
dels, 2012).

The salinity maximum at 1700 m, which has been observed in
the Amundsen Basin, had already been hypothesised as originating
from the Amerasian Basin (Anderson et al., 1994). However, it was
then assumed to enter in the boundary current along the continen-
tal slope. The flow would then bifurcate at the Morris Jesup Pla-
teau, one part penetrating into the Amundsen Basin and along
the Gakkel Ridge and the rest exiting through Fram Strait into
the Nordic Seas (Jones et al., 1995). The inflow of Makarov Basin
water, observed at the central part of the Lomonosov Ridge, might,
however, be the principal source of this mid-depth salinity maxi-
mum, especially since the sill depth of the Lomonosov Ridge deter-
mined north of the North American continent so far has not
exceeded 1200 m (Björk et al., 2007). However, the pathway into
the Amundsen Basin still appears to be from the boundary current
north of Greenland, not directly from the Lomonosov Ridge as indi-
cated on the schematics on Fig. 26 (Björk et al., 2007, 2010).

The Arctic Ocean deep waters, both from the Amerasian Basin
and from the Eurasian Basin, exit through Fram Strait and contrib-
ute to the deeper layers in the Nordic Seas. Presently, when the
convection in the Greenland Sea produces Arctic Intermediate
Water (AIW) but no deep water, the Arctic Ocean deep waters pro-
vide the most vigorous renewal of the deeper layers in the Green-
land Sea. The Amerasian Basin deep water supplied (until 2010) a
mid-depth temperature maximum and the Eurasian Basin deep
water input increases the salinity and the temperature of the dee-
per layer, reducing the remnants of the colder, less saline locally
produced Greenland Sea bottom water still found in the deepest
part of the Greenland Sea (Rudels, 1995; Meincke et al., 1997;
Budéus and Ronski, 2009; Rudels et al., 2012).

4.5. The importance of the atmospheric circulation

That the wind drives the sea ice and the water just beneath the
ice has been known since Nansen and Ekman in the beginning of
the last century. However, in addition to the direct wind drift the
spatial variations of the wind field create convergences and diver-
gences of the Ekman transport, leading to local accumulation or
thinning of the surface layer. This changes the density field and
generates a baroclinic flow field affecting a large part of the water
column.

The atmospheric circulation patterns identified in the 1990s,
e.g. the NAO and the AO, clearly influence the circulation in the
Arctic Ocean. In the positive NAO (AO) phase the anti-cyclonic cir-
culation in the Beaufort gyre is weakened, while in the negative
phase it is strengthened. In the first situation the low salinity upper
layer storage is reduced, in the second increased. Proshutinsky and
Johnson (1997), building upon earlier Russian studies (e.g. Sokolov,
1962) and taking into account not only the variation in the atmo-
spheric circulation but also the varying input of freshwater from
the rivers and sea level variations, introduced an Arctic Ocean
Oscillation index (AOO), which in its positive phase indicates a
strengthening of the Beaufort gyre and a weakening of the gyre
in its negative phase. The low salinity upper layer or the freshwater
storage in the Beaufort gyre is high when AOO is positive, while
when the AOO is negative the low salinity upper water is displaced
towards the rim of the basins (Fig. 27).

Proshutinsky and Johnson (1997) also discussed the two views
of how the circulation in the Arctic Ocean and its exchanges with
the world ocean could be driven. One view maintains that the ther-
mohaline forcing in the Arctic Ocean dominates. Cooling and river
runoff, freezing and melting create the density field, which drives
the circulation and the exchanges. The other view stresses the pri-
macy of the wind. The effects of the wind forcing are clearly seen in
the spinup and spindown of the Beaufort gyre. However, the two
forcing modes are coupled because the wind drift changes the den-
sity distribution and thus influences the baroclinic velocity field. If
no water mass transformations were taking place, only barotropic
currents would be generated. The all important question, at least



Fig. 26. Upper panel, the deep water circulation proposed by Jones et al. (1995). The lower panel, the deep circulation between the Amundsen and Makarov basins inferred
from the observation made from Oden 2005 (from Björk et al., 2007).
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Fig. 27. Upper panel, different circulation schemes for wind forcing akin to (a) negative AO and to (b) positive AO based on Sokolev (1962). 1 – Beaufort Gyre, 2 – Transpolar
Drift, 3 – Laptev Sea cyclonic Circulation, 4 – Barents Sea inflow, 5 – East Siberian Sea circulation, Kara Sea coastal currents. Lower panel, the circulation characteristics in the
upper in winter and in summer (from Proshutinsky and Johnson, 1997).
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from a climatic perspective, then becomes – Would a change in the
wind forcing be able to affect, heighten or weaken, the thermoha-
line processes transforming the water masses, or are their strength
determined independently? – That is, would the heat given up by
the Arctic Ocean to the atmosphere be the same, if the circulation
and exchanges were intensified by changing atmospheric forcing,
and the entering water would return less transformed compared
to a weaker exchange?

The model used by Proshutinsky and Johnson (1997) was a
depth integrated barotropic model, which did not differentiate
the vertical stratification and could not represent a circulation
varying in depth. This is but one of a large number of models
and another model could have given a different result. To better
compare the performance of the different models the Arctic Ocean
Modelling Intercomparison Project (AOMIP) was started in 2001,
where different models are compared with each other and with
observations. Models are run with the same forcing and with sim-
ilar set ups to improve their skill. An introduction to the goals and
results of AOMIP is given by Proshutinsky et al. (2011).
5. Transports

The exchanges between the Arctic Ocean and the rest of the
world ocean have been studied intensively during the last decade.
In the Nordic Seas, the Barents Sea and Fram Strait this work has
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largely been conducted within the EU programmes VEINS (Vari-
ability of Exchanges in the Northern Seas) and ASOF-N (Arctic Sub-
arctic Ocean Fluxes) and continued in the DAMOCLES (Developing
Arctic Observational and Modelling Capabilities for Long-term
Environmental Studies) project. The Canadian efforts to study the
exchanges through the straits in the Canadian Arctic Archipelago
have resulted in monitoring of the transports through Hell Gate
and Cardigan Strait (Jones Sound) and through Barrow Strait (Lan-
caster Sound), and a joint Canadian US programme studies the
transport through Nares Strait between Greenland and Ellesmere
Island. The transports from the North Pacific through Bering Strait
as well as the circulation in the Chukchi Sea and the flow into the
Canada Basin have been examined by several Canadian, Japanese
and US programmes, e.g., SBE (Shelf Basin Exchanges) and SBI
(Shelf Basin Interactions). Reviews of different aspects of the ex-
changes are found in the books edited by Lewis et al. (2000) and
Dickson et al. (2008) and a comprehensive summary of recent
observations and estimates is given by Beszczynska-Möller et al.
(2011). We may also note that in August 2005 all passages to the
Arctic Ocean were monitored by current meter arrays and moor-
ings and comprehensive in situ observations were conducted in
all openings. Tsubouchi et al. (2012) utilised this situation to for-
mulate an inverse model for the Arctic Ocean. The freshwater input
from rivers and net precipitation was prescribed and volume and
salinity (freshwater) balances were applied on the total water col-
umn as well as on different layers as they were exchanged between
the Arctic Ocean and the surrounding seas. The fluxes through the
different passages agree well with those presented below. The larg-
est difference occurs in Davis Strait where a strong outflow of
3.7 Sv is derived. This might be caused by the use of the 640 m
deep Davis Strait as sill depth instead of the shallower, 220 m sill
in Nares Strait farther north.

5.1. Fram Strait

The greatest efforts have been put into determining the ex-
changes though Fram Strait, volume and heat transports as well
as the freshwater and the sea ice fluxes. Fram Strait, being the only
deep passage, allows both for northward flow of Atlantic Water
(AW), Arctic Intermediate Water (AIW) and Nordic Seas Deep
Waters (NDW) in the West Spitsbergen Current into the Arctic
Ocean, and southward transports of sea ice and low salinity Polar
Surface Water and cooled, freshened ‘‘Arctic’’ Atlantic Water
(AAW), upper Polar Deep Water (uPDW) and the deep waters from
the Amerasian and Eurasian basins in the East Greenland Current
out of the Arctic Ocean. The Fram Strait exchanges carry the largest
amount of heat of all passages, partly in the northward flowing
warm Atlantic water in the West Spitsbergen Current and partly
in the southward transport of cold Polar Surface Water and the ex-
port of latent heat (cold) as sea ice in the East Greenland Current.
The total inflow and outflow are also larger than those through the
other passages. Only the inflow over the Barents Sea might be of
comparable magnitude.

Both currents are largely barotropic, the West Spitsbergen Cur-
rent more so than the East Greenland Current. They appear to fol-
low the bottom topography and comprise meandering flows,
shallower baroclinic eddies as well as barotropic vortices extend-
ing to the bottom. The West Spitsbergen Current is augmented
by a second, baroclinic, branch that flows northward along the
Mohn Ridge on the western side of the Lofoten Basin and joins
the West Spitsbergen Current in Fram Strait (Walczowski and
Piechura, 2006). A strong recirculation of the West Spitsbergen
Current water masses, especially from the western branch, takes
place in Fram Strait. Although the barotropic eddies appear to be
attached to bathymetric features, they suddenly start to migrate,
mostly toward the west. The recirculation may in fact largely
consist of barotropic eddies that move westward to eventually join
the East Greenland Current (Fahrbach, 2006; Schauer et al., 2008).

During the VEINS–ASOF–DAMOCLES period a massively instru-
mented current meter array was, and still is, deployed in Fram
Strait, measuring the volume exchanges, the heat transport and
the freshwater flux in the water column as well as the ice export
in the East Greenland Current (Fahrbach et al., 2001; Schauer
et al., 2004). The upper panel in Fig. 28 shows the mooring posi-
tions up to 2006 and the average temperature and velocity distri-
butions on the section for 2002–2003 based on the mooring
observations, while the lower panel gives the total southward
and northward volume and heat transports as well as the net ex-
changes. The array, covering the main part of the strait, was ex-
tended by adding moorings with ADCPs (Acoustic Doppler
Current Profiler) and upward looking sonars on the Greenland shelf
to measure the ice draft in the East Greenland Current. In the con-
nection with the yearly exchange of the moorings, hydrographic
sections were occupied across the strait, sometimes more than
once a year.

The transports show large variability on almost all time scales,
but there is an annual cycle indicating larger transports during win-
ter. The mean total northward and southward transports were ini-
tially determined to around 11 Sv and 13 Sv respectively with a
variability of 5 Sv (Schauer et al., 2004; Fahrbach, 2006) (Fig. 28).
The transport of Atlantic water, warmer than 1 �C, comprises about
50% of the northward flow (Schauer et al., 2008). The northward
flow in the two West Spitsbergen Current branches is presently
estimated to 1.8 Sv with 1.3 Sv of Atlantic water warmer than
2 �C in the eastern branch and 4.9 Sv with 1.7 Sv of Atlantic water
in the off-shore branch, giving a total northward flow of 6.6 Sv (Bes-
zczynska-Möller et al., 2012). The southward flow in the East
Greenland Current is larger, 8.6 Sv, giving a net outflow of 2.0 Sv
but with large variability, ±2.7 Sv (Beszczynska-Möller et al.,
2011). The reduction in the total north and south transports be-
tween the estimates by Schauer et al. (2004) and Fahrbach (2006)
and those given by Schauer et al. (2008) and Beszczynska-Möller
et al. (2011) could possibly be due to the addition of two moorings
in the central part of the strait, which allows for a better resolution
of the barotropic eddies and the recirculation in the strait (see e.g.
the positions of the moorings in the upper part of Fig. 28).

The total northward and southward transports have also been
determined from geostrophic calculation on the ASOF and VEINS
sections as well as on other historical sections across Fram Strait.
The results differ, as expected, from the transports obtained from
the direct current measurements (Rudels et al., 2008). The geo-
strophic transports are smaller, but not greatly so, and the net
southward transport was found to be somewhat larger than that
determined from the current meter array. This is likely due to an
underestimate of the barotropic component in the inflowing West
Spitsbergen Current.

The exchanges through Fram Strait have been modelled by sev-
eral groups, e.g. Maslowski et al. (2004), Fieg et al. (2010) and
Aksenov et al. (2010a,b). Especially the volume fluxes obtained
by Maslowski et al. (2004), northward 6.40 Sv, southward 8.73 Sv
and net 2.37 Sv, are very close to the latest numbers obtained from
the mooring array in Fram Strait.

The northward heat, or rather temperature, transport in the
Atlantic water increased significantly during the ASOF years
(2002–2005) as compared to the VEINS years (1997–2000), from
around 30 to almost 46 terawatt (Fahrbach, 2006; Schauer et al.,
2008) (Fig. 28). This was mainly due to the arrival of pulses of war-
mer water to Fram Strait from the south. The highest temperatures
were recorded in 2006 after which a slight decrease has been ob-
served (Beszczynska-Möller et al., 2012; Dye et al., 2012). Schauer
and Beszczynska-Möller (2009), using a stream tube model with a
balanced volume exchange, estimated the mean heat transport to



Fig. 28. Upper panel, the positions of the moorings across Fram Strait in different years, (a) the mean temperature and (b) the mean cross section velocity based on the
mooring observations for September 2002 to August 2003 (from Schauer et al., 2008). Lower panel, (a) the monthly mean volume transports and (b) the monthly mean heat
transports 1997–2006. Red northward transports, blue southward transports, green net transports (from Fahrbach, 2006).
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36 ± 6 TW for the period 1997–2009. It has been possible to trace
several of these inflows to south of the Greenland–Scotland Ridge
(Karcher et al., 2003; Holliday et al., 2008). The warm inflows have
also been followed along the Eurasian continental slope, the warm
pulse of 1998–2002 being observed in 2004 at the NABOS moorings
north of the Laptev Sea (Dmitrenko et al., 2008a,b; Polyakov et al.,
2005) and by comparison between models and observations (e.g.
Karcher et al., 2011) and their possible influence on the Arctic
Ocean ice cover has been examined (Polyakov et al., 2010, 2011,
2012a).
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The strong recirculation in Fram Strait makes it difficult to as-
sess how much of the Atlantic water and how much of the AIW
and NDW actually enters the Arctic Ocean. Much becomes mixed
into the outflowing Arctic Ocean intermediate and deep water
masses. The Rossby radius is small and there is no horizontal cor-
relation between the individual moorings, opening for the possibil-
ity of aliasing. The Arctic Ocean deep waters that pass through
Fram Strait and flow along the Greenland slope are considerably
colder and less saline than they are in the Arctic Ocean, indicating
mixing with NDW and AIW from the Nordic Seas, thus implying a
recirculation of these waters (Rudels et al., 2005). That Atlantic
water recirculates in Fram Strait was noticed already by Ryder
(1891–1892) and Nansen (1902).

One way to eliminate, or at least reduce, the effects of the recir-
culation on the exchange estimates is to compute the net trans-
ports in different temperature intervals, either for the entire
strait or for different parts of the strait (Mauritzen et al., 2011;
Beszczynska-Möller et al., 2012). It is found that for temperatures
above 2 �C there is a net inflow in all temperature classes and the
mean temperature for the 3.2 Sv that enter the Arctic Ocean lies
between 3.0 �C and 3.5 �C. Below 2 �C there is a net outflow in all
temperature classes and the 5.2 Sv that leave the Arctic Ocean have
a mean temperature between �1.0 �C and �0.5 �C. The implied
cooling, by whatever processes, must occur in the Arctic Ocean.

The ice export from the Arctic Ocean through Fram Strait has
been measured for more than a decade. The estimate of the trans-
port has not changed dramatically over this period and it is not
much different from earlier assessments. Between 0.08 and
0.09 Sv of freshwater is transported as sea ice southward through
Fram Strait. This is somewhat less than the river runoff of
�0.1 Sv to the Arctic Ocean suggesting that only a small fraction
of the river runoff enters the water column. However, no direct
coupling between river runoff and ice export can be made. There
are other sources of freshwater, e.g. net precipitation, inflow of less
saline water in the Norwegian Coastal Current, and the inflow of
low salinity Pacific water through Bering Strait. The extent and
the thickness of the Arctic Ocean sea ice cover have decreased dur-
ing the last 30 years and dramatically so in the last 10 years, but no
clear effect of the smaller ice storage in the Arctic Ocean on the ice
export through Fram Strait has been documented (Spreen et al.,
2009). One possible explanation is that the thinner ice cover allows
the ice drift speed to increase, keeping the volume flux more or less
constant.

The different sources of freshwater, runoff and net precipitation
(meteoric water) and ice melt and ice formation (negative ice melt)
can be determined from tracers like 18O and/or Deuterium (2H)
(Östlund and Hut, 1984). The transports of liquid freshwater and
sea ice can then be estimated, either using velocities obtained from
moorings or estimated from hydrographic sections using geostro-
phy, or by deducing the age of the water, or its residence time,
from tracer observations. Östlund and Hut (1984) used the tritium
(3H) injected into the ocean from the nuclear tests in the 1960s to
determine the age of the upper layer in the Arctic Ocean. Assuming
this layer to be well mixed horizontally they computed the export
of sea ice and freshwater, including the freshwater entering
through Bering Strait, to the North Atlantic. The different compo-
nents of the freshwater transport based on observations from Ymer
1980 are shown in Fig. 29. Östlund and Hut also estimated the
combined volume flux of upper layer water through Fram Strait
and the Canadian Arctic Archipelago. Their results, 2.9 Sv of upper
layer water and a total freshwater export of 0.29 Sv are similar to
the other existing estimates. Their estimated ice export 0.18 Sv ap-
pears, however, too large.

Schlosser et al. (1994) used the tritium/3He ratio to better
determine the age of the upper layer water. They found that the
age of the water increased from 1 year at the Barents Sea continen-
tal slope to 5 years over the Gakkel Ridge. The deeper halocline
waters over the Gakkel Ridge were still older, about 15 years. The
assumption of an horizontally well mixed upper layer in the Arctic
Ocean does not seem to hold. This is evident also from other
parameters. To date the estimates of liquid freshwater export using
tracers and using direct current measurements do not agree. The
direct observations of the freshwater flux suggest it to be 1/3 to
2/3 of the ice export (Aagaard and Carmack, 1989; Holfort et al.,
2008; Rudels et al., 2008), while the 18O and other tracer analyses
indicate that the exported liquid fraction through Fram Strait could
be as large, or even larger, than the ice export (Meredith et al.,
2001; Rabe et al., 2009, 2013). However, in these estimates the
ice export is determined as how much negative melt water is pres-
ent, or rather absent, from the water column. Since the observa-
tions are made in Fram Strait, only the ice formed from the
meteoric water leaving through Fram Strait is accounted for. Ice re-
moved from the meteoric water exiting through the Canadian Arc-
tic Archipelago is not considered. Very little sea ice leaves through
the Canadian Arctic Archipelago and this ice also has to pass south
through Fram Strait. The extra ice volume could remove the dis-
crepancy between the two methods.

5.2. The Barents Sea

The Atlantic water that enters the Barents Sea splits into 3
streams. One flows north into the Hopen Deep west of the Central
Bank. In the northern part of the Hopen Deep it splits again. One
part turns east, north of the Central Bank, one, smaller part, crosses
the sill between Edgeøya and the Grand Bank into the northern
Barents Sea and the rest recirculates towards the Norwegian Sea
(Tantsiura, 1959; Loeng, 1991; Pfirman et al., 1994). Fig. 30 shows
the surface current as drawn by Tantsiura (1959). The Atlantic
water is cooled by heat loss to the atmosphere and by intrusions
of cold and dense water formed by ice formation and brine rejec-
tion over the Central Bank and subsequently sinking down the
slopes of the bank into the surrounding depressions (Quadfasel
et al., 1992). Part of this water returns to the Norwegian Sea as
cold, dense bottom water in the Bear Island Trough. The ice forma-
tion over the Central Bank depends upon the strength and temper-
ature of the Atlantic inflow. When the inflow is strong, Atlantic
water covers the Central Bank and no cooling to freezing tempera-
tures and no brine-induced convection to the bottom are possible
(Quadfasel et al., 1992).

A second stream moves eastward close to the coast. It com-
prises not only Atlantic water but also the less saline water of
the Norwegian Coastal Current, carrying runoff from the Norwe-
gian coast and the low salinity outflow from the Baltic Sea. The
continuation of the Norwegian Coastal Current, the Murman Coast-
al Current follows the coast up to Novaya Zemlya. One part enters
the Kara Sea through the strait south of Novaya Zemlya, the Kara
Gate, and the rest moves northward along the west coast of Novaya
Zemlya to enter the Kara Sea north of the islands. The coastal
stream supplies the saline end member of the waters on the Sibe-
rian shelves, balancing the river runoff.

The third, main stream flows directly eastward and passes
south of the Central Bank into the eastern Barents Sea. The Atlantic
water loses heat to the atmosphere and becomes cooler. Precipita-
tion and the encounter with drifting sea ice lead to a freshening of
the surface layer. In winter, cooling, ice formation and convection
homogenise the upper layer, creating the Barents Sea branch halo-
cline water. Over the shallow polynya areas west of Novaya Zemlya
the convection extends to the bottom. The entire water column be-
comes homogenised, and dense, saline bottom water is produced
(Knipovitch, 1905; Nansen, 1906; Midttun, 1985). The ice exported
from the polynya eventually melts, either through the arrival of
spring or by drifting over warmer Atlantic water forming a low



Fig. 29. The water composition of the upper 300 m of the water column in the East Greenland Current (left), in the West Spitsbergen Current (centre) and central Fram Strait
(left) based on 18O measurements. Blue is Atlantic water, yellow is runoff, red is ice melt and green is formed ice. The ice, being negative ice melt, should be added to the
runoff in the East Greenland Current. Lower panel, the distribution of runoff, ice melt and brine on two sections taken by Ymer in 1980 (from Östlund and Hut, 1984).
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salinity upper layer. The different layers, the less saline surface
layer making up the Barents Sea branch halocline water, the
intermediate cooled Atlantic water and the dense brine enriched
bottom water all pass between Franz Josef Land and Novaya
Zemlya and eventually down the St. Anna Trough into the Arctic
Ocean.

The upper layers in the northern Barents Sea are dominated by
less saline water that is cooled to freezing temperature in fall and
becomes covered by a locally formed seasonal ice cover, which pre-
vents the multi year ice in the Arctic Ocean from drifting into the
Barents Sea. Occasionally multi-year ice does penetrate into the
Barents Sea before the local ice cover is formed, as in 2003 when
multi-year ice was found in Storfjorden in winter. This ice must
have drifted into the northern Barents Sea and then into
Storfjorden in late 2002 or early 2003 (Christian Haas, Pers.
Comm.; Kwok et al., 2005).

The origin of this less saline upper layer is not clear. It could de-
rive from the Arctic Ocean, or it could be advected from the Kara
Sea between Franz Josef Land and Novaya Zemlya, flowing west-
ward in the Persey Current (Fig. 30). A third possibility was men-
tioned above. Ice formation over the shallow polynya areas leads
to a separation into sea ice and saline bottom water, which by sub-
sequent ice melt creates, or at least contributes to maintaining, the
low salinity surface water in the northern Barents Sea. Outflows of
less saline water from the northern Barents Sea to the Norwegian
Sea occur south of Bjørnøya along the Svalbard Bank as a continu-
ation of the Persey Current and south of Svalbard in the East Spits-
bergen Current (Tantsiura, 1959). These outflows, however, are



Fig. 30. The surface circulation in the Barents Sea (from Tantsiura, 1959).
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caught in the northward moving West Spitsbergen Current and
carried towards Fram Strait and the Arctic Ocean.

The most quoted early estimate of the net inflow from the
Norwegian Sea to the Barents Sea is the 1.9 Sv estimated by
Blindheim (1989) from a three week long current meter observa-
tion in the Bear Island Trough between the Norwegian coast and
Bjørnøya, the Barents Sea opening. After this the transport of
Atlantic water from the Norwegian Sea into the Barents Sea has
been measured around the year by direct current observations
since 1997 and the beginning of VEINS, and the measurements
have continued during ASOF and DAMOCLES. The transport across
the array shows large variations on both shorter and longer time
scales. The transport estimates for the Atlantic water have until la-
tely been fairly constant around 1.5 Sv. There is an annual cycle
with stronger inflow during winter, less in summer. Net outflows
to the Norwegian Sea over extended periods have been observed,
especially in spring, when these outflow events can be longer than
a month (Ingvaldsen et al., 2004a,b). The inflowing Atlantic water
is warm, between 4 �C and 6 �C with a mean salinity above
35.05. The temperature and salinity as well as the transports show
large inter-annual variability reflecting changes in the waters ad-
vected from the south (Skagseth et al., 2008; Dye et al., 2012).
Skagseth (2008) analysed the circulation of Atlantic water in the
Bear Island Trough and found an inflow of 2 Sv but also a deep re-
turn flow of 0.9 Sv of cooled, dense water close to Bear Island, giv-
ing a net inflow of 1.1 Sv of Atlantic water. There is also a cold, less
dense outflow of 0.3 Sv higher up on the slope towards Bear Island
(Blindheim, 1989).

The transport in the Norwegian Coastal Current to the Barents
Sea was not measured in the ASOF and VEINS programmes and
the best available estimate at the start of IPY was the 0.7–0.8 Sv ob-
tained by Aagaard and Carmack (1989) based on the data pre-
sented by Blindheim (1989), and also proposed by Rudels (1987)
from heat and mass constraints. The salinity of the Norwegian
Coastal Current is about 34.4 (Aagaard and Carmack, 1989). Skags-
eth et al. (2011) have updated the transport in the Norwegian
Coastal Current, separating into an almost barotropic flow follow-
ing the bottom contours at the slope and baroclinic flow extending
farther into the deeper part of the trough. They obtained a total
transports of 2.6 Sv of which 1.8 comprised Norwegian Coastal
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Current water with salinity 34.3 and the rest Atlantic water. The
estimates for the coastal current were made somewhat farther to
the east compared to the standard section in the Barents Sea open-
ing and the question is of the Atlantic water transport of 0.8 Sv
should be added to the 1.1 Sv obtained by Skagseth (2008) or
not. To get the total inflow also the 0.3 Sv outflow has to be sub-
tracted. In any case the total inflow to the Barents Sea from the
Norwegian Sea would then be 3.2–3.3 Sv, substantially higher than
the 1.9 Sv found by Blindheim (1989).

The transport between Franz Josef Land and Novaya Zemlya
was measured in 1991–1992, by moored current meters (Loeng
et al., 1993, 1997; Schauer et al., 2002b). These observation were
recently combined with modelling work (Gammelsrød et al.,
2009). The transport was estimated to about 2 Sv, consistent with
the moored current observations made in the Bear Island Channel
during ASOF/VEINS and also with the earlier current observations
in the Bear Island Channel reported by Blindheim (1989). Schauer
et al. (2002b) also compared the transports between Franz Josef
Land and Novaya Zemlya with those estimated from hydrography
and ship mounted ADCP in St. Anna Trough in 1996 and arrived at
similar transports. A second yearlong mooring array was deployed
between Franz Josef Land and Novaya Zemlya in 2006 and recov-
ered in 2007. Unfortunately the data are still not available.

A smaller fraction of the inflowing from the Norwegian Sea also
leaves the Barents Sea between Svalbard and Franz Josef Land,
especially in the Victoria Channel, and a substantial part may pass
through Kara Gate south of Novaya Zemlya to the Kara Sea. There it
will mix with the runoff from Ob and Yenisey, providing the saline
end member of the shelf water, which continues through Vilkiltskij
Strait to the Laptev Sea, where it receives the runoff from Lena be-
fore it enters the deep Arctic Ocean basins.

The modelling efforts of the transports over the Barents Sea
have been large and here we just mention the work by Maslowski
et al. (2004) and Aksenov et al. (2010a), which were discussed in
relation to Fram Strait. The model by Maslowski et al. gets a similar
high (3.37 Sv) net inflow from the Barents Sea as the recent esti-
mate suggests, while the transports (1.6 Sv) from the Aksenov
et al. model more conform to the previous estimates.
5.3. The Bering Strait

Bering Strait connects, via the Arctic Ocean, the North Atlantic
to the North Pacific Ocean and forms a shortcut between the two
opposite poles of the global ocean circulation, the active, deep ven-
tilating North Atlantic and the almost stagnant North Pacific. The
transports through Bering Strait are from the North Pacific to the
Arctic Ocean, although situations with southward flow do occur
in connections with northerly winds. This northward flow, warm
in summer, has long been known and DeLong, leading the Jeanette
expedition in 1879, hoped that it carried enough heat to create
open water, or at least less severe ice conditions, to allow him to
reach the North Pole. This was proved wrong and Jeanette wrecked
in the northern East Siberian Sea in 1881.

Sverdrup et al. (1942) considered the inflow from the Pacific
Ocean to be small, 0.3 Sv, and regarded the Arctic Ocean as an al-
most isolated ocean. Russian studies in the mid 20th century
(Maksimov, 1945; Fedorova and Yankina, 1964) indicated larger
transports, close to 1 Sv. but also a strong seasonal cycle, the trans-
port in winter being about 1/3 of that in summer. The work in the
Bering Strait intensified during the 1960s and 1970s and its phys-
ical oceanography was summarised by Coachman et al. (1975). The
transport through the strait was then estimated to be larger than
previously assumed, mostly because no evidence of a seasonal cy-
cle was found in the early direct current observations. The inflow
estimates thus ranged between 1 and 1.5 Sv.
The force driving the inflow derives from the higher sea level in
the North Pacific that accelerates the water through the narrow
channel. This pressure gradient is balanced by bottom friction
(Coachman and Aagaard, 1966). Stigebrandt (1984) adopted a
more global view and argued that the higher sea level in the North
Pacific was due to the less dense upper part of the North Pacific
water column compared to that of the North Atlantic. Since the
North Atlantic deep water ventilates the deep world ocean, also
the North Pacific, a pressure reversal must occur in the water col-
umn, the pressure increasing towards the North Pacific on a geopo-
tential surface in the upper part of the water column and
decreasing from the North Pacific on a geopotential surface in
the lower part. Stigebrandt proposed that this pressure reversal oc-
curred at 1100 m. From the difference in steric heights between the
two water columns he then obtained the sea level slope from the
North Pacific to the North Atlantic through Bering Strait and esti-
mated the transport induced by this pressure gradient to 1.5 Sv
(Fig. 31). This was consistent with the then existing current mea-
surements as well as with the estimates derived from tracer obser-
vations (e.g. Östlund and Hut, 1984). The transport of water vapour
by the trade winds across the Isthmus of Panama from the North
Atlantic to the North Pacific has been identified as one cause for
the less dense water column in the North Pacific (Weyl, 1968).
The transfer of low salinity Pacific water through Bering Strait is
the route by which most of the freshwater, but also the salt ex-
ported in the North Atlantic Deep Water returns to the North
Atlantic (Wijffels et al., 1992).

Continued observations in the 1970s and 1980s eventually vin-
dicated the early Russian results. A seasonal variation in the trans-
port was confirmed. The inflow in summer was estimated to 1.2 Sv,
while the inflow in winter was reduced to 0.4 Sv, the mean being
assessed to 0.8 Sv. (Coachman and Aagaard, 1988; Roach et al.,
1995). The observation programme in the Bering Sea continued
and was intensified in the 1990s and 2000s. The ideal distribution
of the current observations would be to have one mooring with
ADCP and temperature and salinity recorder in the strait on each
side of the Diomedes Island to get the transports from both the
eastern and the western channels and one mooring close to the
Alaskan coast to observe the inflow in the Alaskan Coastal Current.
Most of the years especially the western mooring has not been de-
ployed and the eastern mooring has then been moved to a fourth
position north of the strait to monitor the transports through both
channels.

From current measurements between 1990 and 2004 Woodgate
and Aagaard (2005), found that the low salinity Alaskan Coastal
Current carries a large amount of freshwater, mainly originating
from the Yukon River, into the Arctic Ocean. This inflow had previ-
ously been neglected and its contribution would increase the
freshwater input through Bering Strait by 0.01–0.02 Sv. (relative
to 34.8) or by 20%. The mean inflow has also shown a small in-
crease, from 0.8 to 1.0 Sv over the last years. The time series is,
however, too short to determine if this is a trend or just variability.

Woodgate et al. (2005b) observed that the Pacific water leaves
the Chukchi Sea from 4 locations: (1) through Long Strait into
the East Siberian Sea, (2) along the Herald Canyon west of the
Chukchi Borderland into the Canada Basin, (3) through the Central
Gap east of the Chukchi Borderland into the Canada Basin and (4)
along the Barrow Canyon close to the Alaskan coast and shelf. The
export of Pacific water to the East Siberian Sea is largely compen-
sated in volume, if not in salt, by the eastward flowing East Sibe-
rian Coastal Current (Woodgate et al., 2005b).

Steele et al. (2004) studied the fate of the Alaskan Coastal Cur-
rent water and the warm Bering Sea Summer water (BSSW) for dif-
ferent forcing regimes, i.e. for different Arctic Oscillation (AO)
states. With the AO strongly positive a part of the Alaskan Coastal
Current stayed at the shelf break and followed the North American



Fig. 31. The exchanges between the North Pacific and the Arctic Ocean through Bering Strait driven by the higher sea level in the North Pacific due to the transfer of water
vapour from the North Atlantic to the North Pacific across the Isthmus of Panama. This leads to a less dense upper layer in the North Pacific compared to the North Atlantic
and results in an upper layer flow from the North Pacific towards the North Atlantic through Bering Strait and a deep flow from the North Atlantic to the North Pacific (from
Stigebrandt, 1984).

Fig. 32. The different Nitrate and Phosphate ratios in Atlantic and Pacific waters
used to determine the Pacific water fraction in the Arctic Ocean upper waters (from
Jones et al., 1998).
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continent towards Greenland. The rest of the Alaskan Coastal Cur-
rent water drifts along the slope westward and joins the Bering Sea
Winter Water (BSWW) that enters the Canada Basin east of the
Chukchi Borderland. These two waters then enter a diminished
Beaufort Gyre, while the rest of the BSSW enters the Canada Basin
west of the Chukchi Borderland and continues in the Transpolar
Drift towards Greenland. During a negative AO state the BSSW
mostly enters Canada Basin west of the Chukchi Borderland and
becomes trapped, together with Alaskan Coastal Current water
drifting westward along the continental slope, in an expanded
Beaufort Gyre. Little BSSW then enters the Transpolar Drift, which
is mainly supplied by water from the Siberian shelf seas. The part
of the Alaskan Coastal Current that stays close to the continent
would be obstructed by the stronger Beaufort Gyre and mainly en-
ter the western channels of the Canadian Arctic Archipelago and
not reach as far east as Greenland (Steele et al., 2004). The BSSW
forms a part of the Pacific halocline found in the Canada Basin
and at times in the Makarov Basin.

Much of the denser Pacific water leaving the Chukchi shelf
forms a subsurface boundary current that flows eastward along
the upper part of the Chukchi and Alaskan continental slope. The
main contribution comes from the outflow in the Barrow Canyon,
but also water from the Herald Canyon joins the boundary current
(Pickart, 2004; Pickart et al., 2005). This flow was monitored within
the SBI programme for two years (2002–2004) by a high resolution
mooring array with MacLane profilers giving 4 sections a day. The
observed flow in the boundary current was weaker than antici-
pated, 0.13 Sv. This could partly be explain by the adverse north-
easterly winds that dominated over the mooring area and if that
was taken into account the transports increased to 0.32 Sv (Niko-
lopoulos et al., 2009). It nevertheless indicates that much of the Pa-
cific water, which leaves the Chukchi shelf does not join the
boundary current. It could from the Herald Canyon be directly
incorporated in the transpolar drift as indicated by Steele et al.
(2004), or it could leave the shelves by forming eddies.

Pickart et al. (2005) showed, based on observations from the
mooring array that the subsurface, mainly anticyclonal, eddies ob-
served in the Canada Basin (Shirshov, 1944; Hunkins, 1974; New-
ton et al., 1974; Belyakov and Volkov, 1980) could be created by
instabilities in the boundary current and the detached eddies
entering the Canada Basin would eventually feed the lower, denser
part of the Pacific derived halocline. Spall et al. (2008) modelled
the eddy formation in the shelfbreak boundary current and found
that eddies were created by baroclinic instability in the current.

It has also been suggested that dense water from the lee polyn-
yas on the Chukchi shelf could directly enter the Canada Basin and
form eddies (Chapman and Gawarkiewicz, 1997; Gawarkiewicz
et al., 1998; Gawarkiewicz, 2000). However, model studies have
shown that the waters and eddies formed on the shelf become
trapped at the shelf break/slope and would join the boundary cur-
rent (Chapman and Gawarkiewicz, 1997; Winsor and Chapman,
2002, 2004). There a new generation of eddies could form and en-
ter the Canada Basin as proposed by Pickart et al. (2005). The
boundary current might be reversed by upwelling conditions, forc-
ing the underlying Atlantic water higher up on the slope and creat-
ing a sea level slope rising from the shelf towards the interior of the
basin, driving the boundary current westward along the slope
(Pickart et al., 2005).

The difference in the ratios of Nitrate to Phosphate, N/P, be-
tween the Pacific water and the Atlantic water has in the last dec-
ade been used to identify the fraction of Pacific water present in
water column. The differences in N/P ratios are shown in Fig. 32.
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This has mostly been done for the upper layers, separating runoff
and ice melt from Pacific water (Jones et al., 1998). These studies
of the Pacific water distribution have shown that the Pacific water
dominates in the surface water of the Canada Basin, in the straits in
the Canadian Arctic Archipelago and at the continental shelf and
slope north of the North American continent, often extending be-
yond Greenland into Fram Strait and following the East Greenland
Current along the east coast of Greenland (Jones et al., 2003; Jones
and Anderson, 2008). Its extension from North America into the
Makarov Basin and the Amundsen Basin largely varies with the
state of the AO. With strong positive AO it is confined to the conti-
nent, while with weakly positive or negative AO it extends deeper
into these basins, reaching the North Pole in the Amundsen Basin
(Morison et al., 2006).

5.4. Canadian Arctic Archipelago

The Canadian Arctic Archipelago is the most inaccessible of the
passages between the Arctic Ocean and the world ocean. It consists
of three major straits, from east to west Nares Strait, Jones Sound
and Lancaster Sound, which all open to Baffin Bay. There are con-
strictions farther upstream, but they all belong to these channel
systems. The northern and southern parts of Nares Strait are
named the Kennedy Channel and Smith Sound respectively, the
Cardigan Strait and Hell Gate are part of the Jones Sound and the
Wellington Channel and the Barrow Strait both continue into Lan-
caster Sound. Only the small Bellot Strait opens to Regent Inlet and
reaches the Lancaster Sound east of the Barrow Strait. The Fury and
Hecla Strait allows water to enter the Hudson Bay and then con-
tinue via Hudson Strait and Labrador Sea to the North Atlantic. This
flow is, however, believed to be very small. During the first part of
the 1900s the transports through the Canadian Arctic Archipelago
Fig. 33. Temperature (dotted lines) and salinity (full lines) sections in Baffin Bay from Dav
temperature and salinity maxima and the cold slightly less saline bottom water (from R
were assumed small. In the volume balance given by Sverdrup in
the Oceans the fluxes through the Canadian Arctic Archipelago
are ignored altogether and the waters in Baffin Bay were supposed
to derive from the Labrador Sea. A local renewal of the Baffin Bay
deep waters was also considered possible (Sverdrup et al., 1942).

Baffin Bay is an enclosed bay between Greenland and Baffin Is-
land with Ellesmere Island and Devon Island to the north. It is ice
covered in winter and it communicates with the Arctic Ocean
through the channels in the Canadian Arctic Archipelago and with
the North Atlantic through the 640 m deep Davis Strait. Its main
hydrographic features were known already in the 1930s, largely
based on the Godthaap expedition (Riis-Carstensen, 1936; Kiile-
rich, 1939), and the Marion and General Green cruises (Smith
et al., 1937). The temperature and salinity distributions on a sec-
tion along the axis of Baffin Bay taken by Godthaap in 1928 are
shown in Fig. 33. The upper part comprises a low salinity water
mass, homogenised in winter by ice formation, brine rejection
and convection. In summer the limit of the convection is indicated
by a cold (�1.6 �C) layer with a salinity of 33.6–33.7 at 100 m. In
summer the surface salinities become much lower due to the melt-
ing of sea-ice and an inflow of less saline Polar water from the
Archipelago. Below the cold upper layer the temperature and salin-
ity increase with depth and a more than 500 m thick layer with
temperatures above 0 �C is encountered. This is an Atlantic layer,
similar to that found in the Arctic Ocean, but the passages in the
Archipelago are too shallow to allow the Arctic Atlantic water with
h > 0 �C to enter Baffin Bay. The warm layer must therefore enter
Baffin Bay from the south, through Davis Strait. Its salinity is com-
paratively low, 34.5, and it comprises Irminger Current water,
which has mixed extensively with Polar water from the East
Greenland Current before it continues in the West Greenland Cur-
rent into Baffin Bay.
is Strait (left) to Smith Sound (right), showing the cold upper layer, the intermediate
iis-Carstensen, 1936).
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The deep and bottom waters in Baffin Bay are cold and the bot-
tom water has distinct characteristics with temperature �0.5 �C
and salinity 34.45. Its origin has been open to discussion. Sverdrup
et al. (1942) assumed that it was formed by mixing between local
convection and water from the Labrador Sea, and local convection
has also been suggested by Bourke et al. (1989, 1991). The alterna-
tive explanation is advection from the Arctic Ocean. Bailey (1956)
noticed that the characteristics of the Baffin Bay Bottom Water
were similar to those found at 250 m depth in the Beaufort Sea
and proposed that an advection of this water takes place through
Nares Strait, the deepest channel in the Canadian Arctic Archipel-
ago with a sill depth of 230 m. This explanation was accepted by
Rudels et al. (2004), who suggested that a part of the lower halo-
cline in the Canada Basin, which is derived from the Barents Sea in-
flow branch, will exit through Nares Strait. The lower halocline
water is located higher in the water column north of Greenland
than in the Beaufort Sea and it could more easily pass over the dee-
per sill in Nares Strait.

One interesting detail is that in this depth range the tempera-
ture increases with depth in the Arctic Ocean and the water enter-
ing the deeper layers of Baffin Bay must pass through the warm
Atlantic layer in Baffin Bay to renew the bottom water. The
entrainment must then be small, because if the entrainment is
large, warm and less dense water will be added and the density de-
creases. To compensate for the density decrease and allow the
entering water to sink to the bottom its initial density must be
higher. This would imply an inflow of denser, but also warmer,
water, leading to different characteristics of the Baffin Bay Bottom
Water than those observed (Rudels et al., 2004). A substantial frac-
tion of the denser water that enters from the Arctic Ocean mixes
with and cools the Atlantic layer and based on the temperature dif-
ference of the Atlantic layer in the West Greenland Current just
north of Davis Strait and in the northern part of Baffin Bay Rudels
(1986b) estimated that 5/6 of the volume of the Atlantic layer in
Baffin Bay derives from the Arctic Ocean inflow.

In a simple model, applying rotational control on the low salin-
ity outflow, Stigebrandt (1981) concluded that more Polar water
would exit through the Canadian Arctic Archipelago than through
Fram Strait. This is due to the existence of more openings to carry
the transport through the Archipelago. Rudels (1986b), using a
similar approach both on the straits in the Archipelago and on Da-
vis Strait, combined with salt and mass balances in Baffin Bay, esti-
mated the upper layer outflow to 0.7 Sv. To this a 0.3 Sv inflow of
denser water was added to explain the properties of the Atlantic
and deeper layers. Steele et al. (1996), computing the geostrophic
transports between different parts of the Arctic Ocean, estimated
the outflow through the Canadian Arctic Archipelago to 0.56 Sv.

A large current measurement programme was initiated by Bed-
ford Institute of Oceanography in Baffin Bay in the 1980s. A current
meter array was deployed for several years, mostly at the sill in Da-
vis Strait but in some years farther north in Baffin Bay. The trans-
port estimates from these measurements indicate a net southward
flow of about 2.4 Sv through Davis Strait (Tang et al., 2004; Cuny
et al., 2006). This agrees with later observations based on a current
meter array at the sill in Davis Strait combined with hydrographic
sections, several of them obtained by gliders (Curry et al., 2011;
Beszczynska-Möller et al., 2011).

Direct current measurements in the Canadian Arctic Archipel-
ago have been difficult to accomplish. The areas are remote and
largely ice covered, the tidal motions are strong and the proximity
to the magnetic North Pole makes conventional direction finding
methods practically useless. However, in recent years new tech-
niques have been developed. One method involves measuring the
magnetic heading and adjusting for the varying declination with
measurements from the Natural Resources Canada geomagnetic
observatory in Resolute (Hamilton, 2001). Another method applies
torsionally rigid moorings, which are deployed in such a manner
that the position and orientation of the anchor are known, and
the flow direction can then be measured relative the orientation
of the anchor (Melling et al., 2008).

These new developments have lead to the launching of current
observation programmes in all three channels: Cardigan Strait and
Hell Gate (Jones Sound); Barrow Strait (Lancaster Sound) and in the
Kennedy Channel (Nares Strait). The first two passages have al-
ready been monitored several years, while in the Kennedy Channel
instruments were deployed first 2004. The planned recovery from
the ice in spring 2005 had to be abandoned because of a severe
storm and the recovery was postponed to fall 2006 and carried
out from ship (Münchow et al., 2006).

The observations from Hell Gate showed strong flow in the en-
tire water column (0.20 ms�1 at 81 m) with little temporal varia-
tions. At the same depth in the Cardigan Strait the maximum
velocity was somewhat higher and the temporal variations in
velocity were larger with occasional reversals of the flow direction.
The variations detected at Hell Gate had similar periods but much
smaller amplitudes. The mean transport through the two straits
was estimated to 0.3 Sv (Melling et al., 2008).

The eastward transports through Barrow Strait to Baffin Bay
showed much larger and irregular temporal variations. The Barrow
Strait is wide and the flow towards Baffin Bay does not extend over
the entire strait but is restricted to the southern 2/3 of the passage.
In the northern part a westward flow was observed. The highest
velocities were found in the upper parts and related to a low
salinity eastward flow of Polar water in the south and a westward
flow of low salinity water in the northern part, presumably due to
ice melt and to runoff and melting from nearby land. In the deeper
parts warmer water from Lancaster Sound was observed, indicat-
ing a slower westward flow in the deeper layers. This transport
probably does not reach the Arctic Ocean but recirculates and
returns to Baffin Bay. Assuming that the current measurements
in winter are representative for the southern 2/3 of Barrow Strait
they should be reduced to 55% to represent the same area in sum-
mer. The mean flow through Barrow Strait over the observation
period was estimated to about 0.7 Sv (Prinsenberg and Hamilton,
2005).

In a more recent work Peterson et al. (2012) revised the earlier
transport estimate downward to 0.47 Sv. The annual and seasonal
variability is, however, large. They concluded that the transport de-
pended upon the wind field. If the wind in the Beaufort Sea was
southwesterly water would be forced towards the Archipelago
and the sea level would rise in the western parts of the channels,
increasing the along strait sea level slope. This results in higher
transports. The opposite situation would lower the transports. In
the average situation the sea level slopes from the Arctic Ocean
to Baffin Bay, which is a part of the general slope in sea level from
the North Pacific to the North Atlantic.

The other important passage is Nares Strait, where ship
mounted ADCP measurements at a crossing during the deployment
of the mooring array indicated a southward flow of 0.9 Sv (Mün-
chow et al., 2006). The transports estimated from the direct current
measurements were slightly lower, 0.57 (Münchow and Melling,
2008), and 0.47 Sv if also geostrophy is considered (Rabe et al.,
2010). In these later estimates the upper 25 m and 35 m respec-
tively were not taken into account.

The total transport through the passages of the Canadian Arctic
Archipelago would then range between 1.4 and 1.8 Sv. This is
somewhat less than estimated for the outflow through Davis Strait.
Considering the shallowness of the straits in the Archipelago and
the overall mass budget of the Arctic Ocean, the lower values,
based on observations in the Archipelago, appear more reasonable.
The salinity of the water that passes through the Canadian Arctic
Archipelago is low, supporting the view that most of the liquid
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freshwater export from the Arctic Ocean takes place here rather
than in Fram Strait.

The importance of the sea level slope and the generally higher
water level in the Arctic Ocean was noticed in the model work by
Kliem and Greenberg (2003) and the effect of the variation in sea le-
vel slope was studied by Houssais and Herbaut (2011), who sug-
gested that the variations in transports through Lancaster Sound
were controlled by the sea level in the Beaufort Gyre, while the
Nares Strait was more influenced by changes in the sea level in
Baffin Bay and in the Labrador Sea. Similar conclusions was drawn
by McGeehan and Maslowski (2012). However, they found that in
spite of being controlled by different sea level variations the strong
correlation between the outflows suggested that the variability was
largely dependent upon, albeit different, coupled aspects of the
NAO, the wind stress curl in the Beaufort Sea and the cooling in
the Labrador Sea. The mean transports determined by McGeehan
and Maslowski (2012) for the two channels were 0.77 Sv, for Nares
Strait and 0.76 Sv for Lancaster Sound. The freshwater transport
through Lancaster Sound was, however, more than 4 times as large
as that through Nares Strait. The transports estimates given by
Houssais and Herbaut (2011) were substantially larger, between
1.05 Sv and 1.35 Sv in Lancaster Sound and 1.3 Sv in Nares Strait,
while the outflow through Davis Strait was estimated to 2.9 Sv.

Rudels (2011) extended the earlier conceptual geostrophic mod-
el (Rudels, 1986b) by adding a sea level slope, based on the differ-
ences in steric height between the Arctic Ocean and Labrador Sea
above 800 m to the sea level difference between the Arctic Ocean
and Baffin Bay. This allowed for a possibility to also exchange the
intermediate water in Baffin Bay. The salinity of the upper layer
outflow from the Arctic Ocean for which also the flows through
Nares Strait and in the West Greenland Current, supplying the
intermediate layer in Baffin Bay, were balanced by an intermediate
outflow through Davis Strait, was then determined. The obtained
upper layer salinity was �33.1, leading to transports in the upper
layer of about 0.8 Sv in both Lancaster Sound and Nares Strait and
a deep transport through Nares Strait of 0.6 Sv to Baffin Bay. The
outflow from the Arctic Ocean through Davis Strait then becomes
�2.2 Sv. These estimates lie in the upper end of the spectrum.

5.5. Freshwater budget

The import, export and storage of freshwater in the Arctic Ocean
have recently become the foci of much research. The early budgets
for the Arctic Ocean concentrated on volume, heat and occasionally
salt fluxes (e.g. Aagaard and Greisman, 1975). However, salinity
transports have presently largely been replaced by freshwater
transports, usually computed relative to a reference salinity of
34.80, and in their pioneering work Aagaard and Carmack (1989)
formed a freshwater budget for the Arctic Ocean as well as for
the Nordic Seas (Fig. 34).

The reasons for the growing interest in the freshwater export
from the Arctic Ocean were model investigations based on
Stommel’s (1961) concept of two possible modes of the thermoha-
line circulation. It has one positive, thermal, mode with cold water
sinking at high latitudes and upwelling to the surface at low lati-
tudes and a second, negative, salinity (freshwater) driven mode,
where the heating and evaporation at low latitudes create higher
densities than the cooling and precipitation at high latitudes and
the circulation is reversed. Water is sinking in low latitudes and
brought to the surface at high latitudes. The freshwater driven
mode is less efficient in transporting volume and heat to high lat-
itudes since the warm water becomes covered by a colder, less sal-
ine upper layer that further diminishes the heat loss. A possible
switch from the presently thermally driven thermohaline circula-
tion to a freshwater driven circulation could then have impact on
the present climate. Moreover, the change from one mode to the
other could be sudden, when a critical, unknown, freshwater input
is reached and the return to the thermal mode would not occur be-
fore the freshwater input has decreased well below the critical va-
lue (Stommel, 1961). This concept has been elaborated by Rooth
(1982) and by Rahmstorf (1995) and led to intensified studies, both
theoretical and observational, of the stability of the thermohaline
circulation. Much of the work in the VEINS and ASOF projects
was dedicated to determine the coupling between the freshwater
transports and the thermohaline circulation (Dickson et al., 2008).

After the budget formulated by Aagaard and Carmack (1989)
several new attempts have been made to quantify the freshwater
fluxes (Serreze et al., 2006; Dickson et al., 2007). Dickson et al.
(2007) made one ’’conventional’’ budget relative to salinity 34.80
and a second one using the salinity 35.2, representing the inflow
salinity of the Atlantic water to the Arctic Mediterranean Sea, the
highest salinity available. This second approach has the advantage
that the freshwater transports and the volume transports always
are in the same direction. It showed that freshwater is exported
from the Arctic Mediterranean not only in the upper layers but also
that the overflow waters carry freshwater from the Arctic Mediter-
ranean into the deeper layers of the North Atlantic (Fig. 35).

In the wake of the ongoing reduction in sea ice volume the stor-
age of freshwater inside the Arctic Ocean has received increased
attention. The accumulation of freshwater has been concentrated
to the Canada Basin and especially to the Beaufort Gyre (Proshutin-
sky et al., 2009; Rabe et al., 2011). The accumulation is largely caused
by the negative AO situation that has dominated in recent years,
which by Ekman convergence forces the water into the gyre. With
the use of -18 measurements it has been possible to determine the
contributions from river water and sea ice melt water. Yamamoto-
Kawai et al. (2009) estimated the increase in melt water content be-
tween 2005 and 2007 to 2.5 m. The melt water fraction at 50 m
depth had not changed significantly suggesting that the increase
in melt water is due to summer melt, not to less ice formation in win-
ter. Closer to the North American continent the ice melt increase in
the upper layer is less. However, here the changes are at 50 m depth
indicating a weaker ice formation in winter and thus an increase in
melt water content (Yamamoto-Kawai et al., 2009).

By measuring Barium (Guay et al., 2009) or Alkalinity (Yamam-
oto-Kawai et al., 2009) it is possible to determine the origin of the
river runoff in the Canada Basin and on the Chukchi shelf. The Bar-
ium concentrations and the Alkalinity are twice as high in the
North American rivers than in the Siberian rivers entering the Arc-
tic Ocean. It is found that only close to the McKenzie river is the
Alkalinity and Barium concentrations in the upper 20 m high en-
ough to indicate runoff from North America. The McKenzie outflow
would then almost directly enter the Canadian Arctic Archipelago.
Farther to the west the main sources of runoff are the Siberian riv-
ers. The freshwater is probably advected with the East Siberian
Coastal Current to the Chukchi shelf and then continuing along
the Alaskan shelf (Guay et al., 2009; Yamamoto-Kawai et al., 2009).

This is not the only path for waters from the Siberian rivers to
enter the Canada Basin. In a highly positive AO situation the circu-
lation in the Eurasian Basin will become cyclonic, forcing the shelf
water from the Siberian branch of the Transpolar Drift to move into
the Makarov Basin and there be trapped by the diminished Beau-
fort Gyre (Morison et al., 2012). This pathway has been delineated
from satellite gravimetry and satellite altimetry separating the ef-
fects of sea level slope and steric heights and shows that also river
runoff from Siberia contributes to the freshwater accumulation in
the Beaufort Gyre (Morison et al., 2012). However, the shelf waters
farther to the west, in the Laptev and Kara seas, are too saline and
dense to enter the surface layer and they will penetrate into the
halocline of the Canada Basin.

The freshwater exports from the Arctic Ocean east and west of
Greenland are about equal, but while 2/3 of the freshwater trans-



Fig. 34. The freshwater input to the Arctic Ocean from the different rivers (km3 year�1) and the freshwater storage in different parts of the Arctic Ocean relative to salinity
34.80 (km3) (from Aagaard and Carmack, 1989).
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port through Fram Strait occurs as ice the liquid freshwater export
dominates almost completely in the Canadian Arctic Archipelago.
This suggests that in the case of a diminishing, or vanishing, ice ex-
port the Canadian Arctic Archipelago would have the largest fresh-
water export, which might affect the dense water formation in the
deep convection areas in the Labrador Sea and in the Irminger Sea
and thus the thermohaline circulation.
The positive freshwater balance is only one aspect of the Arctic
Mediterranean Sea as a high latitude ocean. What also character-
ises the high latitude oceans is that the stability in the upper part
is determined by salinity, not temperature. Only below the Atlantic
layer does the temperature become stabilising in the Arctic Ocean
and in the deep water salinity again determines the stability. This
fact was used by Carmack (2000) to classify the high latitude



Fig. 35. Upper panel, the freshwater budget of the Arctic Ocean relative to 34.80. Units are (km3) and (km3 year�1) (from Serreze et al., 2006). Lower panel, the ocean
components of the freshwater exchanges in mSv relative to 35.2 (from Dickson et al., 2007). Conversion factors: 1 Sv = 31.557 km3 year�1 and 1 km3 year�1 = 31.689 m Sv.
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oceans as b-oceans in contrast to the temperature dominated
a-oceans at lower latitudes. a and b here stand for the coefficients
of heat expansion and salt contraction respectively. This implies
that to create water dense enough to ventilate the deeper layers
the salinity has to increase. This occurs during freezing and brine
rejection on the shelves but also, albeit more localised, in the deep
ocean. Rudels (1993) examined these cold, saline high latitude
deep water sources and their possible importance for creating
the dense water ventilating the deep world ocean.

The importance of the Arctic Mediterranean Sea as a receiver
and redistributer of freshwater between the atmosphere and ocean
and between the different oceans, the North Pacific and the North



Fig. 36. Schematics showing the role of the Arctic Mediterranean Sea as a -ocean and a distributer of freshwater water between the North Pacific and the North Atlantic and
between high and low latitudes as well as its contributions to the deep overturning circulation (from Aagaard and Carmack, 1994).
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Atlantic, and as well as the ventilation of the deep ocean at high
latitudes was summarised by Aagaard and Carmack (1994) in the
schematics shown in Fig. 36. This global view has been elaborated
by Carmack in subsequent studies (Carmack, 2000; Carmack and
Wassmann, 2006).

6. Summary

This overview of how the knowledge and understanding of the
circulation, water mass transformations and mixing processes in
the Arctic Ocean has evolved through time intentionally focus on
the era before the fourth International Polar Year 2007–2009.
The scope is not exhaustive and has rather been biased by the
author’s main interest in the description and interpretation of
hydrographic observations. The observations made during, and
after, IPY have already added much new knowledge about the Arc-
tic Ocean, its state, its processes, and its possible change. However,
even when the amount of available information, measurements
and data increases, it might still be valuable to know about previ-
ous investigations and how insights have been gained and devel-
oped to create an ever more complete picture of the Arctic Ocean
and its role in the Arctic climate and in the global ocean.
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