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Abstract. The circulation and water mass properties in the ous from 2007Polarsternobservations made close to a hy-
Eurasian Basin are discussed based on a review of previoudrothermal vent in the Gakkel Ridge, where the temperature
research and an examination of observations made in recemiinimum usually found above the 600—-800 m thick homoge-
years within, or parallel to, DAMOCLES (Developing Arctic nous bottom layer was absent. However, heat entrained from
Modeling and Observational Capabilities for Long-term En- the Atlantic water into descending, saline boundary plumes
vironmental Studies). The discussion is strongly biased to-may also contribute to the warming of the deeper layers.
wards observations made from icebreakers and particularly
from the cruise with R/\Polarstern2007 during the Interna-
tional Polar Year (IPY). Focus is on the Barents Sea inflow
branch and its mixing with the Fram Strait inflow branch. 1 Introduction

It is proposed that the Barents Sea branch contributes not

just intermediate water but also most of the water to the At-Recent studies of the Arctic Ocean circulation have focused
lantic layer in the Amundsen Basin and also in the MakarovOn three discoveries, or rediscoveries, occurring in the 1980s
and Canada basins. On|y Occasiona”y would h|gh temper.a.nd 1990s. (1) The realisation that the inflow of Atlantic wa-
ature pulses originating from the Fram Strait branch pen_terfrom the Norwegian Sea over the Barents Sea to the Arctic
etrate along the Laptev Sea slope across the Gakkel Ridecean is of comparable magnitude as the inflow of Atlantic
into the Amundsen Basin. Interactions between the Barent¥/ater taking place in Fram Strait (Rudels, 1987; Blindheim,
Sea and the Fram Strait branches lead to formation of intru1989). (2) The shelf contribution to the formation of the halo-
sive layers, in the Atlantic layer and in the intermediate wa-Cline does not just involve the creation of dense water by
ters. The intrusion characteristics found downstream, norttPrine rejection that eventually penetrates into the deep basin
of the Laptev Sea are similar to those observed in the northWater column but also the outflow of low salinity shelf wa-
ern Nansen Basin and over the Gakkel Ridge, suggesting ter that overruns the winter mixed layer in the Nansen Basin,
flow from the Laptev Sea towards Fram Strait. The forma-transforming it into a halocline water mass (Rudels et al.,
tion mechanisms for the intrusions at the continental slope1996). (3) The inflow of anomalously warm Atlantic water
or in the interior of the basins if they are reformed there, t0 the Arctic Ocean in the late 1980s and early 1990s (Quad-
have not been identified. The temperature of the deep wafasel etal., 1991), and the relocation of the upper low salinity
ter of the Eurasian Basin has increased in the last 10 yr ratheturface water from a large part of the Amundsen Basin into

more than expected from geothermal heating. That geothetth® Makarov Basin and even into the Canada Basin, and the
mal heating does influence the deep water column was ObViShIft of the surface front between the Atlantic and the Pacific

derived waters from the Lomonosov Ridge to the Mendeleev
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Ridge (Carmack et al., 1995; Morison et al., 1998; Steele andvard flow in the West Spitsbergen Current. The Fram Strait
Boyd, 1998). The present study reviews how these findinggransport estimate given by Aagaard and Greisman did not
have guided recent research and in particular the oceanograaclude any deep water exchange.
phy work from icebreakers conducted within DAMOCLES  The importance of the Barents Sea inflow to the Arc-
(Developing Arctic Modeling and Observational Capabili- tic Ocean was reintroduced in the late 1980s, when Rudels
ties for Long-term Environmental Studies). It also describes(1987) estimated the transport over the Barents Sea by for-
how observations made in the late part of the 2000s have immulating a heat budget for the Atlantic water and for the
proved our understanding of the Arctic Ocean processes antlorwegian Coastal Current water entering from the Norwe-
circulation. gian Sea. These waters mainly leave the Barents Sea through
the passage between Novaya Zemlya and Franz Josef Land,
continuing down the St. Anna Trough, but also flow north

2 The Barents Sea inflow branch in the Victoria Channel, and the coastal water may pass
through the Kara Gate south of Novaya Zemlya. However,
2.1 The inflow over the Barents Sea Rudels assumed that a large fraction, two-thirds, of the At-

lantic water recirculated in the Hopen Deep and returned
The assumption that much, if not most, of the water that en-as cooler water in the Bear Island Channel to the Norwe-
ters the Arctic Ocean from the Nordic seas passes throughiian Sea. The inflow to the Arctic Ocean was estimated at
the Barents Sea is not new. It was the view of Petermanrl.2 Sv, of which the Norwegian Coastal Current supplied
in 1870 (cited by Nansen, 1902). Nansen, in the same fo00.8 Sv. Blindheim (1989) obtained from 3 weeks of direct
note, writes that this was also his own view before he hadcurrent measurements a similar inflow from the Norwegian
made the expedition with Fram. After the Fram expedition Sea but found that the recirculation was considerably smaller
he concluded that a submarine barrier prevented most of ththan Rudels (1987) had assumed and estimated a net inflow
water that enters the Barents Sea to pass eastward beyomd 1.8—1.9 Sv. This included the contribution from the Nor-
Franz Josef Land and adopted the view that most of the wawegian Coastal Current, which was not given separately by
ter from the Nordic seas present in the Arctic Ocean, espeBlindheim but was later estimated to 0.8 Sv by Aagaard and
cially the warm,> 0°C “Atlantic” water, entered through Carmack (1989) based on Blindheim’s work.
Fram Strait (Nansen, 1902, p. 335). However, he still con- Current measurements made continuously since 1997 be-
sidered the possibility that the saline bottom water observedween Nordkapp and Bjgrngya, the Barents Sea Opening,
in the Arctic Ocean during the Fram expedition could be have largely confirmed Blindheim’s estimate, but also re-
formed by ice formation and brine rejection on the Barentsvealed large seasonal and monthly variability of the trans-
Sea (Nansen, 1906). Only after observations north of Svalports (Ingvaldsen et al., 2004a, b). Recent direct velocity ob-
bard from his sailing vess&keslemgyn 1912 did he become servations of the Norwegian Coastal Current have, however,
convinced that the deep water salinities measured from Franshown that this transport is 1.8 Sv, considerably larger than
were too high and that also the deep water entered the Arctipreviously estimated (Skagseth et al., 2011). Only twice,
Ocean from the Greenland Sea through Fram Strait (Nanser,991-1992 and 2008-2009, has a current meter array been
1915). Nansen’s revised view then became the accepted ordeployed and recovered in the passage between Novaya
for the coming generations of Arctic oceanographers, andZemlya and Franz Josef Land, the expected main pathway
the Barents Sea inflow was often neglected as is seen frorfor the Barents Sea inflow to the Arctic Ocean. The observed
the list of Arctic Ocean volume budgets given in Coachmantransports £ 2 Sv) for the 1991-1992 array (Loeng et al.,
and Aagaard (1974). However, some budget estimates sho#993; Schauer et al., 2002a) agree well with the inflow at the
the inflows through Fram Strait and the Barents Sea to béBarents Sea Opening found by Blindheim (1989). The data
of comparable magnitude (e.g. Fletcher, 1965; Nikiferov andfrom the 2008—-2009 array are not yet available.
Sphaiker, 1980).

The importance of the Fram Strait inflow was really 2.2 The impact on the Arctic Ocean water column

brought into focus when the results from the first direct cur-
rent measurements in the West Spitsbergen Current’atd 79
were reported and indicated a northward transport of almosthe influence of the Barents Sea branch on the Arctic Ocean
8Sv (1Sv=10°m3s1) (Aagaard et al., 1973). In the mass, water column was recognised by Rudels et al. (1994) from
heat and salt budgets proposed by Aagaard and Greismahe hydrographic observations in the Nansen and Amund-
(1975), the exchanges through Fram Strait were assumed teen basins obtained on the Arctic Ocean-91 expedition with
balance with a northward flow of 7.1 Sv of Atlantic water IB Oden The presence of inversions and intrusions in the
and a southward flow of 1.8 Sv of low salinity polar water water column, in the warm Atlantic layer as well as in the
and 5.3 Sv of returning, cooled and modified Atlantic water intermediate layers below, was interpreted as results of in-
(Arctic Atlantic water — AAW). By contrast the inflow over teractions between two inflow branches: a warm and saline
the Barents Sea was estimated at 0.7 Sv, 10 % of the northFram Strait inflow branch and a cooler and fresher Barents
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Sea inflow branch, taking place as they meet on the contisea ice and the only opening allowing exchanges of interme-
nental slope north of the Kara Sea. Thdenstations were diate and deep waters. The estimates of the Atlantic water
located away from the slope and west of the area, where th&ransport into the Arctic Ocean have varied from 2-3 Sv to
branches were expected to meet. However, the observatiortee high value of 7 Sv in the 1970s (Aagaard and Greisman,
indicated that the fraction of Barents Sea branch water in the1t975) and then again to a low value of 1 Sv in the late 1980s
water column increased towards the Lomonosov Ridge. Thige.g. Aagaard and Carmack, 1989) after the discovery of the
implied that part of the Barents Sea branch water, and mosiarge recirculation of Atlantic water in Fram Strait (Quad-
likely also much of the Fram Strait branch water encounteredasel et al., 1987; Rudels, 1987; Bourke et al., 1988).
in the interior of the Eurasian Basin away from the conti-  After regular monitoring of the exchanges in Fram Strait
nental slope, flows towards Fram Strait. Such a flow patterrbegan with VEINS (Variability of Exchanges in the North-
requires at least a partial turning of the two branches northern Seas) in 1997, the northward transport of Atlantic wa-
of the Laptev Sea before they reach the Lomonosov Ridgeter in the West Spitsbergen Current has been found to range
causing much of the Atlantic inflow to remain in the Eurasian between 3-5 Sv, with large variations but no decisive trend
Basin. (Schauer et al., 2004, 2008; Rudels et al., 2008; Schauer
Subsequent observations north of the Laptev Sea conand Beszczynska-#Mler, 2009; Beszczynska-tMler et al.,
firmed the presence of less saline Barents Sea branch wat@012). The velocities observed from the array are largely
at the slope (Schauer et al., 1997), and strong interleavindparotropic, and the total northward and southward transports
between the two branches was observed north of Severnayare 2—3 times larger than the transport of Atlantic water. A
Zemlya on the shoreward side of the Fram Strait branch insubstantial fraction of the exchanges is also related to the
1995 (Rudels et al., 2000a). Farther offshore the temperapresence of barotropic eddies in the strait as well as the over-
ture maximum of the Fram Strait branch was unaffected byall recirculation. An increased northward flow in the West
the intrusions. North of the Laptev Sea, the temperature ofSpitsbergen Currentis often compensated by larger recircula-
the Atlantic layer was considerably lower than north of the tion in the strait and warmer Atlantic water in the East Green-
Barents Sea (Schauer et al., 1997) and north of the eastetand Current. Part of the inflow thus recirculates within the
Kara Sea (Rudels et al., 2000a; Walsh et al., 2007). Howeveistrait, and about 2—3 Sv contribute to the eastward boundary
large differences were observed between profiles obtained aturrent along the Eurasian continental slope (Schauer et al.,
stations with multiple casts, indicating large spatial (drift of 2008).
the ship), but perhaps also temporal, variability as the water In 1990 anomalously warm Atlantic water was observed
column advects along the slope (Rudels et al., 2000a). Coldat the continental slope of the Eurasian Basin (Quadfasel
low salinity lenses were observed at intermediate depth in thest al., 1991). It was the first observation of a warmer, and
Makarov Basin in 1994 (e.g. Swift et al., 1997), and water likely also stronger, inflow taking place in the late 1980s and
with similar characteristics was found at the sill (1600 m) of early 1990s. The warmer water could be followed across the
the Lomonosov Ridge close to the Siberian continental slopd.omonosov Ridge into the Makarov and Canada basins (Car-
(Rudels et al., 2000a). An inflow of Barents Sea branch watemack et al., 1995; McLaughlin et al., 1996). The advection
across the Lomonosov Ridge would largely explain the pres-of the warmer Atlantic water then offered an opportunity to
ence of these cold, low salinity lenses in the Amerasian Basirdetermine the pathways of the Atlantic water in the Arctic
(Swift et al., 1997). Barents Sea branch water has lately bee®cean. Anomalously high temperatures were observed in the
almost exclusively associated with this low salinity, cold, in- Atlantic layer west of the Chukchi Borderland in 1998 (Shi-
termediate water mass. This is a simplification. The Barentsnada et al., 2004), but its subsequent movement around the
Sea branch comprises a large range of densities and corzhukchi Borderland or between the Chukchi Borderland and
tributes significantly to the warm Atlantic core in the Am- the continental slope appeared to be much slower than the
erasian Basin, usually associated with the Fram Strait branctpassage from Fram Strait to the Chukchi Sea slope. It is also
as well as partly supplies water to the lower halocline (Rudelsnot obvious which route, around the Chukchi Borderland or
et al., 2004; Aksenov et al., 2011). along the slope, is the most important one.
Low Atlantic water temperatures were reported from the

Alpha Ridge (Falkner et al., 2005), and on the temperature
3 Changes in the Fram Strait inflow branch section across the Amerasian Basin taken bpdnon the

Beringia expedition in 2005, the lowest Atlantic layer tem-
The Atlantic water entering through Fram Strait and the vari- peratures were observed at the Alpha Ridge. Similar low At-
ability of the Fram Strait inflow branch have received con- lantic layer temperatures were also observed over the Alpha
siderable attention. Fram Strait is the only deep passage corRidge on thePolarsterncruise in 2007 (Fig. 1). This sug-
necting the Arctic Ocean with the Nordic seas and across thgests that older, and colder, Atlantic water has been displaced
Greenland-Scotland Ridge to the North Atlantic. It has longnorthward from the southern Canada Basin and is entering
been considered the most important passage for oceanic hetiite northern Canada Basin from the North American conti-
to the Arctic Ocean, and it is the main exit for the Arctic nental slope along the Alpha Ridge.
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Fig. 1. Upper panel and left map: sections of potential temperature and salinity from Alaska to the Lomonosov Ridge tak&adnyinB

2005. Centre panel and centre map: sections of potential temperature and salinity between the Alpha Ridge and the Lomonosov Ridge takel
by R/V Polarstern2007 (western section). Lower panel and right map: sections of potential temperature and salinity between the Alpha

Ridge and the Lomonosov Ridge taken by RPlarstern2007 (eastern section). Figures are created using Ocean Data View (Schlitzer,
2012).

The temperature of the Atlantic water on the Makarov BOS (Nansen-Amundsen Basin Observational System) sta-
Basin side of the Lomonosov Ridge had increased by 2004ions and moorings north of the Laptev Sea was detected in
(Kikuchi et al., 2005), and the observations fr@@den2005 2003 (Dmitrenko et al., 2005).
indicated that the temperatures at the Makarov Basin side Since 1997 the VEINS/ASOF/DAMOCLES mooring ar-
were as high, or even higher than, on the Amundsen Basimay (ASOF — Arctic/Subarctic Ocean Fluxes) in Fram Strait
side (see Figs. 1 and 13). This implies, first, that a parthas revealed several pulses of warmer Atlantic water passing
of the warm Atlantic water pulse had entered the Makarovinto the Arctic Ocean, and there has been a general trend
Basin at the Mendeleev Ridge, circulated around the basirtowards higher temperature, having a maximum in 2006
in about 10 yr and was now returning towards Siberia alongand slightly decreasing thereafter (Hughes et al., 2011). The
the Lomonosov Ridge, and, second, the Atlantic water onhigher temperatures observed at the NABOS moorings north
the Amundsen Basin side had been replaced by colder Atef the Laptev Sea after 2003 are likely related to the arrival
lantic water, presumably from a later, colder inflow event. A of these pulses, and the time evolution of the Atlantic water
reduction in the Atlantic water inflow temperatures in Fram at different positions has been documented and summarised
Strait was observed between 1984 and 1997 (Rudels et alby Dmitrenko et al. (2005) and Polyakov et al. (2005, 2011).
2000b), and the arrival of colder Atlantic water at the NA-
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Fig. 2b. The positions of the stations fro®den1991,Polarstern1996,0den2001 anddden2005 used in this work.

The upstream sources of the warm Atlantic inflow pulseswater across the Greenland—Scotland Ridge is related to the
have also been investigated. Much of the higher temperawind stress curl at 59N\ (Orvik and Skagseth, 2003), and
ture relates to higher air temperature and less cooling in thét has also been noticed that the subpolar gyre south of the
Norwegian Sea connected with the positive NAO (North At- Greenland—Scotland Ridge has a two-mode structure. Either
lantic Oscillation) state prevailing in the late 1980s and earlya larger part of the water is brought northward into Nordic
1990s (Karcher et al., 2003). However, some changes cageas, or more is kept in the gyre and carried westward into the
be traced farther south (Holliday et al., 2008). It has beenlrminger Sea and ultimately into the Labrador Seat{h et
proposed that the strength of the northward flow of Atlantic al., 2005). Both these processes, related to the atmospheric
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Fig. 3 . Potential temperature, salinity and potential density sections from the SPACE transect alol@rd the Barents Sea into the
Nansen Basin.

circulation and probably connected, will influence the up- basin along 50E towards Franz Josef Land. The third, main,
stream conditions of the Atlantic water eventually entering section was taken from the eastern Kara Sea alorige90
the Arctic Ocean. across the Nansen and Amundsen basins into the Makarov
Basin, and the final section 4 was along the Gakkel Ridge
reaching the Laptev Sea at TA6. An examination of the
4 Variability in the Eurasian Basin and interactions shelf-basin exchanges thus naturally starts with section 1.
with shelf outflows The section along 3E extended farthest onto the shelf,
and it almost captured the Barents Sea inflow branch close
The largest and most intense transformations of the Atlantido its entrance at the Barents Sea Opening. The most signif-
inflow occur in the Nansen Basin and on the shelves of thecant features are seen in the upper 400m (Fig. 3). On the
adjacent Barents and Kara seas. In this area the heat of thgorthern Barents Sea shelf, the cold remnant of the winter
Atlantic water has the largest possibility to become mixedmixed layer dominates between 50 m and 100 m. It is almost
into the surface layer and reach the sea ice and the atmas cold but slightly more saline and denser than the winter
sphere. The SPACE (Synoptic Pan-Arctic Climate and Envi-mixed layer in the Nansen Basin farther north. The two dis-
ronment Study) cruise with R/RPolarsternin 2007 extended tinct winter mixed layers are derived from the interactions
over much of this area, comprising 4 sections reaching frombetween sea ice and the two Atlantic inflows. Ice melts on
the shelf into the deep basin (Fig. 2a). The sections providdop of the warmer Atlantic water, and the resulting less saline
enough spatial resolution to determine the changes in the wesurface waters are homogenised by cooling and later by ice
ter mass characteristics along and across the Nansen Bagiarmation in winter (Rudels et al., 1996, 2004). The higher
and to form the basis for a study of the transformations andsalinity in the Barents Sea winter mixed layer has been sug-
changes occurring in the basin — in particular, changes in thgested due to the fact that the Atlantic water initially encoun-
shelf-basin interactions. tering sea ice is colder in the Barents Sea than in the Nansen
Furthermore, the SPACE sections approximately follow Basin north of Svalbard, and then a smaller fraction of the
previous sections worked from the shelf into the deepheat loss goes to ice melt (Rudels et al., 2004).
Eurasian Basin and thus provide a temporal dimension of No connection is seen between the two low salinity upper
the changes over the last 10-15yr (Fig. 2b). The two mairlayers at the shelf break in the northern Barents Sea, where
SPACE sections extended over two-thirds of the Arcticthey are separated by warmer and more saline water asso-
Ocean, reaching from the Eurasian shelf to the Alpha Ridgeciated with upwelling of the Atlantic core at the continental
crossing not only the Nansen Basin but also the Amundserslope. However, at section 3 at®9® in the Kara Sea east
and Makarov basins as well as the Gakkel and Lomonosowf the St. Anna Trough, the two mixed layers are observed
ridges (Fig. 2a). Of the four sections extending from the shelfflowing side by side (seéS diagram in Fig. 4). This sug-
into the Nansen Basin, the first ran along 83 east of Sval-  gests that transformations of the upper part of the Barents
bard, and on the second section the ship returned from th&ea inflow branch occur also farther east in the Barents Sea

Ocean Sci., 9, 147169, 2013 Www.ocean-sci.net/9/147/2013/



B. Rudels et al.: Observations of water masses and circulation 153

0o m

Depth [m]
g

Tpot-0 °C]

Ocean Data View

Tpot-0 [°C]

30 31 32 33 34 35 . @ A /]
Salinity [psuj /

{
A\
G Date view

335 34 34.5 35
Salinity [psu]

Ocean Data View
i

Depth [m]

Gcean Data View

Tpot-0[°C]

Fig. 5 . Profiles of salinity and potential temperature &fcurves
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the mixed layer in summer.
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Fig. 4 .6S curves from the shelf and slope in the eastern Kara Seadeflects the Fram Strait branch from the slope, and the ver-

showing the colder, less saline Barents Sea branch on the shelf arﬁ’cal heat flux at the shelf break becomes smaller and likely
the warmer, more saline Fram Strait branch on the slope. The Winless important

ter mixed layers are located above the thermocline, and here the

Barents Sea branch is more saline than the Fram Strait branch. At the southern end of the section, the Atlantic water over

the Central Bank in the Barents Sea displays high salinity

and density and fairly high5{ 0°C) temperature. The bottom

density over the bank is as high as or higher than that of the
and in the Kara Sea, and that this part of the branch primarilyArctic Ocean deep waters. Whether this high density would
enters the Nansen Basin via the Kara Sea. Because the Basurvive an advection towards either the Arctic Ocean via the
ents Sea branch winter mixed layer is denser than that foun&t. Anna Trough or back to the Norwegian Sea in the Bear
in the Nansen Basin, it interacts with, and cools, the thermodsland Channel, allowing for a ventilation of the deeper lay-
cline and the upper part of the Atlantic core of the Fram Straiters in the basins, is another matter. What is significant is that
branch as the two branches meet and mix north of the Karan the 1980s highest densities over the Central Bank were as-
Sea (Fig. 4). sociated with ice formation, and the temperature at the bank

The Atlantic water approaches the sea surface at, or closeas close to the freezing point. However, in years with no

to, the shelf break north of the Barents Sea, which suggest&e and warmer, more saline water over the bank, the water
that this region might be one where a significant heat losscolumn exhibited lower densities, also in comparison with
from the Atlantic water to the mixed layer, to sea ice and 2007 (Quadfasel et al., 1992). This could indicate that the
the atmosphere occurs. This is corroborated by the fact thafiormation of dense water in the Barents Sea is changing from
no upper temperature minimum is found between the surfacéreezing and brine rejection to just cooling the already saline
water and the Atlantic core. This upper minimum is normally inflowing Atlantic water. This may be important for the deep
a remnant of the local winter convection, and its existencewater ventilation in the Arctic Ocean.
almost everywhere in the Arctic Ocean indicates that the ver- In the northern, deep part of the section there were differ-
tical heat transfer in summer is small (Fig. 5). In winter the ences between the intermediate waters close to the continen-
homogenisation of the upper layer reaches the thermoclingal slope and those farther to the north (Fig. 6). A sharp de-
in the Nansen Basin but not elsewhere in the Arctic Oceangcrease in salinity and in temperature of the Atlantic core was
and it is possible that upward vertical heat flux occurs in win- observed between the boundary current and the northern part
terin the Nansen Basin. The absence of an upper temperatud the Nansen Basin, and large and regular intrusions were
minimum at the shelf break shows that heat from the Atlanticfound at the northern stations. At the slope a weak salinity
water reaches the seasonally heated surface layer in summaeninimum is seen at 1500 m indicating the presence of Arctic
and this heat flux should be larger in winter when the stability Intermediate Water (AIW) or Nordic sea deep water (NSD)
is weaker. Farther to the east the Barents Sea inflow brancfrom the Greenland Sea. This minimum is not found at the
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from the deep stations on the first SPACE section. Notice the colderfrom the second SPACE section north of Franz Josef Land showing
less saline Atlantic water and the salinity minimum at 900 m at thethe intrusions of colder and less saline water from the Barents Sea
northern stations and the deep (1500 m), weak salinity minimumin the water column at the slope.

closer to the slope (better seen in thediagram).

depth (Fig. 8, blue station). The difference between the years

northern stations. Instead a salinity minimum is observedcould be due to ice formation and brine rejection in the
around 900 m. The most probable source for this minimumpolynya area around Franz Josef Land (Martin and Cava-
is the Barents Sea inflow branch (Fig. 6). This suggests thalieri, 1989). However, the ice conditions around Franz Josef
the water column in the northern part of the section eitherLand in 2007 did not appear to be significantly different from
partly is derived from the Barents Sea branch or has been ither years, so this has to remain a speculation. Some stations
close mixing contact with the St. Anna inflow. were also obtained in the western St. Anna Trough, unfortu-

The second section, extending from the Nansen Basin tonately not capturing the main Barents Sea outflow but show-
wards Franz Josef Land, showed a similar warm Atlanticing Fram Strait branch water entering the St. Anna Trough
core as section 1, but the section evidently did not extendrom the north and mixing with colder, less saline shelf wa-
far enough into the basin to observe the temperature and theer (Fig. 8).
salinity decrease seen in section 1. However, close to the The third section started in the eastern Kara Sea east of the
slope the profiles became more rugged and irregular and col&t. Anna Trough, the major passage for the dense Barents Sea
intrusions appeared (Fig. 7). This resulted in a lowering ofbranch water entering the Arctic Ocean. The difference be-
the salinity and temperature of the Atlantic core. The ori- tween the winter mixed layer in the Nansen Basin and in the
gin of the cold intrusions was the result of outflows of cold, Barents Sea branch has been discussed above and is shown
less saline water from the Barents Sea, which would mainlyin Fig. 3. The denser waters of the Barents Sea branch, which
occur in the Victoria Channel between Victoria Island and on the section are located above the 400 m isobath on the up-
Franz Josef Land. Cold, low salinity water was observed beper part of the slope, are dense enough to mix into the core of
low the Atlantic layer at the slope north of Franz Josef Landthe Atlantic layer and to penetrate into the intermediate lay-
in 1980 (Rudels, 1986) and in 1993 (Schauer et al., 1997)ers below. The densest part of the Barents Sea branch inflow
and these observations were taken as evidence that dense oappears to form a separate stream and sinks directly from the
flows from the Victoria Channel were taking place (Rudels St. Anna Trough into the intermediate layer creating a deep,
and Friedrich, 2000). The earlier observations showed ondess saline intrusion in the boundary current (Fig. 8). On the
strong cold and fresh intrusion, and not the vertically moreshelf three distinct dense contributions from the Barents Sea
widespread interleaving observed in 2007 (Fig. 7). In 2007branch can be identified: a warm Atlantic core with temper-
colder and denser water also was present at the upper paatures slightly above IC and salinity around 34.88; below
of the slope, which eventually also could penetrate to largethe warm core a temperature minimum with~ —1°C and
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Fig. 9 . Profiles of salinity and potential temperature &curves
from the shelf and slope in the eastern Kara Sea. The three dense

tion) north of Franz Josef Land and from St. Anna Trough (red sta-contributions from the Barents Sea are seen as a temperature maxi-

tion) showing the warmer Fram Strait branch Atlantic water and theMum. & salinity and a temperature minimum, and a cold, more saline

denser water on the shelf and the Fram Strait branch water entePOttom water. The magenta station shows strong isopycnal mixing
ing the trough from the north. The green and magenta stations o etween the two branches. On_ the_ slope Barents Sea branch water
the Kara Sea shelf and slope show the Barents Sea branch remai 1at has entered th(_a _deep basin directly from the _St‘ Anna T_rough
ing on the shelf, but the denser part of the Barents Sea inflow igs seenasa low salinity layer (grey and yellow stations). The intru-

seen as a low salinity layer at the slope between 750 m and 1500 mons tl)n th% Fran; Strall_t pranch are found at the temperature maxi-
(magenta station). mum but above the salinity maximum.

Fig. 8 . Profiles of salinity and potential temperature &icurves
from the Nansen Basin (grey station) and from the shelf (blue sta

that ice has been melting on top of colder water, which is the
salinity just above 34.8 are present; and at the bottom a densease in the Barents Sea (see above and Rudels et al., 2004).
part with temperature around0.5°C and salinity~ 34.88 At section 3 the stream located at the shelf break has not
is found. These characteristics are close to those observeget begun to mix with the Fram Strait branch, and the front
in St. Anna Trough in 1996 (Schauer et al., 2002a), wherebetween the two branches is distinct and narrow. Only one
the cold intermediate part was attached to the eastern flanktation was showing large intrusions, especially in the warm
of the trough, while the densest, slightly warmer water wascore. The temperature and the salinity of the main part of the
found in the deepest part of the trough. A simple interpreta-Fram Strait branch Atlantic core are similar to those found
tion would then be that the densest part is derived from theon sections 1 and 2, implying that no significant cooling has
Barents Sea, probably from the shallow area west of Novayaccurred between Svalbard and the eastern Kara Sea. Most
Zemlya, while the colder contribution is formed on the north- of the intrusions and interleaving observed in the Fram Strait
ern banks of the Kara Sea east of the St. Anna Trough fronbranch were here found above and at the temperature maxi-
where it drains to join the main Barents Sea outflow. Themum, but above the salinity maximum (Fig. 9).
temperature maximum would be the remnant of the Atlantic At section 4, along the Gakkel Ridge onto the Laptev Sea
water core entering at the Barents Sea opening (Fig. 9). On#his has all changed. The temperatures and salinities of the
caveat exists in this interpretation. The Atlantic water from temperature and salinity maxima of the two branches have
Fram Strait that moves up the St. Anna Trough could jumpbecome more equal. The range is still fairly wide with a tem-
stream and join the Barents Sea branch higher on the slopgerature difference of IC and a salinity difference of 0.05
and shelf break and thus increase the temperature of the Aekompared to 2C and 0.1, respectively, at Sect. 3 (Fig. 10).
lantic water in the Barents Sea branch. What argues againgthe Atlantic core displays distinct intrusions located pri-
this is that the mixed layer in the Barents Sea branch is morenarily at and below the temperature maximum but above
saline than in the Fram Strait branch, which would indicatethe salinity maximum, and the salinity minimum from the
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o 0T crease and approach the values found for the Barents Sea

i ] = branch at the slope (Fig. 12). Interleaving is present, and the
maxima and minima of the different stations appear to line
up in thed S curves and also in the profiles.

A similar structure is found at section 3 on the basin side of
the warm Atlantic core (Fig. 13). Here the frontal structure is
more distinct. Just beyond the warm Fram Strait branch, the
temperature and salinity decrease by more thari@©.énd
0.04, respectively, to values close to the maxima observed
2 on the Laptev Sea section. Farther into the basin another
front is present, and the temperature and salinity drop to just
n® above 1°C and below 34.9, close to the values of the Barents
Sea branch at its temperature maximum, and similar to what
was observed at the Laptev Sea slope. These temperature and
salinity characteristics then hold for the Atlantic layer in the
entire Amundsen Basin up to the Lomonosov Ridge, where
the temperature again increases slightly (see e.g. Fig. 16b be-
low).

) , i Interleaving structures are present at the basin side of the
ST P TR § first front as well as an intermediate salinity minimum, less
Salinity [psul distinct over the Gakkel Ridge and in the Amundsen Basin

Fig. 10 . Profiles of salinity and potential temperature, angl N Spite of lower salinity because of the lower temperature

curves from the Laptev Sea slope. No smooth temperature and salifand salinity in the Atlantic layer. The lower salinity and the
ity profiles are seen in the Fram Strait branch Atlantic core, and thénterleaving structures on the basin side of the Fram Strait

presence of intrusive layers indicates mixing between the branchedranch indicate water with a significant, or even dominant,
The Atlantic water is still warmer and more saline over the deeperBarents Sea branch component. The temperature and salinity
part of the slope (red and blue stations) than closer to the shelf buin the Atlantic layer are close to those of the Atlantic layer of
has becc_)me considerably colder and less saline compared with seghe Barents Sea branch at the Kara Sea slope, but the salinity
tion 3 (Fig. 9). minimum is significantly reduced (Figs. 9 and 13). This is

likely due to the higher density of the less saline water, which

north of the Kara Sea was located high at the slope and had
Barents Sea branch has spread from the slope into the Fraio descend, mixing with ambient Fram Strait branch water,
Strait branch. before it reached its neutral density level (Fig. 11).

The temperature reduction observed in the Fram Strait This implies that the Barents Sea branch in general sup-
branch Atlantic core between the Kara Sea and the Lapteyplies most of the Atlantic water masses beyond the Laptev
Sea is the largest one occurring along the Eurasian slope. Sea and that the Fram Strait branch becomes markedly

This is more clearly seen by comparing the temperaturesroded by lateral mixing with Barents Sea branch water, ini-
and salinity sections taken across the slope at the differentially in the boundary current along the Eurasian slope north
crossings (Fig. 11). The warm and saline Fram Strait branchof Severnaya Zemlya, but also by mixing on the basin side
is affected somewhat by mixing with Barents Sea branch wa-of boundary current. Here interleaving and large intrusions
ter north of Franz Josef Land. North of the Kara Sea it isare seen in the Atlantic layer between the temperature maxi-
forced off the slope by the Barents Sea inflow branch east ofmum and the salinity maximum, whereas interleaving and in-
the St. Anna Trough, but it still retains its high temperature. trusions with smaller vertical extent are observed below the
North of the Laptev Sea, really large changes can be seegalinity maximum and in the underlying salinity minimum.
in the characteristics of the Fram Strait branch. The AtlanticThe much lower temperature and especially the much lower
water core has become colder b3, its salinity reduced by  salinity observed in the Atlantic core in the boundary current
0.05, and the core displaced farther away from the slope. and in the basins suggest that the transport of the Fram Strait

One obvious and possible cause for the reduction in tembranch water in the boundary current would then be all but
perature is isopycnal mixing with the colder Barents Seaextinguished in the boundary current north of the Laptev Sea.
branch, and the intrusions found in the Atlantic layer indi- Beyond the Gakkel Ridge, in the Amundsen Basin and in the
cate strong lateral mixing between the branches. A frontalAmerasian Basin beyond the Lomonosov Ridge, the Atlantic
zone still remains at the slope between the Fram Strait brancinflow, except the Fram Strait contribution to the lower halo-
and the Barents Sea branch. On the basin side of the Framline, would mainly be derived from the inflow over the Bar-
Strait branch, continuing section 4 along the Gakkel Ridge,ents Sea (Fig. 14).
the temperature and salinity of the Atlantic core again de-
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Fig. 11 . Potential temperature and salinity sections from the shelf into the deep Nansen Basin: upper panel — western Barents Sea; uppel
centre panel — Franz Josef Land; lower centre panel — eastern Kara Sea; lower panel — Laptev Sea.

That the influence of the Atlantic inflow through Fram and section 3. The lower salinity and the intrusions would be
Strait would be limited to the Nansen Basin is surprising, remnants from the initial mixing with the Barents Sea branch
considering that the estimate of Atlantic water entering thewater that began at the slope north of Severnaya Zemlya.
Arctic Ocean through Fram Strait and continuing eastwardThis suggests a flow pattern for the Atlantic and intermediate
along the Eurasian slope, 2—3 Sv (Schauer et al., 2004, 2008ayers similar to that shown in Fig. 15.

Beszczynska-Nller et al., 2012), is almost twice that en-  This situation, observed in 2007, cannot always be present.
tering the Barents Sea Opening (Skagseth et al., 2008). A'he inflow of warm Atlantic water into the Makarov Basin
more detailed study of the heat and freshwater content in thebserved in 1993 (Carmack et al., 1995) and the high temper-
Atlantic layer in the different basins also reveals the largeratures found on the Arctic Ocean section in 1994 (Carmack
heat and the smaller freshwater contents in the Nansen Basiet al., 1997; Swift et al., 1997) and on tRelarsternsec-
compared with the rest of the Arctic Ocean (Korhonen et al. tion in 1996 (Schauer et al., 2002b) at the Lomonosov Ridge
2012). If most of the Fram Strait branch water hardly entersindicate that Fram Strait branch water occasionally passes
the Amundsen Basin, not to mention the Amerasian Basinbeyond the Gakkel Ridge, not just by mixing and heating the
the situation observed in the Amundsen Basin and over théarents Sea branch but also as a distinct contribution, retain-
Gakkel Ridge in 2007 can be understood. Such close reciring some of its high temperature and salinity characteristics.
culation would explain the high temperatures of some of thelt would then recirculate along the Lomonosov Ridge and in
Arctic Atlantic water returning towards Fram Strait. It would the Amundsen Basin and also cross the Lomonosov Ridge
also explain the lower salinity and the strong interleavinginto the Amerasian Basin. The reports from the NABOS
found on the basin side of the boundary current on section Inoorings north of the Laptev Sea show that the temperature
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Fig. 12 .Profiles of salinity and potential temperature @sccurves Fig. 13 . Profiles of salinity and potential temperature, ahs

from SPACE section 4 along the Gakkel Ridge showing the regu-curves from the SPACE section 3 from the slope into the Amundsen

lar interleaving layers and the gradual reduction in temperature angasin. The temperature and salinity decrease towards the Amund-

salinity from the slope to the basin. sen Basin and two fronts are seen, both located in the Nansen Basin,
where also the strongest interleaving is observed. The interleaving
layers are here mostly located below the temperature maximum and

of the Atlantic layer increased suddenly in the early partat and below the salinity maximum. This is different from the situ-

of 2000s (Dmitrenko et al., 2005; Polyakov et al., 2005). ation at the slope (Fig. 9).

Whether this was mainly due to warmer Fram Strait water

entering the Arctic Ocean, or if different conditions north of

the Laptev Sea can either allow the Fram Strait branch wates  Time variability in the Eurasian Basin

to pass farther to the east or confine it to the Nansen Basin,

is to date an unsolved question. Should the recent Observep{ Comparison of temperature and Sa"nity sections taken
warming and changes in the Amerasian Basin be due to afy the Eurasian Basin from the Gakkel Ridge across the
increased inflow of warm Fram Strait branch water passindamundsen Basin and over the Lomonosov Ridge into the
eastward at Severnaya Zemlya, the Laptev Sea area woulfjakarov Basin in 1991, 1996, 2001, 2005 and 2007 shows
be a critical choke point for the circulation of Atlantic water the time variability of the temperature of the Atlantic layer.
in the Arctic Ocean. Another possibility is that the changeswe assume that the area covered, except the Makarov Basin,
downstream of the LapteV Sea mainly reflect Varlablllty in represents a flow towards Fram Strait (F|g 16) The situa-
the Barents Sea branch, bringing either warmer or colder Attjon in 1991 shows that the Atlantic layer over the Gakkel
lantic core water over the Barents Sea into the Arctic OceanRidge is warmer than in the Amundsen Basin and at the
The "Atlantic” part is here interpreted as a part of the | omonosov Ridge. The temperature at the Lomonosov Ridge
Atlantic water from the Norwegian Sea that has survivedis higher than in the Amundsen Basin, but both temperatures
the heat loss in the Barents Sea and retained a comparablite close to the temperature maximum of the Barents Sea
high temperature. Another possibility or modification also pranch. The temperature in the Makarov Basin is consider-
exists; warm Fram Strait branch water that enters the Staply lower. In 1996 the Atlantic water temperature over the
Anna Trough from the north could become mixed into the Gakkel Ridge is slightly lower, while the temperature over
Barents Sea branch in the trough and “jump stream” and jointhe Lomonosov Ridge has become significantly higher and is
the Barents Sea branch on the shelf, contributing the comeyen higher than at the Gakkel Ridge. The Amundsen Basin
parably high Atlantic water temperatures observed there (Sefias also become markedly warmer and the Makarov Basin
above and Fig. 4). slightly warmer. The changes in the Amundsen Basin and
at the Lomonosov Ridge can be understood, if the inflow
of warmer Atlantic water observed in 1990 (Quadfasel et
al., 1991), which by then would have penetrated beyond the
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Fig. 1.4 -Profiles of sa_llnlty and potential temperature accurves Strait branch water returns to Fram Strait in the Nansen Basin (red
showing the properties of the Barents Sea branch and the char-

LS B . stream), while the Barents Sea branch dominates in the other basins.
acteristics of the water column in the Amundsen Basin, Makarov - .
. . . The colour scale indicates the amount of Fram Strait branch water
Basin and Canada Basin and over the Lomonosov Ridge and Overresent more in the Amundsen Basin and at the Lomonosov Ridge
the Mendeleev and Alpha ridges. The Barents Sea branch is Warrﬁ1 ’ 9

. . . than in the Makarov Basin. Shelf processes in the Canada Basin
enough to supply the temperature maximum in most of the Arctic . . o
Ocean basins. change the intermediate water properties, indicated by blue streams

and arrows, and part of this water enters the Makarov Basin from
the North American slope and flows along the Lomonosov Ridge
towards Siberia. The loops from the different basins exit through
and merge in Fram Strait. The green streams indicate Arctic In-
termediate Water created by convection in the Greenland Sea and
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Laptev Sea choke point, was returning towards Fram Strait
more rapidly along the Lomonosov Ridge than in the Cenm"llpartly advected into the Arctic Ocean through Fram Strait. (Figure

Amundsen Basin. . ) redrawn from Rudels et al., 2012 and adapted from Rudels et al.,
In 2001 the Gakkel Ridge area was again the warmest angggg.)

this also held for 2005 and 2007. This returning branch will

contain a large fraction of Fram Strait branch Atlantic wa-

ter, and the variations between the years could reflect, with a

time lag, the temperature variations of the Fram Strait inflowtures imply that the warm Fram Strait branch water has been
returning over the Gakkel Ridge. The temperature over thereplaced by mostly Barents Sea branch water, supplying the
Lomonosov Ridge decreased between 1996 and 2001, whilBurasian Basin beyond the Laptev Sea. This also correlates
the temperature in the Amundsen Basin increased slightlywith the lower temperatures observed at the NABOS stations
Both the Amundsen Basin and the Lomonosov Ridge tem-orth of the Laptev Sea in the early 2000s (Dmitrenko et al.,
peratures dropped drastically in 2005. This only holds for2005). In 2007 the Makarov Basin temperature was some-
half of the Amundsen Basin though. The stations closerwhat reduced while the temperature at the Lomonosov Ridge
to the Gakkel Ridge showed higher temperatures, graduwas slightly higher than in 2005, indicating possible pres-
ally approaching those at the Gakkel Ridge. In the Makarovence of Fram Strait branch water or a warmer Barents Sea
Basin the temperature had increased and was similar, or evelsranch inflow at the Lomonosov Ridge. Over the period 1991
higher than, at the Amundsen Basin side of the Lomonosouo 2007, there also appears to be a slight decrease in salinity
Ridge. This suggests that the warm Atlantic water enteringof the Atlantic and intermediate layers between the Gakkel
the Makarov Basin in the 1990s (Carmack et al., 1995) nowRidge and the Makarov Basin. This all implies a rather rapid
had circulated around the basin and was moving along thedvection of the Atlantic water also in the interior of the
Lomonosov Ridge towards Siberia. A similar interpretation basins and that the waters in the Amundsen Basin and at the
was made earlier by Kikuchi et al. (2005). In the Amundsen Eurasian side of the Lomonosov Ridge are exchanged by ad-
Basin and over the Lomonosov Ridge, the lower temperavection from the Laptev Sea. On the Makarov Basin side of
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Fig. 16a.Sections of potential temperature and salinity from the Gakkel Ridge (right) across the Amundsen Basin and the Lomonosov Ridge
into the Makarov Basin from different years: upper panel and left map — 108&rj; centre panel and centre map — 1998larsterr);

lower panel and right map — 2000¢er).

the Lomonosov Ridge, the circulation is different, with aflow 6 Thermohaline intrusions
along the ridge towards Siberia.

It thus indicates that two pulses of warm Atlantic water The almost universal presence of intrusions and interleaving
from Fram Strait have passed through the Eurasian Basirstructures in the Arctic Ocean deserves some comments. The
The first pulse observed in 1990 (Quadfasel et al., 1991)ntrusions are most frequent in frontal zones, indicating that
was returning towards Fram Strait in 1996 and had com-they are created by the meeting and mixing of different wa-
pletely left the Eurasian Basin in 2005, while it still was ter masses. This was the situation in 2007 north of Franz
present in the Makarov Basin, moving along the Lomonosov]osef Land and north of the Kara Sea. North of the Laptev
Ridge towards Siberia. The second pulse, first seen in Fransea well-established intrusions were observed. This was also
Strait in 1998, was observed north of the Laptev Sea in 2003he case on the basin side of the Fram Strait branch on the
(Polyakov et al., 2005; Dmitrenko et al., 2008) and could bethird and the first sections (see Figs. 6, 7, 9, 10, 12, and 13
detected by the higher temperatures in the Amundsen Basiabove). The presence of intrusions on the basin side of the
and over the Lomonosov Ridge in 2007. This suggests a&ram Strait branch has been taken as indication of a flow to-
time delay of 2-3yr between the Laptev Sea slope and thevard Fram Strait (Rudels et al., 1994). The advective veloc-
North Pole, which corresponds to an advection velocity ofities are with great certainty larger than cross frontal veloci-
0.02ms?. ties of the intrusions caused by double-diffusive convection.

Woodgate et al. (2001) determined the advection velocities
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Fig. 16b.Sections of potential temperature and salinity from the Gakkel Ridge (right) across the Amundsen Basin and the Lomonosov Ridge
into the Makarov Basin from different years: upper panel and left map — 200&rj; lower panel and right map — 200Pdlarsterr).

in the boundary current north of the Laptev Sea at 0.02 toder of years (Merryfield, 2002; Kuzmina et al., 2011). This
0.05ms?! from direct current measurements, while Walsh appears long considering the interleaving structures in the
and Carmack (2003) estimated the velocities in the interleavintermediate depth range encountered along the continental
ing intrusions to be about 0.002 m’s about one order of slope and in the eastern Nansen Basin (Figs. 7-9), and also
magnitude smaller. If intrusions develop in a strong horizon-by the occurrence of intrusions almost immediately, when the
tal shear, they would become stretched along the front byMakarov Basin deep water passes through the intra-basin in
the shear, which would obstruct any significant cross frontalthe Lomonosov Ridge into the Amundsen Basirm(Rjet al.,

flow. The simpler view is that the two water masses move t0-2007).

gether, and the evolution of the intrusions can be described

from a coordinate system following the motion. Since the

less saline water on the basin side of the Fram Strait branch is Deep and bottom waters

derived from the Barents Sea inflow, the most obvious route

would be first eastward along the slope, after which bothpe temperature and salinity profiles and étsecurves indi-
branches partly leave the slope and flow westward towardgate that the deep and bottom waters of the Arctic Ocean are
Fram Strait. . o _ renewed, or at least transformed, within the Arctic Ocean.
Whether the intrusions primarily are created during theThe strong stratification in the upper part of the deep basins
eastward moving phase, when the gradients are strongest argicludes deep convection, and the most likely process is ice
subsequently advected westward, or if they form in the inte-formation in lee polynyas over the shallow shelves (Nansen,
rior of the basin is not yet known. Much about the forma- 1906). Freezing and brine rejection create saline and dense
tion of Arctic Ocean intrusions is not well understood (for a yaters that eventually cross the shelf break and descend into
short summary see Rudels et al., 2009). They are found ifne deep Arctic Ocean as entraining boundary plumes. When
all possible background stratifications, also when both heajne plumes reach their neutral density level, they merge with
and salt are stably stratified and linear stability theories dohe surrounding water. Depending upon their initial density
not work. Differential diffusion has been suggested as an im'(salinity), the plumes may supply the halocline, merge with
portant mechanism in these situations (Merryfield, 2002), buthe waters of the boundary current, or bypass the intermedi-
the time to establish the intrusions would then be on the or44e layers and enter the deep and bottom waters. Because of
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Fig. 17 .Profiles of salinity and potential temperature &tcurves showing the characteristics of the deep and bottom water in the Nansen
Basin on the SPACE section along°3 and the presence of then deep temperature minimum and the homogenous bottom layer below
(profiles) and the less saline deep inflow from the Nordic seas through Fram &fraitrfes).

the entrainment of ambient water during their descent, thedag et al., 2009). The plumes observed in 2007 were, how-
temperature of the plumes increases and their salinity deever, not dense enough to renew the deepest layers, which
creases. Below 2000-3000 m the plumes add both heat artthus appear to be ventilated under harsher conditions than
salt to the water column creating a layer of increasing salin-those prevailing during the last 10-15yr.
ity and temperature towards the bottom (Rudels, 1986; Quad- Two features are remarkable about the deep waters in the
fasel et al., 1988). Simple models of entraining plumes, soméNansen, Amundsen and Canada basins: (1) a temperature
employing transient tracers, have been used to estimate thminimum located about 800 m above the bottom (1200 m
ventilation of the deep layers in the Arctic Ocean and to ob-in the Canada Basin) (2) and a slightly warmer, thick,
tain residence times for the deep waters in the different basin800-800 m, homogenous bottom layer (see Figs. 17-21).
(Rudels etal., 1994; Jones et al., 1995; Anderson et al, 1999 he increased temperature towards the bottom has been pro-
The evolution of the deep water along the Eurasian Basimposed to be caused by geothermal heating (Timmermanns et
continental slope can be seen in the deeper layer on thal., 2003; Bpprk and Winsor, 2006). That geothermal heating
different sections. At the first section a less saline layer atcan influence the deeper layers is seen from stations taken
1500-2000 m indicates a presence of Arctic Intermediateclose to subsurface volcano at the Gakkel Ridge (Fig. 20).
Water or Nordic sea deep water (Fig. 17). This less salineThe deep temperature minimum present elsewhere in the
layer is also observed on the second and third section, buEurasian Basin is here removed, and also the layers above
here the salinity has increased somewhat. The deep Barentke injection are warmer than at the surrounding stations. The
Sea branch inflow occurs before section 3, and on section 8varmer water had high concentration of manganese also in-
it is seen as a reduction of the salinity between 1000 andlicating volcanic or thermal vent activities (Middag et al.,
1500 m, and the vertical deep part of th& curves of sec- 2011). A closer look at the deepest layers along the Gakkel
tions 1 and 2 starts to bend towards lower salinity (Fig. 18).Ridge also indicates a large variability of the deep waters
First at the Laptev Sea section 4 there are indications of conwith smaller-scale intrusions of anomalous water that likely
vecting water increasing the salinity in the deeper layer ands derived from the geothermal activity at the ridge (Fig. 20).
thus changing the slope of thg¢ curves, making it more per- The Makarov Basin is different. Here no temperature min-
pendicular to the isopycnals (Fig. 19). Observations of highimum is present, and as the salinity becomes constant about
aluminium concentrations in the deep and bottom water als®00 m above the bottom the temperature continues to de-
point to the shelves as contributing to the deep waters (Mid-crease another 200 m (Fig. 21). This led Jones et al. (1995)
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Fig. 18 .Profiles of salinity and potential temperature @&sdcurves showing the deep and bottom water in the Nansen and Amundsen basins
along SPACE section 3. A deep temperature minimum and a homogenous bottom layer are present in both basins. The Amundsen Basin i
deeper and its bottom water colder and more saline. 14 sheurves the less dense salinity minimum, found both at the slope (blue station)

and in the interior, is derived from the Barents Sea inflow. The deep salinity maximum is observed in the Amundsen Basin and indicates an
inflow of Amerasian Basin deep water across the Lomonosov Ridge.

to propose a spillover of deep Amundsen Basin water across A rough comparison between tholarstern sections

the central part of the sill. In 2005, whé&ddenstudied the  across the Eurasian Basin taken in 1996 and 2007 shows an
area where such an overflow could occur, no flow from theincrease in temperature in the bottom 1500 m by 0°@25
Amundsen Basin to the Makarov Basin was observed. In-which, in a 1500-m-thick layer, corresponds to a heat flux of
stead the densest water at the sill was from the Makarov~ 445 mW n12, which is more than 5 times larger than the
Basin, and a flow of Makarov Basin deep water into the average geothermal heat flux of 50—-100 m W2niLangseth
Amundsen Basin was found @k et al., 2007). If a trans- et al., 1990) (Fig. 22). An additional heat source is then re-
port of deep water from the Amundsen Basin to the Makarovquired. The fact that the salinity is increasing towards the
Basin takes place, this overflow must be intermittent (Rudelsbottom cannot be explained by geothermal heating, and slope
2012). Furthermore, the aluminium concentrations at mid-convection must, at least intermittently, reach the deepest lay-
depth and deeper were higher in the Makarov Basin closer t@rs. Depending upon the characteristics of the ambient wa-
the Lomonosov Ridge than in the rest of the basin and in theers, which the descending plumes pass through, their final
Canada Basin. Since the aluminium concentration is highetemperature will vary with time, and slope convection can
in the Amundsen Basin than in the Makarov Basin, this couldthus also contribute to the observed heating of the lower lay-
be evidence of an input of deep water from the Amundseners. However, no significant increase in salinity is observed
Basin, which supports the idea of an intermittent flow acrossbetween the sections, suggesting weak deep reaching bound-
the ridge into the deep Makarov Basin (Middag et al., 2009).ary convection during this period.

The bottom water temperature has increased in the That shelf-slope convection can provide water dense
Makarov Basin, and some indications of a salinity increaseenough to enter the deep Arctic Ocean has been observed in
are seen but the changes are very close to the observationgtorfjorden (e.g. Quadfasel et al., 1988), and also in the Arc-
accuracy (Fig. 21). If both a temperature rise and a salinitytic Ocean north of Severnaya Zemlya have saline, dense and
increase are seen, it could be due to advection and a gradvarmer bottom layers been observed (Rudels et al., 2000a).
ual stronger presence of the warmer and more saline Canada 2007 warmer, more saline and dense bottom layers were
Basin deep and bottom water in the absence of a spill-over obbserved at the Kara and Laptev Sea slopes between 2500 m
less saline Amundsen Basin deep water (Fig. 21).
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Fig. 19 . Profiles of salinity and potential temperature, &stcurves from SPACE section 4 north of the Laptev Sea. Here the slope of the
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inflow and a deeper salinity increase due to slope convection and entraining, saline and dense plumes bringing heat and salt downwards
Bottom water with increasing temperature and salinity with depth are observed at the slope between 2000 m and 3500 m (blue, green and
magenta stations).

and 3500 m, indicating that dense plumes were present alsim the intra-basin in the central Lomonosov Ridge. How an
in 2007 (Figs. 18 and 19). eddy can survive such long advection is in itself an interest-
On the Laptev Sea slope at the 2000 m isobath, an abouithg question, but it shows that the Barents Sea branch wa-
1000-m-thick, warm and saline layer was observed betweerer does reach the Lomonosov Ridge and then perhaps also
750 m and 1750 m, almost reaching the bottom (Figs. 10 andhe Makarov Basin through the different rifts in the ridge
23). This layer, not present west of Severnaya Zemlya, couldFig. 23).
not be derived from the colder and less saline Barents Sea
branch inflow, and a likely source is again the shelf area
around Severnaya Zemlya. Fram Strait branch water couldg Summary
by transient eddy motions or by meandering of the boundary
current, be brought close to the slope. Saline water formedrhe impact of the Barents Sea inflow branch on the Eurasian
on the shelf would then interact with the warmer Fram StraitBasin and the interactions between the Barents Sea and the
branch instead of passing through the cold, less saline BarFram Strait inflow branches have been examined. The meet-
ents Sea branch water. The mixing and heating would lowefng between the two branches leads to strong isopycnal mix-
the density of the plumes and remove the thermobaric effecting and to the creation of intrusive layers, not only north
which promotes the sinking of colder plumes. Such a processf the Kara Sea between the main Barents Sea branch in-
could explain the observed warm, less dense characteristidéow along the St. Anna Trough but also north of Franz Josef
and the fact that the water mass had already become detachédnd, where a smaller fraction of the Barents Sea inflow en-
from the bottom, perhaps eventually to form a thick, warm ters the Nansen Basin. The intrusions observed north of the
subsurface eddy. Laptev Sea are similar to those found in the interior of the
That eddies are created is evident from observations botiNansen and Amundsen basins beyond the warm core of the
from the near surface layer as well as for the intermediateFram Strait branch. This indicates a turning of a large part
water range. Walsh et al. (2007) report of a deedQ00m)  of the boundary current within the Nansen Basin and a flow
eddy found in historical data close to the Kara Sea slopetowards Fram Strait.
and on the SPACE cruise a 1000-m-thick eddy of almost The temperature of the Atlantic layer in the Fram Strait
undiluted Barents Sea branch characteristics was observestanch stays fairly constant from Svalbard to Severnaya
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which would require some influx of the more saline Canada Basin deep water, not just geothermal heating. However, the observed salinity
increase is not continuous in time and is very close to instrumental limitations.
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0 0 lantic layer north of Severnaya Zemlya. However, the lower

temperatures could also be (3) an indication that a substan-

500 500 tial fraction of the Fram Strait branch never penetrates across

3 5 the Gakkel Ridge but returns towards Fram Strait, consistent
8 1000 8 1000 with the existence of intrusions on the basin side of the Fram

S & Strait branch. This is the interpretation favoured here.

e - The heat loss of the Atlantic water to the atmosphere and

§ § to sea ice seems to be confined to north of Svalbard and along

o | i the continental slope north of the Barents and Kara seas. Here
e TR s T rm warm Atlantic water comes close to the sea surface, and wind

mixing as well as other mechanical mixing processes gener-
ated at the slope might increase the entrainment of Atlantic
water and heat into the upper layer (Fig. 5).

The implication is that the Atlantic and intermediate wa-
ters in most parts of the Arctic Ocean are derived from the
Barents Sea branch, not from the Fram Strait branch. The
variations in temperature in the Atlantic layer in the Arctic
Ocean should then be sought in the variability of the Bar-
ents Sea inflow, both at the Barents Sea Opening and by the
A p e e it atmospheric conditions over the Barents Sea, rather than in

Salinity [psu] changes in the Atlantic water entering through Fram Strait.
Fig. 23 .Profiles of salinity and potential temperature asccurves Only occasionally would the.Fram Stra.'lt branch penetrate
showing different eddies observed on the SPACE cruise 2007. Estarther than .the Nansen Basm_to contrlb.ute to the changes
pecially the 800-m-thick eddy of Barents Sea branch water foundn the Atlantic layer of the Arctic Ocean in the Amundsen
in the intra-basin in the central Lomonosov Ridge (blue station) isBasin and beyond the Lomonosov Ridge.
remarkable. The deeper layers in the Eurasian Basin have shown an in-
crease in temperature of 0.025 over the last 10 yr, which
is more than 5 times that expected from geothermal heating.
That geothermal heating can strongly influence the temper-
ture profiles in the deeper layer was seen at stations taken
lose to a thermal vent in the Gakkel Ridge. Here the tem-
perature minimum normally present above the homogenous

Tpot-0 [°C]

Ocean Data View

Zemlya but then drops by°LC between the eastern Kara Sea
and the Laptev Sea. This can (1) be explained by the coolin
resulting from strong mixing between the inflow branches,
but could (2) also be due to an extreme heat loss from the At
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600-800 m thick bottom layer was absent. Slope convectiorBlindheim, J.: Cascading of Barents Sea bottom water into the Nor-
can also contribute to the warming of the deeper layers, if wegian Sea, edited by: Rapp. P.-V., Reun, Cons. Int. Explor. Mer,
slope plumes initially saline enough to enter the deeper lay- 188, 49-58, 1989.

ers are sinking through and entrain warmer water. ObservaBourke, R. H., Weigel, A. M., and Paquette, R. G.: The westward
tions at the slope showed the presence of comparably warm turning branch of the West Spitsbergen Current, J. Geophys. Res.

. . 93, 1406514077, 1988.
and saline bottom layers at the Laptev Sea continental slopgarmack’ E. C., Macdonald, R. W., Perkin, R. G., and McLaughlin,
deeper than 2000 m.

' F. A.: Evidence for warming of Atlantic water in the Southern
Higher up on the Laptev Sea slope, at 2000m, & 1000-M- anadian Basin, Geophys. Res. Lett., 22, 1961-1964, 1995,

thick, warmer and more saline layer was observed betweegamack, E. C., Aagaard, K., Swift, J. H., Macdonald, R. W.,
750 and 1750 m. This layer was not present at the eastern mcLaughlin, F. A., Jones, E. P., Perkin, R. G., Smith, J. N., Ellis,
Kara Sea slope, which suggests that slope convection orig- K. M., and Killius, L. R.: Changes in temperature and tracer dis-
inating from around Severnaya Zemlya could have passed tributions within the Arctic Ocean: results from the 1994 Arctic
through warm Atlantic water, perhaps from the Fram Strait Ocean section, Deep-Sea Res. Pt. Il, 44, 1487-1502, 1997.
branch, and attained the higher temperature and salinity. Thi§oachman, L. K. and Aagaard, K.: Physical Oceanography of the
layer was less dense than the basin water column at the cor- Arctic and Sub-Arctic Seas, in: Marine Geology and Oceanogra-
responding level and thus ready to detach from the slope, PhY of the Arctic Ocean, edited by: Herman, Y., Springer, New

. . York, 1-72, 1974.
perhaps to form a warm intermediate water eddy. Dmitrenko, I., Timokhov, L., Andreev, O., Chadwell, R., Churkin,

0., Dempsey, M., Kirillov, S., Smoliansky, V., Mastrukov, S., Ni-
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