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Abstract. The waters in the Eurasian Basin are conditioned During ACSYS 96, no clear fronts between Eurasian and
by the confluence of the boundary flow of warm, saline FramCanadian intermediate waters, such as those observed fur-
Strait water and cold low salinity water from the Barents ther north in 1991 and 1994, were found at the Siberian side
Sea entering through the St. Anna Trough. Hydrographicof the Lomonosov Ridge. This indicates that the Eurasian
sections obtained from RV Polarstern during the summerBasin waters enter the Canadian Basin not only along the
of 1996 (ACSYS 96) across the St. Anna Trough and thecontinental slope but they may also cross the Lomonosov
Voronin Trough in the northern Kara Sea and across theRidge at other topographic irregularities. A decrease in salin-
Nansen, Amundsen and Makarov basins allow for the deterity around 1000 m in depth in the Amundsen Basin probably
mination of the water mass properties of the two componentriginates from a larger input of fresh water to the Barents
and the construction of a qualitative picture of the circula- Sea. The inherent density changes may affect the flow to-
tion both within the Eurasian Basin and towards the Cana-wards the Canadian Basin.
dian Basin. .Key words. Oceanography: general (Artic and Antar-
At the_ copfluence north of the Kara Sea, the Fram Strai ic oceanography; descriptive and regional oceanography)
branch is displaced from the upper to the lower slope an ceanography: physical (hydrography)
it forms a sharp front to the Barents Sea water at depths
between 100m and greater than 1000 m. This front dis-
integrates downstream along the basin margin and the two
components are largely mixed before the boundary current

reaches the Lomonosoy Ridge. . Away from the c:Om'nen'[alAtlantic water enters the Arctic Ocean from the Greenland-
slope, the presence of interleaving structures coherent ov

wide distances is consistent with low lateral shear. The re- orwegian Sea through the Fram Strait and the Barents Sea.
: ) : The Barents Sea’s contribution reaches the central Arctic
turn flow along the Nansen Gakkel Ridge, if present at alll,

. éﬁ)cean primarily via the Kara Sea and the St. Anna Trough
seems to be slow and the cold water below a deep mixe . .
and then flows eastward along the Eurasian continental slope.

layer there indicates that the Fram Strait Atlantic water WaST e it encounters and mixes with the boundary current car-

not covered with a halocline for about a decade. AnomalousWing the Atlantic water that has entered through the Fram

water mass properties in the interior of the Eurasian BaSIFbtrait. The two inflows move cyclonically around the central

can be attributed to isolated lenses rather than to baroclinic . . : . .
flow cores. Eddies have probably detached from the frontdeep Arctic Ocean basins primarily following the topogra-
at the confluence and migrated into the interior of the basin.phy'. Th? dmter;ecnons of the c%qtlrégntalt)slope W'thhthi Sch'j
One deep (2500 m) lens of Canadian Basin water, with anmarlne ridges impose topographic disturbances to the bound-

: . K . ary flow, and the general cyclonic circulation in the Arctic
anticyclonic eddy signature, must have spilled through a 93 aan consists of a complex system of basin-wide gyres
of the Lomonosov Ridge. '

The most important bifurcation of the boundary current oc-
Correspondence tdJ. Schauer curs north of the Laptev Sea where one part follows the
(uschauer@awi-bremerhaven.de) Eurasian side of the Lomonosov Ridge towards north, while
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Fig. 1. Locations of Polarstern ARKXII
stations in the Arctic Ocean (dots
with station numbers). Crosses de-
note the position of elevations of the
11200 Lomonosov Ridge of less than 1000 m
water depth according to the Interna-
tional Bathymetric Chart of the Arc-
tic Ocean (IBCAO) (2000). The thin
line in the Amundsen Basin marks a
section occupied in 1991 by Oden,
which is used in Fig. 15. The thick
lines along the Nansen Basin continen-
tal slope mark sections from Polarstern
L cruises ARKIX-4 1993 (at 40E and
w%% R@\ 125 E), from ARKXII 1996 (at 95 E)

) = and from ARKXI-1 1995 (at 105E)
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the rest enters the Canadian Basin (Aagaard, 1989; Rudelsomonosov Ridge. Here, we use the term “upper Polar Deep
etal., 1994). Water” in a more restricted sense than Rudels et al. (1994),

In the past decade, observations and conceptual modeigplying only the water transformed by slope convection in
have indicated that the ventilation of the subsurface layerghe Canadian Basin, and not the intermediate water mass with
of the Arctic Ocean is more intense than had been previhegatived — S relation that is found below the Atlantic layer
ously thought (Aagaard et al., 1985). The inflow of At- inthe Eurasian basins.
lantic water over the Barents Sea, quantified as about 2 Sv During the summer of 1996, under the Arctic Climate Sys-
(1Sv= 10°m?3/s) (Blindheim, 1989, Loeng et al., 1993), tem Studies (ACSYS) programme, observations were carried
probably provides the largest contribution to this ventilation. out in the eastern Eurasian Basin during Polarstern cruise
In the Barents Sea, the Atlantic water is cooled and in sum-ARK XII (Fig. 1). The aim was to document the inflow of the
mer, it is freshened by net precipitation, river run-off and ice Barents Sea branch of Atlantic water (BSBW) through the St.
melt. In winter, the salinity increases due to freezing andAnna Trough in order to determine its properties and in com-
brine release. The shelf processes thus seasonally modify tHanation with previous observations, to refine the knowledge
permanent advective flow. In the nineties, the Barents Sea inabout the interaction, distribution and pathways of the two
flow directly renewed the upper 1500 m of the water column Atlantic water branches in the Arctic Ocean basins. Here,
(Schauer et al., 1997), but it is also thought to be a majonwe present the results from this observational programme.
component of the deep and bottom waters of the Eurasian
Basin (Jones et al., 1995).

Dense shelf water is formed on all shelves around the Arc2 Field methods
tic Ocean and is expected to contribute to the deep basins at
different levels (Anderson et al., 1999). Relatively fresh wa- The hydrographic observations were carried out with a mod-
ter is added to the upper layers, while saline shelf water sinksfied Neil Brown Mark 11l b CTD system, combined with a
deeper, resulting in a negative— S correlation ¢: poten-  36-bottle rosette sampler, both from the Scripps Institution of
tial temperaturey: salinity) in the intermediate and deeper Oceanography. The CTD was equipped with two platinum
waters. In the Canadian Basin, the boundary current is transthermometers, which monitor the stability of the tempera-
formed through mixing with such shelf water as it circulates ture measurements. The temperature and pressure probes of
along the slope. Then, water with a negativeS slopeinthe  the CTD were calibrated before and after the cruise. Salin-
range of—0.6°C < 60 < 0°C and 3488 < S < 3492, called ity values derived from the CTD measurements were cali-
upper Polar Deep Water (Rudels et al., 1994), partly leavedrated with water samples analysed during the cruise with a
the Arctic Ocean through the Fram Strait and partly recir- Guildline AutoSal 8400 B salinometer. The processed data
culates in a cyclonic loop at the Canadian Basin side of theare accurate to 0.008 in temperature and 3 dbar in pres-
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B Fig. 2. Vertical distribution of(a) potential temperature C), (b)

o salinity (psu),(c) density 6q, kg/m3),(d) oxygen «mol/kg), and
(e) phosphate gmol/l) across the St. Anna Trough and Voronin
Trough.
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sure. Strong vertical temperature and salinity gradients i3 Results

the upper 600 m of the water column led to time-lag errors

in the CTD measurements and bottle flushing errors in the3.1 Intermediate water exchange in the northern Kara Sea
rosette samples. Final uncertainties in salinity are estimated )

to be 0.003 for depths exceeding 600 m, 0.005 for depths bel WO deep canyons connect the inner Kara Sea to the Nansen
tween 200 and 600 m and 0.02 for depths less than 200 npasin: the St. Anna Trough in the west and the Voronin
Oxygen analyses were performed using a modified WinklerTrough in the east. The St. Anna Trough also has a direct
method as per WOCE protocols, with a precision estimated afP"nection to the 250 m deep passage between Franz Josef
+0.2umollkg. Nutrients (total nitrate, phosphate, silicate) -@nd and Novaya Zemlya into the Barents Sea, which allows
were analysed using an AutoAnalyzer as per WOCE proto-the Barents Seg Atlantic yvater to ent_er the trough. In con-
cols, with a precision estimated £t2%. Blanks were about trast, the Voronin Trough is bounded in the west by a 100m
0.2umolll for total nitrate and silicate and, 0.@nol/l for shallow ba_nkthat prevents_ deeper water from the Barents Sea
phosphate. from entering the trough directly.
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bottom in the eastern St. Anna Trough
(stations 6-17; stations 11, 13, 14, 16
were left out to provide spatially equal

Salinity weight).

Strong east—-west temperature and salinity gradients acrosnd more saline§ between 34.8 and 34.9). It is most likely
the St. Anna Trough were present over the entire water colnot cooled Atlantic water from the Barents Sea branch since
umn (Fig. 2). A weak salinity and temperature maximum its salinity is too low. We believe that this mode also has
was present at an intermediate depth on the eastern side. Tlits origin in ice formation and brine release (Midttun, 1985)
western warm core, with its temperature maximum locatedformed in the lee polynyas that are frequently present over
at 200 m, was as warm and salite£ 3.0°C, § = 34.96) the shallow bank west of Novaya Zemlya (Martin and Cav-
as the Atlantic layer in the boundary current flowing from the alieri, 1989). Its temperature, far from freezing, indicates a
Fram Strait eastward along the continental slope (Schauer ehixture of Atlantic water. As the cold, dense saline water
al., 1997). The density stratification corresponds to an in-sinks into the deeper depressions in the eastern Barents Sea,
ternal Rossby radius of 6 km. A bottom-steered boundaryit mixes with the warmer, Atlantic water entering from the
current would thus be able to enter the 100 km wide canyonNorwegian Sea, thereby attaining higher temperatures. Evi-
making the western warm core a continuation of the bound-dence of such a process has been seen in the western Barents
ary current penetrating into the trough from the north. Han-Sea (Quadfasel et al., 1992; Schauer and Fahrbach, 1999).
zlick and Aagaard (1980) traced a similar, but abo€ 1 The oxygen concentration distribution (Fig. 2d) supports
colder, core from the northern St. Anna Trough into the east+his interpretation. The warm Fram Strait branch water enter-
ern Barents Sea, and Loeng et al. (1993) found a westwarthg on the western side of the St. Anna Trough and the warm
flow south of Franz Josef Land. Evidently, a fraction of the mode of bottom water in the central trough have low oxygen
Fram Strait branch of Atlantic water does not continue into concentrations € 305.mol/kg), as compared to the water
the Nansen Basin boundary current but enters the northeron the eastern upper slope and a patch of water in the central
Barents Sea. region of the St. Anna Trough between about 400 and 550 m,

Outflow of shelf water from the Barents and Kara Seaswhere the temperature is at a local minimum. Differences be-
occurred in the deep layers in the center and at the eastween the bottom waters at the eastern upper slope and in the
ern slope of St. Anna Trough. The temperature in the low-central trough are evident also from nutrients (Fig. 2e) and
est 100 m above the bottom was concentrated in two modefom oxygen saturation values (not shown here). In the cen-
(Fig. 3). The minor mode was close to the freezing pointtral part of the trough, the oxygen saturation was extremely
(¢ ~ —1.3°C) and had salinities around 34.75. It was sit- low (< 86%) in the water near the bottom, indicating that this
uated at the upper part of the flank and its properties werevater has been near the bottom for a considerable amount of
similar to those of water observed west of Novaya Zemlya,time and that biogenic decay products could have been added
which is modified by freezing and brine rejection (Midttun, from the sediments.

1985; Loeng et al., 1993). The water at the upper slope of the The velocity structure is also consistent with the flow of
St. Anna Trough might have been formed by the same proa dense plume at the bottom. On the eastern half of the St.
cess over the shallow banks in the northern Kara Sea. Thénna Trough, the northward component of the geostrophic
major mode covering the deep part of the slope and the botvelocity increases towards the bottom and a large vertical
tom of the trough was considerably warmér{ —0.5°C) shear is present in the easternmost part. Relative to the sur-
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o

Makarov Basin with its southern end located 200 km east of
the confluence of the two inflows. The Barents Sea branch
and that part of the Fram Strait branch which had not en-
tered the St. Anna Trough are clearly evident in the water
mass properties in the Eurasian Basin north of the Kara Sea
(Fig. 5). At the upper continental slope, i.e. where it is shal-
lower than 1800 m (stations 30 to 34), below 150 m, there is
a cold, low salinity 30 km wide water column that primarily
contains water entering from the St. Anna Trough, the Bar-
ents Sea branch. It is separated from the warmer and more

100

depth (m)
)
o
)
N Y |

300 saline Fram Strait branch (stations 35 to 39) and deeper inte-
rior basin water by a sharp front which is narrower than the
13 km distance between stations (Fig. 5). The lower temper-
A0—T—T T T T T T T T T T T T T T T T T T atures associated with the inflow of Barents Sea water extend
0.0 0.1 0.2 0.3 0.4 down to 1000 m as do the elevated oxygen and reduced phos-

speed (m/s) phate contents. Between 1000 m and 1500 m, the part of the
basin water column that has been displaced downward by the
Fig. 4. Profiles of northward velocity in the eastern St. Anna injected water causes the temperature and density gradients
Trough. Dashed line: geostrophic velocity between stations 14between the slope and basin waters to reverse (Schauer et
and 15. Solid line: averaged profile (2 hours) from ship mountedal., 1997).
ADCP measurements at station 15. At the narrow front of the confluence of the Fram Strait
and Barents Sea branches, as well as further downstream in
) __ the boundary current, Rudels et al. (1999, 2000a) observed
face, the water below 50 m flows northward with velocities strong interleaving across the front. Schauer et al. (1997)
between 0.1 and 0.25m/s (Fig. 4). The interpretation of thetgynd that at the Laptev Sea continental slope, the two
baroclinic velocity profile as a bottom-intensified northward pranches have already lost much of their original proper-
flow is supported by ship-mounted ADCP measurements otjes through mixing. In the upper 500 m in the Amundsen
the velocity profile which coincide in range and shape with gasin, the boundary current carries about equal contributions
the geostrophic profile. The transport resulting from a meanyf poth branches, while at depths greater than 500 m, the con-
speed of 0.2m/s for a 100 m thick layer of cold water at theyipytion of the Barents Sea branch is larger. This shows that
bottom of the eastern 100 km of the St. Anna Trough wouldne converging Fram Strait and Barents Sea branches occupy
be 2 Sv, which is the same order as the mean eastward flowjightly different density ranges. In fact, on the 1996 basin-
of 1.9Sv in the eastern Barents Sea, measured by Loeng gfide section, th@-S properties of the waters in the Nansen
al. (1993) and the inflow to the Barents Sea from the Norwe-and Amundsen basins north of the Fram Strait inflow, and
gian Sea (Blindheim, 1989). The close agreement of thes@yen those in the upper part of the Makarov Basin, lie be-
transports suggests that all of the net inflow from the west isyyeen those of the Barents Sea and Fram Strait branches
strongly modified in the Barents/Kara Seas, leaving the shel(,:ig_ 6). The mixed water type of station 60 represents that
mostly with temperatures below G and salinities between part of the boundary flow which continues from the Laptev
34.7 and 34.9, and entering the Eurasian Basin at depths beyeg along the Lomonosov Ridge (Woodgate et al., 2000).
tween 150 m and 600 m. The strong irregular inversions at the front suggest that
In the Voronin Trough, the water deeper than 100 m hasthey arise from the interleaving between the two different wa-
properties €, S, and oxygen) similar to those found in the ter columns. More regular inversions, such as at station 43
eastern St. Anna Trough. This is consistent with water leav{Fig. 6), were prominent features across the entire section.
ing the St. Anna Trough and it follows the topography into Rudels et al. (1999) discussed the possible evolution of these
the outer part of the Voronin Trough. Around stations 21 structures through double diffusion from the initial frontal
and 27, cores of slightly reduced oxygen and elevated teminterleaving and their passive advection to the interior basin

peratures, as compared to the surrounding, probably contaiBy the return flow within the Eurasian Basin. They were
contributions of Fram Strait branch water. There were no in-the most developed and most regular in northern Nansen

dications of outflow of dense bottom water from the inner Basin, primarily in the Atlantic layer, but also at deeper lev-
Kara Sea through the Voronin Trough. els around 1000 m. Individual inversion layers can be traced
to extend into the Amundsen Basin to the Lomonosov Ridge.
3.2 The boundary current in the Eurasian Basin — conflu- At the core depth of the Fram Strait Atlantic layer, i.e. be-
ence and redistribution tween 150 and 350 m, the temperature and salinity decreased
northward along the section up to the Nansen-Gakkel Ridge,
The main Eurasian Basin section extends from the Karawvhere the lowest temperatures of this layer in the Eurasian
Sea shelf west of Severnaya Zemlya, across the Nansen arRasin were found (Figs. 5 and 7). (In Fig. 7, we show verti-
Amundsen Basins, and over the Lomonosov Ridge into thecally integrated properties to emphasize the horizontal differ-
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Fig. 5. Vertical distribution of(a) potential temperature® C),
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ences). Only at station 42 was this trend interrupted by a lengline only becomes broken when low salinity shelf water
of warmer water. The least eroded (i.e. warmest and mostvith contributions from river run-off and/or Pacific inflow
saline) parts of Fram Strait Branch Water (FSBW) appear agnters the interior of the Arctic Ocean and caps the more
isolated lenses at stations 42 and 54 and at the Eurasian sidaline FSBW upper layer. Once this capping has occurred,
of the Lomonosov Ridge (Fig. 7). the previous upper layer becomes a halocline, which will
Apart from mixing with the cold BSBW, the warm FSBW trap the heat lost upward by the Atlantic layer. The longer
Atlantic layer can be eroded through mixing with a cold, the convection to the thermocline is maintained, the colder
overlying layer. The FSBW extends to the surface in thewe expect the Atlantic layer to become. The coldest Atlantic
Fram Strait, but in the Arctic Ocean, its upper part evolveslayer, found at stations 46 to 50, was below a cold (freezing
into a cold, less saline layer through the interaction with seapoint) surface mixed layer, reaching down to 150 m with a
ice during the freezing/melting cycle. This upper layer be- salinity of 34.3, which is more saline than observed earlier
comes homogenised through haline convection in winter andn this region (EWG Atlas, 1997). No halocline was present
allows for direct communication between the sea surface anénd the layer was located directly above the thermocline. A
the warm Atlantic layer of the FSBW in the southern Nansensimilar situation was observed in the Amundsen Basin the
Basin (Rudels et al., 1996). The convection to the thermo-year before (Steele and Boyd, 1998) and was attributed to a
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change in the upper circulation with an eastward shift of the ] m
injection of low salinity shelf water. 49 ansen Basin NGR  mrasongon  Ridge
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Rudels et al. (1996) and Steele and Boyd (1998) estimated o 10 a0 a0 o o 6o 1o se o

an annual mean heat loss from the Atlantic layer to the sur- Distance (km)
face of about 1-3 W/fin the absence of a halocline, either
through turbulence or double diffusive convection. While Fig. 7. Cross-basin distribution of vertically averaged values from
the deepening of the mixed layer itself could have happenedtations 29 to 72 (see Fig. {3) temperature and salinity in the
through convection during one or several strong winters, wecore layer of the Fram Strait Branch Water (FSBW) (150-350 m),
can use the heat flux to estimate the time that the remaining® tem(%esrgt’vr)e(jgg ngggy T ;he layer ‘Jthel/kB‘"’)‘r_e”:f] Slea Branch
ater — m)c) oxygen {tmo in the layers
upper layer of the I.:SBW has lost he'“.“ o the _surface Iayeriso to 350 m and 400 to 1000 m, re:gectively. TP?e line at th: bottom
Below 220 m at station 50, the regular interleaving structures . .
L . shows the water depth (NGR: Nansen Gakkel Ridge).
of the FSBW indicate lateral processes to dominate; there-
fore, we limit our cooling estimate to the layer between 150
and 220 m (Fig. 8). If the upper 70 m of FSBW in the bound- ) )
ary current, represented by station 37, experienced the he&@ve been smaller, but it would again show that the travel
loss of 1-3 W/m without mixed layer deepening (which we time to the Nansen Gakkel Ridge is long. Given the uncer-
regard not as very likely), it would require 2 to 5 years to tainties of the heat flux and the initial water properties, we do
cool the layer to the temperature observed at station 50 at thBOt want to specify times exactly, but rather we wish to make
Nansen Gakkel Ridge. The other extreme would have beef€ point that the cold FSBW at the Nansen Gakkel Ridge
a successive mixed layer deepening from 70 to 150 m, an@bviously has a longer residence time than elsewhere in the
in addition, the layer between 150 and 220 m of the FsBwEUrasian Basin and that it was exposed to a surface mixed
in the boundary current would have been cooled for 7 tolayer without shielding halocline for several years.
20 years in order to obtain the mean temperature of that same In the layer between 400 and 1000 m, where the boundary
layer observed at station 50 at the Nansen Gakkel Ridgecurrent receives a large input from the Barents Sea, the salin-
Tracer measurements indicate a travel time of the FSBW beity and temperature were the highest in the southern Nansen
tween the Fram Strait and the central Eurasian Basin in thaBasin and decreased across the northern Nansen and the
order of magnitude (10 years apparent tritium/Helium-3 ageAmundsen Basin (Fig. 5), again with the exception of limited
(Frank et al., 1998)). If the cold water stems from colder mesoscale features. At the Eurasian side of the Lomonosov
Fram Strait inflow in the 1980s, the required heat loss wouldRidge, the oxygen content was above g0@Bol/kg, as in the

o
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Fig. 8. Temperature profiles of the mixed layer and the upper At- Fig. 9. Temperature vs. salinity at the Lomonosov Ridge from
lantic water layer in the boundary current north of the Kara Sea (37)ARKXII 1996 at 86° N (black) and from Oden 1991 at 88l (grey).
and at the Nansen Gakkel Ridge (50). The arrows show the meaf®den station 20 is in the Amundsen Basin and Oden station 26 is
temperatures over a 70 m thick layer and the cooling times to reaclin the Makarov Basin. Note that the upper part from Polarstern
the temperature of station 50 if the respective layers of station 37tation 70 (Makarov Basin) is similar to that of station 64 (Amund-
were exposed to 1-3 Win sen Basin), while the intermediate part of station 66 (Lomonosov
Ridge) shows interleaving structures similar to those at station 70
(Makarov Basin).
Barents Sea Branch Water (BSBW) at the continental slope.
Evidently, the contribution of cold, low salinity Barents Sea
water is more dominant towards the Lomonosov Ridge tharenough not to disrupt the structures, i.e. other than suggested
in the interior basin. in the circulation scheme in Rudels et al. (1994), the flow di-
On the Makarov Basin side of the Lomonosov Ridge, therection might not be opposite at the two sides of the ridge.
deep water below 1000 m is clearly distinguished from theThe section at 88\ crosses the ridge at the edge of a broad
Eurasian Basin deep water, which is warmer and more salin€levation rising to less than 900 m in water depth (see In-
(Figs. 5 and 6). In addition, above that level, there is aternational Bathymetric Chart of the Arctic Ocean (IBCAO),
boundary in salinity, temperature and oxygen values over theJacobsen et al., 2000). Anticyclonic flow around this topo-
Lomonosov Ridge (Fig. 5), though the distinction betweengraphic feature can exchange water between the basins and
the water masses is less pronounced than it was observedfcount for the warm core found at the eastern side of the
near 88N in 1991 during the ODEN 91 expedition (An- ridge. Episodic flow across the Lomonosov Ridge was ob-
derson et al., 1994) or in 1994 (Swift et al., 1997). Along Served closer to the Greenland side by Aagaard (1981). Such
the ODEN 91 section, the intermediate water just east ofcross-ridge flow provides an additional input of Atlantic de-
the Lomonosov R|dge had the characteristics of Upper Pofived water from the Amundsen to the Makarov Basin in ad-
lar Deep water, i.e. a negative temperature-salinity relationdition to that from the boundary current along the continental
ship in the density range around 28.0 kd/(Station Od26 shelf. The water crossing the ridge flows back towards the
in F|g 9) The 1996 stations at 88 above and east of the SlOpe alongSide of the colder Atlantic |ayer of the Makarov
Lomonosov R|dge had a similar Signature but a less C|eaBaSin, which takes part ina CyCloniC circulation in that basin
negative slope, and the water at the FSBW level was muciRudels et al., 1994; Swift et al., 1997).
warmer and more saline than at ODEN 91. The front N6 Closer to the continental shelf (sections neat I83and
was much broader and had a more complex structure (e.81° N, Fig. 10), Eurasian Basin water extends far into the
three warm cores as opposed to one) than the fronts observetianadian Basin and no upper Polar Deep water with a clear
in 1991 and 1994. In addition, in 1996, the regular tempera-negative temperature-salinity relationship is present on these
ture and salinity inversions mentioned above extended fronsections (Fig. 11). At 83N and at 8% N, the thermoha-
the Amundsen Basin into the Makarov Basin (Fig. 9), while line distribution shows no significant differences between
along the ODEN 91 section, inversions were only present inthe two sides of the ridge. Oxygen concentrations above
the Amundsen Basin. The coherence of these layer structure205,mol/kg indicate the presence of the Barents Sea branch
across the ridge implies that the shear across it must be weak an almost uniform band at depths from about 400m to
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1100 m (Fig. 10c). (station 42) is different from that of the interleaving layers,
At the continental slope, the difference between the twowhich are present on each side of station 42 (Fig. 13a). An
basins is larger. There is a salinity maximum in the Atlantic isolated anomalous feature is able to move through a water
layer in the Amundsen Basin that is significantly reducedvolume that has a coherent interleaving pattern without de-
in the Makarov Basin, and completely removed close to thestroying this pattern, while a continuous westward recircula-
shelf edge (Fig. 10). Since the sections &t 8land 83 N tion branch should be an integral part of the layering struc-
show no return flow of low salinity upper Polar Deep wa- tures, having the same interleaving pattern. The tempera-
ter along the Lomonosov Ridge, we conclude that input ofture maximum in the 400 to 500 m depth range at station 54
dense but low salinity water from the shelf has reduced the(Fig. 13b) in the Amundsen Basin is geographically even
salinity of the upper layers of the boundary current along thefarther removed from the Fram Strait branch in the Nansen
slope, and is, in fact, in the process of creating the CanadiaBasin. Again, the density structure is that of a baroclinic sub-
Basin Upper Polar Deep water (Rudels et al., 1994; Rudelsurface eddy.
et al., 2000a). The presence of eddy-like features containing the Fram
In the Eurasian Basin, the weak doming of the isopyc- Strait water suggests instability of this branch of Atlantic wa-
nals (Fig. 5¢) suggests a general cyclonic flow around thder. Schauer et al. (1997) have shown that downstream of
basin. However, the only distinct baroclinic flow is asso- the confluence of FSBW and BSBW, the boundary current
ciated with the eastward-flowing boundary current over thecan be baroclinically unstable and shed off eddies. FSBW
continental slope in the southern Nansen Basin. There iss flowing as a boundary current at the slope north of the
no strong baroclinic signal in the vicinity of the ridges, and Barents Sea. Yet north of the Kara Sea, it is pushed off the
the geostrophic velocities referenced to the bottom show &lope by the inflow of the Barents Sea branch, as is visible
banded structure across the section with values not exceedn a sequence of cross-slope sections along the Nansen Basin

ing 0.03m/s (Fig. 12) and strong, topographically-steered(Fig. 14). This might provide an additional destabilizing ef-
current bands, if present, must be primarily barotropic fect for the FSBW. North of the Laptev Sea, the warm core

(Woodgate et al., 2000). has moved off the slope and topographic steering no longer
constrains the flow to a narrow boundary current. Thus, east
3.3 Lenses and eddies of the confluence region, only that part of the FSBW which

has been mixed into the Barents Sea branch remains in the

The Atlantic layer exhibits a large, warm core (stations 35boundary current at the slope; the rest might evolve into ed-
to 38) and four distinct warmer features that differ from the dies and lenses. The confluence of parts of the BSBW and
general horizontal background gradients across the sectiorESBW at the same depths was at least the case in the early
in the Nansen Basin (station 42 near 250 m), in the Amund-nineties. However, varying water mass properties of the two
sen Basin (station 54 near 400 m), and at each side of theranches might change that distribution, leading to a more
Lomonosov Ridge (station 60 near 250 m and station 70 neavertical separation if the BSBW is denser and/or the FSBW
250 m) (Fig. 5). According to the circulation scheme pro- is lighter than observed here. If the BSBW would be much
posed, for example, by Rudels et al. (1994), the cores in thelenser, then its main part might sink below the FSBW and a
Eurasian Basin could correspond to the inflow through thelarger part of the FSBW could stay at the slope and continue
Fram Strait and to various return flows within the Eurasiantowards the Canadian Basin.
Basin. A closer look at the structure of these features sug- In the Amundsen Basin, a warm, saline water masse(
gests that with the exception of the warmest water close to théween—0.7 and—0.6°C, S > 34.93) having an oxygen min-
slope and probably the warm core south of the Lomonosodmum was observed at depths between 1500 m and 2600 m
Ridge, the features are isolated lenses of predominantly Frarat station 51 (Fig. 5d). Its characteristics are close to those
Strait water, rather than continuous streams. of the Canadian Basin Deep water (Fig. 13). Weaker salin-

The temperature maximum at station 42, close to the inity maxima were observed in the same depth range further
flow core (' > 2.2°C, S > 34.91), appears to be awarmlens to the west in the Amundsen Basin in 1991 by Jones et
detached from the Fram Strait inflow, since it has the baro-al. (1995). They found the greatest salinity maximum just
clinic structure of an anticyclonic eddy, rather than that of anorth of Greenland. It was interpreted as evidence of the
unidirectional flow (Fig. 5c). At station 42, the 27.8-kgfm  boundary current re-crossing the Lomonosov Ridge from the
isopycnal is doming upwards and the 27.95-k¢iisopycnal ~ Canadian Basin, possibly through a deep gap between the
is dipping downwards, thus forming a lens of lower strat- Lomonosov Ridge and the Ellesmere Island shelf. According
ification as compared to the surrounding water. This den-to Perry and Fleming (1986) and to the International Bathy-
sity distribution is consistent with a subsurface anticyclonic metric Chart of the Arctic Ocean (IBCAQO) (Jacobsson et al.,
geostrophic motion. Such structures were described, among000), a gap in the Lomonosov Ridge, deeper than 2400 m, is
others, in the North Atlantic, where Mediterranean water out-situated away from the slope, at about 88 N, 150 E. The
flow forms anticyclonic rotating lenses, so-called “Meddies”. presence of waters with Canadian Basin deep water charac-
Consequently, the rotational character of the flow appeargeristics in the Amundsen Basin at only one station (51) in
in the distribution of the baroclinic flow in Fig. 12 with a 1996 suggests that it has moved as an isolated water body
change of direction. Moreover, tife— S pattern of the lens  with the dynamics of an eddy, across the Eurasian Basin.
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2 — and 500m at stations 42 and 54, the cold water from the
- Barents Sea outflow near 1000 m at station 52, and the deep
- R warm, saline water from the Canadian Basin at station 51)
_ ‘3,‘ 7 suggest that migrating eddies might contribute considerably
;‘:, y to the slope-basin and the inter-basin exchange. Three of
’ these features represent the strongest baroclinic signal on the
/ section (Fig. 12).

. ® 4 Temporal changes
continental

0 — slope

Temperature (degC)
|

Expeditions in the nineties have reported substantial changes
in the upper layers of the Arctic Ocean. In 1990, Quadfasel
et al. (1991) observed increased temperatures in the Atlantic
layer of the Eurasian Basin, and a similar trend was seen in
— . the Makarov Basin in 1993 (Carmack et al., 1995), and at the
1 L Chukchi Cap and in the Amundsen Basin in 1994 (Swift et
al., 1997). Furthermore, submarine cruises (SCICEX) (Mori-
34.7 34.8 34.9 35.0 son et al., 1998; Steele and Boyd, 1998) and tracer analy-
Salinity ses (Ekwurzel et al., 2001) revealed an eastward shift of the
fresh surface water, resulting in a deep reaching saline sur-
Fig. 11. Potential temperature vs. salinity in the Makarov Basin at face layer in the Eurasian Basin. Observations during Po-
different latitudes. larstern cruises ARK IX/4 in 1993 (Schauer et al., 1997) and
ARK Xl/1 in 1995 (Rudels et al., 2000a) showed high inter-
mediate temperatures also in the eastern Eurasian Basin.
The denSity structure of this feature is consistent with an an- In the Amundsen Basin, basin-wide sections occupied in
ticyclonic rotation with a relative velocity maximum at about 1991 and 1996 cover the return flow from the Laptev Sea
1800 m (Fig. 5¢). slope toward the Fram Strait over the entire water column.
On the neighbouring station in the Amundsen Basin (sta-Since the 1991 section is located closer to the Fram Strait,
tion 52), a cold lens of low salinity water with a weak oxygen there is no direct spatial overlap, but downstream changes in
maximum was observed around a depth of 1000 m (Figs. She return flow of the water below the surface layer are ex-
and 13). Water with such extreme properties were not obpected to be small since remote from the boundaries, there
served anywhere else along this section. It was even coldesire no likely mechanisms to cause changes. If part of
than the water of the Barents Sea branch at the continentahe Fram Strait branch were to enter the Amundsen Basin
slope, but similar characteristics were observed in the Stthrough eddy exchanges west of the 1996 section and return
Anna Trough, and in 1995, water with similar— S prop-  toward the Fram Strait, a synoptic survey would show higher
erties was found at the continental slope north of Severnayaemperatures in the western than in the eastern part of the
Zemlya (Rudels et al., 1999). We suggest that the lens hagasin. Instead, if the eastern Amundsen Basin were warmer
spun off the Barents Sea branch soon after it entered théhan the western, this would indicate a warmer inflow to the
Nansen Basin. The cold lens at station 52 also showed inArctic Ocean, separating from the continental slope north of
versions, which were not present at the same depth at neighhe Laptev Sea and replacing the existing colder Atlantic wa-
bouring stations. The inversions were in the same densityer.
range as deep inversions found in the Nansen Basin. This As in the years before, in 1996, the temperature of the
supports again the hypothesis that the deep inversions areram Strait Atlantic layer and also its salinity (not shown
formed from cross-frontal interactions between the Barentshere) were higher than in 1991 from the Nansen Basin across
Sea branch water and the water column beneath the Franhe Lomonosov Ridge and in the Makarov Basin (Fig. 15a).
Strait inflow core. During the summer of 1994, Swift et al. (1997) noted mean
Documentation of eddies in the Central Arctic are raretemperatures of 1°& west of the Lomonosov Ridge and
and available so far only for the Canadian Basin (Newton2°C west of the Nansen Gakkel Ridge and concluded that the
et al., 1974; D’'Asaro, 1988; Muench et al., 2000). High warm water had been advected from the Fram Strait within
resolution numerical simulations show that eddies mightthree years. Within some uncertainty due to lateral inho-
spin off also from the Atlantic water boundary current north mogeneity, the 1996 values at these locations were still that
of the Barents Sea (Wieslaw Maslowski, pers. comm.,high. This is in agreement with the conclusion of Swift et
http://www.oc.nps.navy.mil/shi/#Vertical_ AW ). al. (1997) that the warmer inflow through the Fram Strait
The observation of four isolated features on one sectiorcontinues almost simultaneously with the high NAO until
crossing the Eurasian Basin which originate from distinct, 1995 (Dickson et al., 2000), looping through the Eurasian
remote source areas (the Fram Strait water features near 2@asin and returning to the Fram Strait. A year later, in 1997,
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Fig. 13. Potential temperature vs. salinig) of stations 41, 42 and 43 in the Nansen Basin showing the anomaly of the water at station 42
and(b) of stations 51, 52 and 54 representing features of anomalous water in the Amundsen Basin.

Rudels et al. (2000b) identified water with the signature ofin 1996, the temperatures were higher than the 1991 val-
the 1996 Nansen Basin and Nansen- Gakkel-Ridge FSBW imes west, above, and east of the Lomonosov Ridge. This
the northern Fram Strait. discrepancy could be due to spatial rather than to tempo-

ral differences, i.e. Atlantic water can cross the Lomonosov
In contrast to the temperature increase between 1991 anRidge towards the Makarov Basin at °86, but not at

1994 west of the Lomonosov Ridge, above and east of thé8° N where Canadian Basin water was present east of the
Lomonosov Ridge, the temperatures were equally low inLomonosov Ridge.
1991 and in 1994 (Swift et al., 1997, their Fig. 2a), i.e.

they did not undergo a temporal change. On the other hand, Below the Fram Strait Atlantic layer in the Amundsen
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Fig. 14. Sequence of temperature sections along the continental slope of the Nansen BastrE(and0128 E from ARKIX-4 1993,
at 95 E from ARKXII 1996 and at 105E from ARKXI- 1 1995). The light/dark shading means temperatures greater fiah 25 C,
respectively.

Basin and in the Makarov Basin, the temperature in 1996 waposed to considerable surface cooling before it flows into the
slightly above the 1991 values, but the salinity was lower indeep basin. The increased salinity in the warmer Fram Strait
1996 by up to 0.01 (Figs. 15b and 15d) in the core aroundbranch is consistent with the positive correlation between the
800m. This layer was attributed earlier in the paper to thetemperature and salinity of the upper Norwegian Atlantic
Barents Sea inflow, and the change in properties results iif€urrent, as was measured over decades at Ocean Weather
a slightly lower density of BSBW at a particular depth (e.g. Ship M (Dsterhus et al., 1996). The increased temperature
Ao = —0.01 kg/n? at 1000 m depth). A comparison of pro- of the Atlantic layer has been suggested to be a result of
files at the western flank of the Lomonosov Ridge (Oden stawarmer source waters in the Norwegian Sea, which are, in
tion 20 and ARKXII station 61, as an example, Figs. 15d turn, related to reduced winter cooling and correlated with
and 15e) shows that the difference in water mass propertiepositive anomalies of the North Atlantic Oscillation (NAO)
extends down to the depth where the potential temperaturéSwift et al., 1997). Presumably, the observed shift in in-
is —0.4°C, 1200 m. Below that level, the water, which is termediate water properties is a change advected from the
warmer at a given depth, is a result of a downward shift of theNordic Seas. The decrease in salinity in the Barents Sea
water column. Consequently, the volume of the deep watebranch is possibly caused by the freshening of the Norwe-
layer in the Amundsen Basin must have reduced and the ingian Coastal Current. During positive NAO anomalies, the
termediate layer, fed by the inflow from the Atlantic through precipitation over western Scandinavia increases (Dickson et
the Fram Strait and/or through the Barents Sea, must haval., 2000), leading to a higher continental run-off feeding the
increased. This suggests that the inflow in the early ninetiedNorwegian Coastal current. Other possibilities include dy-
was not only warmer, but also greater in volume than thenamic changes in the advection of the water masses entering
years before. the Barents Sea, and/or systematic differences in the surface

L . water mixing along the coast of Norway for years with a high
Almost the entire intermediate water column has becomq\IAO index 9 9 ylory 9

warmer, but the change is most pronounced in the upper layer

dominated by the Fram Strait branch water and less in the

lower part with the stronger Barents Sea contribution. The5 Concluding remarks

changes are consistent with the continuous entry of warmer

Atlantic water into the Arctic Ocean in recent years. If both Most of the Eurasian Basin waters are conditioned by the
branches proceed with about equal speed (Frank et al., 19983pnfluence of the boundary flow of the warm saline Fram
then the Atlantic water that flows through the Fram Strait Strait water (temperatures in 1996 were aroud@ Z&nd
obviously is cooled more slowly through surface heat losssalinities around 35) and cold, fresh water from the Barents
and interaction with cold shelf water plumes than the At- Sea entering through the St. Anna Trough (temperatures be-
lantic water entering through the Barents Sea, where it is exfow 0°C and salinities between 34.7 and 34.9). Since the
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Fram Strait branch splits at the western St. Anna Troughsity structure, can be addressed as anticyclonic eddies. In
with part of it entering the trough and leaving it much colder addition, one lens of pure BSBW water was found in the
and less saline, the dominance of the Fram Strait water ilPAmundsen Basin. Here, no clear eddy-like structure could
the Eurasian Basin is reduced (Fig. 16). At the confluencebe identified in the density distribution. The possibility for
the FSBW part which had not entered the St. Anna Troughthe boundary current to become baroclinically unstable has
and the BSBW form a sharp front. The FSBW is displacedbeen shown earlier (Schauer et al., 1997) and these features
from the upper to the lower continental slope which might might be manifestations of such instability. Fast recircula-
have consequences for its dynamic stability. Apart from thetion of the FSBW along the Nansen Gakkel Ridge is not sup-
boundary current north of the Kara Sea, the purest FSBWported by our data since there, the coldest FSBW with a long
appeared in isolated patches which, according to their denresidence time of the order of a decade was found. Recir-
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Fig. 16. Distribution of intermediate water masses in the eastern Eurasian Arctic. Solid line arrows display the flow of the Fram Strait branch
of Atlantic water, the Barents Sea branch, and, east of the confluence and mixing area, the flow of the mixture of both. The grey filled circles
denote eddy-like structures with water originating from the Makarov Basin, the Fram Strait branch and the Barents Sea branch. The dashec
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region dominated by the mixed water type. The heavy line arrow in the Makarov Basin denotes the flow of Upper Polar Deep water (Rudels
et al., 1994). Crosses denote the position of elevations of the Lomonosov Ridge of less than 1000 m in water depth (Perry and Fleming,
1986), possibly steering the cross-ridge flow of intermediate water.

culation of the FSBW probably occurs rather in the Nansenwas found at the Lomonosov Ridge between the Laptev Sea
Basin itself, since Rudels et al. (2000a) estimated that it takesnd 86 N. We conclude that the Eurasian Basin water pos-
two years time for the advection from the eastern part of thesibly flows around seamounts on the ridge to the Makarov
Nansen Basin to the Fram Strait. The cold water below aBasin (Fig. 16), in addition to its flow along the continen-
deep mixed layer at the Nansen Gakkel Ridge indicates thatal slope. On the other hand, Canadian Basin deep wa-
the Fram Strait Atlantic water found there was not coveredter crossed the ridge at a deep passage and migrated in the
with a halocline for about a decade. Eurasian Basin as an anticyclonic eddy extending down to
A mixture of BSBW and FSBW returns along the Eurasian more than 2500 m.

side of the Lomonosov Ridge, obviously observed from the The presence of interleaving structures which possibly
slightly elevated temperature, salinity and oxygen values ahave evolved through double diffusive fluxes and which are
compared to the interior basin. No clear front between thecoherent over wide distances is consistent with low lateral
Eurasian and Canadian intermediate waters, such as that obhear across the Eurasian Basin. The horizontal tempera-
served further north in 1991 and 1994 (Swift et al., 1997),ture and salinity gradients from the southern Nansen Basin
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toward the Nansen-Gakkel Ridge and the interleaving lay-Aagaard, K.: A synthesis of the Arctic Ocean circulation, Rap-
ers show that the BSBW is present there as well and is ports et Proes-verbeaux des &nions, Conseil International
advected together with the FSBW toward the Fram Strait pour I'Exploration de la Mer, 188, 11-22, 1989.
within the Nansen Basin. This, together with the pres-Aagaard, K., Swift, J. H., and Carmack, E. C.: Thermohaline cir-
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