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The Arctic Ocean Halocline variability over the past 20 years
P.Bourgain (LOCEAN, pablod@locean-ipsl.upmc.fr), JC.Gascard (LOCEAN, jga@locean-ipsl.upmc.fr) 

Abstract: The role of the Ocean on the sea-ice mass balance in the 

Arctic is still a matter of hot debates. The study of the cold and shallow 
halocline is essential to understand the mechanisms leading to the formation 
and/or disappearance of Arctic sea-ice. According to Steele and Boyd (1998), 
the cold halocline disappeared from the Eurasian basin during the early 90s 
due to a shift in the atmospheric wind forcing that would have changed the 
location where fresh Siberian shelf waters flow into the deep Arctic Ocean . 
Boyd (2002) and Björk (2002) signaled the recovery of the Arctic halocline in 
the late 90s. Is this kind of event unique or does it occur more or less 
regularly? Does this kind of event influence the surface layer heat content and 
consequently the sea-ice mass balance? What is the current situation in the 
context of a highly variable Arctic sea-ice cover during recent years? Based 
on a large data set collected in the central Arctic basin during the 4th IPY and 
the Damocles project, the main goal of this poster will be to address these 
questions and to provide some answers.

Conclusions: The halocline is documented here by a tracer that is based on the salinity gradient structure, taking into account both the salinity amplitude and the halocline thickness. Our tracer reveals that less

stratified haloclines are gradually expanding the Amundsen basin from P1 to P3 (from the center to the Western side), mostly due to saltier surface waters. The Makarov basin becomes very stratified during the IPY because of the
surface waters freshening, and the Lomonosov ridge is less stratified due to changes both in thickness and surface salinity. Changes in surface salinity might be linked to the AO as previously observed in the early 1990’s. 
Changes in thickness play also an important role in the halocline stratification variability. Small scale processes, especially brines rejection, might be more involved in the halocline stratification than previously thought.

Tools

Halocline Detection

Data Set

•Halocline Top : Mixed layer bottom

•Halocline Bottom : fixed by a salinity gradient  constant (=0,011 psu/db)

•Halocline stratification : Brunt Vaïsala’s frequency averaged over the 
halocline thickness

Interpolation

Spatiotemporal maps were obtained through the Kriging method. It is a 
geostatistical technique to interpolate the value of a random field at any 
location from observations at nearby locations. 

Motivation:

Halocline = Salinity Gradient

General situation (1997-2009)

Canadian TS profilesEurasian TS profiles

The Canadian halocline is special. In addition to the
Atlantic layer influence, it is also influenced by the
Pacific water input that enter the Arctic Ocean by 
Bering Strait. These Pacific waters are warm and
relatively fresh, they penetrate the water column at
various depths according to the season (Woodgate, 
2005) and weaken the halocline stratification at mid
depths.  They are responsible for this typical salinity
profile characterised by an inflexion point at mid
depths. 

In the Eurasian basin, the halocline is called « Cold 
Halocline » (CHL) because the temperature profile stays
at the freezing point all over the halocline thickness. This 
halocline is strongly influenced by the Siberian river 
runoff at surface and the Atlantic layer at depth (around
300m). 

Using the mean salinity of the depth 40-60m as a CHL’s
tracer, Steele & Boyd (1998) saw a retreat of the CHL 
during the early 1990’s and Boyd (2002) and Bjork
(2002) observed a partial recovery in the late 1990’s. Our 
results do not show such a fluctuation.

Halocline stratification 
evolution (e-5 s-2)

The halocline is less and less stratified
Ein the Western Amundsen basin and
EEabove the Lomonosov ridge from the
EEElate 1990’s to the IPY and is
EEEEEespecially well stratified in 
EEEEEEEthe Makarov basin during the
EEEEEEEEEEEEIPY.

! Why is the halocline bottom depth changing ? 
Around the Laptev Sea, the halocline base is particularly
deep during 2003-2006. This induces a smaller salt content 
than during the other years. This deep salt content change 
can come either from below the halocline (less salt diffusion 
from the Atlantic water), or from the surface (less brines
rejection). This last hypothesis is reinforced by the fact that
the halocline bottom temperature is
the warmest during period 2.  It is
possible that small scale processes
play a bigger role in the halocline
variability than previously thought.

P1:

P2:

Halocline Changes from P1 (1997-2002) to P2 (2003-2006)

The halocline bottom salinity
is very stable. (S~34,1 psu)

Halocline Changes from P2 (2003-2006) to IPY (2007-2009)

The halocline thickness is as important as 
the salinity amplitude for the stratification

Much thicker above
LR

No change of !Z in 
the AC

Slight increase of !S above
LR

Decrease of !S in theAC

Strong increase of !S in MB 

Strong decrease of !S above 
the LR

Decrease of !S in the WA 

Fresher surface waters in the MB

Saltier surface waters  above the LR

Saltier surface waters in the WA

Thinning or slight
thickening in MB

Thinning above the LR

Variable change of !Z in 
the WA

Lifting of the top and bottom unchanged or deeper in MB

Lifting of the bottom and top unchanged above the LR

Variable deepening of the top and bottom in the W A

Slightly fresher surface waters above LR 

Saltier surface waters in the AC

Lifting of the top and deepening of the bottom above the LR

Identical deepening of the top and bottom in the AC

93 db-1, 34°C2003-2006

-1,5°C

-1,64°C

T bottom

82 db1997-2002

76 dbIPY

Z bottom

! Why is the surface salinity changing ? 
Last decade changes in the Arctic were partly attributed to the Arctic Oscillation 
(AO). For instance, a peculiarly high AO index induced an eastward component of 
the winds over the Laptev Sea. Therefore, waters in the East Siberian seas were 
fresher and waters in the Eurasian basin were saltier (Steele and Boyd 1998, 
Dickson 1999). So, the high AO of the early 1990’s 
was responsible for the “CHL retreat”. Another period 
of high positive AO just happened, during the IPY.  This is 
concomitant with a strong freshening of the mixed layer 
salinity in the East Siberian Seas and a salinification at the
junction between the Laptev Sea and the Lomonosov ridge. 
Therefore, it is possible the AO played a role in the recent
surface salinity changes.

Stratification (e-5 s-2 )

Salinity amplitude  S (psu)

Stratification (e-5 s-2 )

Salinity amplitude  S (psu)

Top depth (db)

Thickness  Z (db)

Bottom Depth (db)Surface Salinity (psu)Surface Salinity (psu) Bottom Depth (db)Top depth (db)

Thickness  Z (db)

Strong stratification of the halocline in the
Makarov basin (MB) 

Destratified halocline above the LR

Destratified halocline in the Western (WA) 
Amundsen basin 

Destratified halocline above the 
Lomonosov ridge (LR)

Destratified halocline in the
Amundsen basin center (AC)

How did the halocline evolve during the last 12 years?

P3:

Halocline stratification 
changes from P1 to P3 (e-5 s-2)

Thanks to a large cooperation among 
Arctic scientists from many countries, 
more than 18000 CTD vertical profiles 
have been collected in the central and 
deep part of the Arctic Ocean. It 
includes data from icebreakers 
campaigns, from drifting buoys and 
even from aerial survey and submarine 
cruises. They cover the period 1997-

2009 and are distributed across the central Arctic basin. The histogram 
reveals that the 4th International Polar Year, in 2007-2008, has been highly 
valuable in terms of data collection in the Arctic Ocean. About two third of 
the data set were collected during this 4th IPY.

Temporal distribution of the data

Spatial distribution of the data
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Around the Laptev Sea, the halocline base is particularly
deep during 2003-2006. This induces a smaller salt content 
than during the other years. This deep salt content change 
can come either from below the halocline (less salt diffusion 
from the Atlantic water), or from the surface (less brines
rejection). This last hypothesis is reinforced by the fact that
the halocline bottom temperature is
the warmest during period 2.  It is
possible that small scale processes
play a bigger role in the halocline
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! Why is the surface salinity changing ? 
Last decade changes in the Arctic were partly attributed to the Arctic Oscillation 
(AO). For instance, a peculiarly high AO index induced an eastward component of 
the winds over the Laptev Sea. Therefore, waters in the East Siberian seas were 
fresher and waters in the Eurasian basin were saltier (Steele and Boyd 1998, 
Dickson 1999). So, the high AO of the early 1990’s 
was responsible for the “CHL retreat”. Another period 
of high positive AO just happened, during the IPY.  This is 
concomitant with a strong freshening of the mixed layer 
salinity in the East Siberian Seas and a salinification at the
junction between the Laptev Sea and the Lomonosov ridge. 
Therefore, it is possible the AO played a role in the recent
surface salinity changes.
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changes from P1 to P3 (e-5 s-2)

Thanks to a large cooperation among 
Arctic scientists from many countries, 
more than 18000 CTD vertical profiles 
have been collected in the central and 
deep part of the Arctic Ocean. It 
includes data from icebreakers 
campaigns, from drifting buoys and 
even from aerial survey and submarine 
cruises. They cover the period 1997-

2009 and are distributed across the central Arctic basin. The histogram 
reveals that the 4th International Polar Year, in 2007-2008, has been highly 
valuable in terms of data collection in the Arctic Ocean. About two third of 
the data set were collected during this 4th IPY.
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Fig. 1. Geography and partial bathymetry of the Arctic Ocean, showing the three stations in
Figs 3 and 4 and the area covered by Figs 8 to 12. The exchange of Atlantic water is indicated

schematically by the arrows.

following winter drives convection and, if the convection is penetrative, produces a deeper
halocline. Under these circumstances the melting-freezing cycle would produce a low-
salinity surface layer, independent of external fresh water sources.

Our purpose in the present paper is to examine the maintenance of the halocline, a layer
of cold water 3 to 4 times as thick as the upper low-salinity layer. We shall show that its
properties can only be explained through lateral advection, that the source of the advected
water must be the shelf seas during winter, and that the quantity of water produced
annually is of the same order as the inflow of Atlantic water. A diagram of the temperature
and salinity structure of the Arctic Ocean and the proposed mechanism of halocline
maintenance is shown in Fig. 2.

530

Aagaard et al. (1981)

Halocline
Formation



On the halocline of the Arctic Ocean

Fig. 2. Schematic representation of the temperature and salinity structure in the upper Arctic

Ocean and its maintenance.

THE MAINTENANCE OF THE HALOCLINE

Figure 3 shows the observed upper temperature and salinity structure at three winter

stations from widely separated parts of the Arctic Ocean. In each case the temperature

remains close to the freezing point to depths about twice that of the isohaline upper layer.

This extension of the isothermal surface layer into the halocline was first noted by NANSEN

(1902) and it has since been discussed by SHIRSHOV (1944), TIMOFEYEV (1951, 1960),

TRESHNIKOV (1959), COACHMAN and BARNES (1962), and others. The feature appears to be

most pronounced in the Eurasian Basin, for in much of the Canadian Basin the thermal

structure is complicated by the presence of a temperature maximum near 75 to 100 m and

representing a summer contribution of water from the Bering Sea (contrast COACHMAN and

BARNES, 1962, Fig. 2 with KINNEY, ARHELGER and BURRELL, 1970, Fig. 8). Except for

SHIRSHOV and TIMOFEYEV, who believed that the cold upper part of the halocline resulted

from a mixture of surface and Atlantic waters, there has been a general agreement that the

upper halocline layer must be supplied by advection. The crux of the argument can be seen

from the temperature-salinity (T-S) diagram (Fig. 4) for the three stations shown in Fig. 3.

Linear mixing of waters from the surface and Atlantic layers cannot produce the cold water

of the upper halocline. We must therefore look to direct injection of this water, which is

near the freezing point and 34 or more in salinity. Furthermore, because salinities as high as

those in the upper halocline are never found close to the surface in the central Arctic

(COACHMAN and BARNES, 1962), a mixed-layer source there is unlikely (in contrast to the

formation of 18° mode water in the North Atlantic, for example). Rather, the source must

be somewhere on the periphery. TRESHNIKOV (1959) proposed that it lies along the

continental slope from Spitsbergen to the Laptev Sea and COACHMAN and BARNES (1962)

proposed the submarine canyons indenting the shelves in this same area to be primary

sources.

Additional evidence that water in the upper part of the halocline is maintained by lateral

advection is the distribution of nutrients. Winter profiles of reactive silicate, for example,

typically show a strong vertical gradient coincident with that of salinity, but above the

(a) Observed T and S (b) Conceptual model of

structure in Arctic Ocean halocline maintenance
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Fig. 3. Vertical temperature and salinity distribution in the upper 400 m as observed during

winter at the three locations indicated in Fig. 1. Station 1 was occupied from 16 to 17 February, 1956
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March, 1977 (Sta. W27 24 from AAGAARD, 1978).
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Fig. 1. Geography and partial bathymetry of the Arctic Ocean, showing the three stations in
Figs 3 and 4 and the area covered by Figs 8 to 12. The exchange of Atlantic water is indicated

schematically by the arrows.

following winter drives convection and, if the convection is penetrative, produces a deeper
halocline. Under these circumstances the melting-freezing cycle would produce a low-
salinity surface layer, independent of external fresh water sources.

Our purpose in the present paper is to examine the maintenance of the halocline, a layer
of cold water 3 to 4 times as thick as the upper low-salinity layer. We shall show that its
properties can only be explained through lateral advection, that the source of the advected
water must be the shelf seas during winter, and that the quantity of water produced
annually is of the same order as the inflow of Atlantic water. A diagram of the temperature
and salinity structure of the Arctic Ocean and the proposed mechanism of halocline
maintenance is shown in Fig. 2.
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On the halocline of the Arctic Ocean 533

temperature gradient, i.e., at depths where the temperature is still within a few tenths of a

degree of freezing (R. MOORE and M. LOWINGS, personal communication). Similarly, at the

station at 87 26'N, 61'22'W (Fig. 3) the reactive phosphate concentration more than

doubled from 51 to 76 m, whereas the temperature was still within 0.2 C of freezing (data

from TRIPP and KUSUNOKI, 1967).

We can estimate the production rate of the cold source water in the following way.

Figure 4 shows that the discontinuity in the slope of the T-S correlation occurs near 150 m.

As the upper isopycnal layer does not extend below about 50 m, the cold upper part of the

pycnocline (above the T-S slope discontinuity) has a typical thickness of 100 m. It is this

layer that Fig. 4 suggests is mixed linearly with the core of Atlantic water. The fresh water

residence time for the Arctic Ocean has been calculated to be about 10 years (AAGAARD and

COACHMAN, 1975) and if the upper pycnocline water is assumed to have a similar time scale,

then the production rate of this water is 100 m x 8 x 106 km2  10 y = 2.5 x 106 m3 's- .

Figure 4 suggests that the more saline part of this water has characteristic salinities in the

range 33.5 to 34.5.

The production rate of cold source water can also be estimated by considering the

transformation within the Polar Basin of the Atlantic water (Fig. 5). When this water first

enters the basin west of Spitsbergen, its mean temperature and salinity are near 2.2 C and

35.0, but east of Greenland these properties have decreased to about 0.5 C and 34.9

(AAGAARD and GREISMAN, 1975). If we assume that this cooling and freshening is due to

linear mixing with overlying water near the freezing point, as suggested in Fig. 4, then the

latter must have a salinity of about 34.7, which is much higher than is observed in the

surface layer in winter in the central Arctic Ocean. The mixing ratio is close to 60% of

inflowing Atlantic water and 40%O of the cold, saline type (Fig. 5). Recent estimates of the

mean annual rate of inflow of Atlantic water, based on direct current measurements, have

ranged from more than 7 x 106 m3 S- I (AAGAARD and GREISMAN, 1975) to less than

4 x 101 m3 s- I (unpublished observations). Linear mixing as described in Fig. 5 would then

require a production rate of the cold, saline source water (type B) in the range 2.5 to

4 jt '27.75 28.00

// //
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Fig. 5. Hypothetical mixing diagram for Atlantic water in the Arctic Ocean.
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Fig. 8. Ice growth (m) required to raise the salinity of the summer water column on the shelf to

34.5. This salinity corresponds to the break in the T-S diagram at the closest off-shelf stations. The

area location is shown in Fig. 1.

Fig. 9. Ice growth (mi) required to raise the salinity of the column on the shelf to 34.0. This salinity

corresponds to the break in the T S diagram at the closest off-shelf stations. The area location is

shown in Fig. 1.
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Northern Barents Sea: Good source for Halocline Water
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Fig. 8. Ice growth (m) required to raise the salinity of the summer water column on the shelf to

34.5. This salinity corresponds to the break in the T-S diagram at the closest off-shelf stations. The

area location is shown in Fig. 1.

Fig. 9. Ice growth (mi) required to raise the salinity of the column on the shelf to 34.0. This salinity

corresponds to the break in the T S diagram at the closest off-shelf stations. The area location is

shown in Fig. 1.
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On the halocline of the Arctic Ocean

130,

Fig. 10. Ice growth (m) required to raise the salinity of the summer water column on the shelf to
33.5. This salinity corresponds to the break in the T S diagram at the closest off-shelf stations. The

area location is shown in Fig. 1.

Fig. 11. Ice growth (m) required to raise the salinity of the summer water column on the shelf to
33.5. The salinity corresponds to the break in the T-S diagram at the closest off-shelf stations. The
area location is shown in Fig. 1. The location of the section shown in Fig. 14 is indicated by the

heavy bracketed line near 69 N.
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waters
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130,

Fig. 10. Ice growth (m) required to raise the salinity of the summer water column on the shelf to
33.5. This salinity corresponds to the break in the T S diagram at the closest off-shelf stations. The

area location is shown in Fig. 1.

Fig. 11. Ice growth (m) required to raise the salinity of the summer water column on the shelf to
33.5. The salinity corresponds to the break in the T-S diagram at the closest off-shelf stations. The
area location is shown in Fig. 1. The location of the section shown in Fig. 14 is indicated by the

heavy bracketed line near 69 N.
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Fig. 12. Ice growth (m) required to raise the salinity of the summer water column on the shelf to
33.5. This salinity corresponds to the break in the T--S diagram at the closest off-shelf stations. The
area location is shown in Fig. 1. The location of the sections shown in Fig. 6 is indicated by lines
LW and LE, and the site of the temperature record shown in Fig. 7 is indicated by triangle L4,

Fig. 13. Minimum temperatures in the halocline of the Arctic Ocean (adapted from TREsHNmKov

and BARANOV, 1972).
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Sea shelf is very broad (up to 900 km) and there are no oceanographic observations

available from the outer part of the shelf, so our conclusion is tentative. However, the

Chukchi Sea (Fig. 11) shows some potential and we shall consider the area later in detail.

Continuing eastward, the narrow Beaufort Sea shelf (Fig. 12) seems capable of producing

saline water at the freezing point only in shallow water very near shore. This agrees with the

observations of WISEMAN (1977), who found salinities of 35 restricted to lagoons inside the

barrier islands. In the Canadian Beaufort Sea the potential for production of saline water

appears to be even less than in the East Siberian Sea because of the low salinities. However,

a possible exception is Amundsen Gulf between Banks Island and the mainland.

No data are available from the shelf areas along the northern fringes of the Canadian

Arctic Archipelago. However, the distribution of minimum temperatures in the halocline

of the Polar Basin (Fig. 13, adapted from TRESHNIKOv and BARANOV, 1972) shows a cold

tongue north of the archipelago, suggesting a regional contribution.

WINTER CONDITIONS IN THE CHUKCHI

AND BERING SEAS

We noted above that the summer data suggest a potential for the winter production of

saline water in the Chukchi Sea. In February and March, 1977 we occupied an east-west

CTD (conductivity-temperature-depth) section across the central Chukchi by helicopter,

the only winter section from the region. The temperature was everywhere within a few

hundredths 'C of the freezing point; the salinity distribution is shown in Fig. 14. In general

the salinities are remarkably high, typically 2 to 4 higher than in summer. Water more

saline than about 34 had previously only been found in the Chukchi in isolated lagoons,

whereas in our data the mean near-bottom salinity was greater than 34.2 over the entire

250-km long section. The highest salinities were in the eastern Chukchi, with Sta. 33 having

a mean salinity in excess of 34.7. All of these stations are clearly capable of supplying cold,

saline water to the deep parts of the pycnocline.
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Fig. 14. Salinity section across the Chukchi Sea, February to March, 1977. The section location is

shown in Fig. 11.
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On the halocline of the Arctic Ocean

Fig. 2. Schematic representation of the temperature and salinity structure in the upper Arctic

Ocean and its maintenance.

THE MAINTENANCE OF THE HALOCLINE

Figure 3 shows the observed upper temperature and salinity structure at three winter

stations from widely separated parts of the Arctic Ocean. In each case the temperature

remains close to the freezing point to depths about twice that of the isohaline upper layer.

This extension of the isothermal surface layer into the halocline was first noted by NANSEN

(1902) and it has since been discussed by SHIRSHOV (1944), TIMOFEYEV (1951, 1960),

TRESHNIKOV (1959), COACHMAN and BARNES (1962), and others. The feature appears to be

most pronounced in the Eurasian Basin, for in much of the Canadian Basin the thermal

structure is complicated by the presence of a temperature maximum near 75 to 100 m and

representing a summer contribution of water from the Bering Sea (contrast COACHMAN and

BARNES, 1962, Fig. 2 with KINNEY, ARHELGER and BURRELL, 1970, Fig. 8). Except for

SHIRSHOV and TIMOFEYEV, who believed that the cold upper part of the halocline resulted

from a mixture of surface and Atlantic waters, there has been a general agreement that the

upper halocline layer must be supplied by advection. The crux of the argument can be seen

from the temperature-salinity (T-S) diagram (Fig. 4) for the three stations shown in Fig. 3.

Linear mixing of waters from the surface and Atlantic layers cannot produce the cold water

of the upper halocline. We must therefore look to direct injection of this water, which is

near the freezing point and 34 or more in salinity. Furthermore, because salinities as high as

those in the upper halocline are never found close to the surface in the central Arctic

(COACHMAN and BARNES, 1962), a mixed-layer source there is unlikely (in contrast to the

formation of 18° mode water in the North Atlantic, for example). Rather, the source must

be somewhere on the periphery. TRESHNIKOV (1959) proposed that it lies along the

continental slope from Spitsbergen to the Laptev Sea and COACHMAN and BARNES (1962)

proposed the submarine canyons indenting the shelves in this same area to be primary

sources.

Additional evidence that water in the upper part of the halocline is maintained by lateral

advection is the distribution of nutrients. Winter profiles of reactive silicate, for example,

typically show a strong vertical gradient coincident with that of salinity, but above the

(a) Observed T and S (b) Conceptual model of

structure in Arctic Ocean halocline maintenance
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Figure 3. Plan views of the density anomaly at the (left) bottom and (right) surface after 5, 10, 
20, and 30 days. The contour interval is 0.05 kg m -a, the most offshore contour being 0.05 kg 

-3 
m . 

extent on a gently sloping continental shelf (s = 0.001). 
The forcing region is a half-elliptical area adjacent to 
the coastal boundary (Figure 1) with a cross-shelf scale 
of b = 10 km and an along-shelf scale of a = 30 km, both 
scales suggested by the observations of $chumacher et 
al. [1982] in the northern Bering Sea and by the coastal 
polynya model of Pease [1987]. Both scales are large 
compared with the baroclinic Rossby radius, which we 
will see reaches a maximum of roughly 4 km. The 
critical question concerns the processes by which dense 
fluid is transported away from the forcing region. Does 
the flow form a quasi-steady, nearly geostrophic stream 
tube, or do instabilities and eddy transport processes 
dominate? 

Plan views of the density field at the bottom (Fig- 
ure 3, left) and surface (Figure 3, right) show that the 
flow remains confined to the forcing region for at least 
5 days, but then it becomes unstable, forming eddies 
which transport dense water offshore. A detailed ex- 
amination of the flow fields suggests that the temporal 
development can loosely be divided into the following 
three phases: geostrophic adjustment (days 0-6), insta- 
bility and eddy development (days 6-10), and offshore 
eddy transport (beyond day 10), each of which is de- 
scribed next. 

4.1 Geostrophic Adjustment 

The geostrophic adjustment phase, anticipated in sec- 
tion 3, is the time during which the density beneath the 
forcing region increases with time and the flow begins to 

accelerate toward geostrophy. Figure 4 shows that the 
maximum density of the fluid beneath the forcing region 
increases almost exactly as Qt/H for about 12 days. 
The cross-shelf structure of the velocity fields and den- 

sity field in the middle of the channel (x = 75 km) is 
shown in Figure 5. Beneath the forcing decay region 
(y = 10 to 15 km), the along-shelf velocity u is con- 
sistent with the expectations from the two-layer model 

of Dewar and h'illworth [1990] (section 3), a surface- 
trapped flow in the -x direction and a near-bottom 
flow in the +x direction, although here with a maxi- 
mum above the bottom owing to the bottom stress. 

The width of the frontal region for this case does not 
scale with rD as in the geostrophic adjustment of two 
layers, but rather more nearly scales with the width 
of the forcing decay region L•o, which is 5 km at x = 
75 km. The maximum geostrophic velocity near the 
surface in the along-shelf direction can be estimated by 
assuming a thermal wind balance, so that 
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ward velocity in the branches, thus filtering out the short‐
term velocity fluctuations due to transient eddies. The velocity
increase is accompanied by the deepening of both the ASBB
and FSB (Figures 5a and 5b) and by the cross‐shelf dis-
placement of the cores by 20–30 km shoreward (Figure 11a).
The ! and S maxima in the FSB shift shoreward in summer
and autumn. The branch is colder in winter and spring and
warmer in summer and autumn; the same pattern has been
seen in observations [Ivanov et al., 2009; Dmitrenko et al.,

2009]. The simulations show significant interannual varia-
tions in strength of the FSB and ASBB velocity cores
(Figure 11b). The cross‐shelf (latitudinal) position of the
FSB also varies whereas ASBB is more stable. The corre-
sponding salinity of the velocity cores is relatively constant
in the FSB and varies in the ASBB on the annual and
interannual scales (Figures 11a and 11b). The freshening
and cooling (not shown) of the ASBB in autumn and winter
occurs because of the entrainment of the fresh shelf waters.

Figure 8. Simulated mean annual fields for 1989–2004 in the Beaufort Sea, section along ∼152°E
(section ALS in Figure 1). (a) Potential density so (red contours) and cross‐section velocity (color
with solid contours drawn every 2 cm s 1 and dashed contours drawn every 1 cm s 1, velocity is positive
eastward); (b) salinity (black contours) and potential temperature (color). so contours mark the potential
density surfaces used for the Montgomery function calculations (Figures 12–14). The area of high‐
resolution mooring array [Nikolopoulos et al., 2009] is marked with blue rectangle. The abbreviations are
as follows: AW, Atlantic Water; BHW, Barents Sea halocline water; FSB and ASBB, Fram Strait and
Arctic Shelf Break Branches of the Arctic Circumpolar Boundary Current (ACBC); ASC, the Alaskan
Shelf break Current.

AKSENOV ET AL.: THE ARCTIC CIRCUMPOLAR BOUNDARY CURRENT C09017C09017

15 of 28

Aksenov et al. (2011)



3.3. Flow Along the Alaskan Shelf
[52] In the simulations the FSB flows above the lower

continental slope, transporting AW and Arctic halocline
waters cyclonically in the Beaufort Sea (Figure 8). This
agrees with limited hydrographic observations in the Beau-
fort Sea [e.g., Shimada et al., 2005;Woodgate et al., 2007]. In
the Beaufort Sea the ASBB is much weaker (velocity of
ca. 0.02–0.03 m s 1) than in the Eurasian Arctic. From the
passive tracer simulations (not shown) it was found that the
ASBB contains BHW.

[53] The ASC resides above the upper shelf/shelf break
as described in section 3.1 (Figures 7 and 8). This current
has been discussed in detail by Spall et al. [2008] and
Nikolopoulos et al. [2009]. In the model the ASC begins at
the Bering Strait inflow through the Barrow Canyon. The
simulations show significant variation of the ASC in strength,
with occasional reversal from eastward to westward flow,
similar to observations [Nikolopoulos et al., 2009]. The
model transport of PW within the ASC is 0.11 ± 0.21 Sv
compared to 0.13 ± 0.08 Sv observed. The model and
observations [Nikolopoulos et al., 2009] also suggest the

Figure 9. Simulated mean annual fields for 1989–2004 in the Lincoln Sea, section along ∼65°W
(section LIS in Figure 1). (a) Potential density so (red contours) and cross‐section velocity (color with
solid contours drawn every 2 cm s 1 and dashed contours drawn every 1 cm s 1, velocity is positive
eastward); (b) salinity (black contours) and potential temperature (color). so contours mark the potential
density surfaces used for the Montgomery function calculations (Figures 12–14). The abbreviations are as
follows: AW, Atlantic Water; ACBC, the Arctic Circumpolar Boundary Current.

AKSENOV ET AL.: THE ARCTIC CIRCUMPOLAR BOUNDARY CURRENT C09017C09017

16 of 28

Aksenov et al. (2011)
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270 B. Rudels: Arctic Ocean circulation and variability

Fig. 6. Potential temperature and salinity profiles and �S curves

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

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

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

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

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

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

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

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

the shelf and slope by Polarstern in 2007 and crossing the

two inflow branches the �S curves from the two branches

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

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

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

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

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

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

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

point line reflects the summer melting caused by the incom-

ing short wave solar radiation.

North of the Laptev Sea the boundary current and the two

branches become overrun by low salinity shelf water com-

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

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

and ice formation in winter only homogenize the water col-

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

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

the two inflow branches become isolated from the surface

processes and are transformed to cold halocline waters that

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

Atlantic layer. The mixing and entrainment that do occur

will only bring more saline but cold halocline water into the

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

from the Atlantic layer is instead trapped in the halocline,

where the temperature gradually increases (Fig. 6).

The winter convection and the homogenization of the PML

is in summer identified by an upper temperature minimum

that is the remnant of the convection being eroded by the

radiative heating above and by mixing with the somewhat

warmer halocline below, where the heat lost vertically up-

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

showing the difference of the winter mixed layers and the Atlantic

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

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

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

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

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

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

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

based on the temperature and salinity of the Atlantic water.

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

slope in the western Nansen Basin, where no halocline is

present and the Atlantic layer is brought close to the sea

surface, does the temperature minimum become completely

eroded. This indicates that heat can be transferred from the

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

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

ferred upward from the Atlantic layer will be trapped in the

halocline.

The heat flux appears to be stronger in the Barents Sea

branch, possibly due to enhanced mixing over the continental

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

slope and eventually supplies the halocline in the Amundsen,

Makarov and northern Canada basins, while the Barents Sea

branch remains at the slope and passes between the Chukchi

Sea and the Chukchi Cap into the southern Canada Basin

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

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

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

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

less dense than the Laptev Sea outflow and contribute addi-

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

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

Rudels (2012)
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interior of the Arctic Ocean The ODV software (Schlitzer, 2012)
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in the St. Anna Trough. On a north-south section taken over

the shelf and slope by Polarstern in 2007 and crossing the

two inflow branches the �S curves from the two branches

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

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

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

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

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

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

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

point line reflects the summer melting caused by the incom-

ing short wave solar radiation.

North of the Laptev Sea the boundary current and the two

branches become overrun by low salinity shelf water com-

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

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

and ice formation in winter only homogenize the water col-

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

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

the two inflow branches become isolated from the surface

processes and are transformed to cold halocline waters that

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

Atlantic layer. The mixing and entrainment that do occur

will only bring more saline but cold halocline water into the

mixed layer and little heat is supplied from below. The heat
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where the temperature gradually increases (Fig. 6).
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that is the remnant of the convection being eroded by the

radiative heating above and by mixing with the somewhat

warmer halocline below, where the heat lost vertically up-

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

showing the difference of the winter mixed layers and the Atlantic

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

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

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

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

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

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

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

based on the temperature and salinity of the Atlantic water.

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

slope in the western Nansen Basin, where no halocline is

present and the Atlantic layer is brought close to the sea

surface, does the temperature minimum become completely

eroded. This indicates that heat can be transferred from the

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

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

ferred upward from the Atlantic layer will be trapped in the

halocline.

The heat flux appears to be stronger in the Barents Sea

branch, possibly due to enhanced mixing over the continental

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

slope and eventually supplies the halocline in the Amundsen,

Makarov and northern Canada basins, while the Barents Sea

branch remains at the slope and passes between the Chukchi

Sea and the Chukchi Cap into the southern Canada Basin

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

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

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

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

less dense than the Laptev Sea outflow and contribute addi-

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

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

and magenta arrows indicate the temperature minimum created by

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

the Near Surface Temperature Maximum (NSTM) due to seasonal

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

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

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

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

ture maximum of the BSSW and the temperature minimum of the

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

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

winter homogenization is present above the BSSW maximum on

both the green and the red station.

water masses like the Bering Sea Summer Water (BSSW)

and Bering Sea Winter Water (BSWW) (Coachman and

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

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

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

ther contributions to the halocline and changing the initial,

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

marized in Fig. 9.

4 The circulation of the Atlantic water

The uppermost part of the water column follows the wind

driven ice motion and circulates anticyclonally in the Beau-

fort Gyre in the southern Canada Basin and also participates

in the transpolar drift from Siberia towards Fram Strait. By

contrast the Atlantic water moves cyclonically around the

deep Arctic Ocean basin. This motion was first deduced from

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

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

Basin north of Svalbard and lowest in the Canada Basin and

north of Greenland, indicating a cyclonic flow and a gradual

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

waters feeding the Fram Strait branch and the Barents Sea branch

lower haloclines and how they become covered by less saline shelf

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

Rudels (2009).

cooling of the Atlantic layer (Timofeyev, 1960; Coachman

and Barnes, 1963).

In 1991 the icebreaker Oden took a hydrographic section

from the central Nansen Basin across the Gakkel Ridge, the

Amundsen Basin, the Lomonosov Ridge into the Makarov

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

section two distinct temperature fronts were found, one over

the Gakkel Ridge and one over the Lomonosov Ridge. At

the same time extensive layers of temperature and salinity

inversions were observed. These layers, being identified

in �S space on several stations, suggested mixing between

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

tinental slope and the other colder and fresher nearer the

Lomonosov Ridge. The intrusive layers were found over a

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

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

the warmer end member is the inflow through Fram Strait and

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

from the Norwegian Sea over the Barents Sea to the Arctic

Ocean. The Barents Sea branch enters the Arctic Ocean in

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

nental slope north of the Kara and Laptev seas.

The Oden section did not extend to the continental slope

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

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

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

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

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

the boundary current leaves the continental slope and enters

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

Halocline:

Tmax

Tmin

Rudels (2012)
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Fig. 8. Halocline features in the Arctic Ocean. The grey, dark red

and magenta arrows indicate the temperature minimum created by

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

the Near Surface Temperature Maximum (NSTM) due to seasonal

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

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

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

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

ture maximum of the BSSW and the temperature minimum of the

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

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

winter homogenization is present above the BSSW maximum on

both the green and the red station.

water masses like the Bering Sea Summer Water (BSSW)

and Bering Sea Winter Water (BSWW) (Coachman and

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

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

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

ther contributions to the halocline and changing the initial,

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

marized in Fig. 9.

4 The circulation of the Atlantic water

The uppermost part of the water column follows the wind

driven ice motion and circulates anticyclonally in the Beau-

fort Gyre in the southern Canada Basin and also participates

in the transpolar drift from Siberia towards Fram Strait. By

contrast the Atlantic water moves cyclonically around the

deep Arctic Ocean basin. This motion was first deduced from

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

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

Basin north of Svalbard and lowest in the Canada Basin and

north of Greenland, indicating a cyclonic flow and a gradual

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

waters feeding the Fram Strait branch and the Barents Sea branch

lower haloclines and how they become covered by less saline shelf

water and Pacific water. Based on Rudels et al. (2004), figure from
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cooling of the Atlantic layer (Timofeyev, 1960; Coachman

and Barnes, 1963).

In 1991 the icebreaker Oden took a hydrographic section

from the central Nansen Basin across the Gakkel Ridge, the

Amundsen Basin, the Lomonosov Ridge into the Makarov

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

section two distinct temperature fronts were found, one over

the Gakkel Ridge and one over the Lomonosov Ridge. At

the same time extensive layers of temperature and salinity

inversions were observed. These layers, being identified

in �S space on several stations, suggested mixing between

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

tinental slope and the other colder and fresher nearer the

Lomonosov Ridge. The intrusive layers were found over a

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

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

the warmer end member is the inflow through Fram Strait and

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

from the Norwegian Sea over the Barents Sea to the Arctic

Ocean. The Barents Sea branch enters the Arctic Ocean in

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

nental slope north of the Kara and Laptev seas.

The Oden section did not extend to the continental slope

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

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

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

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

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

the boundary current leaves the continental slope and enters
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Fig. 12. Water masses mixing and interleaving in the Nansen Basin north of the eastern Kara Sea. Upper panel: temperature and salinity

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

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

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

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

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

�0.5 ⇥C. A remaining core of Atlantic water with temper-

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

It is also possible that Fram Strait branch water that enters

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

Barents Sea branch in the trough and becomes incorporated

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

then flows high on the slope eastward within the Barents Sea

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

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

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

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

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

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

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

positions of the stations. Data from Polarstern 2007.

5 The deep and bottom waters

Differences between the water columns in the basins indi-

cate that water mass transformations are taking place, chang-

ing the properties of the water masses as they are advected

through the Arctic Mediterranean Sea. Because of the strong

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

occurring in the deeper layers must be caused by processes

taking place at the rim. The most obvious mechanism for

creating dense water capable of sinking into the deep basins

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

rejection over shallow areas, where the brine can accumulate
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Fig. 14. Potential temperature and salinity profiles and �S curves

comparing the Barents Sea branch characteristics with those found

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

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

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

Polarstern 2007 and Oden 2005.

and generate cold, highly dense bottom water. Evidence that

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

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

ice away from the coast, allowing for larger ice production

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

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

down the slope into the deep basins they entrain ambient

water and become less dense. Depending upon their initial

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

sity matches that of the surroundings. There they merge with

and change the characteristics of the boundary current. Ini-

tially less dense plumes supply the halocline in the Canada

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

Atlantic layer, while denser plumes sink deeper, entraining

Atlantic water and become warmer than the ambient waters

and thus increase both the temperature and the salinity of

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

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

ferent basins largely agree with such processes. Compared

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

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

warmer and more saline deep and bottom waters (Aagaard et

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

There are deviations from this picture. In the Canada

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

perature minimum present above the homogenous, warmer

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

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

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

perature in the bottom water has been suggested to be caused

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

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

perature minimum. The temperature minimum in the Canada

Basin can be explained by advection of colder, less saline

deep water from the Makarov Basin across the sills in the

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

minima in the Amundsen and Nansen basins such explana-

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

be caused by deep water advected from the Greenland Sea

through Fram Strait. One possibility could be that occasion-

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

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

then entrain less warm water from the boundary current at

the slope and could reach the deeper layers still retaining its

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

must remain a speculation.

The Makarov Basin is different. There the salinity be-

comes constant with depth but the temperature continues to

decrease until the �600m thick, homogenous bottom layer

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

by geothermal heating nor by slope convection, which would

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

proposed that colder Amundsen Basin deep water could spill

over the deepest part in the central Lomonosov Ridge. It

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

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

the deepest layers of the Makarov Basin and cool these.

In 2005 IB Oden and USCGC Healy located the sill of

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

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

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

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

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

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

to enter the Amundsen Basin and continue along the slope

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

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

Amerasian Basin deep water to the Eurasian Basin and then

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

salinity maximum observed in the Amundsen Basin at 1700–

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

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

1995).

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

Lomonosov Ridge and obtained, without realising it then,

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

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

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

was Amundsen Basin deep water, not Makarov Basin deep

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

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

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

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

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

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

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

An idealised picture of plumes sinking to different depth is shown

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

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

was higher than that found at the bottom in the Makarov

Basin. This water could then potentially renew and cool the

Makarov Basin deep water (Fig. 18).

One possible mechanism for driving such intermittent

transports is the pressure gradient at sill depth. Observations

in the Beaufort Sea of hydrography, of bottom pressure from

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

sea level heights obtained from satellites indicate that when

a water column becomes less dense the bottom pressure goes

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

compensate the lighter water column, leading to a reduc-

tion in bottom pressure. Translating this to the Lomonosov

Ridge, a larger dynamical depth implies a less dense water

column. In 2005 the dynamic height between the sea surface

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

Makarov Basin, indicating that the negative pressure gradi-

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

rected from the Makarov Basin to the Amundsen Basin. This

would force water at sill depth from the Makarov Basin into

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

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

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

the absence of a deep temperature minimum in the Makarov Basin

and that the temperature minimum observed in the Canada Basin

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

mum in the Amundsen Basin could be caused by Makarov Basin

deep water crossing the Lomonosov Ridge.

section exists from 2001, but a section across the Lomonosov

Ridge taken by Polarstern in 1996 shows that the dynamic

height between the sea surface and 2000db then was smaller

in the Amundsen Basin than in the Makarov Basin and the

direction of the pressure gradient would be reversed, favour-

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

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

change across the sill varies in time and intermittently denser

Amundsen Basin water is brought into the Makarov Basin

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

mixing end member would be deep water from the Canada

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

increase the salinity and temperature of the Makarov Basin
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brine enriched saline water on the shallow area west of Novaya Zemlya in 1901. From Knipowisch (1905).
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the boundary current (E) to form the transformed water column (D).

An idealised picture of plumes sinking to different depth is shown

to the right. From Rudels and Quadfasel (1991).
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was higher than that found at the bottom in the Makarov

Basin. This water could then potentially renew and cool the

Makarov Basin deep water (Fig. 18).

One possible mechanism for driving such intermittent

transports is the pressure gradient at sill depth. Observations

in the Beaufort Sea of hydrography, of bottom pressure from

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

sea level heights obtained from satellites indicate that when

a water column becomes less dense the bottom pressure goes

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

compensate the lighter water column, leading to a reduc-

tion in bottom pressure. Translating this to the Lomonosov

Ridge, a larger dynamical depth implies a less dense water

column. In 2005 the dynamic height between the sea surface

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

Makarov Basin, indicating that the negative pressure gradi-

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

rected from the Makarov Basin to the Amundsen Basin. This

would force water at sill depth from the Makarov Basin into

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

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

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

the absence of a deep temperature minimum in the Makarov Basin

and that the temperature minimum observed in the Canada Basin

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

mum in the Amundsen Basin could be caused by Makarov Basin

deep water crossing the Lomonosov Ridge.

section exists from 2001, but a section across the Lomonosov

Ridge taken by Polarstern in 1996 shows that the dynamic

height between the sea surface and 2000db then was smaller

in the Amundsen Basin than in the Makarov Basin and the

direction of the pressure gradient would be reversed, favour-

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

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

change across the sill varies in time and intermittently denser

Amundsen Basin water is brought into the Makarov Basin

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

mixing end member would be deep water from the Canada

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

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

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

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

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

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

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

An idealised picture of plumes sinking to different depth is shown

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

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

was higher than that found at the bottom in the Makarov

Basin. This water could then potentially renew and cool the

Makarov Basin deep water (Fig. 18).

One possible mechanism for driving such intermittent

transports is the pressure gradient at sill depth. Observations

in the Beaufort Sea of hydrography, of bottom pressure from

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

sea level heights obtained from satellites indicate that when

a water column becomes less dense the bottom pressure goes

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

compensate the lighter water column, leading to a reduc-

tion in bottom pressure. Translating this to the Lomonosov

Ridge, a larger dynamical depth implies a less dense water

column. In 2005 the dynamic height between the sea surface

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

Makarov Basin, indicating that the negative pressure gradi-

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

rected from the Makarov Basin to the Amundsen Basin. This

would force water at sill depth from the Makarov Basin into

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

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

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

the absence of a deep temperature minimum in the Makarov Basin

and that the temperature minimum observed in the Canada Basin

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

mum in the Amundsen Basin could be caused by Makarov Basin

deep water crossing the Lomonosov Ridge.

section exists from 2001, but a section across the Lomonosov

Ridge taken by Polarstern in 1996 shows that the dynamic

height between the sea surface and 2000db then was smaller

in the Amundsen Basin than in the Makarov Basin and the

direction of the pressure gradient would be reversed, favour-

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

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

change across the sill varies in time and intermittently denser

Amundsen Basin water is brought into the Makarov Basin

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

mixing end member would be deep water from the Canada

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

increase the salinity and temperature of the Makarov Basin
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