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Abstract. The high-latitude freezing and melting cycle can variously result in haline con-
vection, freshwater capping, or freshwater injection into the interior ocean. An example
of the latter process is a secondary salinity minimum near 800 m depth within the Arctic
Ocean that results from the transformation on the Barents Sea shelf of Atlantic water
from the Norwegian Sea and its subsequent intrusion into the Arctic Ocean. About one-
third of the freshening on the shelf of that initially saline water appears to result from ice
melt, although the actual sea ice flux is small, only about 0.005 Sv. A curious feature of
this process is that water distilled at the surface of the Arctic Ocean by freezing ends up
at mid-depth in the same ocean. This is a consequence of the ice being exported south-
ward onto the shelf, melted, and then entrained into the northerly Barents Sea through-
flow that subsequently sinks into the Arctic Ocean. Prolonged reduction in sea ice in the
region and in the concomitant freshwater injection would likely result in a warmer and
more saline interior Arctic Ocean below 800 m.
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Introduction
Evaporation and precipitation rates over the Arctic Ocean are quite low, respec-

tively about 5-10 cm yr 't and 20-30 cm yr! in liquid water equivalent (Barry and Serreze,
2000). The primary cycling of freshwater in the Arctic Ocean is therefore instead accom-
plished by the freezing and melting of sea ice, for which characteristic rates are about

100 cm yr'1 and 50 cm yr'l, respectively (Steele and Flato, 2000). If the ice drifts during
the long intervals between the phase changes, the result is a net local distillation, since
the freezing process expels the majority of the salt in the freezing water into the underly-
ing ocean. This freezing and melting of sea ice, with their accompanying salinity
changes, provide buoyancy forcing that is particularly effective in influencing the circula-
tion because of the primary control of density by salinity at the prevailing low tempera-
tures. For example, Holland, Mysak and Oberhuber (1996) concluded that buoyancy
forcing is critical to maintaining the mixed layer circulation in the Arctic Ocean. The
present note points to the range of buoyancy forcing that is possible in the high-latitude
ocean. We begin with an example from the northern North Atlantic extension, viz., the
cooling and freshening of the Atlantic water on the Barents shelf. We then place this pro-
cess in the broader context of interactions between sea ice and the ocean. The intent is
to thereby call attention to some appropriate, and even necessary, considerations in
modelling the high-latitude ocean, especially in regard to the possible restructuring of
ocean properties under altered climatic conditions.

An example: transformation of the Barents Sea throughflow

Consider initially the final northward push of the meridional oceanic transport in
the North Atlantic system, from the Norwegian Sea into the Arctic Ocean, which occurs
in two branches. One branch follows the deep water route west of Spitsbergen through
Fram Strait, while the other crosses the great shelf of the Barents Sea, entering the Polar
Basin from the northern Kara Sea (Rudels, Jones, Anderson and Kattner 1994; Schauer,
Muench, Rudels and Timokhov, 1997). The former route results in a layer within the Arc-
tic Ocean that exhibits the Atlantic influence in its purest form, warm and saline. The
Barents Sea route yields a cooler and fresher Atlantic presence in the Arctic Ocean
(Schauer, Muench, Rudels and Timokhov, 1997). The products within the Arctic Ocean
of these two circulation branches have in recent years been respectively referred to as
the Fram Strait (FSBW) and Barents Sea branch waters (BSBW).

The transformation of the Atlantic water from the Norwegian Sea to BSBW
involves a substantial cooling, on the average more than 4°C, but also a modest freshen-
ing, about 0.2 in salinity (all salinities are given as PSU), so that the net result is only a
small increase in density of about 0.2 kg m3. Were the Norwegian Sea water not fresh-
ened during the shelf transit, but only cooled, the throughflow in the Barents Sea would
be adding very dense water to the Polar Basin, near 1028.2 kg m referenced to surface
pressure. Water that dense would lie near the bottom of the deep basin, rather than near
800 m, which is presently the case. Important questions are therefore what causes the
freshening, without which the BSBW would be extremely dense, and what changes in the



transformation on the shelf might be possible under altered surface forcing.

In principle, ice melt, runoff, and precipitation could all be responsible for the
freshening, but we can distinguish between the effects of ice melt and meteoric water by
using oxygen isotope information (Ostlund and Hut, 1984). In the arguments that follow
we will not distinguish between runoff and precipitation, although other tracers may pro-
vide that capability (Guay and Falkner, 1997; Olsson and Anderson, 1997).

The annual mean initial temperature and salinity of the Atlantic water coming onto
the Barents shelf might reasonably be taken as 4.5°C and 35.1, respectively. This
agrees with the summer observations by Blindheim and Loeng (1981), with the tempera-

ture corrected for the annual cycle (Mosby, 1970). The A0 value for the Atlantic water

is about 0.3 (Ekwurzel, 1998; Ekwurzel, Schlosser, Swift, Mortlock and Fairbanks, sub-
mitted; Mensch, Frank, Stein and Bayer, submitted).

Profiles of the nuclear fuel reprocessing tracers '2°l and 2’Np from over the base
of the Laptev Sea slope both show a distinct secondary maximum near 800 m depth, evi-
dence of recent intrusions from the shelf (Cooper, Beasley, Aagaard, Kelley, Larsen and
Grebmeier, 1999). These maxima coincide with the BSBW core described by Schauer,
Muench, Rudels and Timokhov (1997), and indeed the radionuclide data are from the
same cruise as theirs. Especially important is the coincidence of the radionuclide tracer
maxima with a relative minimum in salinity of 34.86. The corresponding temperature is
0°C. As a first approximation we take this water near 800 m to represent the fully trans-

formed BSBW. The A0 value for this water is very near 0.25 (Frank, 1996).

We also need A0 values for the sea ice and runoff (the latter assumed to be
combined with precipitation), together with the bulk salinity of the ice. For the ice, 4 is a
reasonable value of salinity, noting that the calculations that follow are rather insensitive
to realistic variations in that choice (cf., Figure 1 and accompanying discussion). The
A0 for the ice can be estimated from the value in surface waters in the southwestern
Eurasian Basin (Frank, 1996), corrected by the fractionation effect on freezing (Mac-

donald, Paton and Carmack, 1995), giving about +1. An appropriate number for A0 for

runoff is less certain. Runoff into the Barents and Kara seas characteristically has e}
near —14 and —17, respectively (Ekwurzel, 1998; Ekwurzel, Schlosser, Swift, Mortlock
and Fairbanks, submitted). Runoff entering the region via the Norwegian Coastal Cur-
rent, which undoubtedly is supplying much of the nuclear fuel reprocessing material
observed over the Laptev Sea continental slope (Kershaw and Baxter, 1995), is consid-
erably less deficient in 180, perhaps -10 being a representative value for ) (Mensch,
Frank, Stein and Bayer, submitted). Isotopic measurements of precipitation near the
Barents coast at 69°N, 33°E are typically in the range —10 to —17, with a long-term mean
near —13 (IAEA/WMO, 1999). Assuming a mixture of these source characteristics sug-
gests that a reasonable value of A0 for runoff in the Barents Sea might be in the range
—10 to —14. We take the value —11, which emphasizes the likely dominant contribution
from the Norwegian Coastal Current and will result in a conservatively low estimate of ice
melt (cf., Figure 1).

The conservation equations for total mass, salinity, and A0 as given by Ostlund
and Hut (1984) are

a+r+i=1, Q)



Spa+Sji=S and (2)
AB0, a + A0, r + A'BO; i = At8O, 3)

where a, r, and i are respectively the mass fraction contributions of the Atlantic water,
runoff, and ice to the BSBW. The corresponding salinities, S, and A0 values are sub-

scripted accordingly, while the subscript b denotes BSBW values.

Using the observed and estimated values cited (which are summarized in Table
1), we find that the ratio of the meltwater contribution to that of the combined runoff and
precipitation is 0.56, so that about 35% of the freshening of the Atlantic water as it
traverses the shelf is due to ice melt. The amount of meltwater involved is not large in
absolute terms, however. For example, if we take the flux of Atlantic water onto the Bar-
ents Sea shelf to be 2 Sv (Blindheim, 1989; Loeng, Ozhigin, Adlandsvik and Sagen,
1993), the freshwater flux onto the same shelf in the form of ice is near 0.005 Sv. (This
calculation assumes that all the ice melts and is entrained into the throughflow.) We note
that this on-shelf ice flux is similar to (about one-half) that estimated by Woodgate,
Aagaard, Muench, Gunn, Bjork, Rudels, Roach and Schauer (in press) for the Barents
Sea in 1993-94. We note also that the 0.005 Sv on-shelf ice flux is only about 5% of the
estimated ice transport southward through Fram Strait (Vinje, Nordlund and Kvambekk,
1998), and so the flux of ice onto the Barents shelf does not greatly affect estimates of
total ice export from the Arctic Ocean.

Table 1. Water type characteristics

Water type Temperature Salinity A0
Atlantic 45°C 351 +0.3
Runoff 0 -11
(including

precipitation)

Seaice 4 +1
BSBW 0°C 34.86 +0.25

The heat flux needed to melt the ice is also small, only 1.6 x 1012 W, whereas the
temperature decrease in the Atlantic water transformation represents a much larger heat
loss of 38 x 1012 W. Therefore, on average, only about 4% of the oceanic heat loss rep-
resented by the transformation of Atlantic water on the shelf is used to melt ice. The
remaining heat is primarily lost to the atmosphere (cf., Steele and Morison, 1993).

The time required for the overall transformation can be estimated from the advec-
tive time scale. The distance from the Barents Sea shelf break in the west to St. Anna
Canyon in the central Kara Sea, where the BSBW is believed to enter the Arctic Ocean
(Schauer, Muench, Rudels and Timokhov, 1997), is about 2000 km. For a typical advec-

tion of 4 cm st (Loeng, Ozhigin, Adlandsvik and Sagen, 1993) this gives a translation
time of about 19 months for the throughflow, i.e., about one-half the mean residence time
of runoff on these shelves (Schlosser, Grabitz, Fairbanks and Bonisch, 1994). A parcel



of water from the Norwegian Sea transiting the shelf will therefore be exposed to at least
one full annual cycle of cooling and freshening during its transformation.
The uncertainties in these various calculations are undoubtedly large. As an

extreme example, if we consider the entire possible range of A0 in the Atlantic water
before it enters the Barents Sea, viz., +0.25 to +0.35 (Ekwurzel, 1998), the correspond-
ing fractions of ice melt are respectively 94% and 0%. The value for A180a of 0.32 pro-
posed by Mensch, Frank, Stein and Bayer (submitted) yields a meltwater fraction of only
10%. On the other hand, if the final salinity of the BSBW is assumed to be 34.88 instead
of 34.86, but other values are as in Table 1, about 30% of the freshening is still indicated
to be by meltwater. These and other parameter ranges are explored systematically in
Figure 1, showing the fraction of the freshening of the Atlantic water due to ice melt
under various assumptions. Note that the calculation is rather insensitive to the choices
of A0 and salinity for the ice, as well as to the salinity of the final mixture representing
BSBW.
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Figure 1. Contours of the fractional freshening of the Atlantic water on the Barents shelf
due to ice melt, for a range of salinity (ordinate) and D180 (abscissa) associated with the
various mixing components. The stars represent the freshening corresponding to the

parameter choices of Table 1.



Independent evidence for the importance of ice melt in modifying the characteris-
tics of the Atlantic layer within the Arctic Ocean has been offered by Woodgate, Aagaard,
Muench, Gunn, Bjork, Rudels, Roach and Schauer (in press). They found a cooling and
freshening of the Atlantic layer over the Eurasian continental slope in the mid-1990s that
was consistent with an increased inflow of ice from the Arctic Ocean to the Barents Sea,
the extra melting of which modified the source waters over the shelf.

We therefore conclude that the relatively low salinity of the BSBW within the Arc-
tic Ocean results at least in part from an admixture of ice melt in the Barents Sea, with a
likely proportion of about one-third of the total freshening being due to ice melt.

Discussion

The freezing of seawater in the high-latitude ocean represents an important distil-
lation analagous to evaporation at lower latitudes, and the fate of the products of that
freezing, and of the subsequent melting (analagous to precipitation), can be considered
to fall into one of three categories (Figure 2). In the first of these, the dense distillation
residue (the brine) is injected into the ocean, driving gravitational convection. That injec-
tion is believed to be an important contributor to the properties of shelf waters in both the
Antarctic (Gill, 1973) and the Arctic (Aagaard, Coachman and Carmack, 1981). These
brine-enriched shelf waters in turn contribute to larger-scale circulations, e.g., the deep
ventilation of the Southern Ocean (Foldvik, Gammelsragd and Tarresen, 1985) and the

shallower ventilation of the Arctic Ocean halocline.t

1. While tracer studies clearly show shelf ventilation of the halocline (e.g., cf.,
Moore and Smith, 1986; Wallace, Moore and Jones, 1987), the primary mecha-
nism for maintenance of this principal density structure in the Arctic Ocean has
been debated in the literature (cf., Aagaard, Coachman and Carmack, 1981;
Rudels, Anderson and Jones, 1996; Steele and Boyd, 1998; and Woodgate,
Aagaard, Muench, Gunn, Bjork, Roach and Schauer, in press, for different
emphases and views).
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Figure 2. Schematic representation of the disposition in the high-latitude ocean of distilla-
tion products resulting from freezing of seawater and subsequent melting. Heat fluxes

are denoted by Q and buoyancy fluxes by B.



In the second case the distillate (in the form of low-salinity meltwater) caps the
ocean and suppresses convection. The present stratified Arctic Ocean is likely in part a
result of this process (Aagaard, Coachman and Carmack, 1981; Rudels, Anderson and
Jones, 1996). In the extreme case, it has been hypothesized that the global overturning
cell in the ocean might be disrupted by such capping in open-ocean regions that would
otherwise convect during winter (Aagaard and Carmack, 1989; Hakkinen, 1993; Del-
worth, Manabe and Stouffer, 1997).

In the third case the meltwater is injected into the interior ocean, possibly aided by
the enhanced compressibility of cold water, which permits thermobaric instability to
develop (cf., Gill, 1973 for an early discussion). The maintenance of the low-salinity
Greenland Sea deep water has been suggested to be an example of the latter influence,
since the low-salinity surface waters that ventilate the deep Greenland Sea are very cold
and their sinking may therefore be aided by the thermobaric effect (Aagaard and Car-
mack, 1989). The present calculations suggest that the entry of the BSBW into the inter-
mediate-depth Arctic Ocean is another example of the injection of ice melt into the
interior ocean, but in this case without a thermobaric boost, since the injected water is
warmer than the ambient ocean. We note that the injection of BSBW instead results
from the cooling of waters transiting the shelf as part of a large-scale circulation. The
cooling of the throughflow allows the meltwater (together with precipitation and runoff) to
be injected without reducing the initial density of the throughflow water, since the oppos-
ing effects on density of cooling and freshening on the shelf nearly balance. In summary,
ice is exported southward from the Arctic Ocean onto the Barents shelf, melts, and is
then entrained into the northward Barents Sea throughflow that subsequently sinks
within the Arctic Ocean. A curious feature of this process is that water distilled at the sur-
face of the Arctic Ocean by freezing ends up at mid-depth in the same ocean!

As ice conditions in the Arctic Ocean and adjacent seas vary, now or in the future,
these ice-ocean interactions will likely also change. For example, if brine injection is a
controlling process, less ice on the shelves in summer (and therefore more open water at
the start of freezing in fall) would likely result in more freezing each winter, increased
brine injection, and therefore a better ventilated interior Arctic Ocean (Melling, 1993;
Aagaard and Carmack, 1994). Similarly, if meltwater capping exerts primary control on
vertical exchange in the Greenland Sea, less sea ice there would probably lead to less
meltwater capping, thereby reducing upper ocean stratification, which in turn would lead
to intensification of the thermohaline overturning circulation (Delworth, Manabe and
Stouffer, 1997).

On the other hand, if meltwater injection is a controlling process in determining the
density structure of the interior ocean, then the effects of less ice will in part depend on
the extent to which thermobaric instability is important. For example, if less ice in the
Greenland Sea resulted in the cold upper layer in winter showing little salinity stratifica-
tion, then the temperature contrast between the surface layer and the underlying water
would be small. This would largely eliminate thermobaric effects (which aid the sinking
of cold water), resulting in warmer, saltier, and less dense deep water than at present. In
contrast, in the case of the Barents shelf, the saltier water on the shelf resulting from less
meltwater would be denser than at present and would sink deeper into the Arctic Ocean.
With respect to the BSBW, were the current approximately one-third ice-melt effect
removed, but things otherwise not changed, the potential temperature of transformed
Atlantic water would be 0°C and the salinity 34.95. The density of that water would then
be close to 0.06 kg m greater than it is now (referenced to surface pressure), and the
slightly more saline core of the new BSBW would lie about 500 m deeper in the Arctic



Ocean than is presently the case (1300 m vs. 800 m over the Laptev Sea slope). We
would therefore see a warmer and saltier Arctic Ocean between 800-1300 m. Would
that, for example, in turn lead to a warmer deep Greenland Sea, since the latter is fed at
depth from the Arctic Ocean (Aagaard, Fahrbach, Meincke and Swift, 1991)? In this con-
nection, recall that the ice-melt portion of the total heat loss from the Atlantic water in its
transformation on the shelf is only about 4%, so that a significantly changed interior den-
sity structure in the Arctic Ocean need not be associated with large changes in the sur-
face heat budget.

Finally, we suggest that a prototype of such BSBW variability may already exist,
since varying conditions in the Barents Sea with respect to both the properties of the
inflowing Atlantic water and the rate of southward flow of ice onto the shelf from the Arc-
tic Ocean, will over a few years lead to a spectrum of BSBW versions being formed (cf.,
Woodgate, Aagaard, Muench, Gunn, Bjork, Roach and Schauer, in press, for an exam-
ple), perhaps sufficient to illustrate what is possible under reasonable variations in future
climatic forcing. If so, the recent stream of observations pouring out of the Eurasian
Basin may point to the possible further evolution of the interior Arctic Ocean.
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Figure 1. Contours of the fractional freshening of the Atlantic water on the Barents shelf
due to ice melt, for a range of salinity (ordinate) and Ao (abscissa) associated with the

various mixing components. The stars represent the freshening corresponding to the
parameter choices of Table 1.

Figure 2. Schematic representation of the disposition in the high-latitude ocean of distilla-
tion products resulting from freezing of seawater and subsequent melting. Heat fluxes
are denoted by Q and buoyancy fluxes by B.



