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1. Introduction 
The main features of the water mass distribution 
in the northern seas - the Norwegian Sea, the 
Greenland Sea and the Polar Ocean - have been 
known since the turn of the century, when there 
was a spur of activity (Helland-Hansen & 
Koefoed 1907; Helland-Hansen & Nansen 1909; 
Mohn 1887; Nansen 1902, 1906). The hydrogra- 
phy and bathymetry of these seas are already well 
described in Coachman & Aagaard 1974, and we 
shall here give only a brief summary. 

The water masses in all basins are dominated 
by the cold and almost isohaline deep and bottom 
waters. In the Norwegian Sea this water mass is 
covered by warm Atlantic water entering from 
the south and flowing north towards the Fram 
Strait. This Atlantic cover is also present, albeit 
somewhat colder, in the Polar Ocean, where it 
has become submerged by the cold, low, saline, 
polar surface water. 

The situation is rather different in the Green- 
land Sea. Here the lighter upper layers are con- 
fined to the periphery, to the outflow of polar 
surface water and Atlantic water in the East 
Greenland Current to the west and to the north- 
ward drift of Atlantic water in the Norwegian Sea 
to the east. In the central Greenland Sea gyre the 
deep water is found close to the sea surface and 
not isolated from the atmosphere by a warm 
Atlantic layer. 

This condition led Nansen to the conclusion 
that the Greenland Sea gyre was a centre of 

extensive deep water formation, which then 
replenished the other basins. The differences, 
which exist in temperatures and salinities between 
the different basins, seem to support such a view. 
The Greenland Sea deep water (GSDW) is the 
coldest (- 1.28 < 8 < - 1 .O) and least saline 
(S - 34.89), the minimum temperature and sal- 
inity gradually increasing to 8 - - 1.07 and 
S - 34.91 in the Norwegian Sea and 0 - -0.97”C 
and S - 34.94 in the Polar Ocean (Swift et al. 
1983). 

However, a closer look at the temperature and 
salinity distributions makes the view that these 
changes can come about only through turbulent 
diffusive heating from above rather unlikely. 
Especially the question of the origin of the Polar 
Ocean deep water (PODW) has been reopened 
lately (Swift et al. 1983; Aagaard et al. 1985). 
Does it derive solely from the Greenland/ 
Norwegian Seas or are, in addition, processes 
inside the Polar Ocean actively contributing to 
the PODW and changing its 8-S characteristics 
from the relatively cold, fresh signature of the 
GSDW to the warmer, more saline values found 
inside the polar basin? 

The question is not new, and the situation is 
quite similar to the one which Nansen faced, with 
even higher odds, after the results obtained from 
the ‘Fram’ expedition (Nansen 1902). The high 
salinities (S- 35.15% and now known to be 
erroneous) then observed in the PODW obliged 
him to search for another possible, more saline 
source, which in addition to the presumed inflow 
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from the Greenland/Norwegian Seas through the 
Fram Strait could account for the observed values. 
In fact, half of Nansen’s monograph, Northern 
Waters, is devoted to this problem, and his atten- 
tion is directed towards the eastern Barents Sea 
as a possible source. Excessive ice formation over 
the shallow banks close to Novaja Zemlja may 
produce cold, saline and dense water. He also 
presented observations, which showed saline 
(S > 35 %o) bottom water with temperatures at 
the freezing point in the eastern deep depressions 
of the Barent Sea. However, no continuous flow 
of such water from the Barents Sea into the Polar 
Ocean could be found neither through Franz Vic- 
toria Renna nor through the St. Anna Trough. 
With the salinities observed from ‘Veslem~y’ 
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north of Svalbard (Nansen 1915), Nansen then 
decided that the salinities measured onboard 
‘Fram’ were too high, and embraced the view that 
the PODW derived, through the Fram Strait, 
from the deep water formation area in the Green- 
land Sea. 

In the subsequent work Nansen’s conjecture 
was accepted, and the attention was focused on 
the nature of the deep water formation process 
(Carmack & Aagaard 1973; Kiilerich 1945; 
Killworth 1979; McDougall 1983; Metcalf 1955; 
Mosby 1959, 1961), but rarely was the exchange 
of deep water through the Fram Strait discussed. 
This can to a large extent be explained by the lack 
of good hydrographic data from the Polar Ocean 
and to an inferior knowledge of the bathymetry 
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Fig. 1. 0 and S profiles and &S diagrams for (a) stn. 41 and (b) stn. 206 taken at 82”23‘N and 45”CV’E in July and September 
respectively. 
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of the Fram Strait. However, the warmer, more 
saline nature of the deep Polar Ocean as com- 
pared to the Greenland Sea was recognized. One 
suggested explanation for this feature was that 
due to some unidentified dynamical constraint 
only Norwegian Sea deep water (NSDW) and not 
GSDW entered the polar basin (Metcalf 1960; 
Palfrey 1967). 

Still, this is not enough to explain the higher 
temperatures and salinities encountered in the 
deep Polar Ocean. This fact became more and 
more obvious with the improvement of the meas- 
uring techniques, and with the paper by Swift et 
al. (1983) we were suddenly back pondering over 
the same question as Nansen 80 years ago, albeit 
with lower salinities (S - 34.94%) in the PODW 
to explain. Meanwhile, many others of Nansen’s 
conjectures were vindicated. Shallow shelf areas 
are regions where saline water with temperature 
at freezing point is produced by ice formation and 
brine rejection. This has been seen not only in 
the eastern Barents Sea, but also in the area closer 
to Svalbard (Midttun 1985) and on the Alaskan 
shelf (Aagaard et al. 1981). 

Inspection of 8-S diagrams has shown that the 
halocline found all over the Polar Ocean between 
the Atlantic layer and the upper homogeneous 
polar mixed layer cannot be the result of a direct 
mixing between these waters, it must have an 
advective origin (Coachman & Barnes 1962). 
Probable source areas for the halocline are the 
shelves, where brine rejection may create water 
with the required density and 8-S characteristics, 
and Aagaard et al. (1981) treated this problem in 
considerable detail. They assumed that the water 
discharging from the shelves was dense enough 
to form the halocline, but not to penetrate deeper 
into the water column. However, the high sal- 
inities found on some shelves (as mentioned 
above) indicate that such a deep sinking would 
be possible. 

This is one of the few processes which could 
explain the salinities and temperatures observed 
in the deeper layers of the Polar Ocean, and 
Aagaard et al. (1985) have put forth such a view. 
So far no plume sinking from the shelves into 
the deep interior of the Polar Ocean has been 
observed, nor has the flow of cold dense water 
from the Barents Sea into the Polar Ocean, which 
Nansen was looking for, been found. This may 
be because these events occur but rarely, and are 
difficult to detect. A flow of water less dense than 
the deep water, but still dense enough to sink 

beneath the Atlantic layer may be inferred from 
the 8-S curves from some stations taken from 
HMS iYmer’ in the northeastern Barents Sea and 
on the continental slope northwest of Franz Josef 
Land (Fig. 1). The notion that the temperature 
and salinity minimum found northwest of Franz 
Josef Land represents a plume, which leaves the 
Barents Sea and follows the slope towards the 
east, is strengthened by the two subsequent obser- 
vations two months apart on the same location. 
The minimum found on station 206 also showed 
a high Cs-137 concentration indicating a recent 
sinking event (E. Holm pers. comm.). The mini- 
mum is absent further to the west (Fig. 2a) on the 
same isobath, and 8-S diagrams from stations 
taken in the northern Barents Sea (Fig. 2b) show 
that water in the indicated 8-S range is present 
in the passage between Franz Josef Land and 
Victoria Island and could supply the observed 
minimum. 

In some sense the state of our knowledge of 
the processes determining the 8 4  structure in 
the Polar Ocean resembles the one we have for 
the Greenland Sea. None of the inferred con- 
vection events have as yet been observed, and 
what we assume to happen is based upon con- 
jectures and analogies with other areas (Carmack 
& Aagaard 1973; McDougall 1983; Killworth 
1979, 1981; Clarke & Gascard 1983; Gascard & 
Clarke 1983). 

2. The observation material and the 
inferred circulation 
In the present section we shall simply display 
some 8-S curves from the colder denser layer 
(8 < 0, S > 34.80) in the Greenland/Norwegian 
Seas and the Polar Ocean. The stations in the 
Polar Ocean and the Fram Strait were taken by 
HMS ‘Ymer’ in the summer of 1980, while the 
Greenland Sea observations were made from 
‘M/S Polarsirkel’ in April 1980. Several deep 
stations taken in some ‘crucial’ areas have been 
plotted on the same diagram to enhance the visual 
‘feel’ for the 8-S structure, its scatter and shape 
as well as the quality of the data. The values have 
been taken from data lists and plotted by hand. 
The salinities from the ‘Polarsirkel’ showed sever- 
al large jumps during the cruise. Here these jumps 
have been removed by taking the salinity at 
3000 m to be S = 34.893 k 0.003 for all stations. 
The station locations are shown in Fig. 3. We do 
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Fig. 2. 0 and S profiles and 0-S diagrams for (a) stn. 208 82"05'N, 38"58'E, (b) stn. 209 81"54'N, 39"lO'E. 

not claim the same accuracy for these data as e.g. 
those presented by the PACODF group at Scripps 
Oceanographic Institute. Still, we do believe that 
maxima observed at an individual station are real. 
And the persistent presence of a maximum and a 
minimum in an area is taken as a sign that we are 
not observing an artifact of the instruments. 

We shall try to follow the deep water on its 
assumed path between and inside the different 
seas, note the differences which exist in the 8-S 
curves, and, if possible, try to suggest processes 
which might be responsible for the observed 
changes. We will emphasize the differences 
between areas, how they affect the processes and 
the signals which we expect to observe. 

Due to the shallow sills (600-850 m) to the 
south between Greenland and Scotland, the Polar 
Ocean and the Greenland/Norwegian Seas form 

an almost closed system with respect to the deep 
circulation. We shall therefore finally attempt to 
estimate how vigorous the circulation of the deep 
water between the different northern seas is, as 
compared to the southward export of deep water 
to the North Atlantic. 

The 8-S diagrams of the water masses, which 
we shall discuss, are shown in Figs. 4, 6, 8. We 
may note that in some areas, notably the Green- 
land Sea gyre, the entire water column is found 
in the range 8 < 0, S > 34.8. More commonly 
though, the deep water is isolated from the atmos- 
phere by a warm Atlantic layer (8 > 0, S > 34.90) 
(Swift & Aagaard 1981) as in the Norwegian Sea, 
while in the Polar Ocean, the Fram Strait, and 
over the Greenland continental slope we have the 
additional cover of low saline polar water which 
was mentioned in the introduction above. 
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Fig. 3. Chart showing the positions of the stations used in this work. Dots denote ‘Polarsirkel’ and Crosses, ‘Ymer’ stations, 

Between these principal water masses there are 
transition layers, most of which are water masses 
in their own right. The pycnocline found in the 
Polar Ocean is advected from the shelves 
(Aagaard et al. 1981), and the salinity minimum 
observed between 500 and 1000 m in the eastern 
Fram Strait is probably the result of a homo- 
genization of the upper layers in the Greenland 
Sea (Swift & Aagaard 1981; Rudels & Anderson 
1982; Aagaard et al. 1985). 

The most coherent inflow into the Polar Ocean 
takes place west of Svalbard in the West Spits- 
bergen Current. This current carries mainly warm 
Atlantic water, but we may expect that it also 
transports water in the deeper layers. The deep 
water found over the Svalbard continental slope 
has a tight 8-S curve in the temperature range 
below zero (Figs. 4a, b) and closely resembles the 

8-S curves found in the Norwegian Sea (Fig. 4c). 
This contrasts with the conditions further to the 
west in the deeper part of the Fram Strait, where 
a much broader 8-S relation and a generally 
fresher water column is found (Fig. 4d). The 
‘noisy’ structure indicates interleaving of different 
water masses, and here we observe mixing 
between NSDW and fresher deep water from 
the Greenland Sea, as compared to the almost 
exclusive NSDW over the Svalbard slope. 

Inside the Polar Ocean in the area north of 
Svalbard and Franz Josef Land (Fig. 4e) the situa- 
tion is different, and two features deserve notice. 
1. The deepest layers have higher salinity and 
temperature. The temperature is rather constant 
(-0.95”C) at depths below 2000 m, while the sal- 
inity shows an increase with depth towards the 
bottom. The high deep and bottom salinity will 
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be discussed more fully in section 3.1. 2. In the 
upper deep layers we have again a tight 0-S 
relationship with an almost constant salinity of 
34.92 in the temperature range -0.9"C< 
0 < 0°C. 

The constant salinity of S - 34.92 in the upper 
deep layers (Fig. 4e) suggests that these layers 
consist mainly of an inflow of NSDW through the 

Fram Strait and/or that most of the intrusions 
observed in the Fram Strait have been removed, 
presumably by double diffusive processes. There 
is a very weak salinity minimum around 0 - -0.6, 
which could be a remnant of intrusions of GSDW 
or other low saline waters. Another explanation 
might be that salt has been lost downwards from 
the Atlantic layer by salt fingering and accumu- 
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Fig. 40. 8 s  curves from stations taken on the western slope of 
Svalbard. Station numbers Y-180, Y-183, Y-184. b.  8-S curves 
from stations taken on the western slope of the Yermak plateau. 
Station numbers Y-171, Y-172. c. 0-S curves from stations 
taken in the Norwegian Sea and in the eastern part of the 
Greenland Sea, where Atlantic water is present in the upper 
layers. Station numbers P-25, P-26, P-68, P-69, P-90. d .  8-S 
curves from deep stations in the eastern part of the Fram Strait. 
Station numbers Y-117, Y-118, Y-119, Y-120, Y-121. e. 8-S 
curves from stations taken north-west of Franz Josef Land. 
Station numbers Y-43, Y-44, Y-45, Y-46, Y-47, Y-48, Y-49, Y- 
50. 

lated at the temperature range -0.5"C < 8 < 0°C. 
This is possible close to the Fram Strait, where the 
Atlantic layer still constitutes a salinity maximum. 
The layer could also account for the increase in 
salinity below the temperature maximum which 
is observed when stations west and north of Sval- 
bard are compared (Fig. 5). 

It is also conceivable that the minimum at the 
Fram Strait stations, which was commented upon 
above, is trapped in the Fram Strait. Because of 
the presence of the Yermak plateau to the east it 
may not enter the Polar Ocean in any significant 
amount. 

In the expected outflow region northeast of 
Greenland the 8-S curves have changed still 
further. The highly saline bottom water is still 
found (Fig. 6a), but the possible weak minimum 
at 8 - -0.6"C has been replaced by another upper 

salinity maximum. By contrast the salinity around 
8 - 0°C has decreased. 

The upper salinity maximum most likely results 
from the presence of deep water from the 
Canadian basin, which has passed over the 
Lomonosov ridge and leaves through the Fram 
Strait. The temperature of this deep water, about 
-0.5"C, is due to the Lomonosov ridge, which 
prevents the colder bottom water in the Eurasian 
basin from entering the Canadian basin (Coach- 
man & Aagaard 1974). The salinity in the 
Canadian basin is high - S - 34.95 -compared 
to 34.92 for the same temperature range in the 
Eurasian basin (Aagaard 1981). See also Fig. 4d. 
The higher salinities in the Canadian basin show 
that processes which affect the deeper layers are 
present there too. 

The lowering of the salinity in the upper layers 
poses a more difficult but perhaps a related prob- 
lem. Is the decrease due to cold, less saline intru- 
sions entering on that density level or to a loss 
of salt to the upper low saline surface layers? 

As we move south into the Greenland Sea we 
encounter different regimes, whether we follow 
the continental slope or enter into the deeper part 
of that sea. The upper salinity maximum (at 6 = 
-0.6"C) appears to follow the slope while it 
slowly weakens (Fig. 6b). In the deeper parts of 
the basin this maximum is mostly absent, and the 

Fig. 5. 8 s  curves from stn. Y-118 in the Fram Strait and stn. 
Y-105 north of Svalbard. 
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Fig. 60. 8-S curves from stations in the outflow area north-east 
of Greenland. Station numbers Y-152, Y-153, Y-162, Y-164. b. 
0-S curves from stations taken in the Greenland Sea on the 
continental slope. Station numbers P-52, P-53, P-54. c. 0-S 
curves from stations taken in different parts of the Greenland 
Sea. Station numbers P-8, P-10, P-13, P-22, P-25, P-44, P-47. 
The warm water is found on most easterly station (P-25). (See 
also Fig. 4c.) 

water column is much colder and fresher (Fig. 
6c). For the bottom water we notice a tendency 
towards colder, fresher values, which contrasts 
with the corresponding high salinities found in the 
Polar Ocean. We shall discuss these differences 
below. 

The difference in 6 4  characteristics between 
the slope and the deeper parts of the Greenland 
Sea gives us a clue as to how the Greenland Sea 
communicates with the Norwegian Sea and the 
Polar Ocean. The resemblance between the water 
in the Norwegian Sea and the water over the 
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Fig. 7a. Potential temperature section across the Fram Strait taken in August 1980 from HMS ‘Ymer’. 6 .  Salinity section across 
the Fram Strait taken in August 1980 from HMS ‘Ymer’. Salinity minimum indicated. 
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Greenland slope (Figs. 4c, 6b) suggests that there 
might be an eastward flow, perhaps close to the 
Jan Mayen area, which feeds this water from the 
Polar Ocean into the Norwegian Sea, after its 
salinity maximum has been removed, or at least 
lessened by a continuous isopycnal mixing 
between waters on the slope and in the interior 
of the Greenland Sea. Such a flow scenario is 
proposed by Aagaard et al. (1985). This eastward 
flow is strengthened close to the bottom by the 
outflow of GSDW through the Jan Mayen fracture 
zone, which makes up the deepest part of the 
NSDW (Szlen priv. comm.). 

However, one difference between these water 
masses is that the NSDW is saltier in the tem- 
perature range -0.5"C < 8 < 0°C. This could be 
the result of a vertical salt flux from the Atlantic 
water entering the Norwegian Sea from the south. 
Another reason might be that this 'upper' low 
saline water does not take part in the proposed 
eastward circulation but instead continues south- 
ward in the East Greenland Current and enters 
the Iceland Sea. At any rate we note that the 
range -0.5"C < 8 < 0°C is much less represented 
in the eastern than in the western part of the Fram 
Strait (Fig. 7a). This may be the result of loss of 
water in this range to the Iceland Sea between 
Jan Mayen and Greenland. 

The subsequent fate of this water, classified as 
upper AIW by Swift & Aagaard (1981), south of 
Jan Mayen is not clear. It could pass south through 
the Denmark Strait or return eastward to the 
Norwegian Sea, acquiring salt in the process. 

Moreover, it is interesting to observe that there 
is a salinity minimum in the temperature range 
-0.5"C < 8<  0.5"C in most of the Fram Strait 
(Fig. 7b). This minimum may derive from the 
polar outflow, but it could also represent water 
created in wintertime in the Greenland Sea, which 
is then advected northward into the Fram Strait 
(see section 2). 

Stations taken at different latitudes in the Fram 
Strait (Figs. 8a-c) as well as the stations from the 
interior of the Greenland Sea and the Polar Ocean 
(Figs. 6c, 4e) indicate that there exists a deep 
water exchange through the central part of the 
Fram Strait. The PODW and the GSDW are both 
present, at least in the western part of the Fram 
Strait, and the rugged appearance of the 8-S 
curves in the deeper layers reveals strong inter- 
leaving between these water masses. The 
intrusions are probably in the last instance 
removed by double diffusive processes, and the 

GSDW, which penetrates north into the Polar 
Ocean, thus acquires 8 4  characteristics close to 
those of the deep NSDW. 

Further south we observe a gradual dis- 
appearance of the Polar Ocean deep salinity maxi- 
mum. Still, signs of a maximum remain in the 
Greenland Sea, where a deep layer slightly saltier 
and warmer than the bottom water is found. This 
maximum can be looked upon as the product of 
isopycnal mixing between newly formed GSDW 
and PODW from the Eurasian basin. 

3. Vertical convection and formation 
of deep water 
We have examined the 8-S characteristics of the 
deep waters in the different basins following a 
route which, we believe, approximates the motion 
of the deep water. We have also commented upon 
the observed changes of 8-S properties in the 
water masses. Now we shall turn our attention 
to the different areas where we expect vertical 
convection to occur and discuss the possible mech- 
anisms which may be instrumental in promoting 
the observed changes. This discussion is specu- 
lative, and several of the suggested processes 
require a more thorough treatment than they are 
given here to be confirmed or rejected. To our 
mind, however, the picture of the circulation 
which emerges is consistent. By presenting the 
different areas together, the differences and simi- 
larities are more clearly seen than in a more 
detailed study. 

The effects of the heat loss at the sea surface 
on the water column are different in the Polar 
Ocean and in the Greenland Sea. 
In the Polar Ocean the salinity increases with 

depth, and a salinity maximum appears at the 
bottom. This salinity increase must be the result 
of brine rejection over shallow areas, which per- 
mits a gradual increase of salinity of the water 
column. 

By comparison, the deepest, most dense layer 
in the Greenland Sea is fresh and cold, giving the 
impression that cooling, rather than salt supply 
through brine release, is the dominating effect of 
the density increase. 

The 8-S relations (Figs. 4e, 6c) resemble those 
observed in the Ross and Weddell Seas respect- 
ively (Gordon 1971). The situation seems rather 
more complicated in the Arctic than in the Ant- 
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Fig. 8a-c. 0-S curves from stations taken at different latitudes 
in the deeper parts of the Fram Strait. a.  Stations Y-166, Y- 
168, Y-170 from the northern part of the Fram Strait. b. Stations 
Y-175, Y-176, Y-177, Y-178 taken in the central part of the 
Fram Strait. c. Stations Y-122, Y-148, Y-150, Y-151 taken in 
the southern part of the Fram Strait. 

arctic. Here the bottom water with the higher 
salinity, which ought to be created in connection 
with ice formation and thus be at freezing 
point, actually has higher temperatures than the 
fresher deep water in the Greenland Sea. More- 
over, in the Greenland Sea we have no possibility 

to supercool water at higher pressure, as occurs 
through melting beneath the Filchner ice shelf in 
the Weddell Sea (Weiss et al. 1979). To our mind 
these contradictions depend on the environment 
in which the cooling and freezing occur - the 
water depth, and the temperature and salinity of 
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the intermediate layers which the dense sinking 
plumes have to bypass to enter the deeper waters. 

Our guiding picture is therefore the same for 
the two seas. Dense water is formed at the surface 
and sinks through the water column to its appro- 
priate density level while mixing with the sur- 
rounding waters. Such a process would gradually 
transform the descending water as well as the 
water column in the basin. Since we, perhaps 
unwarranted, assume stationary conditions, the 
input from the convection must be balanced by 
an advective inflow from a neighbouring basin to 
maintain the observed 8 4  structure. The cor- 
responding outflow from the basin has the station- 
ary 8-S characteristics of the resulting water 
column and acts in turn as the advective inflow in 
the next adjacent basin. 

Moreover, we believe that sea ice formation is 
essential if the high densities required for the 
convection water to reach the bottom are to be 
created, both in the Polar Ocean and in the 
Greenland Sea. This may be somewhat easier to 
accept for the Polar Ocean than for the Greenland 
Sea. In section 3.2 below we will account for one 
reason to embrace such a view. However, first we 
direct our attention to the Polar Ocean. 

3.1. Deep water renewal in the Polar Ocean 

The principal problem in the Polar Ocean is: If 
the increased salinity in the deep water is due to 
the injection of dense brine enriched water at 
its freezing point from the shelves, why is the 
temperature of the deep water higher than in 
the Greenland and Norwegian Seas? That the 
Atlantic layer should act as a combined source of 
both heat and salt, preferably through the salt 
finger process, is unlikely, since this layer con- 
stitutes a salinity maximum only in the vicinity of 
the Fram Strait. The only remaining possibility is 
that the descending water acquires the necessary 
heat from entrainment of intermediate water. 
Thus, the questions are: What changes should be 
expected in the descending plume? What are the 
relative proportions of shelf water and entrained 
intermediate water, and what are the 8-S 
characteristics of the waters which enter the 
deeper layers? To try to answer these questions 
we first turn to the Canadian basin. 

3.1.1. The Canadian basin. -Due to the presence 
of the Lomonosov ridge no water deeper than 
about 1,600 m enters the Canadian basin from the 

Eurasian basin. The salinity of the water at that 
level in the Eurasian basin is -34.92 (Aagaard 
1981). By contrast the salinity in the Canadian 
basin below the sill level is about 34.95 (Aagaard 
1981; Aagaard et al. 1985) and dense, saline water 
must be introduced into the deeper layers. 

The strong vertical density gradient in the 
interior of the Polar Ocean prevents an open 
ocean deep convection, and the dense water must 
be formed on the shelves. Because of the shallow 
depth and the existence of a lower physical bound- 
ary a large range of salinities may be attained at 
different localities during the winter. The pro- 
duction of saline water (and ice) is promoted by 
the initial absence of ice and the possibility that 
the prevailing winds may create areas with open 
water and excessive ice formation (Aagaard et al. 
1981; Schumacher et al. 1983). 

The dense shelf water will eventually move off 
the shelves and sink into the deeper parts of the 
basin. The physics of such a descending plume is 
discussed at some length in Aagaard et al. (1985). 
It cannot be decided at present whether there 
are a few salinity stratified plumes, sinking at 
preferred sites and gradually becoming 'shaved 
off', at various density levels, or if the number of 
plumes is larger and they have their distinct initial 
salinity which changes during the descent with the 
amount of entrained ambient fluid. 

We have assumed the existence of several 
plumes with different initial salinities, which sink 
to their terminal level and then spread out. The 
amount of entrained water will depend upon the 
depth of descent and thus upon the initial salinity. 
Since we expect the plume to be turbulent, the 
ambient water will mix into the plume with the 
water from the shelf and the 8-S characteristics 
of the plume will integrate the characteristics of 
the ambient water masses to the initial shelf water 
signature. The denser the initial plume, the more 
ambient fluid it will have incorporated when it 
reaches its terminal density level, which of course 
will be affected by the entrainment. Depending 
upon the initial salinity on the shelves, the 
descending water will penetrate down and affect 
different layers of the water column. The evol- 
ution of the 8-S signature of the water particle 
as it descends through the water column may be 
indicated on the 8-S diagram. If the initial salinity 
is low the particle will only pass through the cold 
upper layer in the interior, which will reduce its 
salinity but hardly affect its temperature, before 
it reaches its appropriate density level. When the 
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Fig. 9. Transformation of Eurasian basin waters into Canadian basin waters. The water formed on the shelves lies along the 
freczing point line. For low salinities this water will replenish the halocline when it leaves the shelf. At higher salinities the water 
intrudcs into the Atlantic water and cools i t .  I! may also become dense enough to enter the deep water. The evolution and final 
0-S points for the descending plumes are suggested. The ratio of the advective to convective contribution is taken to be 2: 1 .  

salinity is higher it will penetrate through the 
surface layer into the Atlantic water, and its tem- 
perature increases. Finally, for high enough sal- 
inities, the water particle passes through both the 
surface and the Atlantic layer and enters the deep 
water. The temperature of the particle will pass 
through a maximum and start to decrease as the 
colder deep water becomes entrained. The evol- 
ution of the 0-S signatures for different initial 
salinities is indicated in Fig. 9. 

Since we expect that all particles which enter 
the deeper layers have attained the same maxi- 
mum temperature as they pass through the Atlan- 
tic layer, their final temperatures will depend 
upon the amount and the temperature of the 
entrained deep water. This implies that there is 
a minimum temperature which the convective 
particles can attain. Higher salinities and densities 
on the shelves will lead to higher salinities but not 
to lower temperatures in the bottom layer. This 

explains the constant temperature encountered in 
the deeper layers of the polar basins. 

The 0-S characteristics of the plumes at their 
terminal density and depth define the 9-S 
relations of the convective contribution to the 
basin and are indicated in Fig. 9. As they mix into 
the water column they will lower the temperatures 
and salinities of the upper layers, but deeper down 
the effect will be reversed and the lower layers 
will become warmer and saltier (Fig. 9). 

These changes must, in a steady state, be bal- 
anced by an inflow of water from the Eurasian 
basin (Fig. 9). 

We have not tried to apply any of the existing 
theories on entraining buoyant plumes sinking 
along a sloping boundary (Killworth 1977; Smith 
1975), and the suggested 9-S relations of the 
convective contributions are quite subjective. 
However, we have tried to establish the point 
reaching deepest into the water column. The 
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temperature in the Eurasian basin at the sill depth 
of the Lomonosov ridge is about 0.15"C lower 
than the one at the same level and deeper down 
in the Canadian basin (since the temperature 
there is constant) (Coachman & Aagaard 1974). 
The deep water in the Canadian basin has 
approximately the same density as the water at 
sill level in the Eurasian basin, and we assume 
that the advective inflow from the Eurasian basin 
and the convective contribution from the 
Canadian basin mix isopycnally, forming the 
Canadian basin water column. Since the 8 4  
characteristics of the water column are taken to 
be stationary, these contributions must balance, 
and by continuing along the isopycnal connecting 
the densest Eurasian basin water capable of cross- 
ing the Lomonosov ridge with the densest 
Canadian basin water, we should encounter the 
point representing the contribution from the con- 
vection in the Canadian basin. 

Taking the water at the temperature maximum 
to approximate the entrained fluid which mixes 
with the descending shelf water with temperature 
at freezing point, we could, provided we knew 
the salinity of the shelf water, find the 8-S 
characteristic of the intruding plume. Unfor- 
tunately, this is not the case and we must make 
some guesses. 

High salinity of the shelf water would demand 
a large contribution from entrainment and a large 
advective contribution (Fig. 9, line A). Since the 
intermediate water is incorporated into the con- 
vective contribution, this implies a larger inflow 
of deep water than of intermediate water from 
the Eurasian basin. On the other hand, a low 
shelf salinity implies a smaller entrainment but 
requires a much stronger convection as compared 
to advection. This means a large inflow of inter- 
mediate water but a small flow of deep water close 
to the sill (line B). 

We expect the inflow of intermediate and deep 
water to be of equal magnitude, which suggests a 
ratio of the advective to convective contributions 
of 1 : 1 (line C). This implies a salinity of about 
35.1 for the shelf water and a ratio of 2:  1 between 
entrained water and shelf water. However, this 
may be an underestimate since cold water is 
entrained as well. 

The value 35.1 for the shelf water with the same 
mixing ratio was also found by Aagaard et al. 
(1985) based upon somewhat different argu- 
mentation. 

Before turning to the Eurasian basin we 

observe that if we were considering a salinity 
stratified 'shaving plume' as in Aagaard et al. 
(1985), the intruding fluid would act to lower the 
temperatures at all levels and a cold saline bottom 
water would result. Whether this really is the case 
cannot be decided from the observations available 
for the Canadian basin. 

3.1.2. The Eurasian basin. - In the Eurasian basin 
there is also a salinity increase in the deep and 
bottom water. It is found at deeper levels, 
however, and appears more prominent in the 
8-S diagrams (Fig. 4e). It is likely that a similar 
mechanism is active here, as was suggested for 
the Canadian basin. 

Another explanation is possible, however. The 
Atlantic water is close to the surface in the area 
north of Svalbard and may by direct cooling attain 
temperatures and salinities necessary to produce 
the observed changes in the deeper layers. Still it 
is hard to see how such cooling would concentrate 
the largest salinity changes to the deepest part of 
the water column. One would rather expect a 
uniform increase in salinity and temperature over 
the entire lower part of the water column. 

However, the open water often observed north 
of Svalbard indicates that the water there is warm 
enough to prevent ice forming and maintaining a 
large heat loss. The question is whether this heat 
loss is sufficient to create water dense enough to 
replenish the bottom layers. To cool the 400m 
thick Atlantic layer from +3"C to -1°C would 
require a heat loss of 400 W/m2 during a six month 
period, which is unlikely. The cooling must occur 
over shallow areas. 

It should be remembered that the most effective 
way by far to create dense water is to increase its 
salinity. Even if the Atlantic water has high initial 
salinity, its temperature is also comparably high 
and cooling will lower its temperature but may 
not change its salinity. Therefore cooling may not 
increase its density sufficiently. 

To be specific: Consider a 60 m deep shelf. A 
heat loss of 60W/m2 in six winter months is 
enough to lower the temperature of the Atlantic 
water from +3"C to -1°C. The same heat loss 
would also form 3 m of ice and increase the salinity 
by 1.5 if the shelf instead were covered with polar 
water with a temperature close to freezing point. 
Polar water with salinity of 33.5 and density 
a, - 27.0 would attain a salinity of 35 and a a, of 
28.15 as compared to a u, change from 27.90 to 
28.12 for the Atlantic water. 
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There are indications that cooling and freezing 
occur in the northern and eastern Barents Sea 
and perhaps over the shelf area north of Svalbard. 
The temperature minimum found in the halocline 
at 75-100 m with temperatures at freezing point 
suggests that it could be formed over shallow 
shelves rather than by local convection. Deeper 
in the Atlantic layer there are cold intrusions, 
which would be the result of still larger ice for- 
mation. These intrusions will eventually be 
removed by double diffusive convection and could 
be the main mechanism for cooling the Atlantic 
layer in the Polar Ocean. 

The Atlantic water also enters the Polar Ocean 
over the Barents Sea. This inflow may be com- 
parable to the one through the Fram Strait 
(Rudels 1986), and it probably supplies most of 
the water to the polar surface water and the 
halocline, but it may also become dense enough 
to penetrate deeper into the water column (Fig. 
2b) (Swift et al. 1983). 

However, even if AW cooled in the Barents 
Sea may become dense enough to influence the 
deepest layers in the Polar Ocean, the densest 
waters observed in the Barents Sea-in the eastern 
depressions and in the Storfjorden area - have 
been at freezing point with salinities above 35 
(Nansen 1906; Midttun 1985), thus indicating that 
even in these parts, close to the saline inflow from 
the Atlantic, ice formation is required to create 
really dense water. 

We then assume that brine rejection is the most 
important mechanism for convective renewal 
inside the Eurasian basin, and we propose the 
same mechanism as for the Canadian basin. But 
in the Eurasian basin transports from the 
Greenland/Norwegian Seas together with the 
convection in the Eurasian basin keep the 8 s  
characteristics of the Eurasian basin deep water 
in a steady state. 

The inflow through the Fram Strait more 
resembles the NSDW than the GSDW, and we 
take the 8-S characteristics of the NSDW as 
representative of the advective contribution (Fig. 

The larger temperature range for the deep 
waters in the Eurasian basin complicates the inter- 
pretation of the mixing since the final 8-S charac- 
teristics of the densest plumes will to a large 
extent be due to entrainment of deep water. We 
have therefore tried to describe the evolution 
of the descending water particles through the 
temperature maximum to their final 8 4  

10). 

I / . 
31 8 Id Y I5 0 1 5 . 1  s 

Fig. 10. Transformation of inflowing Norwegian Sea and Green- 
land Sea waters into Eurasian basin waters. Broken line indi- 
cates when deep water begins to be entrained into the plumes. 
Assumed advective to convective contribution 8 :  1. 

characteristics to estimate when the entrainment 
of deep water (8 < 0) commences for the different 
water particles. The curve connecting these points 
is indicated in the 8-S diagram, and the 8-S 
relation represented by the curve is then used as 
the convective contribution which mixes with the 
inflowing NSDN (Fig. 10). Since the water par- 
ticles on the curve have not attained their final 
&S characteristics, the mixing between the 
descending water and the NSDN will not be along 
the isopycnals on the 8-S diagram. The ratio of 
the advective to the convective contribution is 
estimated from the EBDW 8-S characteristics 
between the curve and the NSDN, and we put 
the ratio at 8 : 1. 

The ratio of entrained intermediate water to 
shelf water appears to be close to 2: 1 just as was 
found in the Canadian basin, and the average 
shelf water salinity is estimated to 35.1 (Fig. 10). 

It thus appears that advection dominates over 
convection in the Eurasian basin, while the two 
contributions are more balanced in the Canadian 
basin. So far we have only established ratios, not 
rates, and it is not possible to ascertain if the 
formation of dense saline water on the shelves is 
less extensive in the Eurasian than in the 
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Canadian basin. This would seem strange, since 
we are here closer to the principal salt source, the 
Atlantic. On the other hand, convection to the 
bottom would require higher densities in the 
Eurasian basin and may be limited on that 
account. Also the heat stored in the Atlantic 
water may reduce the ice formation in areas like 
the Barents and the Kara Seas and make them 
less favourable for deep water formation than one 
would have reason to expect. 

Another, perhaps more obvious reason would 
be that the advective contribution from the Fram 
Strait is much stronger than the corresponding 
flow across the Lomonosov ridge. We shall return 
to these questions in section 4 below, after having 
examined the conditions in the Greenland Sea. 

3.2. The Greenland Sea 

In the Greenland Sea the active area, where the 
convection is expected to occur, is over the deep 
central gyre(>3,000 m),where the vertical density 
stratification is almost wholly absent. An actual 
convection has so far not been observed in the 
Greenland Sea whereas it has in the Medi- 
terranean and Labrador Seas (Stommel 1972; 
Clarke & Gascard 1983; Gascard & Clarke 1983), 
if by a convective event we mean a situation where 
a homogeneous water column is observed reading 
from the surface deep down towards the bottom. 
There may be several reasons for this; lack of 
observations, intermittent formation in time as 
well as in space, no deep and bottom water may 
be formed at the present time. 

But perhaps we should be looking for some- 
thing else, not a homogeneous water mass, but 
rather signs of interleaving waters with different 
8-S characteristics. Such interleaving is frequent 
in the central Greenland Sea gyre and is most 
readily explained as remnants of sinking 
particles, which have reached their density levels. 
These intrusions cannot prevail for long in view 
of double diffusive effects. Perkin & Lewis (1984) 
estimate a life time of less than a year for the 
intrusions observed in the Atlantic inflow to the 
Polar Ocean. The intrusions thus merge into the 
dominant BS structure which is the result of the 
combined effects of these convective events and 
an advective contribution, here as well as in the 
Polar Ocean. 

While its density shows small vertical 
variations, the water column in the Greenland 
Sea is far from homogeneous and displays a 

characteristic 8-S structure. Between about 
1,200 and 2,200m there is a deep cold (8< 
-1.l"C) salinity maximum (S - 34.90) which is 
bounded below by the cold fresh GSBW 
(8- 1.28, S - 34.893) and above by a slightly 
warmer (8- l.05"C) layer as fresh as the bottom 
water. Above these water masses there is mostly 
confusion, but various stages of isopycnal mixing 
between a water mass with constant salinity and 
a temperature ranging from 0 to 1°C and another 
water mass located along the line of the tem- 
perature of the freezing point could account for 
the observed structure. 

To be able to proceed, we need to identify the 
8-S characteristics of the advected contributions 
from outside the Greenland Sea and the 8-S 
signature of the water which is formed in the 
Greenland Sea gyre. 

We believe that the deep salinity maximum is 
an advective feature and derives from the outflow 
of the Polar Ocean. We take this as a clue and 
postulate that the deep water advecting into the 
Greenland Sea gyre is Polar Ocean deep water, 
entering either directly through the Fram Strait 
or by mixing between the central gyre and the 
boundary current leaving the Polar Ocean along 
the Greenland slope (sect. 2). 

The water which is formed in the Greenland 
Sea gyre must be able to sink through the salinity 
maximum, entraining water, and still be fresh 
enough to maintain the low saline 8 4  signature 
of the bottom water. It then has to originate from 
a rather limited part of the 8-S diagram. It is not 
possible to lower the temperature and salinity of 
the maximum, transforming it into bottom water, 
by any molecular process from above since it is 
capped by warmer less saline water. If anything 
occurs down there it would be a vertical saltflux 
from the saline layer into the bottom water, due 
to salt fingering, which would act to increase the 
salinity and temperature of the bottom water. 

The thermodynamic processes, which change 
the 6-S characteristics of the water masses, are 
most effective at the sea surface, as they are 
associated with cooling and freezing due to air- 
sea interaction. We shall therefore look at the 
possibilities of transforming the surface water in 
such a way that it enters the area of the 8-S 
diagram from where it may affect the bottom 
water. 

The effect of cooling is bounded by the line of 
freezing, and by lowering the temperature the 
surface water may not at first attain a sufficiently 
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water by evaporation instead of freezing effec- 
tuates a density increase due to a lowering of 
temperature rather than to  a salinity increase 
because of the large heat of combustion. Thus, it 
more resembles a cooling than a freezing process. 

We shall consider a highly idealized situation 
with no mechanically generated turbulence pre- 
sent in the surface layer. This is an obvious over- 
simplification, and it might only occur in water 
beneath land-locked ice. Below we shall comment 
briefly on what effects should be expected, if wind 
generated turbulence is taken into account. 

The gravitational instability a t  the sea surface 
is created by molecular diffusion, and the small 
convecting elements cannot penetrate far into the 
water column before their density anomaly is 
again removed by the diffusion of salt into the 
surrounding water mass. This in turn results in a 
redistribution of dense water over a larger volume 
which eventually must sink into the water column. 
In the absence of externally generated turbulence 
we believe that the size and density anomaly of 
this ‘second’ convection must and could be found 
by examining the first, molecular process. 

The scale of instability created by molecular 
processes is given by the penetration depth 6 of 
the heat loss (Howard 1964) 

high density to sink into the deeper layers. How- 
ever, ice formation could make a water parcel 
move horizontally in 8 4  space along the line of 
freezing into the critical area, where its density 
approaches that of the bottom water. 

We thus opt for the freezing at  the sea surface 
as the mechanism creating water dense enough to 
sink through the intermediate layer entraining 
ambient water and replenish the bottom water. 

To propose that ice formation drives the deep 
convection in the Greenland Sea may seem far- 
fetched, and we will therefore devote some time 
to discuss the features which we believe are impor- 
tant for the convection before we try to determine 
the ratio between the different water masses form- 
ing the GSDW. 

3.2.1. Convection in the Greenland Sea. -To add 
fresher water at the freezing point is not a new 
idea and it resembles the mechanism proposed by 
Foster & Carmack (1976) for the bottom water 
formation in the Weddell Sea. This process was 
in principle vindicated by the isotope work by 
Weiss et al. (1979), which showed the presence of 
ice shelf water in the bottom water. The seemingly 
fresh bottom water found in the Weddell Sea is 
thus the result of a shelf process, albeit one of 
melting rather than freezing. The process pro- 
duces water at the freezing point which ‘draws’ the 
8-S characteristics towards colder fresher values. 

In the Greenland Sea the situation is com- 
plicated by the absence of a physical lower bound- 
ary which could trap the water and thereby make 
its density increase above that of marginal 
stability. The final depth of the convection will of 
course be a compromise between the ambient 
stratification, entrainment and the initial density 
anomaly of the convecting element. It could in 
principle be obtained from a theory for the 
entrainment of the surrounding waters into the 
descending elements, provided that the initial 
density anomaly were known. The question then 
becomes: How large a density anomaly may be 
accumulated before the particle leaves from the 
sea surface, and what would be the dimensions of 
the sinking particles? 

With winter temperatures close to  the freezing 
point, heat loss at the sea surface will result in ice 
formation rather than a cooling of the surface 
layer. The removal of fresh water increases the 
salinity and density of the surface layer, and a 
gravitationally unstable situation develops. 

In passim we may note that the removal of 

6 -  (nk,t)’/’ 

where k ,  is the coefficient of heat diffusion and t 
the elapsed time. For a given heat loss Q an 
equivalent amount of ice will be formed, resulting 
in a density increase Ap given by 

S is the salinity, L is the heat of fusion and p is 
the coefficient of salt contraction. 

It is assumed that sea ice is formed when the 
cooling is felt and the ice crystals are brought to 
the upper boundary, leaving only the salt excess 
in the affected volume. This process takes a finite 
time and we will therefore overestimate the den- 
sity anomaly and underestimate the time needed 
for the instability to  become critical (see below). 
Since a gradient is needed for the penetration of 
the cooling we must allow for some supercooling 
before the ice crystals begin t o  form. However, it 
is k ,  not k,, which must be  used t o  find the 
dimension of the unstable particle. 
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The growing instability may then be described 
by a Rayleigh number 

(3) 

based upon the penetration depth, the density 
anomaly and the coefficient of salt diffusion k,, 
since it is the diffusion of salt, not heat, which may 
prevent the instability from becoming critical. u 
is the coefficient of viscosity. 

If a turbulent mixed layer is taken into account, 
the ice formation will occur inside the well mixed 
layer (Omstedt 1985), and the description given 
here will not be valid. Ice crystals will then form 
immersed in warmer, saline water particles, due 
to the release of latent heat and the rejection of 
salt. The heat will be rapidly removed by diffu- 
sion, leaving the ice crystal and the excess salinity 
virtually unchanged. The ice and the water par- 
ticle will then separate due to their different buoy- 
ancies - the crystal rising and the water particle 
sinking. The vertical scale of the 'secondary' insta- 
bility would in this case probably be determined 
by the depth of the wind mixed layer. Taking the 
time needed for an ice crystal to rise through the 
layer as the time necessary for the instability to 
become critical, we would obtain the size and 
density anomaly of the sinking elements. 

To determine the depth of the wind mixed layer 
we must know the wind speed and cooling rate 
and have a theory for the development of a nega- 
tively buoyant Ekman layer. We also need to 
know the size of the ice particles to find their 
transit time to the surface. Rather than indulge 
in an excess of estimates, we have chosen to 
ignore external factors (except cooling) and to 
concentrate on the molecular processes. 

When the critical Rayleigh number Ra* is 
reached the unstable particle starts to convect and 
the time t* needed for the instability to become 
critical can be found from 

(nk, t*)  
gps( (nk,t*)'l2 - Q(L.p)-'t* 

Ra*= 

which gives (4) 

Ra * puk, ( ( n k  ,) 1/2 L p  - Qt* 'I2 ) 
gPsQ ( J W ~ ~ ~  t* = ( 

The average heat loss in the Greenland Sea 
during the coldest winter months is about 200 W/ 

mz, and during exceptional cooling events we may 
expect it to be higher. Tentatively, we shall use 
the values 300 W m-2 and 500 W m-2. 

To decide upon a representative Rayleigh num- 
ber is more difficult. The shape of the density 
profile is far from linear and the finite time needed 
to remove the ice complicates the issue. We have 
tried to take the time needed for the ice formation 
and ice removal into account by adopting a value 
Ra* - lo4 since we expect the presence of ice to 
inhibit the instability. Note, however, that the 
depth of the penetration and the density anomaly 
should hold, since we assume that the ice will 
eventually leave the descending particle during 
the acceleration phase. Using /3 - 8 .  g/cm3, 
u = 0.015 cm2/s, k ,  = 0.001 cm2/s, k, = 
0.00001 cm2/s and g = lo00 cm/s2, the value oft* 
is found by iteration, and 

t* = 13.8 s; Q = 300 W m-2, 
t* = 10.7 s; Q = 500 W m-2 

and the corresponding penetration depths, den- 
sity and salt anomalies are 

S* ,=0.21cm 6* =0.18cm 
As* = 0.21 As* = 0.31 
Ap* = 0.00017 g/cm3 Ap* = 0.00025 g/cm3 

The dense particles sink from the boundary, 
and if they are approximated by spheres with 

radius -subject to Stoke's resistance law we may 

write the velocity W of the descent as (Batchelor 
1967; Turner 1973) 

S* 
2 

&TAP* (f) 
W -  

3PU 
and we get 

W = 0.04 cm/s; Q = 300 W/m2, 
W = 0.05 cm/s; Q = 500 W/m2 

The terminal depth Z reached by the particles 
depends upon how fast the density anomaly is 
removed by diffusion. Since the rate of diffusion 
is proportional to the surface area of the particle 
we have (Turner 1973) 

Ap - Ap* exp-(k, t /nd*2)  (7) 
which gives 

g A p * ~ d * ~  
12pks u 

Z =  



6-S relations in the northern seas 151 

and we obtain 

z = 450 cm; Q = 500 W/m’, 
z = 580 cm; Q = 300 W/m’ 

The dimensions of the particles are larger and 
their density anomalies and sinking velocities less 
than the values given by Wakatsuchi (1983) in his 
study of convection beneath growing ice. This is 
not surprising since we are ignoring the processes 
inside the ice sheet which lead to the later draining 
of the brine. The smaller velocity could partly be 
due to our treatment of the saline particles as 
‘thermals’ rather than as laminar plumes. The 
particles also become more saline with rapid cool- 
ing, contrary to Wakatsuchi’s result. This is prob- 
ably due to our neglect of the trapping of brine 
in the ice with faster cooling. 

As long as the saline particles retain their iden- 
tity, they will sink through an environment which 
is neutrally stratified or weakly stable. Not until 
the salinity anomaly has diffused and merged with 
the surrounding water does this larger volume 
become dense and unstable with respect to the 
underlying water masses. As an estimate of the 
time needed for this diffusion to take place we 

use the e-folding time to - - which leads to 

13,500 s ;  Q = 300 W m-’, 
10,200 s; Q = 500 W m-’ 

for the values obtained above. If the velocity of 
the particles is assumed constant during that time 
we find for Z o  = Wto that 

Zo = 550 cm Q = 300 W m-’, 
Z o  = 500 cm Q = 500 W m-’ 

which roughly corresponds to the terminal depth 
arrived at above. 

The density anomaly of this larger layer is then 
given by 

na* ’ 
ks 

Ap*(nk r t*)  to 

Zot* APO = 

or 

and Apo  becomes for the two cases 
Q = 500 W m-’; A p o  = 0.00009 g/cm3, 
Q = 300 W m-2; A p  = 0.00007 g/cm3 

with the corresponding salinity changes 

(9) 

If the entire unstable layer leaves the surface 
as a thermal after the time to its velocity becomes 

Wo - ( g A p Z o )  1/2 - 6.7 cm/s 

from Scorer (1978). All of the salt in the sinking 
brine will not have diffused into the surrounding 
water volume after to, but it will be trapped inside 
the descending volume and eventually add its 
density anomaly. 

To find how such a two stage convection may 
appear in the Greenland Sea we use the profile 
from Stn. 58 taken by Hudson in 1982 (Clarke et 
al. 1984). A homogeneous 60m thick surface 
layer with temperature at the freezing point and 
with S = 34.79 and uo = 28.01 is found above a 
weak, about 50 m thick, pycnocline where the 
density increases to 28.05. Between 125 and 400 m 
the density remains practically constant and then 
gradually increases to the 28.08 of the bottom 
water. If u3 (the potential density at 3,000 db) is 
used, the water column is found to be of marginal 
stability below 75 m. 

For the most rapid cooling a salinity of 34.90 
and a density of 28.10 result, which is larger 
than that of the Greenland Sea bottom water. 
However, the excess does not seem large enough 
to bring small 5-10 m entraining thermals deep 
into the interior. 

If, on the other hand, the upper 50-100 m first 
recirculate as a filling box (Baines & Turner 1969) 
increasing the density of the surface layer to the 
uo = 28.05 of the layers below, which would 
require 24-48 hours, a uo of 28.14 would then be 
reached at the surface. Such a thermal might 
have enough excess density to pass through an 
environment with a density range of 28.05-28.08, 
entraining ambient water, and still reach the deep- 
est layers. 

A particular feature arising with this kind of 
convection is that of the compensating upward 
flow which will be weak close to the surface. Not 
until the thermals have descended some hundred 
metres will they have increased so much in size 
from entrainment that the required return flow is 
as intense as the convection. This implies that the 
water masses will be mixed more thoroughly in 
the deeper layers, in spite of the larger distance 
to the energy source, than close to the surface 
where the water will retain an individual signa- 
ture. This could be one reason for the failure so 
far to observe a homogeneous convecting water 
column in the central Greenland Sea. 

If the convection is allowed to run for a long ASo = 0.11 and 0.09. 
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enough time, water with temperatures above 
freezing point will be brought to the surface, and 
we shall examine if any changes are likely to 
occur. 

The heat capacity of water is C, = 1 cal/g 
degree and if we use the same approach as when 
considering the salinity changes we may write 

Qt pC,AT = - (nk rr) '1' 
where we have distributed the heat loss over the 
penetration depth. 

The Rayleigh number is given by 

(12) 
and solving for t we obtain 

Rap2C,v lI2 t =  - ( ngaQ 

Since no ice particles have to fractionate out of 
the volume, it may be more realistic to put Ra* 
equal to lo3 instead of lo4. To compare the brine 
and temperature driven convections we shall com- 
pute t* for both values. With Q = 500 W/m2 we 
get 
Ra* = lo4; t* = 220s, Ra* = lo3; t* = 70s 

The corresponding penetration depths, tem- 
peratures and density anomalies then become 
with LY = -0.8. g/cm3"C. 

AT* = 3.16"C 

Ap* = 0,00025 g/cm3 

AT* = 1.78"C 

Ap* = 0.00014 g/cm3, 

6* = 0.83 cm 6* = 0.45 cm 

Large temperature anomalies are thus con- 
nected with an intense heat loss, and unless some 
supercooling is allowed there is no water mass in 
the Greenland Sea gyre which could prevent ice 
formation with this surface heat flux. If the heat 
loss in some way could be distributed over the 
larger unstable volume, the heat decrease would 
become much smaller and ice formation would 
then not take place. 

Using equations 6 and 8 for the vertical velocity 
and terminal depth we obtain for: 

and the time for the temperature anomaly to 
diffuse into the surrounding water becomes for 
the two Ra* values 

to = 2150 s and to = 700 s 

with the corresponding depths 

Zo = 2070 cm Zo = 120 cm 
The density anomalies, which accumulate due 

to cooling are then 

Apo = 1 . g/cm3 and Apo = 6 .  g/cm3 
AT0 = 0.013"C AT0 = 0.07"C 

Smaller density anomalies thus arise in the 
second instability as compared to those resulting 
from salt release (a factor of 15 if Ra* = lo3 is 
used). A convection driven by cooling rather 
than freezing would then not be able to penetrate 
as deep as when ice formation is present. On the 
other hand the upper layer will be ventilated at a 
much higher rate; its density increases con- 
tinuously and the convection reaches deeper and 
deeper. A convection driven by cooling will, even 
if it occurs in a filling box fashion (Baines & 
Turner 1969), resemble the more conventional 
picture of a gradual vertical overturning of the 
water masses when the critical density is reached, 
as is found in the Labrador Sea (Clarke & Gascard 
1983). 

Thus, if the convection in the Greenland Sea, 
which starts with ice formation, proceeds long 
enough to allow deeper warmer waters to reach 
the surface, they might, if further ice formation is 
prevented, inhibit the deep convection (Killworth 
1979). The ventilation will occur on a smaller 
vertical scale, and the upwelling heat could melt 
the previously formed ice and all but stop the 
convection. This could explain the sudden appear- 
ance and disappearance of ice covered areas in 
the central Greenland Sea, but it is only one of 
several possibilities. The ice may be removed by 
wind either into the East Greenland Current or 
out to the Norwegian Sea where it would melt. 

3.2.2. The Greenland Sea water column. -Accept- 
ing the basic mechanisms proposed above - that 
ice formation at the sea surface is crucial for the 
deep water formation - we are now ready to assess 
the ratio of the different water masses which 
comprise the GSDW. The contributions to the 
deep water in the Greenland Sea are waters cre- 

Ra* = lo4; W = 0.96 cm/s, Z = 2070 cm 
Ra* = lo3; W = 0.17 cm/s, Z = 120 cm 

ated in the Greenland Sea and distributed along 
the line of the freezing point in the 8-S diagram 
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Fig. I I .  The formation of Greenland Sea deep water. Water 
cooled at the sea surface and made saline through ice formation 
sinks through the intermediate layers. The surface and entrdined 
water together with adveeted PODW maintain the BS structure 
of the Greenland Sea water column. The ratio of advccted to 
convected contribution is rather arbitrarily taken to be 2: 1. 

and deep water advected from the Polar Ocean. 
To maintain the observed 0-S structure in the 
Greenland Sea we find that a ratio of 1 : 2 of 
convected versus advected water is necessary 
(Fig. 11). Here, since the water column essentially 
consists of deep water, we will not have any 
contribution from entrainment. 

We have ignored the double diffusive mech- 
anism proposed by Carmack & Aagaard (1973) 
as a contribution to  the Greenland Sea deep 
water. This is mainly because we believe that 
inflow from the Polar Ocean rather than from the 
Atlantic accounts for the deep salinity maximum 
observed in the central area and that Atlantic 
water is not present in the deeply convecting 
region. 

The Atlantic water would then mainly pass 
around the central gyre. But this does not mean 
that it will not be affected by the cooling at the 
surface. A convection into the Atlantic water 
could lead to the situation described at the end of 
the preceding section, where the water column is 
cooled and homogenized. At the perimeter of the 
gyre we would then have a region of what Swift 

and Aagaard (1981) would call upper Atlantic 
intermediate water. This is formed at first by a 
convection into the Atlantic layer triggered by ice 
formation, bringing it to  the surface in a filling 
box manner, and then by a vertical homo- 
genization due to  cooling. 

3.2.3. Estimates of the deep water production in 
the Greenland Sea. - The net annual heat loss in 
the Greenland Sea is from 20 to 40 kcalcm-2 
(0.8-1.7. lo9 J/m2) (Bunker & Worthington 
1976). However, in their discussion of the deep 
water formation in the Greenland Sea Carmack 
& Aagaard (1973) suggest a winter heat loss of 
75-100 kcal cm-' ( 3 . 1 4 . 2 .  lo9 J/m2). They also 
estimate the seasonal cooling of the upper water 
masses (depth less than 500m) to be about half 
this value, or 38 kcal (1.6. lo9 J/m2), and 
they take this as evidence for an advective exch- 
ange between the Greenland gyre and the sur- 
rounding waters. 

The observed seasonal changes can be taken as 
the storing and removal of the summer heating, 
but these figures only include heat accumulated 
in the water column, not the heat needed to  melt 
the sea ice either locally formed or advected into 
the Greenland sea through the northern bound- 
ary. Assuming a net ice melt of 1.5 m during the 
summer, this would require the loss of another 
12 kcal crE2 (0.5. lo9 J/m2) and leaving a net 
annual heat loss of 25 kcal cm-2 (1.0. lo9 J/m2). 
Undoubtedly there are also inflows and outflows 
of surface waters to the Greenland gyre, but we 
may expect these to  have roughly the same tem- 
perature as the exported water and not to change 
the heat content. 25 kcal cm-? is in the range 
given by Bunker & Worthington and will be used 
henceforth. This heat loss is then available to 
permanently transform water masses in the 
Greenland gyre. 

With a maximum heat loss of 300 W m-2 40 
days would be sufficient to  remove this heat, and 
during such a period deep and bottom water may 
be formed. The formation cannot occur con- 
tinuously during such a long time span - in that 
case it would have been observed - but it will be 
cut off when the sea ice which has been formed 
becomes thick enough to inhibit the heat loss. 
This probably happens when the ice thickness 
reaches 50cm, which would be  after a week of 
cooling. 

We thus expect the surface layer to  become 
gradually denser as the ice forms. After about 2 
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days it is dense enough for deep water particles 
to form. These are capable of penetrating deep 
into the water column (see sect. 3.1.2.). The deep 
convection will then continue for another five 
days until the ice cover cuts it off. The ice then 
has to be removed; it may be driven by the wind 
into the East Greenland Current area%efore the 
convection can start again. 

Six such events would be needed to account for 
the net annual heat loss. During the five days 
the deep convection is running, about 150 m of 
transformed water will leave the surface, which 
runs to a total of 900 m for the winter season. 

Carmack & Aagaard give the extent of the 
Greenland gyre as 0.18. lo1* m2. Assuming that 
10% of this area have a water column dense 
enough to allow deep water to form, we obtain a 
formation rate of 0.5, lo9 kgs-'. This is a low 
but acceptable estimate. The convection would be 
intermittent in both space and time, but assuming 
that the intensive cooling occurs during a period 
of four months, about 1/3 of this area would be 
actively convecting throughout the period. An 
even smaller fraction would be needed if higher 
heat losses occur. 

However, the one serious problem with this 
result is the large net ice production - 3 m - which 
is demanded and which, with the given heat loss, 
would take place over the entire Greenland Sea 
gyre. This occurs because so far we have assumed 
that the water, after the summer heating is 
removed, will be at the freezing point with no 
advective heat flux present. If we take into 
account the presence of the Atlantic layer, 
occupying the depth between 200 and 500 m along 
the perimeter of the gyre, and allow for the possi- 
bility of this water to be brought up to the sea 
surface by the convection, an advective heat flux 
will take place into the gyre and then to the 
atmosphere. The Atlantic water can inhibit the 
ice production by supplying the necessary heat by 
direct cooling and perhaps also melt ice already 
formed. This mechanism suggested in section 
3.1.2. would be similar to the one proposed by 
Killworth (1979) for the Weddell Sea Polynya. 

If this mixing took place over 2/3 of the Green- 
land Sea gyre, the net ice production would be 
reduced to lm, which is more acceptable. The 
Atlantic water would be transformed into 'upper 
Arctic Intermediate Water' (Swift & Aagaard 
1981). If we allow for a cooling of 1.0"C of the 
Atlantic Water, the formation rate of the AIW 
could be estimated from energy balance argument 

to be about 1 . lo9 kg/s. This presupposes that the 
Atlantic water stays more than a year inside the 
gyre; otherwise a part of the production will show 
as a seasonal variation, and we will then under- 
estimate the formation rate. 

It is thus seen that the proposed mechanisms 
give acceptable values of the deep water forma- 
tion. However, the uncertainties, especially about 
the extent of the area with deep water formation, 
curtail the results since these could in principle 
range somewhere between 0 and 4 .  lo9 kg s- '. 
We will nevertheless consider a production of 
0.5. lo9 kgs-' of deep water to be the value 
which best conforms with the present analysis. 

4. The circulation of the deep water 
in the northern basins 
Having to the best of our ability determined the 
ratios of the different water masses making up 
the deep water columns in the active areas, we 
shall now try to use these ratios to infer something 
about the expected circulation in the northern 
seas. 

There are four deep reservoirs in the northern 
seas, if we separate the Polar Ocean into the 
Eurasian and Canadian basins. In three of these 
basins a local renewal of deep water occurs due 
to cooling and ice formation at the sea surface. 
The waters which enter the deep layers are 
described in section 3. 

However, to maintain a stationary &S struc- 
ture interaction between convecting waters and 
the present ambient water masses is not enough. 
An advective contribution from the neighbouring 
basins is needed and supplied by the general water 
circulation of the Arctic Mediterranean. 

The deep water is believed to follow a cyclonic 
path, entering the Polar Ocean on the eastern 
side of the Fram Strait and then continuing along 
the Eurasian slope. Some water recirculates in 
the Eurasian basin, while another part enters the 
Canadian basin. These two water masses, after 
being transformed by convection from the 
shelves, then remerge north of Greenland and 
constitute the polar outflow through the Fram 
Strait. Under the influence of local convection, 
this outflow partly enters the Greenland Sea to 
form the GSDW and partly bypasses the central 
Greenland Sea along the Greenland slope while 
mixing with GSDW. A substantial part of this 
mixture is assumed to flow east into the 
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Fig. 12. The waters from the Eurasian and the Canadian basins 
interacting to form the characteristics of the polar outflow 
observed in the Fram Strait (surface layer excluded). Tentative 
ratio 2 : l .  

Norwegian Sea and there form the NSDW which 
then returns into the Polar Ocean. The deepest 
part of the NSDW is probably created by outflow 
of Greenland Sea deep water through the Jan 
Mayen fracture zone (Saelen pers. comm.), but 
direct mixing of PODW and GSDW in the west- 
ern part of the Fram Strait could also contribute 
to the deepest inflow to the Polar Ocean. This is 
roughly the scenario presented by Aagaard et al. 
(1985). 

The main ice production and brine rejection 
occur over the Eurasian and Alaskan shelves, 
while the area north of Greenland with its thick 
ice cover probably is inactive in this respect. This 
implies that both the inflow and outflow of deep 
water through the Fram Strait are mixture pro- 
ducts rather than newly created water masses. 
The outflow consists of the combined product of 
waters found in the Eurasian and Canadian 
basins, and the inflowing Norwegian Sea deep 
water is comprised by this polar outflow and by 
Greenland Sea deep water. 

Again we try to estimate the contributions from 
the different basins in these advective flows by 
comparing the different 13-S signatures. 

The &S relation of the PODW leaving the 

Polar Ocean is the result of mixing between 
EBDW and CBDW (Fig. 12). No CBDW is 
capable of penetrating and affecting the deepest 
part of the EBDW mass, but the upper salinity 
maximum and the lower salinity of the PODW in 
the vicinity of 0°C can be explained by the pres- 
ence of water from the Canadian basin where 
water of that &S range occurs. A mixing ratio of 
1 : 2 would account for the lower salinity of the 
upper salinity maximum than what is found for the 
deep water in the Canadian basin. The absence of 
CBDW in the deepest layers could be com- 
pensated by a higher percentage in the tern- 
perature range 0-0.5 < 8 < 0. 

The Norwegian Sea deep water is formed by 
mixing of waters from the Polar Ocean and the 
Greenland Sea, and again a look at the 19-S 
curves for the GSDW and the Polar Ocean deep 
water outflow suggests that an equal mixing of 
PODW and GSDW would create a water column 
similar to that of the Norwegian Sea (Fig. 13). 

However, we shall parametrize the subsurface 
mixing in such a way that half of the outflow is 
exchanged with GSDW which merges with the 

Fig. 13. Formation of Norwegian Sea deep water through iso- 
pycnal mixing of PODW and GSDW. The ratio between the 
water masses is tentatively put as 1 : 1. 
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remaining half of the outflow, either on the 
Greenland slope, creating mainly the upper part 
of NSDW, or directly in the Fram Strait where a 
mixing between PODW and GSDW forms a water 
mass similar to the NSDW. 

The exchanged part enters the Greenland Sea, 
where it acts as the advective contribution nec- 
essary to balance the local convection and keep 
the GSDW 0-S structure stationary. The GSDW 
then mixes, as was mentioned above, with the 
PODW in the Fram Strait and on the Greenland 
slope and also enters directly into the Norwegian 
Sea through the Jan Mayen fracture zone and 
over the Mohn ridge. 

We are now in a situation to summarize the 
ratios of the contributions which make up the 
different water masses: 

advective/convective 
Canadian basin DW 1 : l  
Eurasian basin DW 8: 1 
Greenland Sea DW 2: 1 
Polar Ocean outflow 
Norwegian Sea DW 

Can. DW/Eur. DW 1 : 2 
PODW/GSDW 1 : 1 

Two things should be mentioned with respect to 
this table. 

1. The convective contribution includes both 
water from the surface and entrained waters. 
From the discussion of the conditions in the Polar 
basin we found the ratios of these contributions to 
be 1 : 2 if only entrained waters with temperatures 
above 0°C were considered. In the Greenland Sea 
the conditions are different. We may expect a 
larger entrainment since the plumes and thermals 
will be sinking away from the boundaries. 
However, almost the entire water mass will be 
below 0°C and deep water by definition. The 
entrainment thus creates a redistribution of the 
deep water, but it will not increase the convective 
contribution. In estimating the advective/con- 
vective ratio for the Greenland Sea we have there- 
fore only used the descending surface water along 
the line of the temperature of the freezing point 
as the convective contribution. 

2. So far we have only considered sources and 
not sinks. Some removal mechanism is necessary 
for mass continuity reasons. 

Essentially, two sinks are available. The water 
may pass into the Icelandic Sea and then exit 
through the Denmark Strait, or it may acquire a 
temperature above zero and thus leave our deep 
water mass by definition. We shall return briefly 

to this question after we have considered the 
entire circulation. 

It is now possible to relate the ratios in the 
different basins, and we start by assigning the 
inflow of NSDW through the Fram Strait the 
value X Sv. 

Inside the Eurasian basin it is augmented by 
12.5% and we have 1.25X of Eurasian basin DW 
which splits into one part Y entering the Canadian 
basin, while the remaining part (1.125X-Y) re- 
circulates in the Eurasian basin. 

When the Canadian basin DW returns to the 
Eurasian basin its volume has doubled to 2Y, 
and since the ratio of the Eurasian DW to the 
Canadian DW in the PODW outflow is 2 :  1, we 
get (1.125X-Y) = 4Y, which gives Y = 0.225X. 

The total outflow of PODW thus becomes 

X + (0.125 + 0.225)X = 1.4X 

and the deep water circulation has increased by 
40% inside the Polar Ocean. Half of this outflow 
enters the Greenland Sea, while the other half 
incorporates an equal amount of GSDW and 
forms the Norwegian Sea deep water. 

From the ratio of 2:  1 between PODW and the 
convective contribution we find that 0.35X of 
deep water is formed in the Greenland Sea gyre. 

It is seen that about 0.8X ought to leave the 
deep water mass to maintain stationary 
conditions. If this water exits through the Den- 
mark Strait over the Icelandic Sea it would 
remove much of the PODW outflow and thus 
imply a larger part of GSDW in the NSDW 
amounting to 2: 1 instead of 1 : 1 as has been 
estimated here. Such a large percentage of GSDW 
does not seem warranted by the 8-S diagrams, 
but it might be possible if an additional inflow to 
the Polar Ocean occurs further to the west in the 
Fram Strait, where the 8 4  characteristics are 
different from those which we have used for the 
NSDW and considered representative for the 
Fram Strait inflow. 

In any case our belief is that the excess deep 
water leaves the system across the Icelandic Sea, 
perhaps exiting through the Denmark Strait, even 
if we lack any solid proof to support such a 
conviction. 

We have now reached a point where the 8-S 
diagram cannot guide us any further. When this 
work was commenced it was our hope that it 
would be possible to determine the strength of 
one of the sources and obtain an absolute value 
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of the circulation. We now realize that this was 
futile. 

Initially, the possibility to estimate the deep 
water formation rate from heat exchange with 
the atmosphere was considered. However, in the 
Greenland Sea the initial temperatures and sal- 
inities of the transformed waters are poorly 
known and the estimates given in section 3.2.3. 
are very tentative. In the Polar Ocean, where the 
initial conditions may be easier to determine, a 
broad spectrum of waters is produced which 
enters the halocline, the Atlantic layer and the 
deep water. Since we do not know the relative 
magnitudes of these products, we cannot proceed 
further. 

The most profitable approach would probably 
be to estimate the flow through one of the 
passages, but that is not without complications 
either. The inflow through the Bering Strait may 
be well determined, but we can only guess the 
fraction which will be transformed into deep 
water. Monitoring the Fram Strait to estimate 
the strength of the deep water circulation would 
require extensive current measurements and 
hydrography work, something that we had hoped 
to avoid. 

What remains is to make a reasonable guess 
somewhere, and to our mind the best bet would 
be to turn to the Canadian basin. 

The salinities observed in the Chukchi Sea and 
on the Alaskan shelf are the highest found on the 
shelves in the Canadian basin. The high salinity 
indicates an inflow through the Bering Strait 
distinct from the low salinity water on the East 
Siberian Sea as well as the Laptev Sea shelves. 
This comprises a much diluted Atlantic inflow. 
The shelf water produced in the Canadian basin 
derives from the Pacific Ocean and considering 
the limited volume available (-0.8. lo9 kg s-I) 
(Coachman Rr Aagaard 1981) we believe that 
no more than 10% or 0.08.1O’kg s-l enter the 
deeper layers since a comparable amount (at 
least) must enter the Atlantic layer. Pacific water 
also constitutes the prime source of the outflow 
through the archipelago. 

0.08Sv dense shelf water produced in the 
Canadian basin results in a total contribution of 
0.24Sv to the deep waters in that basin. 3 of 
the amount is taken to be entrained from the 
ambient waters. Since Y = 0.225X(see above) we 
have X = 1.1 Sv. 

The inflow of deep water through the Fram 
Strait thus becomes 1.1 Sv and the corresponding 

outflow is found to be 1.5 Sv. 0.4 Sv of deep water 
is then produced in the Polar Ocean and perhaps 
in the Barents Sea. It is again interesting to note 
that the production of deep water (8< 0) in the 
Polar Ocean is twice as large in the Canadian as 
in the Eurasian basin. This is contrary to what one 
would believe, and it may indicate that qualitative 
estimates made from the &S diagrams are too 
uncertain to be really useful. However, we accept 
our estimate for the time being. Finally, since the 
amount of deep water formed in the Greenland 
Sea was found to be 114 of the total outflow, we 
get 0.35 Sv of deep water formed in the Greenland 
Sea. 

To summarize: 0.3 Sv of AW (since both the 
shelf water in the Eurasian basin and the inter- 
mediate layers in the entire Polar Ocean derive 
from the Atlantic) and about 0.1 Sv of Pacific 
water are transformed into deep water in the 
Polar Ocean, which seems acceptable. 

The corresponding production in the Green- 
1ar.d Sea ( 0 . 3 5 s ~ )  seems by contrast sur- 
prisingly low but in close correspondence with 
the result obtained in sect. 3.2.3. It should be 
remembered though that the actual renewal 
would be three times this amount or 1.1 Sv since 
we also have the proposed inflow of PODW. 

The seasonal changes of the deep water volume 
in the Greenland Sea (Carmack & Aagaard 1973; 
Swift & Aagaard 1981) suggest a production of 
1 Sv. This is considerably higher than our estimate 
since the inflow of PODW would not show up as 
a seasonal net gain because of the corresponding 
loss of GSDW to the PODW on the Greenland 
slope and in the Fram Strait. 

One possibility could be that we have ignored 
the entrainment of intermediate waters in the 
production of GSDW, assuming that the surface 
water communicates directly with the deep water. 
If Atlantic water, which we have taken to be 
transformed into upper AIW (Swift & Aagaard 
1981) at the periphery of the gyre, would be 
drawn into the centre, a larger volume would be 
required to balance the influence of PODW on 
the GSDW 8-S characteristics. 

However, it may well be that the 8-S charac- 
teristics of the GSDW are not stationary but 
instead alternate between warmer and colder 
extremes (Aagaard 1968). Such a varying regime 
may be understood if two independent sources 
of GSDW are available. A rapid cooling and 
a lowering of the deep water temperatures can 
readily be explained by an extensive local deep 
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water formation due to cooling and freezing. An 
equally rapid temperature increase is more dif- 
ficult to visualize unless an inflow of warmer water 
occurs in the same density range. Such an inflow 
might be provided by the PODW. 

We could imagine a situation where a large 
heat loss, perhaps associated with cyclonic winds, 
results in an increased deep water formation, 
while at the same time the PODW is prevented 
from entering the central Greenland Sea gyre, 
either through blocking in the Fram Strait or by 
being forced up on the Greenland continental 
slope and thus bypassing the central area. 

On other occasions with less or no deep water 
formation more PODW than usual may penetrate 
into the central Greenland Sea and increase the 
temperature of the deep water. 

In any case, at this stage we can merely specu- 
late on such possibilities. Nor is there any reason 
to expect, considering the approximate estimates 
we have made, that our value for the deep water 
formed in the Greenland Sea would be closer to 
other results than a factor of 2-3. 

We may thus conclude that about 1 Sv of deep 
water is formed in the northern basins; it probably 
exits southward into the Iceland Sea and ulti- 
mately into the North Atlantic. 

Finally we notice that the exchange of deep 
water through the Fram Strait is larger than the 
formation rate. It is an effect of the introduction 
of the passive water masses, especially the 
NSDW, which were found necessary to maintain 
stationary &S structures in the different basins. 
This indicates that the formation of dense water 
does not primarily drive the deep water circu- 
lation. Instead it is forced from above either by 
meteorological factors or by the density field and 
the corresponding geostrophic motions in the 
upper layers resulting from the transformation of 
Atlantic water into polar surface water inside the 
Polar Ocean. 

5. Summary and conclusion 
In the present work the shapes of the &S curves 
observed in different areas have been used to 
make conjectures about the formation and evol- 
ution of the deep water in the northern basins. 
The estimates of the different contributions have 
been vague, and the accent has been on approach 
rather than to obtain exact figures. This view 
seems justified, considering the rather sparse 
observations which are available from these areas 

and our lack of knowledge about the time varia- 
bility both seasonally and annually. If the 
approach is fruitful, it can be used anew when 
more information is at hand. 

The use and the form of the proposed con- 
vective contributions for the renewal of the deep 
water may be more questionable. Such sinking 
water masses have not so far been observed and 
their assumed &S signatures have no theoretical 
backing but are introduced to explain the 
observed changes in the 6-S curves. 

Finally, to get rates and ratios of the involved 
mixing components some ‘reasonable’ guesses 
had to be made: 
1. The average salinity of the water formed on 

the shelves in the Canadian basin (35.1). 
2. The amount of water from the Pacific entering 

the deep water of the Canadian basin (0.08 Sv). 
If these values could be determined by some 

other means, perhaps utilizing other ‘tracer’ 
observations, more reliable estimates of the mix- 
ing ratios and the strength of the circulation could 
be made. 

It has not been possible to get any absolute 
value of the deep circulation through the Fram 
Strait and the deep water formation in the Polar 
Ocean and the Greenland Sea. The estimates we 
have arrived at, about 1 Sv entering and 1.5 Sv 
leaving through the Fram Strait, and a production 
of 0.4 Sv of deep water both in the Polar Ocean 
and in the Greenland Sea, seems reasonable. We 
hope that this discussion of the 8-S relationship 
found for the deep waters in the northern basins 
may have thrown some light on the processes 
active in basins. 
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