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Abstract

Two new devel opments are occurring in our understanding of the
hydrography of the Arctic Ocean. The first is a renewed appreciation
of the inportance of the shelf seas in determning the density
structure of the Arctic Ccean, and in particular of the main pycnocline.
The second devel opment is the recognition that deep water is fornmed in
the Arctic Ccean, the salinity of which is appreciably greater than in

the seas to the south.
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On the Origin of the Water Masses of the Arctic Ccean

| nt roduction

There is an old Norwegian folk tale which attributes the saltiness
of the sea to a m Il grinding salt on the sea floor. \What | particularly
Wi sh to point out is that the water masses of the Arctic Ocean are con-
ditioned by several such salt mlls, the nost easily identifiable of
which are actually found at the sea surface. In this connection it's
particularly inmportant to note that at |ow tenperatures the density of
sea water is principally determined by its salinity, so that the density
stratification in high-latitude seas follows the salt |ayering
very closely.

We need also to recall the peculiar geonetry of the Arctic Ccean:

a large deep basin divided by high submarine nountain ranges, surrounded
by enornous shal |l ow shelf regions, and with only one deep connection
with the seas to the south, through .Fram Strait. The Arctic Qcean is in
fact the world's largest nediterranean sea

A conposite section through the Arctic Ccean (Fig. 1) shows the
mej or features of the tenmperature and salinity distribution. In
particular we note that the uppernost nearly honogeneous cold, low-
salinity layer is very thin, typically 25-50 m Under this m xed
layer we find a transition layer where the salinity, and thereby also
the density, increase rapidly with depth. Even if this layer also is
thin, though not nearly as thin as the nmixed layer, it is of enornous
i mportance, precisely because it contains a large density gradient
This serves to reduce both convection and turbul ent exchange, and the
transition layer therefore insulates the ice and the atnosphere fromthe
thick layer of warmwater (the Atlantic |layer) found beneath the transi-
‘tion layer. The inmportance of this for the climte of the Arctic can

scarcely be exaggerated.



Bel ow the warm Atlantic layer the remainder of the water column
consi sts of deep water, in which the tenperature decreases with depth.
The tenperature difference between the deep water on either side of the
Lomonosov Ri dge suggests that the deep water in the Canadian Basin is
principally renewed by overflow of the Lomonosov Ridge from the Eurasian
Basin. This is consistent with the approximtely adiabatic tenperature

gradient found in the deep Canadian Basin (Coachman 1963).

The M xed Layer

The m xed layer is of local origin, and its general properties
can be represented by the two stations portrayed in Figure 2, show ng
a mxed layer 20-30 m deep. Particularly note the underlying tenpera-
ture mninum which we shall refer to later. For many years it has been
t hought that the relatively low salinity of the mxed | ayer, which is
strongly stabilizing, is formed by the addition of fresh water, in part
fromthe great rivers which enpty into the Arctic Ccean and in part from
the influx of lowsalinity water fromthe Pacific Qcean through Bering
Strait. \Wile this may in large part be correct, we should also note
that if the convection in the mxed layer during winter is penetrative,
then the eycle of winter convection and sumrer ice nelting will by
itself give rise to such a salinity stratification, regardless of the
addition of fresh water from the rivers. Essentially this is because -
the summer and winter mxing processes are asynmetrical. Indeed, it is
the effects of the annual cycle of freezing and ice nelting which nost
nearly characterizes the mxed |ayer”. Furthernore, since the nean
residence tinme in the Polar Basin for water in the mxed |ayer is about
10 years, (Aagaard and Coachman 1975, Ostlund 1982), this water will on
the average experience 10 such annual cycles. Therefore, the water in

.the m xed layer, by the time it flows out of the Arctic Ccean, is



rather far renoved from the outflow of fresh water onto the shelves
Finally we note that even though convection is of very great signifi-
cance for the properties of the mxed |ayer, convectionis limted to
this thin layer, and deep local convection in the interior of the Polar
Basin is probably inpossible under present clinatic conditions (cf.

Foster 1975).

The Transition Layer

Next we consider the transition layer. As early as during the
Fram drift, Nansen (1902) had observed that the tenperature remained
near the freezing point down through the mxed |ayer and into the
transition layer, but the significance of this has only recently becone
clear (Aagaard et al. 1981). CQur present understanding is that the
insulating properties of the transition layer are in large neasure
mai ntai ned by the influx of water formed during freezing in certain
shel f areas where prevailing offshore winds sweep the ice away from
the coast. Large ampunts of neM/icg are then formed in the open water
During the freezing salt is expelleH, and if the effect is allowed to
build up, a dense saline water atithe freezing point is fornmed. This
wat er can subsequently spread into the interior away fromthe shel ves.
Figure 3 shows an exanmple of such ice conditions fromthe northern
Bering and Chukchi seas after a period of northerly winds in the be-
ginning of March. The dark areas are essentially open water. The
results of such episodes can be clearly seen in Figure 4, a winter
section across the Chukchi Sea. The extrenely saline water, about
3 per mille greater than in summer, Which has been formed during
freezing in the large open areas that were shown in the previous
figure, are on their way northward along the northwest coast of Al aska

and into the polar Basin.



The intense ice formation in the shelf polynias represents the
first of the arctic salt mlls. Wat can we say about the |ocation of
these salt mlls? Since the freezing point decreases with increasing
salinity, the very saline shelf water formed during freezing will form
a tenperature minimumas it spreads within the transition layer in the
Arctic Ccean. W saw an exanple of such a mininumin Figure 2. The
chart of mninum tenperatures in the Polar Basin (cf. Treshnikov and
Baranov 1972) in fact points to a nunber of intense ice formation areas,
first and forenmost in the shelf regions from Svalbard to Severnaya
Zemlya, and between Al aska and Siberia. Aagaard et al. (1981) have
estimated that the transition layer is supplied with cold and saline
shel f water through an annual nean outflow of such water from the
shel ves of 2- 3xl(§ rﬁs'ec 1. Maj or problens renain to be investigated,
for exanple how the spreading into the interior occurs, and how stable
the systemis with respect to perturbations. One:-can conceive of a
situation in which a reduced supply, of fresh water to the shelf seas
could lead to the formation of a étjffici ently salt and dense water on
the shelf during winter that this water no longer would maintain the
transition layer, but rather would sink through it. The transition
| ayer would then gradually become thinner and lose its insulating
properties, allowing a much greater transfer of sensible heat from

the Atlantic |ayer.

The Atlantic Layer

Beneath the transition layer lies the warmand saline Atlantic
wat er, which though thick is without a pronounced density gradient.
Even in the relatively cold Canadian Basin there is sufficient sensible
‘heat in the Atlantic layer to melt an ice cover over 20 mthick. This

warm wat er cones fromthe Norwegian Sea and flows into the Polar Basin



W th the West Spitsbergen Current. Toget her with our colleagues in
Bergen we have nade a nunber of neasurenents in this current during the
past few years. W have found that the mass transport is highly
variable (Figure 5 shows two—week nean values in nmillions of cubic neters
per second), and the sane is true of the tenperature of the warminflow,
the latter also shows a very |arge annual cycle. The distribution of
maxi num tenmperature in the Arctic Ccean (cf. Treshnikov and Baranov 1972)
points toward a broad continuation of the warm flow eastward in the
Eurasian Basin, and finally a spreading in the Canadian Basin.

This concept of a broad and diffuse flow probably needs revision,
and this is particularly evident on the basis of current neasurements
made in the Arctic Ccean the last few years. For exanple, the two-
month mean values froma current neter section across the slope between
Svalbard and Franz Joseph Land (Figure 6) show that the strong eastward
current is constrained to the steep bottom topography. The current is
neither broad in lateral extent, nor is it coincident with the naxinum
temperature distribution. Instead Figure 6 suggests a boundary current
al ong the slope which increases with depth. This boundary current
carries both warm Atlantic water and cold deep water toward the east.
Presumably the warm water farther into the interior of the basin,

i.e., seaward of the slope, is carried by a weaker and nore variable
current. We have also found a similar boundary current in other places
in the Polar Basin: along the whole slope north of Alaska and along the
Lomonosov Ridge which divides the Polar Basin in two. Figure 7 shows
the current neasurements on the Eurasian side of the Lomonosov Ridge in
the form of nean values over approximately 40 days. Note that the flow

is again constrained to the slope and that it increases wth depth.



(Note also that a conmponent of the mean current is directed at an angle
across the ridge into the Canadian Basin. This probably represents a
deep overflow of the ridge, as discussed earlier. The details of the
current meter records show that the overflow occurs in pulses.) The

i mpression fromthese various nmeasurenments is that a boundary current
carries both the Atlantic and the deep waters relatively rapidly around
the edge of the basin. This is in agreement with the discovery in
1979 near the Lomonosov Ridge of isotopes at 1500 m depth which coul d
only have cone fromthe Windscale nuclear fuel reprocessing plant in the
Irish Sea and which had a maxi mum of three to four years to reach the
Pol e from Spitsbergen (H.D. Livingston, personal communication). The
di stance around the edge between these points is about 4,500 km which
for an average current speed of 5 cmlmuld take three years.

The role of the interior of the basin in such a circul ation schene
is not clear, nor do we know how the spreading into the interior occurs.
The tenperature and salinity correlétions in the various portions of the
basin show that not only does the maxi num tenperature dimnish rapidly
away from Fram Strait, but the salinity maxi mum whi ch characterizes the
original inflow of warm water disappears conpletely. This water nmss
transformation within the Polar Basin is yet one nmore link in the large-
scale thernodynanics which operates in all the seas north of the Green-
land-Iceland-Faroe Ri dge. In these seas warm and saline water from the
Atlantic is transforned to cold but still relatively saline water
masses (Swift and Aagaard 1981). |In part these waters then flow into
the Atlantic where they sink to great depths and spread to and

ventilate nearly all parts of the Wrld Ccean.



The Deep Water

Finally there are the properties of the deep water itself. W
note first that the salinity in the deep water within the Arctic Ccean *
is a few hundredths per mne higher than it is inmmediately south of
Fram Strait. Even though the difference is small, it is obvious in the
tenperature-salinity correlations for stations taken in the vicinity
of Fram Strait (Fig. 8. Note particularly that the salinity in the
G eenl and Sea decreases with depth while that in the Arctic Ccean in-
creases. In the deeper part of the water colum the latter effect is
sufficiently strong to give the T-S curve a sharp bend toward increasing
salinity. Farther into the interior of the basin we find still nore
sal ine water, in excess of 34.95 per mne in the T-S diagram from sta-
tions near the Lomonosov Ridge (Fig. 9). The fact that the deep water in
the Polar Basin is nore saline than in the basins south of Fram Strait can
only nmean that there are salt sources in the Polar Basin which nodify the
deep water. In effect, deep water is therefore formed in the Arctic Ocean
itself, and this conclusion is in direct contrast to earlier ideas in which
the deep water of the Arctic Ccean cones fromthe south through Fram Strait.

What mi ght be the source of this salt? There are at |east two pos-
ibilities. One is that the salt cones fromthe warmAtlantic |ayer,
e.g., through salt fingering, or through upwelling and cooling on the
shelf. W have often seen evidence of such upwelling north of Al aska
(Aagaard et al. 1981), and we can probably assune that it is a frequent
occurrence along the shelf edge all around the Pol ar Basin, [f indeed
salt fingering or upwelling is the origin of the deep salt nmaximum
then it would have to occur quite near Fram Strait, because the salinity
in the warmlayer is rapidly reduced anay fromthe strait. There

are also other problems with such mxing schenes. For



exanmpl e, Figure 10 shows the silicate distribution near the Lomonosov
Ri dge. It is clear that sinply cooling and slightly reducing the
salinity of the silicate-poor Atlantic |ayer cannot al one give rise to
the deep water; the difference in silicate is too |arge.

Anot her possibility is that the salt cones fromthe shelves where
it is expelled upon freezing as we have already discussed. Figure 11
shows a section fromthe Chukchi Sea from February 1982, and the very
saline water, as nuch as 36.7 per mine, which is flowing northward in
a 60-km wi de |ayer along the bottom shows clearly that such an origin of
the deep salinity maximum is not inprobable. W note however that such
wat er woul d have to be mixed, probably with water fromthe Atlantic
layer, in order to achieve the properties of the deep water.

Finally, it is appropriate to point out that our basic understand-
i ng of the hydrography of the Polar Basin is very neager and is built
upon an extrenely limted data base. Major problenms remain largely
untouched, including a series of questions of clinatic consequence. W

stand in dire need of a mgjor scientific effort in the Arctic Ccean.
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Fi gure Captions

Longi tudi nal section of tenperature and salinity fromthe G eenl and
Sea over the North Pole to the Chukchi Sea. From Coachnman and Aagaard
(1974) .

Temperature, departure fromthe freezing tenperature, and density

(signa-t) at two stations on the outer shelf north of Alaska in Cctober
1976 and March 1977.

Satellite photograph (visible band) of the Chukchi and northern Bering
seas, 6 March 1978. The darker areas of the sea (e.g., south of St.
Lawence Island, in the |ower center of the figure) represent essentially
ice-free conditions. From Aagaard et al. (1981).

Salinity section across the central Chukchi Sea, February-March 1977.
The water was at the freezing tenperature. From Aagaard et al. (1981).

Estinmated northward transport of the West Spitsbergen Current during
1976-77, two-week means. One Sverdrup is 10°m®sec !. Calculations by
D. Hanzlick, to be published.

Conposite section of tenperature and of al ong-slope conponent of current

north of the Barents Sea, summrer 1980. The currents are two-nonth
mean val ues.

Fi ve-week nean currents near the central portion of the Lomonosov Ridge,
April-May 1979. From Aagaard (1981).

Potential tenperature-salinity observations from bel ow 1400 m near
Fram Strait, Novenber 1977.

Potential tenperature-salinity observations from bel ow 850 m near the
central portion of the Lomonosov Ridge, April-My 1979.

Conposite profiles of silicate near the central portion of the Lomonosov
Ri dge, April-My 1979. Adapted from More et al. (1983).

Salinity section across the northeastern Chukchi Sea, March 1982.
The water was at the freezing tenperature.
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