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The Denmark Strait overflow water derives from several distinct sources. Arctic
Intermediate Water from the Iceland Sea, Atlantic Water of the West Spitsbergen
Current recirculating in the Fram Strait, and Arctic Atlantic Water returning from the
different circulation loops in the Arctic Ocean all take part in the overflow. Denser
water masses, such as the upper Polar Deep Water and the Canadian Basin Deep
Water from the Arctic Ocean and Arctic Intermediate Water from the Greenland
Sea, are occasionally present at the sill and could contribute the deepest part of the
overflow plume. A comparison between hydrographic observations made during the
Greenland Sea Project in the late 1980s and early 1990s and during the European Sub
Polar Ocean Programme (ESOP) and Variability of Exchanges in the Northern Seas
(VEINS) programmes in the late 1990s shows that the Greenland Sea Arctic Interme-
diate Water has largely replaced the Arctic Ocean deep waters. In the less dense
fraction of the overflow the Recirculating Atlantic Water and Arctic Atlantic Water
carried by the East Greenland Current have become more prominent than the Iceland
Sea Arctic Intermediate Water. If the Denmark Strait overflow were to switch
between different sources, it would lead to changes in the characteristics of the
overflow water that add to the variations caused by the variability of the source
waters.
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Introduction

The northernmost part of the North Atlantic — the
Arctic Mediterranean Sea — is the end and the
beginning of the global thermohaline circulation.
The strong heat loss, the excess precipitation, and
the large run-off all contribute to the water mass
transformations in the Arctic Mediterranean.
Northward flowing Atlantic Water that crosses the
Greenland-Scotland Ridge becomes transformed,
partly into low salinity surface water, but mainly
into cold, dense intermediate and deep waters
that return as “overflow waters” to the deep North
Atlantic (Worthington, 1970). The most important
sites and processes for dense water formation are
the seasonal cooling of the Atlantic Water in the

Norwegian Sea, the cooling and brine rejection
occurring in the Barents Sea and on the shelves of
the Arctic Ocean, and the winter convection in the
Greenland and Iceland Seas.

Cooled Atlantic Water flows in the West Spits-
bergen Current to Fram Strait, where one part recir-
culates and forms the Recirculating Atlantic Water,
the rest entering the Arctic Ocean and becoming
the Arctic Atlantic Water. Dense waters from the
Barents Sea and from the Arctic shelves drain into
the deep Arctic Ocean forming the Arctic Ocean
intermediate and deep water masses that eventually
exit through the Fram Strait and, along with the
Arctic Atlantic Water returning from its loops
in the different basins, forms the East Greenland
Current. In Fram Strait these waters are joined by
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the Recirculating Atlantic Water and continue
southward along the Greenland slope. On its route,
the East Greenland Current interacts with the
waters of the Greenland Sea. Some deep waters,
the Eurasian Basin Deep Water and part of the
Canadian Basin Deep Water enter the Greenland
Sea (Aagaard et al., 1985) and Arctic Intermediate
Water is incorporated into the East Greenland
Current, which continues across the Jan Mayen
Fracture Zone into the Iceland Sea. The dense water
formed in the Iceland Sea, the Iceland Sea Arctic
Intermediate Water, does not join the East Gre-
enland Current but instead flows directly towards
the Denmark Strait, constituting a separate source
of overflow water (Swift et al., 1980).

Waters too dense to cross the Jan Mayen Fracture
Zone and the sill in Denmark Strait eventually reach
the Norwegian Sea and pass through the Faeroe-
Shetland Channel to the North Atlantic. The
Denmark Strait Overflow Water and the Faeroe-
Shetland Overflow Water supply the North Atlantic
Deep Water and feed the Deep Western Boundary
Current and thus the lower limb of the global ther-
mohaline circulation. The Denmark Strait overflow
has a closer connection with the different sources
than the Faeroe-Shetland overflow, which mainly
drains the pool of dense water in the Norwegian
Sea, and reflects more strongly the interplay
between and the variability of the different sources.

Observations

The present discussion is based on hydrographic
observations gathered by several institutions over
the past 15 years: AWI, Bremerhaven; Finnish
Institute of Marine Research, Helsinki; Institut fiir
Meereskunde, Hamburg; Marine Research Institute,
Reykjavik; Norwegian Polar Research Institute,
Tromse; Royal Danish Administration of Naviga-
tion and Hydrography, Copenhagen as part of dif-
ferent international projects: European Sub Polar
Ocean Programme (ESOP); Greenland Sea Project
(GSP); Marginal Ice Zone Experiment (MIZEX);
World Ocean Circulation Experiment (Nordic
WOCE); Variability of Exchanges in the Northern
Seas (VEINS). Only a few representative stations
are shown and their positions are indicated in
Figure 1.

Fram Strait

During the past 10-15 years the water mass charac-
teristics in Fram Strait have changed considerably.
Rudels ez al. (2000) compared sections from 1984
and 1997 and found that the deeper layers had

become warmer and more saline, indicating a stron-
ger presence of Arctic Ocean deep waters. In 1984
the warm, saline Atlantic layer located between
100 and 600 m, comprising the northward flowing
and the recirculating part of the West Spitsbergen
Current, reached across the entire strait from
Svalbard to the Greenland continental slope. In
1997 the recirculation was less extensive, leaving a
corridor, about 1/5th of the total width of the Strait,
east of the Greenland slope and allowing an almost
free passage for the Arctic Atlantic Water exiting
the Arctic Ocean. This suggests that the recircula-
tion in the Fram Strait has weakened and that a
larger part of the West Spitsbergen Current enters
the Arctic Ocean.

Central Greenland Sea

Figure 2 shows 0-S curves and potential temperature
and salinity profiles from the centre (75°N, 2°W)
and the western part (75°N, 7°W) of the Greenland
Sea gyre taken in 1988, 1993, and 1998. After con-
vection deeper than 2500 m in 1988 the convection
depth diminished, and the penetration of the Arctic
Ocean deep waters, no longer stirred into the
Greenland Sea Deep Water by the local convection,
from the rim towards the centre of the gyre became
visible. First the deep salinity maximum deriving
from the Eurasian Basin Deep Water grew in promi-
nence and then the intermediate temperature maxi-
mum of the Canadian Basin Deep Water appeared.
The latter has more or less become the deep bound-
ary for the local convection, and the convection in
the Greenland Sea presently produces Arctic Inter-
mediate Water spreading out above the temperature
maximum rather than deep water. The salinity and
temperature of the deeper layers have gradually
increased, while the temperature maximum is dis-
placed downwards (Budéus ez al., 1998). The con-
finement of the convection to above the temperature
maximum could be instrumental in pushing the
maximum downwards.

The Iceland Sea

The Jan Mayen Fracture Zone prevents the densest
water of the East Greenland Current from entering
the Iceland Sea. The characteristics of the waters
that cross the ridge do not display large along-slope
variations between the Greenland Sea and the Ice-
land Sea as compared to the annual variability. The
warm Recirculating Atlantic Water—Arctic Atlantic
Water core as well as the thermocline above the
core retained their properties since Fram Strait.
The characteristics of the thermocline correspond to
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Figure 1. Map of the Nordic Seas. The positions of the Greenland Sea stations are shown as dots, and the bars indicate the
positions of the sections from 1990 and 1998 in the Iceland Sea and northern Denmark Strait. The filled bars correspond to
the blue stations, the open bars to the red stations in Figure 3. JMFZ (Jan Mayen Fracture Zone).

those of the Polar Intermediate Water (Malmberg,
1972), and the Arctic Ocean is therefore a probable
source for the Polar Intermediate Water.

The central Iceland Sea appeared disconnected
from the western area dominated by the East
Greenland Current and the year to year variations
of the Iceland Sea Arctic Intermediate Water, com-
prising an upper temperature minimum and a lower
temperature maximum (Swift and Aagaard, 1981;
Carmack, 1990), did not follow the advected chan-
ges in the East Greenland Current. Figure 3 com-
pares the waters of the East Greenland Current
and in the central Iceland Sea just south of the
Jan Mayen Ridge in 1990 and 1998. The upper
Iceland Sea Arctic Intermediate Water temperature
minimum was almost removed by summer heating
in 1990 but in 1998 its temperature was close
to freezing. The salinity was around 34.6, which is
considerably more saline than the 34.2-34.4 that

characterize the knee between the halocline and the
thermocline in the East Greenland Current and
supports the notion that the temperature minimum
is formed locally in the Iceland Sea. The tempera-
ture maximum also varied from year to year but it
was always cooler and less saline than the warm,
saline Arctic Atlantic Water—Recirculating Atlantic
Water core in the East Greenland Current.

The salinity in the deeper layer has decreased
between early and late 1990s (Figure 3). This is
caused by a change in the water masses crossing the
Jan Mayen Fracture Zone. During the stronger
convection in the 1980s the convecting waters were
denser and the less dense Canadian Basin Deep
Water was forced across the ridge into the Iceland
Sea. In the late 1990s the less saline, and now the
less dense, Arctic Intermediate Water rather than
the Canadian Basin Deep Water crossed the Jan
Mayen Ridge into the Iceland Sea.
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Figure 3. 0-S diagrams (full scale and blow-up) from stations in t
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he East Greenland Current (red lines) and in the central Iceland

Sea (blue lines) just south of the Jan Mayen Fracture Zone taken in 1990 and in 1998.

Denmark Strait

On sections between Greenland and Iceland just
north of Denmark Strait (Figure 4) the upper layer
was dominated by low salinity polar water and no
temperature minimum that could have originated in
the Iceland Sea was observed. The temperature of
the temperature maximum was generally between

that of the East Greenland Current and the Iceland
Sea temperature maxima, which suggests mixing
between the two sources. The temperature was
higher in 1998 than in 1990, implying an increased
fraction of Recirculating Atlantic Water—Arctic
Atlantic Water in the Denmark Strait overflow. The
trend of decreasing salinity in the deeper layers
noticed further north in the Iceland Sea was also
seen in Denmark Strait.

Figure 2. Profiles of potential temperature, salinity, and Q-S diagrams (blow-up) from stations in the centre (75°N, 2°W) and at

the western rim (75°N, 7°W) of the Greenland Sea gyre taken in

1988 (blue lines), 1993 (green lines), and 1998 (red lines). The

water mass classification indicated on this (and on other Q-S diagrams below) is aimed for Fram Strait (see Rudels ez al., 1999b).
PSW (Polar Surface Water), PSWw (Polar Surface Water warm) (ice melt on top of Atlantic Water from the south), RAW
(Recirculating Atlantic Water), AAW (Arctic Atlantic Water), uPDW (upper Polar Deep Water), CBDW (Canadian Basin Deep
Water), EBDW (Eurasian Basin Deep Water), NDW (Nordic Deep Water, comprising both Greenland Sea Deep Water
(GSDW) and Norwegian Sea Deep Water (NSDW)). (/) and (\) indicate the most prominent slope of the water mass in regions
where the characteristics of two water masses overlap. The water mass boundaries are shown as orientation, although the

classification does not apply outside Fram Strait.
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Figure 4. 0-S diagrams (full scale and blow-up) from stations in northern Denmark Strait taken in 1990 and in 1998.

Sections taken at the sill displayed yearly changes
but even stronger variability over a week are present
(Ross, 1984; Rudels et al., 1999a). A possible cause
of these rapid changes could be the encounter bet-
ween the East Greenland Current and the Irminger
Current from the south. The two currents contend
for space in the central part of the Denmark Strait
and a strong presence of Irminger Current water will
obstruct the passage of the East Greenland Current.
The overflow shifts westward onto the Greenland
shelf, and the southward passage of denser overflow
waters could temporarily become obstructed.

Summary
The variability of the Denmark Strait overflow is

manifested on several time scales from a few days
to more than 10 years. The contest between the

Irminger Current and the East Greenland Current
will affect the overflow in periods of a week and this
variability is likely caused by local weather condi-
tions. The characteristics of the intermediate water
of the Iceland Sea change from year to year due to
variations in the wintertime heat loss. Changes in
the wind fields over periods of months to years are
likely to create conditions favouring either a flow
of Iceland Sea waters or East Greenland Current
waters to the Denmark Strait. Variability on still
longer time scales is seen in the Greenland Sea,
where a change from convective deep water renewal
to a period of mainly Arctic Intermediate Water
production occurred in less than 10 years. During
this period the deep Greenland Sea has become
transformed into a passive “bay” more or less
dominated by the Arctic Ocean deep waters. The
shallower convection, on the other hand, creates
an almost direct communication between the
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Greenland Sea, the East Greenland Current and
Denmark Strait. In 1998 the Greenland Sea pro-
duced water for the Denmark Strait overflow rather
than for the Faeroe-Shetland overflow, which was
the case in the deep convecting situation. The
prominence of the Recirculating Atlantic Water in
Fram Strait has decreased during the same period as
the weakening of the Greenland Sea convection,
indicating less recirculation and larger exchanges
between the Nordic Seas and the Arctic Ocean in
this density range. Changes with still longer periods
are expected for the intermediate and deep waters of
the Arctic Ocean, where variations in the water mass
characteristics occur over 10-100 years.

The state of the convection in the Greenland Sea
could be one key to the 5-10 years variability. A
strong Greenland Sea convection creates a denser
central dome in the Greenland Sea that intensifies
the cyclonic circulation. This could, in addition to
keeping the Arctic Ocean deep waters above the
convecting water and closer to the rim, also force
the Atlantic Water of the West Spitsbergen Current
to recirculate in Fram Strait rather than enter the
Arctic Ocean (Rudels et al., 2000). The inflow to the
Arctic Ocean would then comprise denser, deeper
lying water masses formed by convection in the
Greenland Sea. The stronger recirculation restricts
the outflow of Arctic Atlantic Water and the Rec-
irculating Atlantic Water would dominate in the
East Greenland Current and in the Denmark Strait
overflow. Weaker convection slackens the doming
(Meincke et al., 1997) and the recirculation in Fram
Strait would diminish, causing more Arctic Atlantic
Water and less Recirculating Atlantic Water to enter
the East Greenland Current. Such a shift in the flow
pattern would change the overflow characteristics
from the fairly saline flow reported by Dickson
and Brown (1994) for the 1980s, to the less saline
overflow observed in the 1990s (Dickson et al.,
1998). The climatic conditions behind these changes
in convection activity in the Greenland Sea are, of
course, not answered by speculation like this, but
must be found by a complete study of the different
components of the climate system.
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