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The over¯ow of cold, dense water from the Nordic seas, across the
Greenland±Scotland ridge1 and into the Atlantic Ocean is the
main source for the deep water of the North Atlantic Ocean2. This
¯ow also helps drive the in¯ow of warm, saline surface water into
the Nordic seas1. The Faroe Bank channel is the deepest path
across the ridge, and the deep ¯ow through this channel accounts
for about one-third of the total over¯ow1,2. Previous work has
demonstrated that the over¯ow has become warmer and less
saline3,4 over time. Here we show, using direct measurements
and historical hydrographic data, that the volume ¯ux of the Faroe
Bank channel over¯ow has also decreased. Estimating the volume
¯ux conservatively, we ®nd a decrease by at least 20 per cent
relative to 1950. If this reduction in deep ¯ow from the Nordic seas
is not compensated by increased ¯ow from other sources, it
implies a weakened global thermohaline circulation and reduced
in¯ow of Atlantic water to the Nordic seas.

The Nordic seas and the Arctic Ocean are dominated by cold
water below about 500 m depthÐthe typical sill depth of the
Greenland±Scotland ridge (Fig. 1). The over¯ow of this water
across the Greenland±Scotland ridge into the North Atlantic is
the most important source for North Atlantic Deep Water2

(NADW), and any assessment of past or future variation in the
global thermohaline circulation will depend critically on assessing
the variation of this over¯ow. About half of the over¯ow passes
through the Denmark Strait, while the rest crosses the ridge in the
Iceland±Scotland region2, mainly through the Faroese channelsÐ
consisting of the Faroe±Shetland channel leading to the Faroe Bank
channel (Fig. 1b).

The Faroe Bank channel has a sill depth of around 840 m, and the
deepest parts of the channel are constantly ®lled with cold over¯ow
water ¯owing into the Atlantic with average velocities exceeding
1 m s-1 in the core (Fig. 2). Since November 1995, an upward-
looking acoustic Doppler current pro®ler (ADCP) has been moored
at the sill of the channel and has measured the velocity pro®le
almost continuously. From these measurements, initiated in the
`Nordic WOCE' project, the ¯ux of water colder than 3 8C was
estimated5 to be 1.9 Sv (1 Sv � 106 m3 s 2 1), which is fairly consis-
tent with previous estimates6,7. This ¯ux includes the over¯ow
waters, but also some entrained Atlantic water. To avoid in¯uence
from the entrained water, we focus on the well de®ned over¯ow,
colder than +0.3 8C and with densities (jt) in excess of 28.0. From
November 1995 to June 2000, the ADCP measurements indicate a
weakening of this over¯ow ¯ux of 2±4% per year (Fig. 3), which is
signi®cantly different from zero (P , 0.001).

Direct current measurements give the most reliable estimate of the
over¯ow ¯ux through the Faroe Bank channel, but for information
on long-term variations we are restricted to more indirect methods.
Historical hydrographic data may be used for this purpose if they
can be related to the over¯ow on a theoretically sound basis. In the
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Figure 1 Topography and temperature change across the Greenland±Scotland ridge
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steady state, the equations of motion may, to a ®rst approximation,
be integrated horizontally along the channel axis (x) and vertically
(z) over the over¯ow layer to give:

# 1

2
rU2dz 2 #�ttop 2 tbottom�dx � #�pu 2 ps�dz � DP �1�

where U is the along-channel velocity at the sill, t the frictional
stress, and (pu 2 ps) the difference between the upstream (pu) and
downstream, or sill (ps), pressure. In the open Atlantic, outside
the exit of the channel, the density above sill level referred to
atmospheric pressure (r0) is fairly constant. In the channel,
the density structure is often approximated by a two-layer system,
but at the upstream end it is better described as increasing linearly
from r0 in the surface to r0 � Dr (referred to atmospheric
pressure) at the depth (D) of the interface, and then remaining
constant through the over¯ow layer of height H (Fig. 1c). In this
approximation, the integrated pressure difference is given by
DP � �1=2�Dr gH�D � H�.

The vertically integrated pressure difference between both ends
of the channel (DP) is the driving force for the over¯ow, and
because the frictional stress increases with velocity, equation (1)
implies the intuitively obvious statement that the over¯ow ¯ux is
a monotonically increasing function of DP and hence also of H.
This is the basis for the main conclusion of this Letter, as we infer
a changing over¯ow ¯ux (q) from an observed change in H.
Quantitative relationships between q and H have been derived
from analytical models6,8, and generally imply that q is propor-
tional to H raised to the power 3/2 or 2 depending on channel
geometry. These models ignore friction, however, which is not
permissible for the Faroe Bank channel7,9. They also assume a
pure two-layer structure. Using the more realistic expression for
DP given above and assuming a narrow channel of rectangular
cross-section, with constant velocity in the over¯ow layer and the
interface height at the sill proportional to H, equation (1)
implies:

q � aHn
�2�

where a is a constant, and n � 1 in the case where the ®rst term
(inertia) on the left hand side of equation (1) dominates, and
n � 3=2 if the second term (friction) dominates and is quadratic in
velocity. We use the constant-density level (jt � 28:0 isopycnal) to
de®ne the interface, and H is thus the height of this isopycnal above
sill level (Fig. 1c).

Mesoscale activity deforms the isopycnals on timescales of days
(Fig. 1c), which necessitates frequently sampled data. Such data are
available at Ocean Weather Station M (OWS-M, Fig. 1b), where
temperature and salinity have been observed since 1948 with several
pro®les a month10. Using these data, we established a time series of
the depth of the jt � 28:0 isopycnal at OWS-M which exhibits a
persistent deepening trend from 1950 to 1999 (Fig. 4). The annual
depth increase was 1.05 6 0.15 m (average 6 standard error),
which is statistically different from zero at a high level of signi®cance
(P , 0.001). This implies that the over¯ow also decreased over the
1950±99 period. Using equation (2), we ®nd a decrease by 20%
(n � 1) or by 26% (n � 3=2) relative to 1950.

A number of critical questions may be raised about the method
and the associated assumptions. These are assessed in the Methods
section, where we argue that they are unlikely to affect the basic
conclusion of a weakened over¯ow ¯ux. Fortunately, there is a way
to test the assumption of a direct link between over¯ow ¯ux
through the Faroe Bank channel and interface height at OWS-M,
because there is a period from November 1995 to January 1999
when simultaneous measurements exist of isopycnal depth at
OWS-M and directly measured over¯ow ¯ux in the Faroe Bank
channel.

To compare these two sets of observations, we converted monthly
interface depths at OWS-M to over¯ow ¯ux using equation (2),
smoothed them, and plotted them together with the ¯ux computed
from the ADCP measurements for the common period (Fig. 3). The
two curves in Fig. 3 are not identical, but they show similar
behaviour even at seasonal and interannual timescales as regards
typical amplitudes and trends. This con®rms that changes in the
interface height at OWS-M re¯ect changes in over¯ow forcing, and
supports our conclusion that the Faroe Bank channel over¯ow has
decreased since 1950. This conclusion applies to water colder than
0.3 8C, which accounts for about two-thirds of the total over¯ow
¯ux (de®ned as water colder than 3 8C). The remainder has densities
ranging down to jt � 27:8, and this isopycnal has also deepened at
OWS-M at similar rates since 1950. Thus, a decrease of the total
Faroe Bank Channel over¯ow by about 0.5 Sv since 1950 is a
conservative estimate.
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Figure 3 The ¯ux of water below the 0.3 8C isotherm through the Faroe Bank channel.

Red curve, as measured by moored ADCPs; blue curve, as computed from OWS-M

interface depth. Both series have been ®ltered using 5-month running means. The

width of the red curve illustrates the uncertainty of the ¯ux calculations due to a lack of

information on the vertical isotherm movement in response to velocity changes5.

The decreasing trend is estimated to be 2% or 4% per year, depending on the

assumptions. The blue curve was computed from equation (2) with n = 1; a was

determined by the average over¯ow ¯ux and upstream interface height, and lagged by

8 months because independent hydrographic observations (see Methods) indicate that

there is an 8-month delay in the interface height variations from OWS-M to the Faroe

Bank channel.
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Previous investigations3,4 have demonstrated a change in the
composition of the Faroe Bank channel over¯ow that implies a
reduction of the average density of the over¯ow water since the mid-
1970s. Up to now, there was no observational evidence for changes
in the over¯ow ¯ux, but it has been argued3 that less-dense over¯ow
water would entrain less ambient water in the Atlantic after leaving
the channel. This would imply a reduced ¯ux of the mixture of
over¯ow water and entrained water feeding into the NADW. Our
observed reduction of the over¯ow ¯ux comes in addition to this.
The Faroe Bank channel over¯ow has become less intensive and less
dense, and both these effects have acted to reduce the supply of
dense water to NADW.

The implications of our observed decrease of Faroe Bank channel
¯ux depend on the behaviour of the other over¯ow sources. East of
Iceland, the only source of suf®cient magnitude to affect our
conclusion is the over¯ow over the Iceland±Faroe ridge1 (Fig. 1).
The volume ¯ux of this source can also be expected to decrease with
a deepening interface in the southern Norwegian Sea. Thus, the total
Iceland±Scotland over¯ow has probably decreased since 1950. In
the Denmark Strait, analysis of hydrographic data since 1950 has
indicated decadal variability in the over¯ow there11, but this was
based on the geostrophic method which is questionable in slope
regions1. Direct current measurements of the Denmark Strait over-
¯ow are more recent, but they show `̀ surprisingly little evidence of
variability over longer periods (months, seasons, years)''12.

Thus, we cannot exclude the possibility of an increased Den-
mark Strait over¯ow that compensates for our observed decrease
of Iceland±Scotland over¯ow, but we ®nd no evidence for it. It
has been shown that the formation of deep water by convection in
the Greenland Sea has decreased since around 197013, but that
decrease might well have been compensated by a shift to more
intensive formation of intermediate water1. Unless there is an
unobserved increase in ¯ux from the Denmark Strait, our results
suggest a reduction in the total formation of deep and inter-
mediate waters north of the Greenland±Scotland ridge. This is
consistent with predictions from global coupled atmosphere±
ocean models as a consequence of an increase in anthropogenic
greenhouse gases14.

The consequences for NADW production depend on entrain-
ment as well as convection in the Labrador Sea, but, in any case, our
results imply a reduced input of dense water from the Iceland±
Scotland region and hence a reduced forcing of the meridional
overturning from this over¯ow component.

Our results also have implications for the Atlantic in¯ow to the
Nordic seas. According to recent estimates1, this in¯ow is mainly
returned to the Atlantic in the over¯ows (75%) rather than in the
surface ¯ow (25%). This implies that the barotropic pressure
gradient induced by the over¯ow is an important part of the driving
force for the in¯ow1. A reduced over¯ow can therefore be expected
to lead to a reduced Atlantic in¯ow of a similar magnitude. The heat
transported by the Atlantic in¯ow gives rise to the exceptionally
mild climate of northwestern Europe15, and a reduction of the
in¯ow will have a regional cooling effect that counteracts the global
warming trend. As yet, direct ¯ux measurements of the Atlantic
in¯ow1 are of too short duration to establish long-term trends, but
reports of cooling and freshening in the Norwegian Sea16Ðand of
decreasing air temperatures in some of the regions most affected by
the in¯ow17Ðcould perhaps be partly explained by a reduced
in¯ow. M

Methods
Interface depth

The depth of the jt � 28:0 isopycnal at OWS-M was determined by linear interpolation
between the standard observational depths: 400 m, 500 m, 600 m and 800 m. Thus, the
depth interval between observations is twice the magnitude of the deepening trend. This,
as well as mesoscale activity, argues that caution should be used in interpreting small
isopycnal depth changes. We ®nd, however, that the observed long-term deepening of
50 m is too large to be a statistical artefact. Spurious trends due to changing methodology,
especially in salinity analysis, may also be discounted because they would have shown up
also at deeper levels (beyond 1,500 m depth)Ðand they do not.

To establish the propagation of interface changes from OWS-M to the Faroe Bank
channel, the timing of the seasonal maximum height of the jt � 28:0 isopycnal above sill
depth was determined. At OWS-M, monthly average depths were ®tted by a sinusoidal
function with annual period added to a linear trend, and the maximal height was found to
occur in January. In the Faroese channels, a similar analysis was performed using
hydrographic observations from Scottish and Faroese research vessel cruises on three
standard sections (Fig. 1b). There the maximal height was found to occur in June on
section E and in August-September on sections S and W. This corresponds to an 8-month
delay from OWS-M to the Faroe Bank channel.

Potential sources of error

It could be argued that the integrated pressure difference depends on other things
rather than solely on the upstream interface height. One of these is the density in the
Atlantic. We have examined a large number of stations from the 1950±99 period,
obtained from the ICES (International Council for the Exploration of the Sea) Data
Bank and the national Faroese data archive. Decadal averages of jt for each of the ®ve
decades ranged between 27.49 and 27.51 for the layer of depth 500±800 m. This veri®es
that the Atlantic waters just outside the exit of the channel have remained constant in
density; but changes in the Norwegian Sea above the interface may also affect the
horizontal pressure gradient at depth. The observations from the upper layers at OWS-
M show that density in the upper layers has decreased slightly throughout most of the
period, but this would tend to magnify the effect of a deepening interface on the
over¯ow ¯ux, not counteract it.

A difference in sea-level height between the Atlantic and the Norwegian Sea induces a
barotropic pressure gradient. A systematic change in this could have offset the changing
baroclinic pressure gradient implied by Fig. 4. Except for changing over¯ows, the only
likely mechanism to induce a changing barotropic pressure gradient is the wind, and there
certainly have been systematic changes in the windÐas documented by the well-known
changes in the North Atlantic Oscillation (NAO) index18. These changes in the wind-
forcing are, however, characterized by strengthening multi-decadal oscillations which are
not seen in Fig. 4.

Using the interface height at OWS-M to re¯ect the over¯ow forcing presupposes that
internal circulation in the Norwegian Sea does not change the interface depth between
OWS-M and the channel entrance too much. Using high-quality data, available since 1994,
we determined the average depth of the jt � 28:0 isopycnal from section E (Fig. 1b), close
to the channel entrance, to be 562 6 19 m (average 6 standard error) in the period 1994±
99. In the same period, the depth of this isopycnal at OWS-M was almost identical
(565 6 7 m). This argues that changes of the interface height between OWS-M and the
channel entrance due to internal circulation are small compared to the 50-m change
observed (Fig. 4).
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Metamorphic core complexes are domal uplifts of metamorphic
and plutonic rocks bounded by shear zones that separate them
from unmetamorphosed cover rocks1. Interpretations of how
these features form are varied and controversial, and include
models involving extension on low-angle normal faults2, plutonic
intrusions3 and ¯exural rotation of initially high-angle normal
faults4. The D'Entrecasteaux islands of Papua New Guinea are
actively forming metamorphic core complexes located within a
continental rift that laterally evolves to sea-¯oor spreading5. The
continental rifting is recent (since ,6 Myr ago)5, seismogenic6 and
occurring at a rapid rate (,25 mm yr-1)5. Here we present
evidenceÐbased on isostatic modelling, geological data and
heat-¯ow measurementsÐthat the D'Entrecasteaux core com-
plexes accommodate extension through the vertical extrusion of
ductile lower-crust material, driven by a crustal density inversion.
Although buoyant extrusion is accentuated in this region by the
geological structure presentÐwhich consists of dense ophiolite
overlaying less-dense continental crustÐthis mechanism may be
generally applicable to regions where thermal expansion lowers
crustal density with depth.

The tectonic evolution of eastern Papua New Guinea created a
crustal density inversion central to the proposed mechanism of core
complex formation. The region of the palaeo-Papuan peninsula

west of 1538 209 E including the D'Entrecasteaux islands and the
Goodenough basin (Fig. 1) originated in Palaeogene times as an
intra-oceanic arc accommodating northerly directed subduction7,8.
The subducting plate included a continental fragment, the Papuan
plateau, which had become detached from the margin of Australia
by the opening of the Coral Sea basin9. When the Papuan plateau
encountered the trench it was partially subducted9, and island arc
ophiolite was obducted onto it7,10. Northward subduction ceased
and subduction later reversed11. Southward subduction along the
Trobriand trough led to arc magmatism throughout Miocene±
Holocene times12.

Sea-¯oor spreading in the easternmost Woodlark basin initiated
by 6 Myr ago, and rifting around the D'Entrecasteaux islands had
begun by Pliocene times12 (Fig. 1). A seismic receiver function
study13 indicates that the crust thins from 32±43 km beneath the
Papuan peninsula to 20±26 km beneath the Goodenough basin and
D'Entrecasteaux islands. On the D'Entrecasteaux islands, pressure±
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decreases westwards. Continental rifting continues in the Goodenough basin and

D'Entrecasteaux islands. Bottom, details of the study area indicated by the box in the

top panel. Shown are the locations of the heat-¯ow measurements and their values (in

mW m-2 ) uncorrected for sedimentation. Also shown are bathymetry and topography with

contours at 500-m intervals annotated every kilometre. Abbreviations: DI, D'Entrecas-

teaux islands; GB, Goodenough basin; G, Goodenough island; F, Fergusson island; N,

Normanby island; PP, Papuan peninsula. `a±b' indicates modelled section shown in

Fig. 4.
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