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The Labrador Sea is one of the sites where convection exports
surface water to the deep ocean in winter as part of the thermo-
haline circulation. Labrador Sea water is characteristically cold
and fresh, and it can be traced at intermediate depths (500–
2,000 m) across the North Atlantic Ocean, to the south and to the
east of the Labrador Sea1–3. Widespread observations of the ocean
currents that lead to this distribution of Labrador Sea water have,
however, been difficult and therefore scarce. We have used more
than 200 subsurface floats to measure directly basin-wide hor-
izontal velocities at various depths in the Labrador and Irminger
seas. We observe unanticipated recirculations of the mid-depth
(,700 m) cyclonic boundary currents in both basins, leading to
an anticyclonic flow in the interior of the Labrador basin. About
40% of the floats from the region of deep convection left the basin
within one year and were rapidly transported in the anticyclonic
flow to the Irminger basin, and also eastwards into the subpolar
gyre. Surprisingly, the float tracks did not clearly depict the deep
western boundary current, which is the expected main pathway of
Labrador Sea water in the thermohaline circulation. Rather, the
flow along the boundary near Flemish Cap is dominated by eddies
that transport water offshore. Our detailed observations of the
velocity structure with a high data coverage suggest that we may

have to revise our picture of the formation and spreading of
Labrador Sea water, and future studies with similar instrumenta-
tion will allow new insights on the intermediate depth ocean
circulation.

In the North Atlantic, surface waters of the meridional over-
turning circulation transport heat to high latitudes, where deep
convection forms intermediate and deep waters in localized regions.
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Figure 1 Trajectories of floats in the Labrador and Irminger seas at nominal depths of
400, 700 and 1,500 m. Each float is represented by one colour, and each arrow
represents one subsurface drift cycle. Gaps between arrows represent the time the float
was at the surface. Data shown are from November 1994 to the end of April 1999,
representing over 200 years of data. Contours mark the 500-m, 1,000-m, 2,000-m,
3,000-m and 4,000-m isobaths.
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Figure 2 Objectively mapped mean circulation at 700 m depth. a, Velocity shown as
displacement vectors. Blue arrows indicate distance travelled over 30 days for speeds
, 5 cm s−1; red arrows indicate distance travelled over 8 days for speeds > 5 cm s−1.
Contours mark isobaths as in Fig. 1. b, Geostrophic pressure measured in centimetres of
water (black contours). ‘L’s mark selected low-pressure centres, and grey contours mark
the 500-m and 1,000-m isobaths. To construct these maps, velocity data from all drift
depths were corrected to 700 m using geostrophic shears from the Levitus
climatology20,21, and were averaged in bins roughly 100 km square. These data were then
objectively mapped using a gaussian covariance function with a decorrelation length scale
of 185 km and noise derived from the variance of the velocity field.
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Long-term variability in the formation process4,5, and subsequent
spreading of these water masses, may alter the meridional heat flux,
a central component of the climate system6. Labrador Sea water
(LSW), located between depths of 500 and 2,000 m, is formed in
winter in the interior of the basin where cold, dry, offshore winds
force convective overturning. Although hydrographic data have
identified locations of deep convection7 and have inferred a cyclonic
general circulation in the Labrador Sea8, direct velocity measure-
ments have been limited to point measurements from a few moored
current meters9,10. Consequently the residence time and pathways of
LSW within the basin, and its exit routes into the North Atlantic,
have mostly been inferred from indirect measurements.

As part of the World Ocean Circulation Experiment (WOCE) and
the Labrador Sea Deep Convection Experiment11, more than 200
neutrally buoyant subsurface P-ALACE floats12 and SOLO floats13

were deployed in the northern North Atlantic. The floats drift
at nominal depths of 400 m, 700 m, or 1,500 m for preset periods
between 3.5 and 20 days. At the end of its cycle time, each
float ascends to the sea surface to transmit data via the Argos
satellite system. The floats report position data, as well as vertical
profiles of ocean temperature and salinity measured upon ascent or
descent.

Since November 1994, more than 7,400 profiles of temperature
and salinity and more than 200 years (cumulative) of drift-velocity
data have been collected (Fig. 1). The drift-velocity data were used
to objectively map the mean circulation at 700 m depth (Fig. 2). The
strongest flows in the mean field are along the coasts of Greenland
(East and West Greenland currents) and Labrador (Labrador
Current), with speeds reaching 12 cm s−1. The North Atlantic
Current meanders eastwards at 3–7 cm s−1 from northeast of
Flemish Cap, the topographic feature centred at 47.58 N, 458 W.
The most notable feature is the unexpected anticyclonic counter-
current to the interior of the boundary currents. This anticyclonic
flow is comprised of a series of recirculations that are visible as
closed regions of cyclonic flow in Fig. 2a, and as low-pressure
centres marked with an ‘L’ in Fig. 2b. This flow has not been
described in circulation regimes inferred from hydrography8,9,

although northward flow to the interior of the Labrador Current
was measured with current meters at one location7.

The circulation patterns described above appear at all three drift
depths and at all times of year. The flow in the upper 1,000 m is
generally faster than that below, particularly in the boundary
currents and in the anticyclonic flow northeast of Flemish Cap,
where speeds weaken at depth by up to 5.5 cm s−1. Although
seasonal variability in the boundary currents could not be resolved,
the recirculation to the north of Flemish Cap is faster in winter
(January–April) than in summer (July–October), whereas the
reverse is true of the recirculation in the western Irminger basin.
The Flemish Cap recirculation appears to be fed by the Labrador
Current, whose seasonal variability has been linked to variations in
wind forcing10.

Mixed-layer depths computed from temperature profiles for the
winters of 1997 and 1998 (Fig. 3) show that convectively mixed
layers deeper than 400 m were scattered across the basin interior, but
the deepest mixed layers (. 800 m) were concentrated in the
western basin. This augments the picture found from a hydro-
graphic survey11 in February–March 1997. The floats also measured
recently formed deep mixed layers as late as mid-April, and in
regions outside the western basin. Mixed layers in 1998 were
shallower than in 1997, indicative of the interannual variability in
LSW formation5.

Changes in heat content between consecutive vertical profiles of
temperature provide a measure of the air–sea heat flux. The greatest
computed average winter heat flux (−345 6 95 Wm−2) occurred in
the northern third of the basin, whereas the central portion contain-
ing the deepest mixed layers had an average winter heat flux of only
−49 6 46 Wm−2. Therefore the circulation within the western basin
must be an important factor in determining where deep convection
occurs.

Previous work7 suggests that a winter cyclonic gyre in the western
Labrador basin traps surface waters in a region that is repeatedly
exposed to cold offshore winds. The resulting heat loss to the
atmosphere then sustains deep convection. To investigate the
existence of a localized gyre, the mean velocity field was mapped
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Figure 3 Winter mixed-layer depth for profiles measured in winters 1996–97 and 1997–
98. The mixed-layer depth (MLD) is defined by the break between a least-squares fit of a
straight line to the upper layer, and a second-order polynomial plus exponential fit to the
lower layer, of each temperature profile. MLD # 400 m are marked with green circles,
400 , MLD # 800 m with blue squares, and MLD . 800 m with red triangles. Contours
mark isobaths as in Fig. 1. The deepest mixed layers are located in the western basin,
although mixed layers deeper than 400 m are found outside this region as well.
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Figure 4 Trajectories of five floats that travelled from the central Labrador Sea to the
eastern North Atlantic. Red, orange and green arrows indicate three floats drifting at
700 m depth; blue and purple arrows indicate two floats drifting at a depth of 1,500 m.
From light to dark grey, shading indicates bathymetry , 3,000 m, , 2,000 m,
, 1,000 m and , 500 m. One float (purple) left the Labrador Sea in the unexpected
anticyclonic current south of Greenland and arrived at Rockall trough after only 2.8 years.
The other four floats drifted in an eastward flow fed by the Labrador Current, with travel
times comparable to previous estimates of spreading rates.
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from winter data only (not shown). Nearly all of the deepest mixed
layers were located within a weak (1.8 cm s−1) cyclonic recirculation,
centred near 56.58 N between the Labrador Current and the interior
flow. This gyre is, however, masked by variability, suggesting that the
important factor is the generally weak flow in the region. Floats that
recorded the deepest convection remained in the region an average
of 34.5 days, and in some cases up to 110 days, before measuring the
deep mixed layers. There may be a localized winter cyclonic gyre in
the convection region, but (more importantly) the sluggish flow
retains water there for an extended period of time, during which the
water experiences a large net heat loss that drives progressively
deeper convection.

From the formation region, two main routes exist for LSW to
leave the Labrador Sea. The first is an eastward outflow between
518 N and 548 N, fed by the Labrador Current. Three floats drifting
at 700 m and one float drifting at 1,500 m followed this path to the
eastern North Atlantic (Fig. 4). The floats’ travel times compare well
with spreading estimates inferred from tracers3. Floats at 700 m
depth reached the Iceland basin in 1.6–2.6 years, at an average
subsurface speed (including small-scale features) of 8.7 cm s−1, while
the 1,500-m-deep float arrived in 3.8 years, at an average subsurface
speed of 6.6 cm s−1.

The second pathway out of the Labrador Sea is in the anticyclonic
countercurrent flowing from the interior of the basin into the
Irminger Sea. Evidence that LSW travels directly to the Irminger
basin is given by high concentrations of chlorofluorocarbons
(CFCs) at intermediate depths3,14, indicative of recently ventilated
water. One 1,500-m-deep float (purple in Fig. 4) left the Labrador
Sea in this countercurrent, and reached the eastern edge of the
North Atlantic basin at Rockall trough in 2.8 years (average speed of
4.9 cm s−1). The travel time via this alternative route across the basin
is 1–1.5 years faster than previous estimates from tracers3.

LSW properties have also been traced south along the western
boundary into the subtropical gyre1,15, presumably having travelled
in the deep western boundary current (DWBC). Surprisingly, none
of the 1,500-m floats sampled the DWBC south of Flemish Cap
(Fig. 5). The flow near Flemish Cap is strongly baroclinic, with the
southward DWBC located inshore of the 4,000-m isobath15 and
below the northward, surface-intensified North Atlantic Current
(NAC). At the surface, some floats were carried offshore by the

NAC, while others drifted onshore towards the DWBC region. At
depth, a number of floats sampled an expected southward flow
inshore of the 3,000-m isobath north of ,478 N, with average
measured speeds of up to 24.7 cm s−1. Near Flemish Cap, however,
a number of floats underwent cross-isobath flow with comparable
speeds. The flow at the northern edge of Flemish Cap turns back to
the northwest, feeding a recirculation of the interior anticyclonic
countercurrent, while eastward and southeastward flow is observed
throughout much of the region. The existence of these cross-isobath
flows at the slope of Flemish Cap indicates a rapid exchange between
the boundary current and offshore waters, and is largely responsible
for the lack of floats travelling southward into the subtropical gyre.
Measurements16 of high eddy kinetic energy east of Flemish Cap
suggest that these flows are eddy-driven.

Floats that travelled along the western boundary and recirculated
to the northwest near Flemish Cap did not measure significant
variations in temperature and salinity at depths of 1,000–1,500 m,
indicating this is a pathway of LSW. Most floats travelling east of
,428 W, however, encountered the warmer and saltier water of the
NAC at these depths. Hydrographic data17 show a deepening of
isopycnals to the east of Flemish Cap, suggesting that LSW is still
present in this region but below the depth of the floats (1,500 m).
Thus both deep pathways described above transport LSWaway from
the western boundary.

Although floats did not drift south along the western boundary
beyond ,458 N, tracer studies1,17 clearly indicate that LSW does
reach the subtropical gyre, presumably in the DWBC. One reason
that the floats did not measure the boundary current may be high
variability in the flow field near Flemish Cap, which might make
intermittent the southward flow of LSW in the DWBC17. Another
possibility is that LSW reaches the subtropical gyre further east, in
recirculations on either side of the Mid-Atlantic Ridge18,19. The
questions of how and when intermediate and deep waters enter the
subtropical gyre, and whether or not this exchange could be shut off
by climate variability, are essential to understanding the long-term
behaviour of the thermohaline circulation. These questions cannot
be answered with the present observations. M
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Figure 5 Displacements of floats drifting at 1,500 m depth near Flemish Cap. Colour
scheme and bathymetric contours as in Fig. 1. There is no indication of a coherent
southward flow along the boundary south of Flemish Cap. Instead deep, cross-isobath
flows are observed, which provide a rapid exchange between the boundary and offshore
waters.
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Aftershocks occurring on faults in the far-field of a large earth-
quake rupture can generally be accounted for by changes in static
stress on these faults caused by the rupture1,2. This implies that
faults interact, and that the timing of an earthquake can be
affected by previous nearby ruptures3–6. Here we explore the
potential of small earthquakes to act as ‘beacons’ for the mechan-
ical state of the crust. We investigate the static-stress changes
resulting from the 1992 Landers earthquake in southern Califor-
nia which occurred in an area of high seismic activity stemming
from many faults. We first gauge the response of the regional
seismicity to the Landers event with a new technique, and then
apply the same method to the inverse problem of determining the
slip distribution on the main rupture from the seismicity. Assum-
ing justifiable parameters, we derive credible matches to slip
profiles obtained directly from the Landers mainshock7,8. Our
results provide a way to monitor mechanical conditions in the
upper crust, and to investigate processes leading to fault failure.

The mechanical state of a fault can be characterized by Coulomb
stress9 CS = t − m(jn − p), a scalar, where t is shear stress, jn is
normal stress, m is the coefficient of friction, and p is the pore
pressure. In general, CS is not known, but a ‘‘beacon’’ fault will
experience a static stress change DCS = Dt − m9Djn from a known
shear dislocation on a causative fault10 (the ‘‘rupture’’). In a linear
isotropic elastic medium DCS is a scalar. In this simple formulation,
the effective friction parameter m9 includes a possible change in pore
pressure, but is independent of space and time. DCS p CS for
beacons sufficiently far from the rupture (7.5 km in this case; Fig. 1)
and only the component of Dt parallel to the beacon’s slip vector is
consequential. DCS . 0 is expected to ‘encourage’ the beacon fault
toward failure; DCS , 0 is expected to ‘discourage’ it from failing.
This expectation can be tested for earthquakes that are resolved as
shear failures with specific location, strike, dip and rake. In general,
DCS is significant within a rupture-length of any rupture11. Both
deformation and stress changes, however, are dominated by the
largest ruptures12. We consider the classical interaction experiment
where DCS stems from a large rupture and affects a multitude of
beacon earthquakes that are assumed to be too small to mutually
interact1.

The 1992 Landers sequence in southern California provides the
causative rupture in this experiment: it is dominated by the 28 June,

MW = 7.2 mainshock and includes the 23 April, ML = 6.1 Joshua Tree
‘foreshock’ and the 28 June, ML = 6.5 Big Bear ‘aftershock’ (Fig. 1).
The rupture is within a broad zone of seismicity associated with the
plate boundary. A set of relocated and quality-selected focal
mechanisms for most M $ 1.5 earthquakes in this zone since
1980 have been interpreted for fault structure and preferred nodal
planes (data are available at ftp://scec.gps.caltech.edu/pub/focal/
focal1.nano). This seismicity stems from many relatively small,
scattered faults ranging widely in orientation and kinematics
which serve as ideal beacons for stress change13 (Fig. 1). DCS is
calculated for each beacon as the compound effect of 28 elemental
dislocations10 approximating the rupture7.
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Figure 1 Earthquakes as beacons of the static stress change from the 23 April–28 June
1992 composite rupture. Heavy lines7,9: J, Joshua; L, Landers; BB, Big Bear. Coulomb
stress change calculated for each beacon is either encouraging (ENC, DCS . 0.1 bar;
circles) or discouraging (DISC; DCS , 0.1 bar; crosses). Beacons after the rupture (1,680
encouraged and 538 discouraged earthquakes) are expected to occur if encouraged,
while beacons before the rupture (681 encouraged and 553 discouraged earthquakes)
provide the reference (for example, discouraged seismicity is turned off by the rupture).
Excluded are beacons less than 7.5 km from the rupture, where non-elastic interactions
may occur. Friction m9 = 0.8. Early discouraged earthquakes are concentrated in four
clusters (boxed) where local stress interactions are suspected: G, Gold Mountain; Y,
Yucaipa; E, Eureka Park; I, Iron Ridge. SAF, San Andreas fault.
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