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Abstract

The pathways and timescales for the spreading of Labrador Sea Water (LSW) in the subpolar North Atlantic are

investigated with an advective–diffusive model. The model’s mean flow and eddy diffusivity are derived from float

measurements, while the region of LSW formation is obtained from hydrographic data. Two main export pathways for

LSW are reproduced by the model: eastward into the Irminger Sea and southward via the Deep Western Boundary

Current (DWBC). The mean interior flow field in the Labrador Sea is found to play an important role in feeding both

pathways. In particular, flow into the Irminger basin is due to a cyclonic recirculation located southwest of Greenland

while the export via the DWBC is partially maintained through an internal pathway, transporting LSW across the basin

to the west Greenland coast. A region of high eddy kinetic energy west of Greenland tends to increase the flushing rate

of LSW, but its impact is found to be limited. The residence time for LSW in the Labrador basin is estimated to be

approximately 4–5 years, with 80% leaving via the DWBC and 20% via the Irminger pathway.

r 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Labrador Sea Water (LSW) is an intermediate
water mass (characterized by a salinity and
potential vorticity minimum) produced by deep
convection in the Labrador Sea—the northwest
extension of the subpolar gyre. Formation occurs
primarily in the sea’s interior over a relatively
small area (with diameter varying between 100 and
300 km; see Lab Sea Group, 1998). Once formed,

LSW spreads far beyond its formation region and
can be tracked throughout the entire North
Atlantic, in both the subtropical and subpolar
gyres, and as a constituent water mass of the mid-
depth meridional overturning circulation. Three
primary pathways for LSW spreading were pro-
posed by Talley and McCartney (1982) through
the mapping of the low potential vorticity asso-
ciated with the weakly stratified LSW: southward
in the Deep Western Boundary Current (DWBC),
northeastward into the Irminger Sea, and into the
eastern North Atlantic across the mid-Atlantic
ridge towards the Iceland Basin and Rockall
Trough. Since then, these pathways have been
supported by a number of hydrographic and tracer
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observations (e.g. Sy et al., 1997; Rhein et al.,
2002).

While the spreading of LSW beyond the
Labrador basin is relatively well-documented, the
limited number of observations within the Labra-
dor Sea itself provide relatively little information
about the mechanisms by which it leaves the sea’s
interior. It has been conjectured that the transport
of convected water away from the formation site is
carried out by baroclinic eddies resulting from the
collapse of the convective structure (see Marshall
and Schott, 1998, for a review). This assumption,
generally thought to apply to most convective
sites, rests on two facts. First, baroclinic eddies
containing newly ventilated water have been
detected during, or shortly after, convection at a
number of convection sites (Gascard and Clarke,
1983; Gascard, 1978) Second, numerical and
laboratory studies of localized convection show
the collapse of the dense water dome through
baroclinic instability of the rim current at the edge
of the formation region (e.g. Hermann and Owens,
1993; Maxworthy and Narimousa, 1994, and the
review by Marshall and Schott, 1998).

Recent observations and modeling studies,
however, indicate that the above scenario may
not be the only mechanism responsible for the
export of the dense water and for the restratifica-
tion of the convective region. For example,
hydrographic data collected during a recent
wintertime survey of the Labrador Sea did not
show evidence of a rim current at the edge of the
convected region (Pickart et al., 2002). Further-
more, a significant fraction of the eddies present in
the Labrador Sea’s interior appear to originate
from instability of the boundary current off the
west Greenland coast (Lilly et al., accepted for
publication; Prater, 2002). Finally, Straneo and
Kawase (1999) argue that the baroclinic collapse
scenario is artificially favoured in model simula-
tions where convection is forced by means of a
localized, discrete forcing. The uncertainties in the
mechanisms responsible for the export, however,
are not limited to the origin of the eddies.
Recently, a high resolution float survey of the
subpolar North Atlantic has identified a series of
internal recirculations (Lavender et al., 2000) in a
region previously thought to be mostly quiescent.

This finding has raised the question as to what role
such recirculations may play in the removal of
LSW and, in particular, what the relative con-
tribution of advection by this interior flow versus
diffusion due to eddies is. Addressing these
questions is particularly relevant to the under-
standing of the mid-depth component of the
meridional overturning circulation, and for the
interpretation of the far-field LSW observations—
for example within the DWBC (Molinari et al.,
1998), and in the subtropical gyre (Curry et al.,
1998).

Data collected over the last few years, including
that from the Labrador Sea Deep Convection
Experiment (Lab Sea Group, 1998), have provided
us with the unique opportunity of addressing these
questions through basic modeling that is con-
strained by observations. Such is the approach
taken in this study. We combine data collected by
a large number of floats released in the Labrador
Sea and neighboring regions with hydrographic
data obtained during the winter of 1997 to
construct an advective–diffusive model for LSW
spreading at mid-depth. The mean velocity field
and eddy diffusivity in the model are derived from
the Lagrangian dataset, while the source location
and amount of LSW formed is derived from
hydrographic data.

2. The advection–diffusion model

2.1. Strategy of the model

We analyze the spreading of LSW through the
evolution of a passive scalar quantity (i.e. one that
does not affect the velocity field) which we refer to
as ‘LSW tracer’ (LSW hereafter). Its mean
evolution is described by an advection–diffusion
equation,

@C

@t
þUðxÞ � rCðx; tÞ ¼ Qðx; tÞ � r � Eðx; tÞ; ð1Þ

where Cðx; tÞ is the tracer concentration per unit
area (x ¼ ðx; yÞ), UðxÞ is the mean stationary
velocity, Qðx; tÞ is the mean source of LSW, and
Eðx; tÞ represents the eddy fluxes of tracer (i.e.
u0C0). A description of how the mean velocity and
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eddy flux fields are derived from the float data, of
the associated errors, and of the independent
support for these derived quantities, can be found
at the end of this section.

Before we proceed with the model description, it
is important to review some of the basic assump-
tions behind the use of a barotropic advection–
diffusion model to address LSW spreading.
Because of the passive tracer assumption, the
model is more appropriately suited for simulating
the spreading of inactive tracers such as CFCs
(introduced into the water column by convective
mixing of the surface waters) than for tracking the
low potential vorticity water formed by convec-
tion. However, two considerations support the
passive tracer hypothesis for LSW spreading.
First, the vertical stratification in the subpolar
regions is limited and the flow field in the
Labrador basin is mostly barotropic (as con-
firmed, for example, by the small difference in
the flow field as inferred from the 400, 700 and
1500 m floats described in Lavender et al., 2000).
Second, departures from the barotropic flow can
be described mostly in terms of a two layer
system—a surface layer and a LSW layer (below
these is a layer of stratified overflow water which
we assume not to affect LSW spreading). If we
assume that the baroclinic flow field is geostrophic,
then it will tend to be along the LSW (low PV)
contours and hence cannot advect tracer across
them. In this study, then, the spreading of LSW is
governed by horizontal processes alone and its
description is essentially reduced to a two-dimen-
sional problem.1 Having said this, we still recog-
nize that this model is clearly a simplification of
what is a much more complex dynamical problem,
and any dynamical interaction between the flow
field and the low potential vorticity, convected
water must be addressed with more sophisticated
tools. The goal of this study, however, is not a full
dynamic simulation of LSW spreading but rather
to make use of the flow field derived from floats (at
this time the most accurate observational realiza-

tion of the mid-depth mean flow in the subpolar
North Atlantic) to investigate the export of LSW.

2.2. The mean velocity field

2.2.1. Derivation

The mean velocity field used in this study is
obtained from over 200 Profiling Autonomous
Lagrangian Circulation Explorer (PALACE) and
Sounding Oceanographic Lagrangian Observer
(SOLO) floats released in the North Atlantic
during the period 1994–1998 (Lavender et al.,
2000). These are quasi-Lagrangian, isobaric floats
which periodically surface to transmit their posi-
tion, and other data, to the Argos Satellite System.
To construct the 700 m mean velocity field,
Lavender et al. (2000) used floats from three
levels: 400, 700 and 1500 m: The cycle time of the
floats was 4.5 days (22%), 9 days (67%) or 19 days
(11%), where percentages represent the fraction of
floats with that cycle time. For each float one can
calculate a displacement between every two surfa-
cing events and then derive an approximate mean
Lagrangian velocity from each displacement.
These velocities were spatially and temporally
averaged in cells roughly 100 km 	 100 km; with
each measurement weighted according to the time
the float spent in the cell. The averaged field was
then objectively mapped assuming a Gaussian
covariance function for pressure with a decorrela-
tion length scale of 185 km: The velocity covar-
iance was deduced from the pressure covariance
using the geostrophic relation. The reader is
referred to Lavender (2001) and Davis (1998) for
a description of the method.

The inferred Eulerian velocity field has a weak
net outflow across the southern boundary, which
must be corrected in order to run the advection–
diffusion model. We do this by applying a uniform
adjustment (3:5 mm=s) to the velocity field at the
open southern boundary. The model results
proved to be independent of whether the correc-
tion was applied to the eastern or southern open
boundaries. The resulting non-divergent flow field
is then obtained by computing the vorticity for the
boundary-corrected, objectively analyzed field,
and inverting it with a Poisson solver to obtain
the streamfunction field (see Fig. 1). The mean

1This is consistent with LSW being formed via vertical

convective mixing since the short timescale over which

convection occurs (order of a week) enables us to decouple

this from the much slower spreading process.
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flow is only marginally different from the original
Eulerian mean field of Lavender et al. (2000), and
all structures present in the streamfunction field
can also be found in the original velocity field.
Apparent in the streamfunction field is the large
scale cyclonic circulation of the subpolar gyre, the
sub-basin scale cyclonic recirculations in the
interior, and a somewhat diffuse North Atlantic
Current in the south eastern corner of the domain.

2.2.2. Assumptions and errors in the mean field

Implicit in the formulation of (1) is a separation
between the mean and fluctuating components of
the flow. It is reasonable to assume that the
turbulent time and space scales relevant to the
spreading of LSW within the subpolar gyre are
those of the eddies present in the interior of the
Labrador Sea. Hence, for the floats to correctly
sample the mean flow, their displacements must be
averaged over timescales longer than the typical
eddy timescale. If the floats were truly Lagrangian,
estimates of the latter could be obtained directly
from the float data. However, because of the

periodic surfacing of the floats, we instead estimate
the eddy timescale from observations of eddies at
the Bravo Mooring site, located in the central
Labrador Sea. These show the existence of two
kinds of eddies: those formed via the convection
process and those originating from the West
Greenland boundary current (Lilly et al., accepted
for publication). The former are smaller, with
radius 5–15 km and velocities 10–30 cm=s; while
the latter are larger, with radius 15–25 km and
velocities between 30 and 80 cm=s: If we take the
smaller velocity range as a lower estimate for eddy
velocities at 700 m; then an upper estimate for the
time it takes a parcel to go around an eddy is 4–10
days. An alternative estimate for the integral
Lagrangian timescale, TL; is obtained as follows.
TL is defined as the ratio of the integral
Lagrangian lengthscale, L; and the rms eddy
velocity. We now make the assumption that L is
approximately constant over the region of interest
so that TL is inversely proportional to the rms
eddy velocity (see Zhang et al., 2001 for a review of
all float data in the North Atlantic supporting this
assumption). The value of L is chosen to be 20 km;
in agreement with the eddies observed by Lilly
et al., discussed above, but also as measured from
isopycnal floats in the subpolar North Atlantic
(Zhang et al., 2001). Given an rms eddy velocity
measured from PALACE floats at 700 m in the
Labrador Sea region that varies between 3 and
6 cm=s; TL is estimated to vary between 3.8 and
7.7 days. We take this estimate to be representative
of a Lagrangian Integral Timescale at the 700 m
depth range for the Labrador Sea and, since floats
were cycling predominantly at 9 days or beyond, it
is reasonable to assume that successive displace-
ments are uncorrelated and that they are effec-
tively averaging over the eddies.

For Lagrangian floats to accurately sample an
Eulerian mean field, the latter must be non-
divergent and the float distribution must be
spatially uniform (Davis, 1991). Because the mean
field was estimated assuming the geostrophic
relation, the field is non-divergent (within mapping
error). The majority of floats were released in the
western Labrador Sea in the region of deepest
convection. This non-uniformity in float distribu-
tion introduces a bias (known as ‘array bias’) in
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Fig. 1. Streamfunction field derived from the float data after

applying the non-divergence correction. The shaded grey areas

indicate the series of cyclonic recirculations. The thick black

contours denote the area of LSW formation for a high (large
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is the 2000 m isobath. Arrows indicate the direction of flow.
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the velocity measurements due to the down-
gradient flux of particles associated with the eddy
field. Following Davis (1991, 1998) this bias can be
estimated as

Uj;array ¼ �kjk

@ ln N

@xk

;

where j; k ¼ 1; 2 and summation is implied over
repeated indices, NðxÞ is the number of indepen-
dent observations per bin, and kjkðxÞ is the eddy
diffusivity (see Section 2.3). As to be expected,
there is a net velocity bias out of the region where
the floats were deployed. However, its magnitude2

is limited to a few mm/s in the interior and hence is
small compared to an interior flow of several cm/s.
In boundary current regions the array bias
increases to larger values (a few cm/s), but even
here it is small when compared to the typical
boundary current velocities of approximately
10 cm=s: We conclude that the error introduced
in the mean field by the array bias can be
neglected.

The standard error s %u; associated with the
limited length of the record, is defined as the rms
velocity variance divided by the square root of the
number of independent observations (calculated
following Owens (1991), using a correlation time
of 10 days). As shown in Fig. 2, the sampling error
computed as such is relatively small throughout
the domain, with the exception of the region south
of 50
N; which is dominated by the North Atlantic
Current. The large eddy variability in that region,
together with the limited float sampling, did not
allow for an accurate determination of the mean
flow. As will become apparent later, however, the
results discussed in this study are independent of
the features present in the region of the North
Atlantic Current.

Finally, there is the issue of whether the floats
were sampling a particular phase of the circulation
in the subpolar gyre. The floats were launched
between 1994 and 1998 during a transition
between a high convection and a low convection
period—which roughly coincided with the end of a
high North Atlantic Oscillation (NAO) phase and

the start of a low NAO phase. Since changes in the
North Atlantic circulation have been associated
with changes in the NAO pattern (e.g. Dickson
et al., 1996; Curry and McCartney, 2001), it is
possible that the mean circulation observed by the
floats is biased towards the low NAO phase.

2.2.3. Independent support for the mean flow field

As discussed in Lavender et al. (2000), the
recirculations close to the boundaries (Fig. 1) are
essentially newly discovered features that have
emerged from the float data. Support for the
westernmost recirculation, close to the coast of
Labrador, is found in Fischer and Schott (2002).
The southern portion of the recirculation (south of
53
N and north of Orphan Knoll) is present in the
mean velocity field (at 1500 m) derived from their
independent set of PALACE floats (three floats
actually leave the equatorward flowing boundary
current and circle back north). Furthermore,
LADCP sections (one at 53
N shown in their
figure 4) indicate a weak anticyclonic recirculation
adjacent to the southeastward flowing boundary
current. Finally, this same interior northwestward
flow, is seen in the 2-year mean 1500 m current
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Fig. 2. Sampling error ellipses overlaid on the mean Eulerian

velocity field measured by the floats. Black arrows show

displacements over 30 days for speeds above 5 cm=s; and grey

arrows for speeds below 5 cm=s:

2Estimated by using an upper limit for k of 107 cm2=s (see

Section 2.3).
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meter record on a mooring offshore of the
boundary current located again at 53
N: The
magnitude of this mean northwestward flow
observed at the mooring (2:4 cm=s) is in agree-
ment with the mean velocity derived from the
PALACE floats of Lavender et al. (2000) for
this region (2 cm=s). Note that the LADCP
section showed northwestward velocities of up to
5 cm=s but, given the synoptic nature of the
LADCP measurements and the time and space
smoothing of the float data, such a value is not
inconsistent with the float data. Further to the
north, this same recirculation is supported by the
hydrographic observations of Clarke and Gascard
(1983) and Pickart et al. (2002), showing that
offshore of the western boundary current (around
56
N) lies the region where the deepest wintertime
mixed-layers have been observed. These observa-
tions are consistent with the notion of precondi-
tioning due to a weak cyclonic circulation as
discussed in Clarke and Gascard (1983). Surface
drifter data supports the existence of all three
recirculations (see Cuny et al., 2002, for a
discussion of the two recirculations in the Labra-
dor Sea; and Jakobsen et al. (in press), for all
three). These appear both in the Eulerian mean
maps and in the drifter’s trajectories. From these
studies, however, it is difficult to tell whether the
two recirculations on either side of Greenland are
connected or not.

The model of K.ase et al.’s (2001), a 1=6


resolution regional numerical model of the sub-
polar North Atlantic and Nordic Seas, forced with
daily flux fields for 1992–1997, shows essentially
the same features in the 700 m velocity field as the
mean Eulerian velocity field used in this study. The
velocities in their model, however, tend to be
approximately double those recorded by the floats.
Further evidence for the interior anticyclonic
circulation, found in the central Labrador Sea,
can be found in the barotropic streamfunction
field of Smith et al. (2000) basen on their 1=10


numerical model of the North Atlantic. Finally,
support for the existence of sub-basin scale
recirculations on either side of Greenland is found
in the recent modeling study of Spall and Pickart
(in press), who show how they can be generated by
localized, seasonal wind forcing.

2.3. The eddy diffusivity

2.3.1. Derivation

Lateral mixing due to mesoscale eddies, in this
advection–diffusion model, is parameterized as an
eddy diffusivity. The derivation of an Eulerian
eddy diffusivity from float data is discussed by
Davis (1987), who generalizes Taylor’s (1921)
single particle diffusivity to inhomogeneous and
non-stationary conditions. Davis derives a gener-
alized advection–diffusion equation for the
spreading of a passive tracer, in which the eddy
fluxes can be described in terms of the mean tracer
concentration and of the Lagrangian diffusivity
(kij) from floats in the random-walk regime,

Eiðx; tÞ ¼/u0
iðx; tÞC

0ðx; tÞS

¼ � kijðxÞ
@Cðx; tÞ
@xj

; i; j ¼ 1; 2;

provided that two main conditions are satisfied.
First, measurements must be uncorrelated—which
means that the Lagrangian diffusivity of the floats
has approached the random-walk-regime asymp-
totic value and hence is time independent. Analysis
of Lagrangian float data show that this generally
holds for times greater than the Lagrangian
integral timescale, TL (Colin de Verdiere, 1983;
Krauss and B .oning, 1987). Following the discus-
sion in Section 2.2, given the eddy scales observed
in the Labrador Sea and the float cycling time, we
assume that successive float displacements are
uncorrelated and that the measurements are
independent. The second condition is that the
tracer concentration must vary slowly over TL;
which is a reasonable assumption everywhere in
our study domain except for the boundary current
region. In this region, however, it is safe to assume
that diffusive effects are small compared to the
advection.

Assuming then that we are in a regime in which
Davis’s generalized advection–diffusion equation
holds, the two diagonal components of the eddy
diffusion tensor (the symmetric diffusion tensor)
that dominate the lateral mixing3 are equal to the

3The two off-diagonal components are assumed to be

negligible, in agreement with the direct measurement of kxy

from North Atlantic float data (LaCasce and Bower, 2000), and
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Lagrangian diffusivity, defined as

kiiðxÞ ¼ Li

ffiffiffiffiffiffiffi
u0

i2

q
; ð2Þ

where i ¼ 1; 2 represent the zonal and meridional
directions and Li is the integral Lagrangian
lengthscale.4 Because of the floats’ profiling
nature, the Lagrangian diffusivity cannot be
directly calculated from the float data. Instead
we make the assumption that the Lagrangian
lengthscale in the region is approximately con-
stant, so that (2) reduces to the product of a
spatially constant Lagrangian lengthscale and the
zonal and meridional floats’ variance. Such an
approximation finds support in a number of float
studies that explicitly calculate both the diffusivity
and the integral Lagrangian space and time scales
in various mid-latitude oceanic regions (Krauss
and B .oning, 1987; Sch.afer and Krauss, 1995;
Zhang et al., 2001) and by a comparison of mid-
latitude float data from different regions (B .oning,
1988).

One last issue to be addressed involves the
anisotropy in the Lagrangian lengthscales found in
a number of mid-latitude float studies (Lx > Ly;
Colin de Verdiere (1983), Krauss and B .oning
(1987), and Sch.afer and Krauss (1995)). This has

been attributed to the suppression of meridional
spreading due to the b-effect. Because of the
smallness of b at high-latitudes, however, in this
study we assume that the Labrador Sea is
characterized by a single, isotropic, Lagrangian
lengthscale. Its value is set to 20 km; in agreement
with the size of eddies observed in the Labrador
Sea (Lilly and Rhines, 2002). Given a constant L;
and since the rms eddy velocities of the floats
released in the Labrador Sea are very nearly
isotropic (i.e. u02Ev02), the resulting zonal and
meridional components5 of the eddy diffusivity are
very nearly identical (Fig. 3). Because the North
Atlantic Current region was undersampled by
floats, we chose to set the diffusivity in this region
to a mean background value of 0:6 	 107 cm2=s:
This was done by setting all values larger than this
background to this value in the region bound by
the same contour (Fig. 3). Prior to smoothing, the
rms eddy velocities had maximum amplitudes of
8 cm=s and an average value of 4:5 cm=s if
averaged over this area, to be compared with a
mean velocity that never exceeded 6 cm=s: As
shown by the error ellipses in Fig. 2, the floats
clearly undersampled this region that is dominated
by the northwest corner of the NAC and it is
impossible, from this dataset, to determine
whether the large rms eddy velocities represent
instabilities (and eddy formation) or simply mean-
dering of a fast current. By setting the diffusivity in
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Fig. 3. Eddy diffusivities (107 cm2=s) calculated using equation (2) with a Lagrangian lengthscale of 20 km: (a) Zonal diffusivity; (b)

Meridional diffusivity. Dashed white contour indicates the area within which the diffusivity is set to a background value of 0:6 	
107 cm2=s; contour interval is 0.1.

(footnote continued)

with the fact that the cross-correlation rms eddy velocity (u0v0),

from the floats utilized in this study, is an order of magnitude

smaller than u02 and v02; (see also Davis, 1991).
4An equivalent definition in terms of the integral timescale,

Ti ; can be obtained by substituting Li ¼ Ti

ffiffiffiffiffiffiffi
u0i2

q
:

5The corresponding rms eddy velocities (in cm/s) can be

obtained by dividing k by 20 	 105 m:
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this region to a background value, we are likely
damping any active mixing in this region. As
discussed later this does not affect the export
pathways out of the Labrador Sea (that are the
focus of this study) but may affect possible return
pathways for Labrador Sea Water. For example, it
is quite possible that a second pathway into the
eastern North Atlantic may result from LSW
flowing south in the DWBC and being then
entrained by the deep portion of the NAC and
advected eastward. Such a pathway will not be
resolved in this study. Excluding this region, the
maximum amplitude of the rms eddy velocities are
found off of the West Greenland coast and are on
the order of 6 cm=s:

2.3.2. Independent support for k
The diffusivity in Fig. 3 shows a relatively large

spatial variability. The most prominent feature is
the eddy kinetic energy (EKE) maximum found off
of western Greenland. There is now extensive
observational support for this feature both in
surface data (drifter data—Cuny et al., 2002,
Jakobsen et al. (in press); altimeter data—Lilly
and Rhines, 2002, and Prater, 2002) and in
subsurface data, where this maximum is visible at
all three depths sampled by the PALACE floats.
The EKE maximum also appears in the numerical
simulations of Smith et al. (2000) and K.ase et al.
(2001).

In terms of the relative magnitude of the eddy
diffusivity, ideally one would want to verify our
estimate against those obtained by analyzing the
dispersion of Lagrangian floats at comparable
depths in other high-latitude regions. Because of
the limited number of such studies, however, such
a comparison is currently not possible. None-
theless, we can say that the order of magnitude of
the diffusivity derived in this study is at least
consistent with other mid-depth estimates for low
to medium eddy activity regions (see Zhang et al.,
2001, for a review of k values derived from float
dispersion for the North Atlantic). Finally, by
assuming that the restratification of the Labrador
Sea is carried out by an eddy-driven secondary
circulation, Khatiwala et al. (2002) estimate an
implied k ¼ 0:3–0:6 	 107 cm2=s from hydro-
graphic data.

2.4. Location of LSW formation

Because of the large interannual variability in
the amount of LSW formed (e.g. Lazier, 1995), we
will show results from two convection scenarios: a
low formation year and a high formation year.
The low convection scenario is based on winter-
time hydrographic observations from 1978 (Clarke
and Gascard, 1983) and 1997 (Pickart et al., 2002).
These were mild to moderate winters in which
convection was limited to a fairly small patch
(approximately 150 km in diameter, Fig. 1). Dur-
ing more severe winters convection can occur over
a greater area (e.g. Pickart et al., 1997). Because
three-dimensional surveys of the entire Labrador
Sea are rare, the exact area of the convective patch
during high convection years is unknown. How-
ever, from the 1997 wintertime survey, Pickart
et al. (2003) calculated that with two more weeks
of buoyancy loss, convection would have occurred
over a patch of approximately 250 km in diameter,
(Fig. 1).

For addressing the low and high convection
scenarios, the tracer concentration is set to a
constant value of one over the ‘convected patch’ in
both cases. We make this choice for reasons of
simplicity, and the results derived are not sensitive
to this choice provided no quantitative compar-
ison is made between the high and the low scenario
values. If the tracer concentration were to reflect
the actual volume of LSW formed, then a low
convection scenario would also be characterized
by a shallower convective layer compared to the
high convection case. The areas of the low and
high convection patches are in a ratio of approxi-
mately 1–10. This is consistent with the estimates
of LSW formation from CFC data presented by
Rhein et al. (2002). They estimate a formation rate
of 8.1–10:8 Sv during the high convection period
of 1988–1994, and a much smaller formation rate
of 1.8–2:4 Sv for the low convection period of
1995–1997.

2.5. Boundary conditions and parameters

The domain for the advective-diffusive model
integrations is shown in Fig. 1. It includes an
open-boundary over a fraction of both the
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southern and eastern boundaries. Here tracer is
allowed to advect and diffuse out of the domain,
while the tracer flux back into the domain is
assumed to be zero. There is no advection or
diffusion of tracer normal to the topographic
boundaries. The grid spacing in our model simula-
tions is 10 km 	 10 km; and the time step is 72 min:
The model employs a staggered grid in velocity and
tracer concentration. Time-stepping is centered-
difference in time, with advection of tracer repre-
sented by a third-order upwind scheme (Holland
et al., 1998). Diffusion of tracer is described by a
third-order centered-difference scheme.

3. Spreading of Labrador Sea Water

The model described above is meant as a tool
for understanding and exploring those processes
that lead to LSW spreading away from the
formation region, and of the timing involved.
LSW, in this context, is simulated via the release of
a passive dye in the interior of the Labrador basin.
Mixing of tracer due to eddy action is represented
via a downgradient diffusion of tracer through a
Laplacian operator. The directions and rates of
LSW spreading are thus determined by the inter-
play of features such as the interior flow, the
boundary current, and the spatially heterogeneous
eddy diffusivity. We investigate the individual
impact of each of these features by running the
model in different configurations (achieved
through modification of the eddy diffusivity field
alone), each emphasizing a single feature at a time.
Given the uncertainties in estimating the eddy
diffusivity, and in determining the magnitude of
the mean flow, our goal is also to present a series
of possible scenarios for LSW spreading—span-
ning the range of realistic possibilities.

3.1. The advective and diffusive pathways

As mentioned above, the recirculations revealed
by the PALACE floats in the interior of the
Labrador Sea are new features. What is the impact
of these recirculations, if any, on the dispersal of
LSW? A first step in addressing this question is to
estimate the relative importance of advection

versus diffusion in the interior region. This ratio
is given by the Peclet number, P ¼ ULc=k; where k
is the diffusivity from Section 2.3 and Lc is a
characteristic length scale (100 km; the width of
the recirculations). Computed as such, P indicates
that advection dominates in the boundary current
region, while it is comparable to diffusion in the
interior (Fig. 4). To distinguish between the effects
of diffusion and advection, given they are of
comparable magnitude in the interior, we first ran
the model in the extreme limits of low and high
diffusivity, adv and diff, emphasizing advection
and diffusion separately. For simplicity, k is
assumed to be spatially homogeneous in these
runs with values set to 0:1 	 107 cm2=s in the
advective limit, and 107 cm2=s in the diffusive
limit.

Three distinct advective pathways for the trans-
port of tracer are evident in the advective limit,
adv (Fig. 5). Two of these are responsible for the
advection of tracer out of the Labrador basin—a
DWBC pathway, and an Irminger pathway, while
the third is an internal pathway responsible for the
advection of tracer within the basin (Fig. 6). The
DWBC pathway is initially fed by tracer released
directly into, or close to, the boundary current off
the Labrador coast. Subsequently, the DWBC
export consists of tracer released farther offshore
of the boundary current, which diffused or
advected into it, and then was carried around the
basin. The Irminger pathway, which transports
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tracer eastward into the Irminger Sea, is fed by the
cyclonic recirculation located southwest of the
southern tip of Greenland. Once in the Irminger

Sea, in this advective limit, tracer is then wrapped
around the Irminger’s cyclonic recirculation
(Fig. 5). The third, and new, advective pathway
is found in the interior of the Labrador sea. It is an
‘internal’ pathway, due to the northernmost
recirculation, which transports tracer from the
center of the basin to the west Greenland coast
(roughly towards 59
N; 51
W; Fig. 6). After
reaching the Greenland coast, tracer is then
diffused into the boundary current and advected
cyclonically out of the basin via the DWBC route.
Finally, we see how the westernmost recirculation
is responsible for tracer leaving the boundary
current in the Flemish Cap area (around 50
N;
45
W; Fig. 5) and recirculating to the north back
towards the Labrador basin. This pathway is
consistent with the observations of PALACE
floats leaving the boundary and moving northward
discussed by Lavender et al. (2000) and Fischer
and Schott (2002).
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Fig. 5. Tracer concentration at different times for the advective run, adv (high convection scenario). Contours are the same for all

panels (cont. int. is 0.1), streamlines are overlaid in black. Overlaid on the first panel is the outermost contour of the initial tracer

distribution (white).

Fig. 6. Detail showing tracer concentration at day 300 for adv

(in the high convection scenario), contour interval is 0.25. The

three advective pathways are indicated by grey arrows; (1)

DWBC, (2) Irminger Pathway, (3) internal pathway. Stream-

lines are in black.
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The role of the recirculations, so prominent in
adv, diminishes as the eddy diffusivity value is
increased. In diff, tracer tends to spread uni-
formly out of the region where it was released
(Fig. 7) with advective effects being appreciable
only in the boundary current. Note that the
increase in k contributes to a faster removal of
LSW from the basin, as shown by the decreased
amount of tracer remaining in the Labrador
Sea at any given time when comparing adv to diff
(Figs. 5 and 7).

3.2. The heterogeneous eddy diffusivity

Our next step is to investigate the extent to
which the spatial variability in k affects the
spreading of LSW. The most salient feature of
the eddy diffusivity field is the maximum off of the

west Greenland Coast (near 60
N; 49
W; Fig. 3).
The center of the maximum is located within the
boundary current, but the region of high diffusiv-
ity extends over the northernmost recirculation of
the Labrador Sea, and over the region where the
boundary flow is decelerating over the broadening
topography (Fig. 8). Such an inhomogeneous
turbulence field will cause the center of mass of a
localized tracer patch to move up-gradient of
the turbulent field. In other words, LSW formed
on the western side of the basin will tend to
propagate eastward and, in particular, along the
‘internal advective pathway’ discussed above. The
magnitude of this net flow is given by the gradient
of k (e.g. Freeland et al., 1975) and, given the k
derived in Section 2.3, its magnitude is limited to
1–2 mm=s: Since the mean flow in the interior
of the basin is typically an order of magnitude
greater than this, we anticipate that such upgra-
dient motion is negligible with respect to the
advection.

We first address the spreading of tracer in the
presence of the spatially variable eddy diffusivity
computed in Section 2.3 (Fig. 3) in run basic. As
expected, the spreading of tracer in basic is caused
by a combination of the advective and diffusive
effects found in the two extreme runs discussed
above (Fig. 9). To analyze the effects of the
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Fig. 7. Tracer concentration at 300 and 700 days for the

diffusive run, diff (high convection scenario). Contours and
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Fig. 8. Detail of the magnitude of the diffusivity (average of
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diffusivity maximum in more detail, we compare
the results of basic to those from hom, a run in
which the maximum in k is replaced by a back-
ground value of 0:6 	 107 cm2=s (meant to repre-
sent the mean eddy diffusivity in the Labrador Sea
if the maximum were absent). The overall tracer
spreading in hom and basic is very similar—
confirming the limited impact of the eddy diffu-
sivity maximum. The maximum does, nonetheless,
contribute to a more rapid removal of tracer from
the sea’s interior: less tracer remains in the interior
and more tracer enters in the boundary current
after 300 days (Fig. 10). Furthermore, by increas-
ing the mixing off of the west Greenland coast, the
diffusivity maximum enhances the flux of tracer
into the Irminger basin by feeding the recirculation
southwest of the tip of Greenland. In terms of
amplitude, however, we find that the net difference
in concentration between hom and basic is
on the order of 10–20% of the total concentration.
This in turn limits the impact on the net tracer

flux to less than 5%. Hence, our conclusion is that
the impact of the eddy diffusivity maximum is
limited.
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Fig. 9. Same as Fig. 5 but for run basic (high convection scenario).
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3.3. Tracer flux via the DWBC and Irminger

pathways

The results presented so far have shown that the
rates and pathways for the export of LSW vary
with eddy diffusivity. To quantify such variations,
we start by considering how the DWBC flux varies
for the three main experiments, adv, basic and diff.
The flux is calculated as the zonally integrated flux
of tracer at the southern boundary, at approxi-
mately 50
N (Fig. 11). The broad features of the
export flux are common to all three runs: it rapidly
builds to a peak, then slowly decreases. The timing
for the first peak, approximately 0.5 years after
tracer was released, is the same for all three runs.
This peak is due to tracer released in (or very close
to) the boundary current and rapidly advected
southwards. The varying magnitude of the peak
reflects the different rate of tracer entering the

boundary current off the Labrador coast through
diffusion—consequently this is much larger for diff
than for adv. After the first peak, the DWBC flux is
due to tracer advected or mixed into the boundary
flow around the perimeter of the Labrador basin.
This gives rise to a long ‘tail’ slowly decreasing in
amplitude with time. In the advective limit, how-
ever, there are a number of additional peaks
beyond the first and, furthermore, the second peak
is the strongest signal (occurring approximately 9
months after the first). This second peak results
from tracer being transported across the basin via
the internal advective pathway where it is then
mixed into the boundary current. The diminishing
amplitude of this peak, from adv to basic, is
representative of the decreasing importance of the
internal advective pathway as diffusive effects
become dominant in the interior of the basin.
Finally, the different areas beneath the curves show
how, going from an advective to a diffusive regime,
the rate of export of LSW via the DWBC increases
considerably. This implies more rapid flushing of
LSW in the diffusive limit; a result we will return to
in Section 3.5.

The net amount of tracer flux into the Irminger
Sea (computed across the line shown in Fig. 1) also
varies with eddy diffusivity (Fig. 11). The flux
reaches its maximum 1–1.8 years after the tracer
release, depending on the diffusivity. It then
decreases and eventually becomes negative, as
tracer is advected out of the Irminger Sea via the
boundary current on the eastern side of Green-
land. The amplitude of tracer flux into the
Irminger Sea is much larger in the advective run
than for the others, reflecting how this pathway
tends to be more favoured when transport of
tracer across streamlines (i.e. diffusion) is reduced.
The opposite is true for the DWBC pathway which
relies, except for the tracer released in the
boundary current, on diffusion of tracer into the
boundary current. A more detailed analysis of
the timing of the arrival of LSW in the Irminger
Sea is found in Pickart et al. (2003).

3.4. The high and the low convection scenarios

Implicit in the passive tracer assumption is that
the mean advective and diffusive fields do not vary
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with a varying LSW distribution. As a result, any
differences between a high and low convective
scenario are limited to those resulting from the
different areas over which LSW is initialized. All
of the simulations presented so far have been the
high convection scenario. In the low convection
scenario, the smaller patch of tracer (Fig. 1) erodes
faster than the high concentration patch, but its
export is along the same pathways (not shown).
Because the bulk of tracer in the low convection
scenario is closer to the Labrador coast, the
relative impact of the internal pathway is dimin-
ished. This results in a smaller amplitude second
peak (with respect to the amplitude of the first)
and a greater time delay between the two (on the
order of 15 months) due to the greater distance the
tracer has to travel before it can get to the eastern
boundary current. Similarly, tracer arrives in the
Irminger basin with a delay of approximately 1
year with respect to the arrival in the high
convection case.

3.5. Partitioning and residence time

The two principal pathways for tracer export
out of the Labrador Sea in these model simula-
tions are into the subtropical North Atlantic, via
the DWBC, and into the Irminger Sea, via the edge
of the interior recirculations. In terms of the
partitioning of LSW amongst these two different
pathways, approximately 70% of the total amount
of tracer leaves via the DWBC, while only 10–20-
% escapes into the Irminger Sea in the high
convection scenario (Fig. 12). The amount of
tracer in the Irminger basin reaches a maximum
2–3 years after it is released in the Labrador basin
(Fig. 12, lower panel). As shown in Fig. 11, as the
diffusivity is reduced a larger net amount of tracer
is exported into the Irminger basin.

The cumulative DWBC export reaches a plateau
after approximately 6–7 years in both the basic
run and the diffusive run, while it takes approxi-
mately 10–12 years in the advective run. If we
define the residence time of LSW as the amount
of time it takes for 1=e of the total amount of
tracer to leave the basin, then the residence
time for the advective, basic and diffusive runs
is approximately 6.7, 4 and 3.5 years, respectively,

for the high convection scenario. The increase
in residence time for the advective scenario is due
to the difficulty, once diffusion is decreased, to
export LSW away from its interior formation
region.

In the low convection scenario the partitioning
tends to favor the DWBC export route, with up to
80% leaving via this pathway. The net flux into the
Irminger basin is accordingly reduced (not shown).
This can be attributed to the westward shift in the
center of mass of the initial LSW distribution in
the low convection case with respect to the high
convection case. The residence times in the low
convection scenario are slightly lower than for the
high convection scenario, since the center of mass
of the tracer is located closer to the DWBC, but
only by a few months.

Fig. 12. Cumulative amount of tracer (expressed as a fraction

of the total initial tracer amount) that has left the Labrador Sea

via the DWBC (top panel), and that present in the Irminger Sea

(lower panel) as a function of time. Shown are the adv, basic

and diff runs (high convection scenario).
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4. Realistic eddy diffusivity: a comparison with data

Until now, we have used the model to describe
the spreading of LSW in three different regimes:
an intermediate diffusivity (basic, using the k
derived in Section 2.3), a low diffusivity (adv) and
a high diffusivity (diff). This approach, as men-
tioned above, was motivated by the inherent
uncertainty associated with estimating an eddy
diffusivity. By comparing our results with obser-
vations, we now argue that the model has been
successful in reproducing LSW spreading and that
the diffusivity which best agrees with observations
is in the low to intermediate range (i.e. experiments
adv and basic).

4.1. The pathways

The three spreading pathways of LSW initially
described by Talley and McCartney (1982), were
inferred from a lateral distribution of the mid-
depth LSW PV minimum, constructed from
hydrographic data collected mainly between 1957
and 1962. The distribution is reproduced here as
Fig. 13a. This time period coincided with a period
of moderate convection. A second map (Fig. 13b)
was constructed from data collected between 1966
and 1967 following a period of low convection
(Lazier, 1973; I. Yashayaev, personal communica-
tion, 2001). The PV distribution during the latter
period still shows a pool of low potential vorticity
in the Labrador Sea, but such pool is now
detached from the western boundary and slightly
shifted to the southeast.

In order for the Irminger pathway to be
discernible, diffusion must be lower than that used
in diff. This suggests that mixing effects in the
region are best represented with a low to medium
diffusivity. Furthermore, we now argue that in the
adv (not shown) and basic set-up, the model is
capable of qualitatively reproducing both LSW
distributions discussed in Talley and McCartney
(1982), provided the history of tracer release is
made to mimic the conditions described above. We
simulate the 1958–1962 period by releasing tracer
in the high convection region for four consecutive
winters. By contrast, the 1966–1967 period consists
of a single (high convection region) tracer release

during the first winter only. Contour maps for
tracer concentration after 4 years are shown in
Fig. 14. As we already know, the model is effective
in reproducing the 1958–1962 pathways discussed
in Talley and McCartney (1982), with the excep-
tion of the poorly resolved pathway into the
eastern North Atlantic (Fig. 14a). Since the North
Atlantic Current is not realistically represented by
the model, we would not expect to properly resolve
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this third pathway. As seen in Fig. 14, the model is
also qualitatively successful in describing the
spreading following the minimal convection period
of 1966–1967. The LSW core is gradually eroded
by advection out of the region via the boundary
current, and what remains slowly migrates to-
wards the center of the subpolar gyre, south of
Greenland, by a combination of advection along
the Irminger pathway and diffusion. The center of
the remaining core thus shifts from the western
Labrador Sea to the southwest of Greenland
(Fig. 14b), in agreement with the observations
presented by Talley and McCartney (Fig. 13b).
Overall, then, the model is qualitatively able to
reproduce both convection periods, provided the
diffusivity is not too high.

In the basic and adv runs, we showed the
existence of an internal advective pathway, trans-
porting tracer from the interior to the west

Greenland coast (this pathway disappears in the
diffusive limit). There is presently no direct
evidence for the existence of such a pathway,
though some PALACE float trajectories appear to
follow such a route (e.g. Lilly et al., 1999, and
Lavender et al., 2000).

4.2. The spreading timescales

We estimated the residence time for LSW in the
Labrador basin to be on the order of 4–5 years
(Section 3.5). This estimate is supported by recent
hydrographic data collected in the Labrador Sea
showing that the volume of cold and fresh LSW,
produced as a result of strong convection in the
early 1990s, was nearly depleted approximately
4–5 years later (J. Lazier, 2001, personal commu-
nication). Regarding spreading timescales, Sy et al.
(1997) use hydrographic and tracer data to suggest
that LSW can arrive in the Irminger basin within 6
months. As the authors themselves admit this
would require a mean advective velocity of
4:5 cm=s from the western Labrador Sea to the
Irminger Sea. Even in the high convection
scenario, where LSW formation occurs close to
the Irminger basin, we found that it takes over a
year for any significant amount of LSW to reach
the basin. In fact, according to our simulations,
the time to reach the central Irminger Basin is
more like 2 years (Fig. 12). This implies a mean
advective velocity of 1–2 cm=s; which is consistent
with the mean velocities in the interior of the
subpolar gyre. A possible explanation for this
discrepancy is that local dense water formation
might be occurring in the western Irminger Sea.
This is addressed in Pickart et al. (2003). The
estimate of Sy et al. for LSW to reach the
Newfoundland basin via the DWBC (order 1 year)
is consistent with our model findings.

5. Summary and discussion

Recently collected data have shown the presence
of a series of recirculations and regions of high
eddy kinetic energy in the northern subpolar gyre
and, particularly, in the Labrador Sea. In this
study we have investigated the role that these
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features play in the spreading of LSW, a water
mass formed by deep convection in the Labrador
basin and found throughout the North Atlantic.
The spreading of LSW is simulated using an
advective-diffusive numerical model of the western
North Atlantic subpolar gyre, based on a realistic
flow field derived from PALACE floats. The initial
location and area of LSW was taken from
hydrographic data. The model was run in three
different diffusive regimes, and it was found that
the low to medium regimes were the most
successful in reproducing the observations.

The model indicates that the initial spreading of
LSW within the Labrador Sea is regulated by an
interplay of advective and diffusive effects, and
that these are of comparable magnitude. The
subsequent export of tracer out of the basin,
governed mostly by advective processes, occurs
along two principal routes: a DWBC pathway and
a Irminger Sea pathway. Export via the DWBC
dominates, with up to 80% of LSW eventually
exiting through this route, while only 20% of LSW
makes it into the Irminger Sea. The recirculations
in the interior of the Labrador Sea play an
important role in determining the spreading path-
ways and their timing. In particular, the model
revealed a new internal pathway, due to the
westernmost recirculation in the Labrador Sea,
which transports tracer eastward from the interior
of the basin towards the West Greenland coast,
where it is then mixed into the boundary current.
A second recirculation, south of Greenland, is
found to be important in feeding the Irminger Sea
pathway. We have also investigated the impact of
the high eddy kinetic energy region located west of
Greenland; a feature which is evident in all surface
and subsurface data collected in the region.
Overall, we found that the impact of this
maximum is limited, though it does contribute to
a slightly faster flushing of the interior and
spreading of tracer throughout the boundary
current.

The DWBC and Irminger pathways resolved by
our simulations are consistent with those proposed
in a number of earlier studies. Because of the
relatively poor resolution of the North Atlantic
Current, however, our model was not able to shed
light on the pathway into the eastern North

Atlantic or on the possibility that LSW found in
the Irminger basin may have arrived via the North
Atlantic Current by way of the DWBC. Our
estimates of the rate of spreading via the DWBC,
and of a residence time of 4–5 years for the
Labrador basin, are consistent with observations.
We found that the time taken for LSW to reach
the Irminger basin is on the order of a year and a
half, at odds with recent estimates of only 6
months.

The model used in this study assumes that the
presence of LSW does not modify the velocity field
and that it can be treated as a passive tracer. While
this is supported by the barotropic nature of the
flow in the subpolar gyre, it is clearly a simplifica-
tion and the interaction between LSW and the
velocity field still needs to be addressed. A second
potential weakness of this study involves the extent
to which the mean velocity field observed by the
floats between 1994 and 1998 is representative of
other time periods. While we have shown that
there exists qualitative support for this flow field in
models and observations spanning different time
periods, we acknowledge that there is considerable
interannual variability in the subpolar gyre’s
circulation (and potentially in the interior flow
field) that has not been addressed in this study.
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