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ARTICLE INFO ABSTRACT

Keywords: The water masses exiting the Labrador Sea, and in particular the dense water mass formed by convection
Labrador Sea Water export (i.e. Labrador Sea Water, LSW), are important components of the Atlantic Meridional Overturning Circulation
Convection

(AMOCQ). Several studies have questioned the connection of the LSW production to the AMOC variability. This
is partly due to the limited understanding of how this locally formed water mass leaves the interior of the
Labrador Sea. In this study, the pathways and the timescales of the water masses exiting the Labrador Sea via
the boundary current are investigated by Lagrangian particle tracking. This method is applied to the output of
a strongly-eddying idealized model that is capable of representing the essential physical processes involved in
the cycle of convection and restratification in the Labrador Sea. The Lagrangian trajectories reveal that prior
to exiting the domain the water masses follow either a fast route within the boundary current or a slower
route that involves boundary current-interior exchanges. The densest water masses exiting the Labrador Sea
stem from this slow route, where particles experience strong water mass transformation while in the interior.
In contrast, the particles that follow the fast route experience water mass transformation in the boundary
current at the western side of the domain only, yielding a lighter product. Although both routes carry roughly
the same transport, we show that 60% of the overturning in density space is associated with the volume
transport carried by particles that follow the slow route. This study further highlights that the export of dense
water masses, which is governed by the eddy activity in the basin, yields export timescales that are usually
longer than a year. This underlines the necessity of resolving the mesoscale features required to capture the
interior-boundary current exchange in order to correctly represent the export of the LSW.
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Atlantic Meridional Overturning Circulation
Lagrangian
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an increased effort to understand the drivers of AMOC variability (e.g.,
Johnson et al., 2019; Lozier et al., 2019).

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) describes
the conversion of lighter, shallow Atlantic water masses flowing north-
ward into denser, deep water masses flowing southward, involving
diabatic processes like deep convection in the marginal seas of the
North Atlantic. The strength of the AMOC is commonly estimated as the
total northward transport in the upper 1000m or so of the water column
and can be either viewed in depth space, emphasizing the vertical
transport (Wunsch and Heimbach, 2006; Cunningham et al., 2007) or in
density space emphasizing the transformation of lighter to denser water
masses (e.g., Xu et al., 2016; Li et al., 2017; Desbruyeres et al., 2019;
Lozier et al., 2019; Briiggemann and Katsman, 2019). Climate model
studies suggest a substantial weakening of the AMOC over the 21st
century (Collins et al., 2013; Weijer et al., 2019), with the potential to
affect the global climate. Therefore, over the last decade, there has been

One of these potential drivers is the process of deep convection in
the Labrador Sea, resulting in the production of Labrador Sea Water
(LSW); one of the water masses that contribute to the lower limb of the
AMOC (e.g., Rhein et al., 2017). While earlier modeling studies have
suggested a close connection between the LSW production and AMOC
variability (Biastoch et al., 2008; Zhang, 2010; Yeager and Danaba-
soglu, 2014), up-to-date observations at the RAPID 26°N (Smeed et al.,
2018) and OSNAP (Lozier et al., 2019) arrays and recent numerical
studies (Zou and Lozier, 2016; Li and Lozier, 2018; Georgiou et al.,
2019) have cast doubts on this, suggesting a rather complex connection
between the two. Moreover, the recent study of Lozier et al. (2019)
suggests that the variability of the overturning is dominated by the
water mass transformation taking place in the eastern half of subpolar
gyre rather than in the Labrador Sea.
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The recent debate on the importance of the LSW for AMOC vari-
ability is partly the result of limited understanding on how this water
mass leaves the interior of the Labrador Sea, in particular about its
export routes and the associated timescales. Several studies showed
that newly-formed LSW is rapidly exported by spreading laterally and
entraining in the Deep Western Boundary Current (DWBC) near the
Labrador coast (e.g., Talley and McCartney, 1982; Brandt et al., 2007;
Feucher et al., 2019). Moreover, a mid-depth recirculation of the LSW
within the subpolar gyre has been reported in a number of studies (e.g.,
Lavender et al., 2000; Pickart et al., 2003; Stramma et al., 2004; Bower
et al., 2009; Holliday et al., 2009; Lozier et al., 2013). Last, a slower
export route has been suggested in the studies of Straneo et al. (2003)
and Palter et al. (2008). In particular, they identify the existence of a
pathway which transports convected water from the interior towards
the West coast of Greenland. These multiple export routes of LSW, of
which the relative importance is still unclear, might result in a complex
relation between the LSW formation and its export timescales, and the
AMOC variability.

The recent highly idealized numerical study of a convective
marginal sea by Briiggemann and Katsman (2019) clearly highlights the
important role of the exchange of waters between the interior and the
boundary current, which in turn is governed by the eddy activity, for
the export pathways of convected water and the associated timescales.
Their results indicated that the densest water masses are formed in
the interior and are laterally steered towards the region of high eddy
activity and then entrained in the boundary current, thus following an
indirect route to leave the marginal sea. In addition, they showed that
a lighter product of convection within the boundary current itself is
directly and rapidly exported via that boundary current. The underlying
idea of an eddy-induced entrainment of LSW in the boundary current
was pointed out by Khatiwala and Visbeck (2000). However, they
linked this entrainment to the summertime restratification process and
the associated horizontal density gradients. That is, they assumed no
spatial variations and by linking it to the restratification implied that
this only occurs in summer. In contrast, both Briiggemann and Katsman
(2019) and Georgiou et al. (2019), show that there is a preferred region
for the re-entrainment, which coincides with the region where the
eddy activity peaks. However, both studies conclude this based on an
analysis of passive tracers, which does not allow the investigation of
the pathways and transformation of water masses, which in the end
determine the LSW export.

The direct and indirect export routes of the convected water recently
identified in idealized models (Briiggemann and Katsman, 2019; Geor-
giou et al., 2019) are in line with the indications of such routes from
observations (e.g., Palter et al., 2008; Bower et al., 2009). However,
due to the limited number of observations, the relative importance of
a direct export route on the Labrador side of the basin and an indirect
route via the Greenland coast is yet unclear.

In this study, we analyze the origin and transformation of different
water masses found within the boundary current at the exit of the
Labrador Sea. We use a Lagrangian approach applied to the output
from the idealized model used in Georgiou et al. (2019), which allows
us to elucidate the complex structure of the flow (Bower et al., 2019).
From this we distinguish different pathways, identify where water mass
transformation occurs and assess what role the prominent eddy field
plays for exporting these water masses. This idealized model study
provides helpful insights on the nature of the interior-boundary current
exchange and its role for the LSW export. The results can guide the
analyses of observations and more realistic model simulations, thus
improving our overall understanding in AMOC.

The structure of this paper is as follows. The model setup and the La-
grangian approach are described in Section 2. First, the pathways that
the water masses follow before exiting the Labrador Sea are analyzed
in Section 3. Next, we explore the importance of each pathway for the
net overturning in depth and density space (Section 4) and the location
where the water masses subduct (Section 5). In Section 6, we focus on
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the lateral exchange between the boundary current and the interior
by identifying the locations where this exchange occurs and how it
affects the properties of the water masses exiting the Labrador Sea. The
associated export timescales are addressed in Section 7, followed by a
discussion and conclusions in Section 8.

2. Numerical model and methods
2.1. Model configuration and flow characteristics

The numerical simulation analyzed in this study is carried out using
a hydrostatic configuration of the MITgem (Marshall et al., 1997). The
model configuration captures the key features of the circulation in the
Labrador Sea, like the annual cycle of the convection and restratifica-
tion and the properties of the mesoscale eddy field. This model and its
results have been previously used in Georgiou et al. (2019) and we refer
the reader to this study for a more detailed description of the model
setup.

The model has a horizontal resolution of 3.75 km and 40 levels
in the vertical with a resolution of 20 m in the upper layers up to
200 m at a maximum depth of 3000 m. The model domain has two
open boundaries (each roughly 100 km wide), one in the northeast and
one in the southwest, where a boundary current enters and exits the
domain. All other boundaries are closed (Fig. 1). At the northeastern
open boundary, a warm boundary current is specified by a meridional
temperature field T;,(y,z) and a westward flow Uy, (y,z) in geostrophic
balance with this prescribed temperature distribution. A sinusoidal
seasonally varying term is added to the inflow conditions to mimic the
observed seasonal variability of the West Greenland Current (4U,, =
0.4 m s~!, with maximum and minimum in September and March
respectively, Kulan and Myers, 2009; Rykova et al., 2015). Note that
total outflow transport is prescribed, but the properties of the boundary
current at the outflow are determined by the internal model dynamics.
Following the topography, this boundary current flows cyclonically
around the basin (Fig. 1a). At the northwestern side, a narrowing of
the topography is present (gray contours in Fig. 1a) as observed near
the west coast of Greenland. This steepening leads to an increased insta-
bility of the boundary current and mostly warm anticyclonic eddies are
shed, with similar characteristics as the Irminger Rings (IRs) as shown
in Katsman et al. (2004), Gelderloos et al. (2011) and Georgiou et al.
(2019). At the surface, a temporally and spatially varying surface heat
flux is applied resulting in a net annual heat loss of 18 W m™2 over
the entire model domain (blue contours in Fig. 1b, see Georgiou et al.
(2019) for details).

A linear equation of state is used, with temperature as the only
active tracer. Note that the effects of salinity are not incorporated
in the model although in reality the lateral fresh water flux carried
by the IRs (e.g., de Jong et al., 2016) influences the properties of
convection (e.g., Gelderloos et al., 2012). In this study our focus is on
the dynamics that control the interior-boundary current exchange in
the Labrador Sea, and hence the effects of salinity are omitted in the
model for simplicity.

As a result of the applied surface heat loss (blue contours in Fig. 1b)
the model displays deep convection in the interior. The winter mean
mixed layer reaches a depth of 1700 m (Fig. 1b). As shown in Georgiou
et al. (2019), the deepest mixed layers are located away from areas with
strong eddy activity (red contours in Fig. 1b) albeit slightly closer to the
maximum of buoyancy loss than observed. In the regions of strong eddy
activity the associated eddy heat transport from the boundary current
towards the interior is stronger and the water column is too stratified
to sustain deep convection. In the model we do not consider the shelf
and overflow waters or the effects of wind (Gelderloos et al., 2011),
and prescribe a transport at the inflow (19.7 Sv) that is weaker than
estimates over the full depth (40-50 Sv, Pickart et al., 2002; Fischer
et al., 2004). The maximum barotropic streamfunction is about 27 Sv
(Fig. 1c) due to some recirculation in the basin. In this study, we use the
three dimensional velocity field from the last six years of the reference
simulation (i.e. model years 15-20) described in Georgiou et al. (2019)
to track Lagrangian particles.
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Fig. 1. (a) Snapshot of the sea surface temperature (SST) in mid-March of model year 16. (b) Winter (February-March) mixed layer depth (MLD in m, shading), eddy kinetic
energy (EKE, red contours, contour interval is 200 cm? s~2) and annual mean surface heat flux (contours in blue, contour interval is 10 W m™2). (¢) Mean barotropic streamfunction
(¥, contour interval is 4 Sv). All model data are from the reference simulation described in Georgiou et al. (2019); values in (b) and (c) are averaged over years 16-20. In all
figures, black dashed line indicates the 18 Sv contour line of ¥, and gray contours outline the bathymetry (contour interval is 500 m starting from the isobath of 500 m).

2.2. Lagrangian particle tracking

The offline Lagrangian tool Connectivity Modeling System (CMS,
Paris et al.,, 2013) is used to investigate the possible pathways of
the waters exiting the model domain and water mass transformation
that occurs along these pathways. To this end, numerical particles are
released at the outflow region in the south (the only export route of the
convected water mass out of the domain). The particles are advected
backward in time using a timestep of 1 h within the 2-day snapshots
of the three dimensional velocity fields of the simulation described
in the previous section. The movement of the numerical particles is
parameterized as described by Paris et al. (2013): a Runge-Kutta 4th
order stepping in time and a tricubic spatial interpolation are used
to determine the location of the particles; no additional horizontal
diffusivity is applied. To account for the increased vertical diffusion
during the process of convection, particles that are located within the
mixed layer are moved randomly in the vertical within the mixed layer
with a maximum velocity of w = 10 cm s~! (van Sebille et al., 2013).

Particles are released at the outflow (y = 3.75 km, red line in
Fig. 2a) every 2 days over a period of one year with a particle resolution
of 1 km in the zonal direction and 50 m vertically. Doing so, we track
217349 Lagrangian particles over a period of 6 years. Since we are
interested in distinguishing the pathways of the water masses in terms
of volume transport, a volume transport is assigned to each particle
upon release and it is conserved along the trajectory (van Sebille et al.,
2018). This is determined by multiplying the meridional velocity by the
area of the grid cell in which the particle is released (D66s, 1995; Ypma
et al.,, 2019). Although the particles were released at the outflow and
tracked backwards, we will mostly refer to their trajectories forward in
time.

3. Pathways and origin of the water masses exiting the Labrador
Sea

In this study, we explore the origin of the waters found in the
boundary current at the outflow of the Labrador Sea. In particular, we
investigate the role of exchange water between the boundary current
and the interior. To this end, we define a particle as being in the
interior when it is offshore of the 18 Sv contour line of the 5-year
mean barotropic streamfunction (¥,, black dashed line in Figs. 1 and
2a). To filter out possible short and fast excursions of particles into
the interior and back, we also require that the particle stays offshore
of this streamline for more than 20 days. The results of the analyses
presented in this study are not very sensitive to the exact choice made
for distinguishing the boundary current from the interior: the presented
results are consistent for different choices of ¥, or using an isobath.

Within the 6 year advection time, 90% of the particles (i.e. 195528
particles) reach the eastern open boundary (inflow). Since these parti-
cles travel from the inflow towards the outflow we will refer to them as
wholeLoop particles. The 10% of the particles that remain in the basin
during the 6 year simulation are referred to as interiorLong particles.

A particle density plot (Fig. 2a) highlights the paths that the
wholeLoop and interiorLong particles are prone to follow. It is con-
structed by regridding the position of each particle at every timestep
on an x-y grid with a resolution of 3.75 km. This particle density is
calculated as described in Ypma et al. (2019); at each location (in the
new grid) the transport assigned to each particle is divided by the total
transport carried by the particles. In the interior, the particle density is
enhanced at the northwestern side of the basin (close to the topographic
narrowing, Fig. 2a). This indicates that a significant number of particles
enter the interior of the basin there, suggesting a connection with
the eddy activity found at this location (Fig. 1b). However, such a
possible connection is masked by the fact that the highest particle
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Fig. 2. (a) Density of the position of particles released at y = 3.75 km (red line). The black dashed line shows the 18 Sv barotropic streamfunction (¥,) which is used to
distinguish the boundary current from the interior. (b) Example trajectories of a particle following the boundary current (withinBC, black line), a particle crossing into the interior
(interiorShort, red line) and a particle that does not leave the basin during the 6-year simulation (interiorLong, blue line). The purple (yellow) star indicates the location where the
example interiorShort particle crosses the 18 Sv barotropic streamfunction (dashed line) for the first (last) time. Green circles indicate the location of the particles at the end of

the backward advection time (i.e. at t = 6 years).

withinBC'
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217349 (17.2 Sv)
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Fig. 3. Schematic showing the number, percentage and associated volume transport
of particles that fall into various categories; wholeLoop particles travel from the inflow
towards the outflow, interiorShort particles cross the 18 Sv contour line of ¥, into the
interior and back, withinBC particles never leave the boundary current. Last, interiorLong
particles remain in the basin during the 6 year simulation. Examples of pathway for
withinBC, interiorShort and interiorLong are shown in Fig. 2b.

density occurs along the boundary current, which suggests that the
particles are found somewhere within the boundary current during
their lifetime. We therefore subdivide the wholeLoop particles in two
groups: particles that cross the 18 Sv contour line of ¥, into the interior
at some location (hereinafter, interiorShort particles) and particles that
never cross the 18 Sv contour line and thus never leave the boundary
current (hereinafter, withinBC particles). It appears that of all the
wholeLoop particles, 60% falls into the interiorShort category and 40%
in the withinBC category (Fig. 3). The volume transport carried by the
withinBC, interiorShort and interiorLong particles amounts to 6.8 Sv,
8.4 Sv and 2.0 Sv, respectively (Fig. 3). Note that at the eastern side
of the domain (x > 800 km and y < 1000 km) the particle density is
low (<1%, Fig. 2a). This reflects the weak circulation in this part of
the domain (Fig. 1c). This is a consequence of the closed southeastern
boundary of the idealized model. The bathymetry forces the boundary
current to follow the northern and western side of the domain.

By construction, the withinBC particles (black line in Fig. 2b) are
always onshore of the 18 Sv contour line of ¥,. The interiorShort
particles (red line in Fig. 2b) also travel from the inflow to the outflow
but along their path, they enter the interior (purple star in Fig. 2b) and
re-enter the boundary current (yellow star in Fig. 2b) before exiting the
domain. Last, the interiorLong particles recirculate in the interior of the
basin for more than 6 years (blue line in Fig. 2b).

Most of the withinBC particles reside close to the lateral boundaries
at both the inflow and the outflow (black contours in Fig. 4). The par-
ticles that enter the interior and leave the domain within the simulated
advection time (interiorShort, red contours in Fig. 4) originate farther
offshore (y = 1020-1060 km) than the withinBC particles (y = 1040—
1080 km, Fig. 4b). Since they are at the flank of the boundary current
at the inflow (Fig. 4b), they can more easily leave the boundary current
and enter the interior. Similarly, when they re-enter the boundary
current, they are found on its offshore flank (Fig. 4a), but deeper in the
water column. Last, the interiorLong particles are found in the deepest
part of the boundary current (blue contours in Fig. 4a). Apparently,
they represent the densest water masses exiting the domain.

4. Overturning in depth and density space

The particles that represent the three pathways of water masses
prior to exiting the Labrador Sea display a depth change (Fig. 4), which
is a reflection of overturning in depth space in the basin. Moreover,
using the same model setup, it is shown from an Eulerian perspective
that the boundary current gets denser along its path through the
Labrador Sea, yielding a net overturning in density space (Georgiou
et al., 2019). In this section, we analyze this overturning both in depth
and density space from a Lagrangian perspective and investigate the
relative contribution of the different pathways to this net overturning.

4.1. Transport changes between the inflow and outflow in depth space

Since each of the particles represents a particular transport of water
masses (Section 2.2), we can convert the depth changes of particles
between inflow (green bars) and outflow (orange bars) to the associated
volume transport (Fig. 5). Three vertical layers are defined to facilitate
discussion; 0-500 m, 500-1500 m and 1500-3000 m ( black horizontal
lines in Fig. 5a—c). At the inflow, almost all transport carried by either
the withinBC or the interiorShort particles, is found shallower than 1500
m (6.8 Sv and 8.2 Sv respectively). This view changes at the outflow of
the domain: the volume transport in the deepest layer (1500-3000 m)
increases by 1.3 Sv for the withinBC and by 2.0 Sv for the interiorShort
particles. In addition, the presence of the interiorLong particles at the
outflow becomes apparent in this depth layer as a volume transport of
1.8 Sv (90% of the total transport these particles represent).
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4.2. Transport changes between the inflow and outflow in density space

Similarly, we can explore the water mass transformation that occurs
between inflow and outflow from a Lagrangian perspective. Since the
density in the model is associated only with temperature variations
(Section 2.1), we examine the temperature changes between inflow and

outflow for each pathway. At the inflow, most of the withinBC particles
carry warm water masses (green bars in Fig. 6a). A shift in transport of
warmer to colder water masses between inflow and outflow reveals that
water mass transformation occurs within the boundary current. Since
the interiorShort particles originate farther offshore in the boundary
current (Fig. 4b), they are characterized by lower temperatures at the
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waters (T < 3.2 °C); the values in green (orange) represent the total transport for each water mass at the inflow (outflow). Note that the intermediate waters correspond to the

temperature range of the convected water mass (Georgiou et al., 2019).

inflow (green bars in Fig. 6b). Also for this category, the transport in
colder layers increases towards the outflow indicating that the parti-
cles experience water mass transformation along their path. Last, the
interiorLong particles represent the coldest water masses at the outflow
(Fig. 60).

To quantify the water mass transformation in density space, the to-
tal volume transport at the inflow (outflow) is summarized in Fig. 6 for
three water mass definitions: surface waters (T > 3.5 °C), intermediate
waters (3.2 < T £ 3.5 °C) and deep waters (T < 3.2 °C). Note that T =
3.2-3.5 °C is the temperature range corresponding to the convected
water mass (Georgiou et al., 2019). The transport change between
inflow and outflow in temperature space through the 3.5 °C isotherm
derived from the particles amounts to (1.3 + 1.1) — 0.2 = 2.2 Sv for
withinBC (Fig. 6a) and to (3.6+2.2)—(2.1+0.3) = 3.4 Sv for interiorShort
(Fig. 6b). Furthermore, the transport of water masses below 3.5 °C
at the outflow is substantially higher for both the interiorShort and
interiorLong particles (7.6 Sv combined, Fig. 6b—c) than for the withinBC
(2.4 Sv, Fig. 6a).

4.3. Overturning from the Eulerian and the Lagrangian perspective

Based on Figs. 5 and 6, we can estimate the overturning in both
depth and density space and compare this to the overturning calculated
from the Eulerian velocities. The Eulerian overturning in depth space
is defined as the difference in time-mean transport between the inflow
and the outflow in model year 15, integrated over the same depth bins
(depth space) or temperature bins (density space). Next, we calculate
the Lagrangian overturning for each pathway, by taking the difference
between the summed volume transport carried by all particles in a cer-
tain depth or density bin at the outflow and at the inflow. This is done
for all three particle categories. Since the interiorLong particles never

reach the inflow, the total mean Lagrangian overturning estimate is
based solely on the transports carried by the withinBC and interiorShort
particles. We do not expect the Eulerian and Lagrangian overturning
estimates to match exactly as we lack information on the overturning
associated with the interiorLong particles since we cannot follow them
backwards in time towards the inflow.

However, the overturning derived from the particles largely agrees
with the overturning obtained from the time mean Eulerian flow (com-
pare the purple and green lines in Fig. 7), which suggests that we
can use the overturning split in pathways to get an impression of
the importance of each route. In depth space, the maximum Eulerian
(Lagrangian) overturning occurs at 1000 m depth and amounts to —3.8
(—4.1) Sv (Fig. 7b). Both withinBC and interiorShort particles contribute
equally to the Lagrangian overturning in depth space. In addition, the
presence of the interiorLong particles at the outflow becomes apparent
in depths greater than 1000 m.

In density space, the overturning in both the Eulerian and La-
grangian view, peaks at a temperature of 3.5 °C and amounts to —3.4
and —5.4 Sv, respectively (Fig. 7d). When the contributions of the
transport carried by each pathway to the net overturning in density
space are considered, it appears that 60% of the maximum overturning
(at T = 3.5 °C) can be attributed to the interiorShort particles and
40% to the withinBC particles. In contrast, the secondary peak of —4.1
Sv in the total Lagrangian overturning at T = 4.5 °C is mainly due
to the withinBC particles. This confirms that the transformation of
the withinBC particles results into relatively lighter water masses than
the interiorShort particles. Notably, at this temperature, the Eulerian
overturning is negligible. That is, the Eulerian transport of waters of
this temperature at the inflow and outflow is the same, while the
Lagrangian analysis reveals an increase in transport of this water mass.
This implies that an inflow of waters of this temperature exists, which
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does not reach the outflow within six years and is thus not captured by
the Lagrangian backtracking calculation. The temperature of this water
mass corresponds to that of boundary current waters at 500-1000 m
depth (see Fig. 1b in Georgiou et al., 2019). We speculate that this
water mass is also transported offshore from the boundary current to
the interior, but has a residence time longer than the six-year duration
of the Lagrangian calculation.

5. Subduction

As shown in Fig. 7, both the withinBC and the interiorShort particles
experience water mass transformation. Here, we identify the location
where these water masses last change their properties by means of the
local subduction rate. Following the analysis of Brandt et al. (2007) we
define subduction as the process of a particle leaving the mixed layer.
It is calculated from the trajectories of the withinBC and interiorShort
particles as the sum of all transport values assigned to the particles
subducted within a certain grid box. The subduction velocity (Fig. 8) is
calculated by dividing this subduction rate of each gridbox by its area.
The magnitude of the subduction velocity is similar to the subduction
velocities reported by Brandt et al. (2007) with elevated values in the
west.

The calculation of the subduction rate is performed separately for
the withinBC (Fig. 8a) and interiorShort particles (Fig. 8b). The main
difference between the two is the location of the peak values: sub-
duction of waters exiting the domain along the withinBC route mainly
occurs in the western part of the Labrador Sea. This is likely associated
with convection that occurs within the boundary current due to the
surface buoyancy forcing. The total subduction of the withinBC particles
amounts to 1.9 Sv. In contrast, large subduction velocities of the parti-
cles following the interiorShort route are found in the west, close to the
edge of the boundary current. The total subduction for the interiorShort
amounts to 3.7 Sv, of which 76% occurs in the interior (i.e. offshore
of the 18 Sv contour line of ¥,). The remaining 24% subducts within
the boundary current, after re-entering, which indicates a pathway of
transformed water masses within the boundary current (Brandt et al.,
2007) similar to the withinBC particles. Our study reveals that most of
the interiorShort particles leave the mixed layer in the interior before
they re-entrain into the boundary current and exit the domain (Fig. 8b).
In the following section we will show that the properties of the particles
depend on the location where they subduct within the interior (i.e., box
1 and box 2 in Fig. 8b).

6. Lateral exchange and water mass transformation

To explore the lateral exchange between the boundary current and
the interior and water mass transformation in the interior, we next
focus on the locations where the interiorShort particles enter and leave
the interior of the domain. We define the first (last) crossing of a
particle as the location at which it crosses the 18 Sv contour line of
the barotropic streamfunction (¥,) for the first (last) time after entering
the domain (purple and yellow stars in the example trajectory shown
in Fig. 2b).

An example trajectory shows that this particle enters the basin at the
eastern open boundary at a depth of 100 m (Fig. 9c¢); its temperature
at the inflow (green square in Fig. 9a) is Ti,sow = 4.7 °C. It follows
the boundary current until it crosses into the interior (purple star and
vertical line in Fig. 9a and b, respectively). While in the interior, the
particle recirculates and shows a large drop in temperature (Fig. 9b)
when it is in the mixed layer (gray shaded area in Fig. 9b—c). There, it
reaches a temperature corresponding to that of the convected water
(T ~ 3.2 °C, Fig. 9b). Once the particle is subducted (Fig. 9c), it
stays below the mixed layer in the subsequent winters and no further
temperature change occurs (Fig. 9b). The largest change in depth of
the particle (blue line in Fig. 9c) takes place between locations 5 and
6, when the particle leaves the mixed layer, without any water mass
transformation. This means that the particle moves adiabatically along
an isopycnal (isotherm) to deeper layers. For most of its advection
time, the particle’s path is steered by eddies that are present in the
interior (Fig. 9a). After being in the interior for more than 4 years, the
particle re-enters the boundary current (yellow star and vertical line in
Fig. 9a-b) and it does so along this 3.2 °C isotherm. After its re-entry,
the particle slightly rises in the water column (Fig. 9¢) because the
isotherms rise as the boundary current loses heat in the downstream
direction (Straneo, 2006; Georgiou et al., 2019; Briiggemann and Kats-
man, 2019). Although it takes almost 6 years for this particle to travel
from inflow to outflow, only nine months pass between the moment it
re-enters the boundary current until it exits the Labrador Sea.

Next, we consider the lateral exchange between the boundary cur-
rent and interior for all interiorShort and interiorLong particles. Most
particles first cross into the interior at a distance between 380-850 km
from the inflow (red dashed line, Fig. 10a). This peak in first crossings
is found upstream of the peak in EKE along the boundary (~700 km
downstream from the inflow, blue shading in Fig. 10a) associated with
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the eddy activity near the topographic narrowing (Fig. 1c). This is
in agreement with the study of Schulze Chretien and Frajka-Williams
(2018), who used Lagrangian trajectories to track the surface fresh-
water in the Labrador Sea and found that most of the freshwater
leaves the shelf in the same area. This indicates that the topography
plays a significant role in determining the interior-boundary current
exchange: the enhanced EKE, due to enhanced eddy activity along the
topographic narrowing (Figs. 1c and 10a) facilitates exchanges between
the boundary current and the interior.

Most of the interiorShort particles also re-enter the boundary current
in the area where EKE is enhanced (500-1000 km from the inflow,
Fig. 10a); a secondary peak of last crossings is seen farther down-
stream coinciding with a secondary peak in EKE (distance ~2500 km).
Similarly, the last crossings of the interiorLong particles (blue line in
Fig. 10a) are also mostly found at the region of high EKE.

The average temperature of the particles entering the interior within
1000 km downstream of the inflow is 3.9 °C (dashed line in Fig. 10b).
Notably, when they re-enter the boundary current, the particles are on
average 0.2 °C colder (solid line). This corroborates that water mass
transformation occurs during their time in the interior. At distances

greater than 1500 km downstream of the inflow (i.e. the western side of
the domain) the exchange occurs almost at the same temperature. This
indicates that the boundary current-interior exchange at this part of the
domain does not considerably affect the properties of the water masses.
It is noteworthy that the interiorLong particles have a mean temperature
of 3 °C or lower when they leave the interior (Fig. 10c), confirming
once more that these particles represent the densest water mass in this
model of the Labrador Sea.

To explore this connection in more detail, we now focus on the
export routes of the water masses that have been subducted in the in-
terior. We define two areas which represent regions of high subduction
velocity (Fig. 8b) in box 1 and box 2, similarly to Brandt et al. (2007),
and analyze only the behavior of the particles that subduct in these two
boxes. So, the particles used for this analysis represent a fraction of the
interiorShort particles (i.e. 20% of the particles, which represent 1.6 Sv
or 43% of the total subduction in the interior). These boxes are placed
in regions characterized by different dynamics: box 1 is located where
the deepest mixed layers are found (Fig. 1b), while box 2 is placed near
the Labrador coast where, accordingly to previous studies (e.g., Brandt
et al.,, 2007), the newly-formed LSW is rapidly exported. It appears
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that the majority of the particles that subduct within box 1 (Fig. 11a)
move towards the high EKE area near the Greenland coast (distance =
400-800 km) and re-enter the boundary current there before exiting
the domain (purple line in Fig. 11c). In contrast, a large fraction of
particles that subduct within box 2 (Fig. 11b) are directly entrained in
the boundary current in the west (between 1600-2100 km, orange line
in Fig. 11c). However, the number of particles subducted in box 2 is
smaller than to the number that subducts in box 1 (i.e. 5643 particles
difference that amounts to 0.5 Sv in terms of volume transport). This
again explains the importance of the indirect export route via the West
Greenland coast.

It is clear that the particles that subduct in box 1 and re-enter the
boundary current where EKE peaks (distance between 400-1000 km)
show a larger temperature change than the ones that subduct in box
2: they experience a mean cooling of AT, (400 — 1000 km) = —0.5
°C in contrast to ATy,(400 — 1000 km) = —0.2 °C (Fig. 11d). This is
due to the fact that the water masses subducted in these two boxes
originate from different regions (Fig. 1b). In box 1, the mixed layer is
deeper and temperatures are lower than in box 2. Essentially, Figs. 10b
and 11d support the view that most of the interiorShort particles are
transformed during their time in the interior. Moreover, depending on
where water mass transformation occurs the particles tend to follow a
different path and hence it is expected that they will display different
residence times.

7. Residence time and export timescale

In this section, the residence time and export timescale of the par-
ticles are studied for each pathway. First, we investigate the residence
time of the particles, defined as the time it takes a particle to travel
from the inflow to the outflow. We focus on the wholeLoop particles,
i.e. withinBC and interiorShort (Fig. 3), which all leave the basin within
6 years. It is clear that 90% of the withinBC particles leave the basin
within one year (black bars in Fig. 12a); their maximum residence
time is less than 2 years (black line in Fig. 12b). This highlights the
existence of a fast route of water masses that enter the Labrador Sea
and travel within the boundary current. As expected based on Fig. 9b,
the interiorShort particles display much longer residence times of up to
6 years (Fig. 12a-b). However, 60% of the particles still leave the basin
within 2 years (red line in Fig. 12b).

Next, we investigate if there is any connection between the prop-
erties of the water masses that exit the domain and their residence

time in the basin by displaying the temperature of the particles at the
outflow as a function of their residence time (Fig. 13). From this, it is
evident that most of the withinBC particles (i.e. 60% of the particles,
Fig. 13a) that leave the domain within one year correspond to lighter
water masses (T > 3.8 °C). The residence time of the particles that exit
the domain with temperatures lower than 3.8 °C is slightly longer but
restricted to a maximum of 2 years. Here, the impact of the surface
heat loss along the boundary in determining the properties of the local
water mass is visible: the particles with T < 3.8 °C likely represent
water masses formed during convection within the boundary current
(Fig. 8a). Note that these particles are found deeper in the boundary
current where its speed is weaker (Fig. 4), thus explaining their longer
residence time. For the interiorShort particles the picture is different;
74% of the particles exits the domain with temperatures below 3.8 °C
(Fig. 13b). Remarkably, the interiorShort particles that leave the basin
within one year are particles that stay in the interior shortly and are
warmer (i.e. Tyegigence<iyear = 4 °C). That is, the water masses that stay
in the interior longer get denser (i.e. Tyegidences 1year = 3-6 °C)-

Besides the residence time, we also calculated the export timescale,
defined as the time it takes a particle to reach the outflow after it has
subducted. As expected, the export time for the withinBC particles is
as expected very short: for 95% of the particles it is less than half
a year. The export time of the interiorShort particles ranges from 4
days to 5.5 years. It appears that the water masses that are subducted
within box 1 generally take more than one year before they exit the
Labrador Sea; only 35% of the total transport carried by these particles
is exported within one year. This is explained by the fact that the
majority of these particles first moves towards the high EKE area near
the Greenland coast before they re-enter the boundary current and
reach the outflow (Fig. 11a). In contrast, the interiorShort particles
that subduct in box 2 and are entrained into the boundary current in
the west (Fig. 11b) exit the domain much quicker; 80% of the total
transport carried by these particles is exported out of the Labrador Sea
within 150 days.

8. Discussion and conclusions

In this study, the upstream pathways of the water masses exiting the
Labrador Sea have been investigated from a Lagrangian perspective,
with a focus on the exchange between the boundary current and
the interior and the water mass transformation that occurs within
the domain. To this end, the output of a regional idealized model is



S. Georgiou, S.L. Ypma, N. Briiggemann et al. Ocean Modelling 150 (2020) 101623

box1 box2

1000 —

@

[=1

[=]
T

.2)

number of particles
EKE (cm?

0 500 1000 1500 2000 2500
distance (km)

AT (°C)

-0.6 -

|
1500 2000 2500
distance (km)

1
0 500 1000

Fig. 11. Example trajectories from the location where the particles subduct in (a) box 1 (purple rectangle) and (b) box 2 (orange rectangle) to the outflow. (¢) Number of particles
that cross the 18 Sv contour for the last time and (d) mean temperature change (at the location of the last crossing) between the last and first crossing (AT = Ty, — Ty;) as
a function of distance from the inflow for the particles that subduct within box 1 (purple line) and box 2 (orange line). Values in (d) are binned over segments of 50 km in
alongshore direction at the location of last crossing. The shaded area in (c) shows the EKE as a function of distance from the inflow (see inset, red squares mark distances every
500 km).

15

-

0.

volume transport (Sv)
w

[ (b)

®

o
T
I

cumulative
H
T
1

volume transport (Sv)

[N}
T
1

0 1 1 1 1
0 1 2 3 4

years

Fig. 12. (a) Volume transport and (b) cumulative volume transport of the withinBC (black bars/lines) and interiorShort (red bars/lines) particles, both as a function to their
residence time (binned every 50 days) within the model domain.

10



S. Georgiou, S.L. Ypma, N. Briiggemann et al.

Ocean Modelling 150 (2020) 101623

withinBC
7.5 T T T T T 0.1
a
- (a) i
6.5 -
S 6 0.09
<
o 5.5
g
o= ¢
= - [ 0.08
9]
2 il
€
(9% |
R B S U U 0.07
| | | 0.06 —~
>
2 3 4 5 6 2
years é
0.05 é
©
interiorShort 5
7:5 T T T T °
S @ | [ 0.04 >
6.5 -
O 6 4 f40.03
e
0 55F o
2
2 s
© -0.02
Sasf .
£
ERR e — e ———— 3
-0.01
35 == 8l
3| il
2.5 L ) . . —o
1 2 3 4 5 6

years

Fig. 13. Density distribution (in terms of volume transport) of the particle temperature at the outflow compared to the particle residence time for the particles that reach the
outflow (wholeLoop) while (a) staying within the boundary current (withinBC particles) and (b) passing through the interior (interiorShort particles). The particle density is shown
per AT = 0.1 °C and 4t = 50 days interval. The black dashed horizontal line shows the 3.8 °C isotherm.

used. This model is known to capture the mesoscale eddy activity in
the Labrador Sea, which is most prominent at the West Greenland
coast (Georgiou et al.,, 2019). The use of such an idealized model
facilitates the exploration of the dynamics of this exchange between
the boundary current and the interior and its role for LSW export.
In this study, we extend the more generic study of a highly idealized
marginal sea by Briiggemann and Katsman (2019), by quantifying the
role of the interior-boundary exchanges in setting the properties and
the associated timescales of the water masses exiting the marginal sea
in more detail.

By assessing the processes from a Lagrangian viewpoint, we show
that water masses follow either a direct route within the boundary
current (withinBC particles) or an indirect route that involves bound-
ary current-interior exchanges (interiorShort and interiorLong particles)
from the inflow region south of Greenland to the outflow region on
the Labrador side (Fig. 2b) that carry roughly the same transport. The
distribution of the particles at the inflow and outflow (Fig. 4) shows
that their position at the inflow determines their pathway and location
at the outflow. Essentially, the particles that follow the boundary
current (withinBC) are found in the core of the boundary current with
rather high velocities, while particles that pass through the interior
(interiorShort) are found on its outer flank. That is, our results indicate
that the fate of water masses is already determined upstream. This
suggests that processes in the Irminger Basin and Nordic Seas impact
the water mass transformation in the Labrador Sea.

Building on the generic idea proposed by Briiggemann and Katsman
(2019) on the existence of a fast and a slow route for dense water
masses that exit the Labrador Sea, the Lagrangian analysis presented
in this study allows us to quantify the transports associated with those
two pathways. The depth change of the particles between the inflow
and outflow reveals that the total volume transport between 1500—
3000 m increases by 1.3 Sv for the withinBC particles and by 2.0 Sv
for the interiorShort particles (Fig. 5). In density space (which in this

11

idealized model is represented by temperature only), the Lagrangian
trajectories also show a substantial transport change between the in-
flow and outflow through the 3.5 °C isotherm which amounts to 2.2
Sv and 3.4 Sv for the withinBC and interiorShort particles, respectively
(Fig. 6). The maximum overturning derived from the Eulerian quan-
tities amounts to —3.8 Sv at 1000 m (depth space, Fig. 7b) and —3.4
Sv at 3.5 °C (density space, Fig. 7d). The Lagrangian particles capture
the net Eulerian overturning observed in this model both in depth
and density space well (Fig. 7), considering the fact that not all the
particle trajectories cover the entire path between in- and outflow.
The relative importance of the different pathways on the overturning
becomes apparent in density space; 60% of the maximum overturning
is related to the transport carried by the interiorShort particles and only
40% by the withinBC particles (Fig. 7c-d). However, there is also a
significant signal in the overturning in lighter layers, which is only
related to the relatively slow moving fraction of the withinBC particles.
In short, the volume transport of the densest water masses is primarily
carried by particles that have resided in the interior (i.e. interiorShort
and interiorLong particles), while the particles that follow the fast route
(i.e. withinBC) mainly transform in lighter water masses.

The characteristics of water mass transformation also differ for
the fast and slow pathways. The withinBC particles mainly subduct
on the southwest side of the Labrador Sea (Fig. 8a). This location is
downstream of the region where strong surface heat loss has reduced
the stratification of the boundary current, allowing the water masses to
be transformed into denser water masses. In contrast, the interiorShort
particles generally enter the interior at the Greenland side (Fig. 10a),
experience water mass transformation in the interior at the convection
region (Figs. 8b and 10b), before re-entering the boundary current
(Fig. 10). The latter occurs predominantly on the Greenland side and
to a lesser extent on the Labrador side (Fig. 10a), depending on the
location where the particle last leaves the mixed layer (Fig. 11). This
two-way exchange (first and last crossings) at the western coast of
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Greenland has been also identified in the recent study of Pennelly et al.
(2019). However, our study highlights that the export of the water
masses that have been transformed into denser water masses in the
interior occurs laterally, as they are advected towards the region of high
EKE on the Greenland side by eddy stirring.

The exchange between the boundary current and the interior has
a direct impact on the timescales of the export of the water masses
(Fig. 13): 90% of the volume transport carried by the withinBC particles
exits the basin within one year, while only 30% of the transport
associated with the interiorShort particles exits within that time frame.
In observations (Bower et al., 2009) and models (Brandt et al., 2007;
Feucher et al., 2019) the newly formed LSW is exported within one
year. Our Lagrangian analysis supports the idea of previous observa-
tional studies that the quickly exported LSW is likely formed within or
close to the boundary current (Pickart et al., 2002; Cuny et al., 2005).
Most of the interiorLong particles also re-enter the boundary current
at the region of high EKE (Fig. 10c). However, due to topographic
constraints the lateral, along isopycnal transport towards the boundary
current at the high EKE region cannot as easily take place for the denser
interiorLong as for the lighter interiorShort particles. This results in a
longer residence of the interiorLong particles within the interior. Essen-
tially, the fact that the densest water masses, which are represented
by the interiorLong particles, take more than six years to fully pass
through the Labrador Sea, confirms that cold signals that are exported
from the Labrador Sea do not need to correspond to recent convective
events, as suggested by Cuny et al. (2005). Thus, our results suggest
that the observed year-to-year correspondence between the properties
of the water masses found in the interior of the Labrador Sea and in
the Labrador Current (e.g., Rhein et al., 2015; Yashayaev and Loder,
2016; Holte and Straneo, 2017; Le Bras et al., 2017) reflect variations
of the fast export route of LSW formed close to or within the boundary
current.

Our Lagrangian results clearly extend the tracer analysis performed
by Georgiou et al. (2019) and Briiggemann and Katsman (2019), as
these studies mostly provided a qualitative description of the connec-
tion between strong eddy activity and convection areas. The Lagrangian
analysis using particles instead of a passive tracer allows for conditional
analysis (see van Sebille et al., 2018) and provides a quantification of
the relative importance of each pathway to water mass transformation
and to the overturning in depth and density space.

In our study, the limited model domain does not allow the in-
vestigation of the export route towards the Irminger Sea discussed in
Section 1 (e.g., Lavender et al., 2000; Pickart et al., 2003). Therefore,
our results may overestimate the transport of the LSW towards the West
Greenland coast. Another aspect that cannot be covered in our idealized
model simulation but deserves attention is the suggestion by Lozier
et al. (2013) that the overflow waters entering the subpolar gyre from
the Nordic Seas also follow interior pathways that substantially lead
to their equatorward export through the Labrador Sea. We expect a
minimal transformation of the overflow waters within the Labrador Sea
since they fill the deeper layers of the basin. However, the presence
of the overflow waters may affect the LSW pathways. Nevertheless,
the conclusion that an eddy driven transport of dense water towards
the boundary exists and that it affects the export timescales of LSW is
expected to hold. Analyses with a more realistic high-resolution model
are needed to explore this in more detail.

One of the main findings of this study is that there is a fast,
direct route for relatively lighter water masses compared to the slower,
indirect route that the denser water masses follow to exit the Labrador
Sea. In this model, both routes carry roughly the same transport, but
the indirect route is steered by the eddy activity near the Greenland
coast. That is, a preferable region for lateral spreading of LSW and
entrainment in the boundary current is identified. Therefore, the view
of a homogeneous lateral spreading and entrainment of the LSW into
the boundary current is not valid in our model, and this is consistent
with the studies of Bower et al. (2009, 2011) and Gary et al. (2012).
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Importantly, the fact that the densest water masses found in this study
take more than six years to exit the Labrador Sea might obscure the
link between the LSW formation and AMOC variability in observations
such as the OSNAP array (Holliday et al., 2018; Lozier et al., 2019).
The result that the interior-boundary current exchange is important
for the LSW export and hence contributes to the AMOC variability, sug-
gests that additional observations aimed at capturing these mechanisms
are needed. It also raises the question how well LSW export processes,
their variability and their relation to AMOC variability are represented
in climate models, which lack the resolution to resolve the mesoscale
features required to capture this interior-boundary current exchange.
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