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1.  Introduction

The subpolar North Atlantic (SPNA) is a region of high importance for the global climate (e.g., Buckley 
& Marshall,�2016; Lozier et�al.,�2019; Schott & Brandt,�2007) and in particular for the Atlantic Meridional 
Overturning Circulation (AMOC). There, the conversion of the relatively warm and salty waters flowing 
northward in the North Atlantic Current (NAC, upper AMOC limb) to cold and slightly fresher North At-
lantic Deep Water (NADW, lower AMOC limb) takes place. The NADW is a combination of the Labrador 

Abstract  The dense waters formed by wintertime convection in the Labrador Sea play a key role in 
setting the properties of the deep Atlantic Ocean. To understand how variability in their production might 
affect the Atlantic Meridional Overturning Circulation (AMOC) variability, it is essential to determine 
pathways and associated timescales of their export. In this study, we analyze the trajectories of Argo floats 
and of Lagrangian particles launched at 53°N in the boundary current and traced backward in time in a 
high-resolution model, to identify and quantify the importance of upstream pathways. We find that 85% of 
the transport carried by the particles at 53°N originates from Cape Farewell, and it is split between a direct 
route that follows the boundary current and an indirect route involving boundary-interior exchanges. 
Although both routes contribute roughly equally to the maximum overturning, the indirect route governs 
its signal in denser layers. This indirect route has two branches: part of the convected water is exported 
rapidly on the Labrador side of the basin and part follows a longer route toward Greenland and is then 
carried with the boundary current. Export timescales of these two branches typically differ by 2.5�years. 
This study thus shows that boundary-interior exchanges are important for the pathways and the properties 
of water masses arriving at 53°N. It reveals a complex three-dimensional view of the convected water 
export, with implications for the arrival time of signals of variability therein at 53°N and thus for our 
understanding of the AMOC.

Plain Language Summary  In the North Atlantic Ocean, due to the local atmospheric 
conditions, lighter waters originating from the subtropics transform to denser waters that flow southwards 
in deeper layers in a circulation pattern known as the Atlantic Meridional Overturning Circulation 
(AMOC). This transformation occurs, among others, in the Labrador Sea and its strength and the 
properties of the transformed water vary from year to year. Knowledge of how the transformed water 
spreads from the basin through the global ocean is needed to understand how any variability in its signal 
may affect the AMOC’s strength. We investigate the pathways that water masses follow in a reference 
frame that moves along with the flow. We find that 85% of the transport at 53°N follows either a fast, direct 
route from Cape Farewell via the boundary current, or a slower, indirect route between these locations 
that involves boundary-interior exchanges. These exchanges govern the export routes of the transformed 
water, its properties and the arrival time of its signature at 53°N. This implies that a better understanding 
of the processes that control export along these routes and the variability therein is needed to interpret 
link between water mass transformation in the Labrador Sea and AMOC variability.
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Sea Water (LSW) and the dense overflow waters originating from the Nordic Seas (Talley et�al.,�2011). Dur-
ing wintertime, the heat loss from the ocean to the atmosphere together with the weak stratification below 
the mixed layer facilitates the process of convection at certain locations in the SPNA. Traditionally, the LSW 
was considered the product of deep convection that takes place in the central Labrador Sea (Marshall & 
Schott,�1999; Talley & McCartney,�1982). However, more recent studies revealed that deep convection also 
occurs in the southern Irminger Sea and that this results in a water mass with similar properties similar to 
LSW (de Jong et�al.,�2012; Le Bras et�al.,�2020; Pickart et�al.,�2003; Piron et�al.,�2016; Våge et�al.,�2008).

Previous numerical model studies suggested a strong connection between LSW production and AMOC 
variability (e.g., Biastoch et�al.,�2008; Kuhlbrodt et�al.,�2007; Rahmstorf et�al.,�2015). However, recent ob-
servational studies have cast doubts on the importance of LSW production for the AMOC and pointed out 
a stronger connection with water mass transformation in the eastern part of the SPNA instead (Li & Lozi-
er,�2018; Lozier et�al.,�2019; Zou et�al.,�2020). Consequently, the connection between the LSW production 
and the variability of the AMOC is under renewed debate.

One of the key elements in understanding a potential connection between LSW formation and the AMOC 
is to clarify the relative importance of all possible export pathways of LSW and the associated timescales. 
Although the processes that govern the conversion of lighter to denser water masses and the locations 
where this occurs have been extensively researched in numerical and observational studies (e.g Marshall & 
Schott,�1999; Pickart & Spall,�2007; Spall & Pickart,�2001; Våge et�al.,�2008), the processes that govern the 
export routes of dense water masses are less well understood.

LSW pathways are the subject of numerous observational and numerical studies (e.g., Bower et�al.,�2009; 
Brandt et�al.,�2007; Palter et�al.,�2008; Rhein et�al.,�2017; Straneo et�al.,�2003; Talley & McCartney,�1982) and 
the fact that multiple pathways have been identified illustrates the complex nature of the LSW spreading. 
The LSW mainly follows the Deep Western Boundary Current (DWBC) and spreads equatorward along the 
western boundary of the North Atlantic (Handmann et�al.,�2018; Le Bras et�al.,�2017; Stramma et�al.,�2004; 
Talley & McCartney,�1982). At the transition between the SPNA and the subtropics, the presence of signif-
icant exchange between the DWBC and the interior causes the DWBC to bifurcate from its equatorward 
flow, thus resulting in interior pathways of LSW in the SPNA (e.g., Bower et�al.,�2009; Solodoch et�al.,�2020; 
Spence et�al.,�2012). The main pathways that newly formed LSW follows prior to entering the DWBC have 
also been identified. Within the Labrador Sea itself, LSW may be rapidly exported by spreading lateral-
ly near the Labrador coast, directly formed in the boundary current as a result of convection within the 
boundary current itself (e.g., Brandt et�al.,�2007), or first travel from the interior toward the west coast of 
Greenland and then follow the boundary current (e.g., Georgiou et�al.,�2020; Palter et�al.,�2008). Moreover, 
the LSW may travel northeastward toward the Irminger Sea (e.g., Bower et�al.,�2009; Pickart et�al.,�2003), 
possibly carried by mid-depth recirculation cells (e.g., Lavender et�al.,�2000).

However, the processes that govern the transport along these various export routes of dense water masses 
formed in the Labrador Sea have yet to be clarified; in particular, quantification of the magnitude of the 
transports, the typical water mass properties, and travel times associated with each pathway are still lacking. 
It is expected that the arrival of a LSW signal at the locations of the OSNAP array (north of 52°N; Lozier 
et�al.,�2019) and RAPID-MOCHA array (at 26.5°N; Smeed et�al.,�2018) will differ depending on the pathway 
that LSW follows. The recent idealized study of Georgiou et�al.�(2020) indicates that this is indeed the case, 
but the idealizations did not allow for a reliable quantification of timescales. This complexity clearly makes 
it difficult to capture a potential link between formation rates of dense waters and AMOC variability further 
downstream.

In this study, we analyze the upstream pathways of all water masses exiting the Labrador Sea at 53°N 
revealed by Lagrangian particle tracking, using the model output from a state-of-the-art global ocean-sea 
ice model. Our approach and analyses strongly build on the highly idealized model study of Georgiou 
et�al.�(2020) in which qualitative insights gained. The use of output from a realistic simulation introduces 
among others more realistic atmospheric forcing, more realistic bathymetry, the effects of salinity, potential 
connections between the sub-basins of the SPNA and the presence of overflow waters and allows us to 
characterize the transports and water mass transformation along pathways quantitatively. In addition, we 
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analyze the trajectories of available Argo floats to identify pathways and associated time scales of deeper 
water masses within the Labrador Sea from observations.

The Argo float data, the global ocean-sea ice model simulation, and the Lagrangian particle tracking ap-
proach are introduced in Section�2. The upstream pathways of the water masses found at 53°N from the 
Argo float trajectories and the trajectories from the high-resolution model are analyzed in Section�3. The 
subduction location of the particles, the properties they consequently acquire and the pathways that follow 
after being subducted are explored in Section�4. In Section�4, we also investigate the relative importance 
of each pathway on the overturning in the Labrador Sea. Furthermore, the travel times of particles along 
the various pathways are addressed in Section�5. Finally, a discussion on the three-dimensional view of the 
export of convected waters is provided in Section�6, followed by the summary and conclusions of our results 
(Section�7).

2.  Data and Methods

To establish the possible upstream pathways for LSW within the subpolar gyre, we first use the trajectories 
derived from available Argo floats (Section�2.1). The limited number and lifetime of the Argo floats prohibit 
the quantification of transports along each of these pathways. In addition, their isobaric drift does not allow 
the investigation of the water mass transformation occurring along the various pathways or the vertical 
displacement of the water masses. Therefore, a Lagrangian study using the output of a realistic global ocean 
model is performed. The model data and the Lagrangian approach are introduced in Sections�2.2 and 2.3.

2.1.  Argo Float Data

The data used in this study are obtained from the International Argo Program (downloaded on May 15, 2020 
from https://coriolis.eu.org, Argo,�2020). The floats are designed to drift at approximate pressures of 1,000, 
1,500 or 2,000 db for 10�days. Then, each float descends to 2,000 db and collects profiles of the water col-
umn as it rises to the surface where it remains only shortly to communicate with the Argos satellite system 
(Roemmich et�al.,�2009). Once the float has transmitted its data, it descends again to its designated drifting 
depth. The Argo float then repeats this cycle, usually with a 10-day period. We select only those floats that 
at some moment are found in the subpolar gyre and exit the Labrador Sea via the boundary current at 53°N 
and onshore of the 3,000�m isobath. This procedures selects 97 floats; all trajectories are mapped in Fig-
ure�1a and are analyzed further in Section�3.1.

2.2.  Ocean Circulation Model: MOM

We use the output data from the Modular Ocean Model (MOM) global ocean-sea ice model, to advect the 
Lagrangian particles. For a more detailed description of its configuration, we refer to Spence et�al.�(2017). 
MOM uses a tripolar B-grid with a horizontal resolution of 0.1° (which corresponds to � 5.5�km at 60°N) 
and 50 vertical layers with a resolution of 5�m at the surface up to 200�m near the bottom. The model is 
forced with 6-hourly COREv2-NYF (Griffies et�al.,�2009; Large & Yeager,�2009) atmospheric forcing and the 
associated bulk formulations, in particular the Normal Year Forcing derived from the interannual varying 
atmospheric state from 1958 to 2000. Moreover, the model is coupled to the GFDL Sea Ice Simulator model, 
which allows the sea ice to freely evolve. In addition, a restoring condition with a timescale of 60�days is 
applied to the surface salinity.

Vertical mixing (and in particular the process of convection) is parameterized by the KPP parameterization 
(Large et�al.,�1994), while biharmonic viscosity and diffusion are applied in the horizontal. The ratio of the 
baroclinic radius of deformation to a model’s grid spacing is commonly used as a measure for the ability of 
the model to resolve the mesoscale activity (Hallberg,�2013). Within the SPNA the Rossby radius is � 10�km 
(Funk et�al.,�2009; Smith et�al.,�2000), thus the horizontal resolution of MOM is only partly eddy-resolving 
in this region.
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Ypma et�al.�(2019) found that this MOM simulation generally shows a good agreement with the observed 
hydrography in the Nordic Seas. Here, we shortly discuss the hydrography, the mixed layer depth and eddy 
kinetic energy in the SPNA Ocean derived from the annual mean three-dimensional velocity, potential 
temperature, and salinity fields. The analysis is performed on model data obtained following a 70-year-long 
control state simulation in this high resolution.

Following Talley and McCartney� (1982), we define LSW as the water mass for which the potential vor-
ticity (PV) is PV� <� 4� ×� 10�12� m�1 s�1, which in this MOM simulation corresponds to the density range 
��=�27.75�27.83�kg m�3. The overflow water is defined as ��>�27.83�kg m�3 (Figure�S1b�S1c). The densities 
of LSW and overflow waters thus display a small positive bias compared to densities typically assigned to 
LSW (��=�27.70�27.80�kg m�3) and overflow water (��>�27.80�kg m�3) in observational studies (e.g., Holliday 
et�al.,�2018). Such small biases in the simulated hydrography of the Labrador Sea in the MOM simulation 
are comparable to what is seen in other high-resolution modelling studies (e.g., Zou & Lozier,�2016). In the 
presented analysis, we identify LSW based on this density range deduced from the model.

To characterize the main currents in the SPNA, we first calculate the depth-integrated transports, and next 
assess the cumulative transport from the Labrador coast toward Scotland. We use the local minima and 
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Figure 1.  (a) Trajectories of 97 Argo floats that drift in the subpolar gyre and exit the Labrador Sea via the boundary current (onshore of the 3,000�m isobath at 
53°N, black dotted line). (b) and (c) Example trajectories of floats that (b) drift within the boundary current (ARGO-BC, always onshore of the 3,000�m isobath, 
32 floats), (c) enter the interior of the Labrador Sea (ARGO-interior, 65 floats). (d) Subset of the float trajectories in (c), distinguishing between floats that are 
laterally advected directly from the interior to exit the Labrador Sea (ARGO-LC, trajectories in yellow, 16 floats) or reveal an exchange between the interior 
and the boundary current near the West Greenland coast (ARGO-WG, trajectories in purple, 49 floats). The line used to separate the ARGO-WG and ARGO-LC 
floats is shown in black in (d). The 3,000�m isobath is highlighted (white contour, bathymetry data from ETOPO1; Amante & Eakins,�2009).
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maxima of this cumulative transport to define the horizontal extent of each current (marked by orange 
vertical lines in Figure�S1d). The corresponding transport for each major current obtained in this way (Ta-
ble�S1) compares well to the observed values (Holliday et�al.,�2018). Moreover, we calculated the overturning 
in density space as from the MOM data along the approximate OSNAP section, following the methodology 
described in Zou et�al.�(2020) (Figure�S1e). The modeled overturning strength compares well to the observed 
values, both over the full section and along the OSNAP-WEST and OSNAP-EAST sections (Table�S2).

The location and the depth of convection are analyzed from the winter (January-March, JFM) mean mixed 
layer depth (MLDJFM), defined from a density difference criterion: an increase of ���=�0.01�kg m�3 with 
respect to the surface value (Brandt et�al.,�2007; MacGilchrist et�al.,�2020; Paquin et�al.,�2016). In MOM, 
convection reaches a depth of 1,400�m in the central Labrador Sea (Figure�S2a). The largest values are found 
in the southwest, away from the locations where the heat loss (black contour in Figure�S2a) and mesoscale 
eddy activity (shading in Figure�S2b) peak. Overall, the location and the depth of the convection region 
in the Labrador Sea agree well with observations (Pickart et�al.,�2002; Våge et�al.,�2009). The surface eddy 
kinetic energy (EKE, Figure� S2b) displays maximum values near the West Greenland continental slope 
and reduces offshore in a tongue-like pattern similarly to studies that derive EKE from altimetry (e.g., Lilly 
et�al.,�2003; Prater,�2002).

To summarize, the hydrography and currents simulated in MOM represent the observations well, which 
makes it a suitable tool for our study. In particular, the representation of the deep convection, the properties 
of the water masses and the key features of the eddy field are in good agreement with observations.

2.3.  Lagrangian Particle Tracking

To investigate the possible upstream pathways and the origins of the water masses that exit the Labrador Sea 
via the western boundary current, numerical particles are released along a zonal transect at 53°N extending 
from the coast until the 3,000�m isobath (dotted line in Figure�2) and advected backward in time using the 
Connectivity Modeling System (CMS, Paris et�al.,�2013). We selected to release the Lagrangian particles at 
53°N because it is a location that is commonly thought as the exit of the Labrador Sea, but also because it 
is a region where recurrent measurements of the DWBC take place (e.g., Fischer et�al.,�2010). In addition, 
releasing particles south of 53°N (around Flemish Cap) would need a longer simulation time to account for 
the interior pathways discussed in Section�1 (Bower et�al.,�2009; Solodoch et�al.,�2020; Spence et�al.,�2012). 
The particles are advected for 6 years using the 5-day mean three-dimensional velocity field of MOM. Since 
a normal year-forcing is applied to MOM, year-to-year variability in velocities is expected to be small. There-
fore, we use only one year of model data that is representative of its Eulerian mean state and repeat this as 
input for CMS for simplicity.

The particles are released at a resolution of 0.1° in longitude and 50�m in the vertical, only when the me-
ridional velocity is southward at these locations. A volume transport is assigned to each particle, defined by 
multiplying the meridional velocity in the grid box in which the particle is released by the area of the grid 
box (Döös,�1995). The transport carried by each particle remains constant throughout its trajectory (van 
Sebille et�al.,�2018). Particles are released daily, for a period of 1 year. All transport calculations are done by 
adding the volume transport carried by all particles divided by the number of release days. In total, 839,002 
particles are launched, representing a total annual mean transport of 25.3�Sv.

The particles are advected with a timestep of 1�h within the three-dimensional velocity field of MOM. CMS 
uses a tricubic interpolation and a fourth-order Runge Kutta stepping scheme to calculate the new position 
of each particle in space and time, respectively. The vertical movements associated with the process of con-
vection are parameterized in CMS: when particles are in the mixed layer, a random contribution is added to 
the vertical velocity with a maximum speed of |w|�=�10�cm s�1 (van Sebille et�al.,�2013; Ypma et�al.,�2019) to 
mimic the strong non-hydrostatic vertical motions associated with small-scale convective plumes (Marshall 
& Schott,�1999).
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3.  Pathways Upstream of 53°N

We first analyze the pathways of water masses found in the boundary current at 53°N, both from the float 
data (Section�3.1) and from the Lagrangian analysis (Section�3.2).

3.1.  Pathways from Argo Float Data

The float trajectories clearly reveal pathways involving exchanges between the boundary current and the 
interior of the Labrador Sea (Figure�1a). To distinguish if a float is in the interior or in the boundary current, 
we use the 3,000�m isobath. To filter out possible short excursions of floats into the interior, we require that 
a float is found in the interior for more than 10 subsequent cycles (see Section�2.1) to be labeled as being in 
the interior. We find 32 floats that continuously drift within the boundary current (ARGO-BC, Figure�1b) 
and 65 floats that are in the interior at some time before they exit the Labrador Sea with a southward direc-
tion at 53°N (ARGO-interior, Figure�1c). It appears that some of these ARGO-interior floats travel directly 
from the interior to the Labrador Current on the western side of the basin while others follow more complex 
pathways: they first travel toward the West Greenland coast and then follow the boundary current to exit 
the basin. To be able to separate the floats based on these two types of pathways, we define a boundary in 
the northeast of the basin (black line in Figure�1d), placed such that it crosses the region of enhanced EKE 
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Figure 2.  (a) Particle probability map (shading) highlighting the main pathways of waters upstream of the release 
location (dotted black line at 53°N). Black contours indicate the annual mean EKE (contour interval is 200�cm2 s�2, 
starting from the contour line of 200�cm2 s�2). (b) Five example trajectories of particles categorized and color-coded 
depending on their pathways; subpolar particle (green trajectory), interiorShort particle (red trajectory), withinBC 
particle (black trajectory), interiorLong particle (blue trajectory) and Davis particle (magenta trajectory). The section 
at 44°W (CF) and the 3,000 m isobath (dark gray contour) are used to separate the particles (see text for details on the 
procedure). Numbers in the legend indicate the percentage of the total transport carried by each pathway. CF, Cape 
Farewell.
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known from altimetry data (e.g., Lilly et�al.,�2003). ARGO-interior floats that reach a position north of this 
line, that is, those floats that approach the West Greenland (WG) coast after residing in the Labrador Sea 
interior, are categorized as ARGO-WG (purple trajectories in Figure�1d); the others, which head for the 
Labrador Current (LC), are labeled as ARGO-LC (yellow trajectories in Figure�1d). Based on this definition, 
the 65 ARGO-interior floats can be separated in 16 ARGO-LC floats and 49 ARGO-WG floats. Example 
trajectories of five ARGO-LC and ARGO-WG floats are shown in Figure�S3.

The behavior of the ARGO-WG floats supports the view presented in Georgiou et�al.�(2020) that substantial 
exchange exists between the boundary current and the interior, and in particular in the eddy-rich region ad-
jacent to the West Greenland coast. In Georgiou et�al.�(2020), it was shown that the water masses that have 
been transformed in the interior of the Labrador Sea are transported toward the region of high EKE on the 
Greenland side by eddy stirring and are then entrained in the boundary current, thus following an indirect 
route to leave the basin. Although the trajectories of the Argo floats may be affected by the surface currents 
during the brief period they spend at the surface, it is striking to see that many floats move from the interior 
toward the boundary along this same indirect route. If their trajectory is mainly governed by flows at their 
parking depths, which coincides with a depth typical for LSW in the interior (e.g., Bower et�al.,�2019), this 
suggests that this indirect LSW export route exists in reality. Moreover, the irregularity of the trajectories in 
Figure�1d corroborates the view that the presence of the local eddy field steers the pathway of LSW toward 
the West Greenland coast (Brüggemann & Katsman,�2019; Georgiou et�al.,�2019, 2020).

3.2.  Pathways in MOM

Tracing the Lagrangian particles backward in time allows us to identify the origin of the water masses found 
in the boundary current at 53°N from the model perspective, and to investigate the main pathways they 
follow prior to reaching that latitude. A map of the particle probability (Figure�2a) reveals these preferred 
routes. To construct such a map, following Ypma et�al.�(2019), we first regrid every particle’s positions on 
a regular 0.1° × 0.1° grid and sum the transport carried through each of these grid boxes, by the particles. 
Next, this accumulated transport per grid box is divided by the total transport carried by all particles com-
bined (in this case 25.3�Sv, see Section�2.3).

Figure�2a shows that particles seeded at 53°N follow pathways within the boundary current system in the 
SPNA but also follow pathways through the central Labrador Sea. Moreover, the enhanced particle proba-
bility in the vicinity of the west coast of Greenland where the EKE peaks (black contours in Figure�2a) sug-
gests that the local eddy activity plays an important role for directing these pathways between the boundary 
current and the central Labrador Sea (hereinafter, central-LS), which is in agreement with the idealized 
model study by Georgiou et�al.�(2020).

To assess whether similar processes are acting in a realistic model and to quantify the relative importance of 
the pathways along the perimeter and through the basin interior, we follow a similar approach as in Geor-
giou et�al.�(2020) and separate particle pathways by determining if they remain in the boundary current or 
enter the central-LS.

Within the 6�year advection time, 85% of the particles seeded at 53°N (i.e., 727,066 particles) are traced 
backward in time to 44°W near Cape Farewell (CF, dotted black line in Figure�2). We subdivide these parti-
cles further depending on whether they enter the central-LS between these two sections or not. We define 
a particle as in the central-LS when it is at least 50�km offshore of the smoothed 3,000�m isobath (dark gray 
contour in Figure�2b) for more than 20�days, to filter out possible short and fast excursions of particles into 
the central-LS and back. This results in the definition of three categories (now considering forward in time): 
particles that enter the Labrador Sea at 44°W offshore of the 3,000�m isobath (hereinafter, subpolar particles, 
green trajectory in Figure�2b), and particles that enter the Labrador Sea at 44°W onshore of the 3,000�m iso-
bath and either cross this isobath into the central-LS at some location (interiorShort particles, red example 
trajectory) or never leave the boundary current (withinBC particles, black example trajectory).

Not all the particles launched at 53°N reach 44°W when traced backward in time. It appears that 10% of the 
particles do enter the central-LS but remain west of CF during the entire 6�year simulation. These particles 
are referred to as interiorLong particles (blue example trajectory in Figure�2b). The remaining 5% of the 
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particles originate north of 65°N (Davis Strait) and are referred to as Davis particles (magenta example tra-
jectory in Figure�2b). The transport carried by the subpolar, interiorShort, withinBC, interiorLong, and Davis 
particles amounts to 1.9�Sv, 11.2�Sv, 10.4�Sv, 0.9�Sv, and 0.9�Sv, respectively.

Clearly, the withinBC and interiorShort particles represent the dominant upstream pathways since together 
they account for 85% of the total transport arriving at 53°N (22.6�Sv) and this transport is divided roughly 
equally over these two pathways. We therefore focus on these two particle categories in the remainder of the 
paper, where we study the transformation of the water masses along these two pathways and their impor-
tance for the overturning in the Labrador Sea.

4.  Water Mass Transformation in the Labrador Sea

To investigate where in the Labrador Sea the water masses traced by the withinBC and interiorShort par-
ticles change their thermohaline properties, we identify where these particles subduct from the mixed 
layer, and compare their T�S properties. Moreover, we investigate the overturning resulting from the wa-
ter mass transformation occurring along these two pathways (Section� 4.1). Furthermore, we track the 
pathways that the interiorShort particles follow after subduction and explore their final properties at 53°N 
(Section�4.2).

4.1.  Subduction of Water Masses and Resulting Overturning

We calculate the local subduction velocity as the sum of the transports of all particles that subduct within 
a certain grid box divided by its area, again using a regular 0.1° × 0.1° grid (Brandt et�al.,�2007; Georgiou 
et�al.,�2020). The subduction velocity for the withinBC particles (Figure�3a) peaks in the western part of 
the Labrador Sea. This subduction region was also identified in Brandt et�al.� (2007), Palter et�al.� (2008), 
Georgiou et�al.�(2020), and MacGilchrist et�al.�(2020) and reflects convection that takes place in the bound-
ary current itself. In addition, enhanced subduction velocities are found in a narrow strip along CF. The 
total subduction rate of the withinBC particles in the Labrador Sea amounts to 2.4�Sv. For the interiorShort 
particles, high subduction velocities are found mainly in the central-LS and in the southwest of the basin 
(Figure�3b). The total subduction of the interiorShort particles amounts to 6.4�Sv of which 4.8�Sv occurs in 
the central-LS (i.e., offshore of the gray contour line in Figure�3b) and 1.6�Sv in the boundary current. Thus, 
in our analysis, 46% of the total subduction in the Labrador Sea occurs along the boundary current and 54% 
in the interior of the basin. In a recent study, MacGilchrist et�al.�(2020) performed a Lagrangian analysis 
of the subduction of NADW only, by tracking its pathways backward from the deep North Atlantic. They 
also note a prominent role for subduction in the boundary current. According to this study, 60% of the total 
NADW ventilation results from subduction within the boundary current and about 25% from subduction 
in the interior of the Labrador Sea. It is yet unclear how to interpret this difference, as the applied model, 
the particle seeding strategy and water masses analyzed all differ from our analysis. The fact that most of 
the interiorShort particles subduct in the central-LS and then re-enter the boundary current prior to exiting 
the basin corroborates the importance of exchanges between the boundary current and the central-LS in 
regulating the properties of the water masses arriving at 53°N.

Figures�3c and 3d, a T�S diagram of particle probability showing the temperature and salinity for the with-
inBC and interiorShort particles, show that the subduction location of the particles and their final properties 
at 53°N are linked. The thermohaline properties of the withinBC and interiorShort particles that subduct in 
the Labrador Sea clearly differ; withinBC particles are relatively light, with densities �V

53o N
�=�27.55�27.79�kg 

m�3 (Figure�3c), while interiorShort particles are denser with �V
53o N

�=�27.62�27.83�kg m�3 (Figure�3d). No-

tably, withinBC particles that subduct near CF (delineated by the dashed contour in Figure�3c) are lighter 
(��=�27.55�27.63�kg m�3) than particles that subduct elsewhere in the boundary current (��=�27.63�27.79�kg 
m�3). This is in agreement with the idealized studies by Spall�(2004), Straneo�(2006), and Brüggemann and 
Katsman� (2019) that all showed that the boundary current gets denser in downstream direction due to 
buoyancy loss that it experiences.
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For the interiorShort particles, two clear peaks can be distinguished in the T�S diagram. Particles that sub-
duct within the boundary current in the southwest (encompassed by the dashed contour in Figure� 3d) 
are lighter than particles that subduct in the central-LS (solid contour in Figure� 3d), with densities 
�V

53o N
�=�27.60�27.80�kg m�3 and �V

53o N
�=�27.73�27.83�kg m�3, respectively. This is a result of the stronger 

buoyancy loss over the central-LS, yielding a denser product of convection.

Both the subducted withinBC and interiorShort consist of water masses with densities within the density 
range of the LSW in this model (thick black lines in Figures�3c and 3d). However, we found that less than 5% 
of the total subduction of the withinBC particles is associated with the LSW density range compared to 43% 
of the total subduction of the interiorShort particles. That is, our results indicate that the transformation of 
the withinBC particles, which only follow the boundary current, results into relatively lighter water masses 
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Figure 3.  (a) and (b) Mean subduction velocity for (a) withinBC and (b) interiorShort particles. The 3,000�m isobath 
used to distinguish the boundary current from the central-LS is indicated by the dark gray contour line. (c) and (d) T�S 
diagram of the thermohaline properties of the (c) withinBC and (d) interiorShort particles at 53°N in terms of particle 
probability. The latter is calculated as the sum of the transports associated with all particles in a certain �T��S bin 
divided by the total transport carried by the associated pathway (Ypma et�al.,�2019). The black dotted lines outline the 
isopycnals (in kg m�3); thick black lines indicate the LSW density range in MOM. The black dashed contour in (c) 
encompasses 70% of the withinBC particles that subduct south of Greenland; the blue dashed (solid) contour in (d) 
encompasses 70% of the interiorShort particles that subduct in the boundary current (central-LS).
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than the transformation of the interiorShort particles. Note that the subduction of the interiorShort particles 
may occur both in the central-LS and in the boundary current.

We evaluated the overturning in the Labrador Sea resulting from this water mass transformation (see sup-
porting information for details on the method) solely based on the transports carried by the withinBC and 
interiorShort particles. The overturning based on these two classes of particles peaks at ��=�27.60�kg m�3 and 
amounts to 4.3�Sv (purple line in Figure�S4a). In temperature and salinity space, we find a maximum over-
turning of 9.1�Sv and 9.7�Sv at 4.2 °C and 34.94�psu, respectively (Figure�S4b�S4c and Table�S3), indicating 
that substantial density compensation occurs (Zou et�al.,�2020).

The withinBC and interiorShort pathways contribute roughly equally to the net Lagrangian overturning 
in the Labrador Sea. The maximum overturning resulting from the withinBC particles (black lines in Fig-
ure�S4) occurs at a lighter density (higher temperature) than the overturning resulting from the interior-
Short particles (red lines) at ��=�27.60�kg m�3 and ��=�27.65�kg m�3 (4.4 and 3.7 °C), respectively. Inter-
estingly, the overturning associated with the interiorShort particles shows significant contributions in the 
density range ��=�27.75�27.82�kg m�3, which is within the signature of the LSW in this model (Section�2.2); 
the overturning associated with the withinBC particles is negligible at this density range. This once more 
confirms that the denser water masses are formed in the central-LS, whereas convection along the boundary 
current results in lighter water masses. The fact that the signal of the various direct and indirect pathways 
of water masses is evident in the overturning signal within different density classes emphasizes the complex 
nature of processes regulating the overturning in the Labrador Sea.

4.2.  Pathways and Final Properties of Convected Water Masses

The T�S diagrams in Figures�3c and 3d reveal that the densest water masses that exit the Labrador Sea at 
53°N are associated with the interiorShort particles that subduct in the central-LS. So, we now further inves-
tigate the pathways and properties of this subset of interiorShort particles, which represent 4.8�Sv (75%) of 
the 6.4�Sv of subduction that takes place in the Labrador Sea. Visual inspection of their trajectories reveal 
two preferred routes from their subduction location to 53°N: particles tend to either travel toward the west 
coast of Greenland or toward the Labrador side of the basin before re-entering the boundary current.

This is in agreement with the idealized studies of Brüggemann and Katsman� (2019) and Georgiou 
et�al.�(2020) who showed by using passive tracers that the densest water masses formed in the interior of 
the basin are steered toward the topographic narrowing aided by the velocity shear induced by the presence 
of the eddy field. In particular, Brüggemann and Katsman�(2019) showed that convected waters formed in 
the basin interior move along isopycnals from the convection region toward the boundary current in the 
east, and mainly toward the topographic narrowing. This process can be thought of as a stochastic path 
of particles influenced by the eddies: in regions where a lot of eddies are present, the particles are steered 
in all directions. When a particle then enters a region of low eddy activity, it will move much slower and 
might be considered �stuck� in such a relatively quiet region. However, if a particle remains in the region 
of high EKE, the eddies can advect it further, in any direction. Following these arguments, the particles will 
be distributed everywhere within the high EKE region and will eventually also reach the West Greenland 
coast. That is, the limited extent of the EKE field yields a particle pathway mimicking a random walk with 
a preferred direction.

Therefore, we further separate the subset of interiorShort particles based on their proximity to the high 
EKE region near Greenland (Figures�4a and 4b). Analogous to the analysis of the Argo floats presented 
in Section�3.1, we define a boundary in the northeast (black line in Figures�4a and 4b), placed such that 
EKE�<�200�cm2 s�2 southwest of it. Particles that at some time cross this line from southwest to northeast are 
classified as following the WG path; all other particles are considered to follow the LC-path. It appears that 
most newly formed dense water leaves the central-LS following the direct LC path (3.0�Sv; 60% of the total 
transport of this subset of particles), but that the indirect WG-path also contributes significantly (1.8�Sv; 
40%).

Example trajectories for these two pathways are shown in Figures�4a and 4b, traveling from their subduc-
tion location (magenta dots) to 53°N. To better visualize preferred routes Figures�4c and 4d shows maps 
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of the particle probability for these two pathways (maps are constructed as Figure�2a). For the WG-path 
(Figure�4c), the particle probability is significantly high at the west coast of Greenland and is co-located 
with the region of enhanced EKE (black contours), indicating that the WG-path is regulated by the local 
eddy activity since eddies are needed to steer the dense waters into the boundary current (Brüggemann & 
Katsman,�2019). Particles that follow the WG-path are steered toward Greenland and then flow cyclonically 
around the basin to 53°N, yielding a peak in particle probability at the Labrador side (Figure�4c). The par-
ticle probability for the LC-path (Figure�4d) outlines the direct export route of newly formed water masses 
from the central-LS to the boundary current at the Labrador side (Brandt et�al.,�2007; Georgiou et�al.,�2020; 
Palter et�al.,�2008).

To investigate the water mass properties of this subset of the interiorShort particles that subduct in the cen-
tral-LS when exiting the Labrador Sea, we analyze their transport per density bin at 53°N (Figures�5a and 
5b). For the WG- and LC-paths, the maximum transport at 53°N is found at a density range of ��=�27.81�
27.82�kg m�3, which corresponds to the denser limit of the LSW density range in this model (see Section�2.2). 
Interestingly, 30% of the transport carried by the WG-path particles is found within this LSW density range 
compared to 15% of the transport carried by the LC-path particles. Clearly, relatively light waters are carried 
mostly along the LC-path. This corroborates that the denser water masses formed in the central-LS most 
likely follow the indirect route described by the WG-path. The vertical distribution of the particle transport 
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Figure 4.  (a) and (b) Example trajectories for the subset of interiorShort particles that subduct in the central-LS, 
from their subduction location (magenta dots) to 53°N and (c) and (d) associated particle probability map. The set of 
particles is split by evaluating if they (a) and (c) travel toward the west coast of Greenland (WG-path) by crossing the 
black line in (a) and (b) or (b) and (d) travel toward the Labrador coast (LC-path). Northeast of the black line in (a) and 
(b) the EKE is higher than 200�cm2 s�2; black contours in (c) and (d) indicate the annual mean EKE (contour interval 
is 200�cm2 s�2, starting from the contour line of 200�cm2 s�2). Also shown in (c) and (d) is the percentage of the volume 
transport carried by the WG-LC paths with respect to the total carried by this subset of the interiorShort particles. EKE, 
eddy kinetic energy.



Journal of Geophysical Research: Oceans

when they reach 53°N (Figure�5c) also reflects that the WG-path carries the denser water masses, since 
these particles are found deeper in the water column than the particles that follow the LC-path (Figure�5c).

In summary, we have shown in this section that water mass transformation occurs along each of the main 
pathways (i.e. withinBC and interiorShort), resulting in water masses with different thermohaline proper-
ties. As the pathways that waters follow after subduction are linked to different density classes, clearly this 
regulates the overturning in the Labrador Sea. Moreover, an export pathway of LSW exists that approaches 
the West Greenland coast, like the pathway found in Georgiou et�al.�(2020). The transport carried via this 
WG-path is about half of that carried along the LC-path, thus implying that the presence of eddies plays a 
crucial role in shaping the pathways of the convected water (Brüggemann & Katsman,�2019).
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Figure 5.  (a) and (b) Volume transport at 53°N carried by the particles that subducted in the central-LS and then travel 
toward (a) the vicinity of the west coast of Greenland (WG-path) and (b) the Labrador side (LC-path) binned by 0.01�kg 
m�3 in density space. Black dashed horizontal lines in (a)-(b) indicate the LSW density range in MOM. (c) Cross section 
of the vertical distribution of the volume transport associated with the two pathways at 53°N (black line in the inset): 
WG-path (purple contours) and LC-path (yellow contours) together with the annual mean velocity of the simulation 
(shading). Purple (yellow) contours encompass 60% of the WG-path (LC-path) particles. The dashed contours outline 
the isopycnals (in kg m�3). LSW, Labrador Sea Water; MOM, Modular Ocean Model.
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