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Abstract The amount of cross‐isobath freshwater exchange within the North Atlantic subpolar gyre is
estimated from numerical modelling simulations. A regional configuration of the Nucleus for European
Modelling of the Ocean model is used to carry out three simulations with horizontal resolutions of 1/4°,
1/12°, and 1/4° with a 1/12° nested domain. Freshwater transport is calculated across five isobaths in six
regions for three distinct water masses. Fresh Polar Water is only transported offshore from the western coast
of Greenland and the southern coast of Labrador; other regions have onshore transport of freshwater or little
offshore transport. The salty water masses of Irminger and Labrador Sea Water typically have onshore
transport, acting to promote subsurface freshening of the Labrador Sea. The freshwater transport via the
Polar Water mass experiences a large degree of seasonal variability, while the Irminger and Labrador Sea
Water masses do not. Decomposing the freshwater transport into the mean and turbulent components
indicates that most regions and water masses have stronger freshwater transport associated with the mean
flow while the turbulent flow in often the opposite direction. The only water mass and region where the
mean and turbulent freshwater transport act in the same direction is Polar Water along the western margin
of Greenland. Model resolution plays an important role in determining cross‐isobath exchange as our results
from an identically forced simulation at 1/4° has reduced seasonal cycles, reduced transport, and sometimes
transport in the opposite direction when compared against the 1/12° resolution simulations.

Plain Language Summary The Labrador Sea, between Greenland and Canada, is a region where
deep water is formed, a crucial component in the oceanic transport of heat between the equator and the
poles. An input of freshwater can interrupt this process by making deep water more difficult to produce.
While we know the Labrador Sea receives freshwater from the surrounding currents, we are not confident
where, and how much, freshwater leaves the boundary of the Labrador Sea to enter the interior region. We
explore this using numerical simulations in a region where real data collection is difficult due to extreme
ocean conditions. Our simulations suggest that the west coast of Greenland is the region where most of the
freshwater leaves the boundary current and enters the deeper basin. The other regions either have freshwater
transported toward the coast or very little transport to begin with. We also investigated the short‐lived
turbulent transport of freshwater which was generally flowing from the coastal region to the deep basin,
often acting opposite the long‐term flow.

1. Introduction

The Labrador Sea, located between Greenland and the northeastern coast of Canada, is surrounded by
boundary currents carrying significant volumes of freshwater. However, the regions where freshwater leaves
the boundary current and enters the interior of the Labrador Sea, impacting deep convection within, is not
well understood. Fram Strait, between Svalbard and Greenland, serves as a gateway for a significant amount
of fresh Arctic water which is transported southward (de Steur et al., 2018). This East Greenland Current car-
ries around 2 Sv (1 Sv = 106 m3/s) of cold and fresh Arctic water (Sutherland & Pickart, 2008; Tsubouchi et
al., 2012) along the southern tip of Greenland (Figure 1d) and between 59 and 96 mSv of freshwater relative
to a salinity of 34.8 (de Steur et al., 2009; Sutherland & Pickart, 2008). As the East Greenland Current flows
westward past Cape Farewell it merges with a warm and salty current carrying Irminger Water (Cuny et al.,
2002; de Jong et al., 2016; Lazier et al., 2002; Myers et al., 2009), with a freshwater transport between −8 and
−10 mSv (referenced to 35.0, Myers et al., 2007). This current system becomes the West Greenland Current
with cold and fresh water of Arctic origin at the surface as well as warm and salty Irminger Water beneath
(Fratantoni and Pickart, 2007). Meltwater from Greenland supplies additional freshwater to the current
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system (Luo et al., 2016; Myers et al., 2009), further increasing the East and West Greenland Current's
freshwater transport. After flowing north along the western coast of Greenland, the West Greenland
Current splits with one path through Davis Strait into Baffin Bay (Curry et al., 2014) and the remaining
path westward along the northern extent of the Labrador Sea. Outflow from Baffin Bay carries cold and
fresh Arctic and Canadian Arctic water through Davis Strait with a freshwater transport between 92 and
116 mSv relative to 34.8 (Cuny et al., 2005; Curry et al., 2011; Curry et al., 2014). Hudson Strait also
releases a significant amount of freshwater to the Labrador Sea, with a net freshwater transport around 38
mSv relative to 34.8 (Straneo & Saucier, 2008b). Both outflows join with the West Greenland Current,
merging to become the Labrador Current (Lazier & Wright, 1993), and promote freshening of the
northern Labrador Shelf (Straneo & Saucier, 2008a). The Labrador Current flows southward along the
Labrador coast, past Flemish Cap, carrying a significant volume of freshwater out of the Labrador Sea.

While the above currents flow cyclonically around the Labrador Sea, regions around the Labrador Sea
experience freshwater exchange between the boundary current and the interior. The western coast of
Greenland has been well documented, though this is not the case for other regions around the Labrador
Sea. At the southwestern tip of Greenland, offshore freshwater transport begins downstream of Cape
Farwell (Lin et al., 2018). As the West Greenland Current continues northward toward Davis Strait, a

Figure 1. Domain setup for simulation ANHA4 (a), ANHA12 (b), and ANHA4 with a 1/12° nest within the subpolar gyre
(SPG12) (c), with colored contours representing horizontal grid resolution. The box in (b) contains the North Atlantic
subpolar gyre region (d), showing bathymetry contours for 500‐, 750‐, 1,000‐, 1,500‐, and 2,000‐mdepths. Red lines indicate
the start and end sections of the regions analyzed in this manuscript. Surface and subsurface currents are show in (d),
where abbreviations are as follows: EGC= East Greenland Current; WGC=West Greenland Current; BIC = Baffin Island
Current; LC = Labrador Current; IW = Irminger Water. ANHA = Arctic Northern Hemisphere Atlantic.
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significant amount of offshore freshwater exchange occurs, upward of 60–80 mSv (Myers et al., 2009;
Schmidt & Send, 2007). Ekman transport along this coast is strengthened during the winter and spring,
due to northwesterly winds, amplifying offshore freshwater transport (Schulze & Frajka‐Williams, 2018).
Unique eddies, known as Irminger Rings, spawn within this region where topographic changes promote
instability within the current system (Chanut et al., 2008; de Jong et al., 2016). These eddies are steered off-
shore from the current system, impacting the interior of the Labrador Sea by transporting both freshwater
and heat (Kawasaki & Hasumi, 2014).

Regions downstream of the western coast of Greenland also play an important role in the freshwater
exchange between the boundary currents and the Labrador Sea. From a 1/3° numerical simulation, Myers
(2005) found that Arctic water flowing within the East and West Greenland Current enters the interior of
the Labrador Sea in much larger quantities than the Arctic water which flows southward through Davis
Strait. When Myers (2005) increased freshwater transport through Davis Strait, relatively little additional
freshwater entered the interior of the Labrador Sea, suggesting that freshwater along the western rim of
the Labrador Sea does not penetrate into the interior easily. Schmidt and Send (2007) suggest that the
Labrador Current could supply a significant amount of freshwater toward the interior Labrador Sea.
While McGeehan and Maslowski (2011) used a higher‐resolution 1/12° numerical model to suggest that
the Labrador Current transports freshwater offshore, they found the transport was small but not insignifi-
cant. Lagrangian particle analysis from the output of a 1/12° model simulation further support both notions
that freshwater does leave the Labrador Current to enter the Labrador Sea, although in relatively low
amounts (Schulze & Frajka‐Williams, 2018). Many other regions around the Labrador Sea remain relatively
unexplored in terms of cross‐shelf freshwater exchange.

Freshwater acts to stabilize the water column by increasing stratification, thereby limiting vertical move-
ment. However, several regions around the world have conditions that support deep convection, a process
which is strongly dependent on the stratification of the water column. These regions include the Weddell
and Ross Sea off Antarctica (Gordon et al., 2007; Whiteworth & Orsi, 2006), the Mediterranean Sea
(Brossier et al., 2017; Marshall & Schott, 1999), the Nordic Seas (Hansen & Østerhus, 2000), the Irminger
Sea (Bacon et al., 2003), and the Labrador Sea (e.g., Lab Sea Group, 1998; Lazier et al., 2002; Straneo,
2006; Yashayaev, 2007; Yashayaev & Loder, 2009; Yashayaev & Loder, 2017). Deep convection in these
regions arise from certain characteristics: weak stratification, cyclonic circulation, and strong surface buoy-
ancy loss (Marshall & Schott, 1999). Weak stratification is promoted by both the doming of the isopycnals
governed by cyclonic gyre circulation (Yashayaev, 2007) and the local properties of the water masses present
(Gelderloos et al., 2012). Stratification strength also depends on the history of convection, as consecutive win-
ters with strong convection promote weak stratification, while the opposite occurs during prolonged periods
with weak or no deep convection (Lab Sea Group, 1998; Lazier et al., 2002; Yashayaev, 2007; Yashayaev &
Loder, 2017). While both gyre circulation (Häkkinen & Rhines, 2004) and atmospheric forcing
(Yashayaev, 2007) can vary from year to year, the primary result is the homogenization of the water column,
creating a deep mixed layer exceeding 1,000 m of depth in some regions. The result of this deep vertical mix-
ing brings deep water toward the surface and modifies temperature and salinity properties throughout the
mixed water column (Kieke et al., 2006; Lazier et al., 2002; Straneo, 2006; Yashayaev & Loder, 2009). Once
convection ceases, the mixed layer returns close to the surface and a water mass having nearly identical prop-
erties is left behind, capped by the pycnocline.

The Labrador Sea convective season ends during spring, giving way to the restratification period. Rapid post‐
convection restratification occurs the first few months (Lilly et al., 1999) due to high lateral density gradients
induced by convection (Frajka‐Williams et al., 2014). A slower restratification process occurs afterward,
causing the interior properties to shift over time toward the property profile of the surrounding boundary
currents (Lilly et al., 1999; Straneo, 2006). This was evident during a period when convection was shut down
in the Labrador Sea (Gelderloos et al., 2011) as interior subsurface water mass properties were warming and
becoming more saline matching the lateral input of Irminger Water, while the surface properties were cool-
ing and freshening matching Arctic water input (Straneo, 2006). The baroclinic boundary currents occasion-
ally shed eddies, particularly Irminger Rings, which help restratify the region, supplying upward of 45% of
the heat lost during the convective winter (Gelderloos et al., 2011; Saenko et al., 2014). While this is the cur-
rent understanding of the lateral input during the restratification period, questions remain regarding the
relative regional importance of the slow restratification process.
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The addition of freshwater into the interior of the Labrador Sea has a strong impact on deep convection. As
the stratification determines how much buoyancy must be removed for convection to occur, an input of
freshwater which increases stratification can reduce convection and subsequent water mass transformation
(Avisc et al., 2006; Fischer et al., 2010). While the boundary currents carry freshwater in the liquid phase, sea
ice can play an important role as well. The interior of the Labrador Sea remains relatively ice free, though ice
is produced in the northern basin and advected along the Labrador Coast (Close et al., 2018). Sea ice can be
advected or blown toward the warmer interior region, supplying freshwater via melting (Close et al., 2018;
McGeehan & Maslowski, 2011), influencing the stratification within the convective region. The input of a
sufficient amount of freshwater may strengthen the stratification such that the buoyancy loss via atmo-
spheric cooling cannot result in convection (Schmidt & Send, 2007). During the 1960s, a large amount of
Arctic water reached the Labrador Sea, an event later called a Great Salinity Anomaly (Belkin et al., 1998;
Dickson et al., 1988; Gelderloos et al., 2012). The combination of additional freshwater from the Great
Salinity Anomaly and weak atmospheric forcing produced multiple years with a shutdown in deep convec-
tion (Gelderloos et al., 2012). While a massive input of freshwater over a short period has been shown to limit
Labrador Sea convection, numerical simulations suggest that a gradual increase in the freshwater input to
the Labrador Sea alone could shut down convection (Böning et al., 2016) and stop the production of
Labrador Sea Water (LSW).

A reduction in LSW formation has implications on the Atlantic Meridional Overturning Circulation
(AMOC). While measurements made in the 1990s (Pickart & Spall, 2007) suggest that the northward trans-
port within the AMOC is not strongly affected by deep convection within the Labrador Sea, Böning et al.
(2016) investigated how runoff fromGreenland affected convection within the Labrador Sea and the strength
of the AMOC. Using numerical simulations, they found that, under current Greenland melting rates esti-
mated for the near future, enough freshwater could reach the convection region within the Labrador Sea,
build sufficient stratification to prevent deep convection and LSW formation, and significantly reduce the
northward AMOC transport. However, the impact of LSW production and the AMOC is still being investi-
gated, as recent research suggests that deep water formation within the eastern North Atlantic plays a much
stronger role than that within the Labrador Sea (Chafik & Rossby, 2019; Lozier et al., 2019).

This study seeks to further understand the net freshwater transport between the boundary currents and the
interior of the Labrador Sea. We put emphasis on regions around the western portion of the North Atlantic
subpolar gyre (Figure 1d) which have cross‐shelf freshwater transport, either onshore or offshore, across
multiple isobaths ranging in depth from 500 to 2,000 m. Stratification is not only dependent on the surface
freshwater, so three water masses are selected for freshwater transport quantification: fresh water from polar
origins, salty and warm water of Atlantic origins, and salty and cold LSW. This allows for increased under-
standing and quantification regarding regions which act to supply or sequester freshwater/saltwater from the
interior of the Labrador Sea. The influence of mesoscale features, including eddies, on freshwater transport is
also investigated by decomposing the total freshwater transport into the mean and turbulent components.

2. Methods

To examine the amount of fresh and saline water that enters the interior of the Labrador Sea, we perform
three simulations using the Nucleus for European Modelling of the Ocean (NEMO), version 3.4 (Madec,
2008), coupled with the Louvain‐La‐Neuve sea ice model (LIM 2, Fichefet &Maqueda, 1997). We use a regio-
nal ORCA configuration (Barnier et al., 2007), called ANHA (Arctic Northern Hemisphere Atlantic; Hu et
al., 2018; Grivault et al., 2018; Holdsworth & Myers, 2015; Müller et al., 2017; Courtois et al., 2017) at both
1/4° horizontal resolution (ANHA4; Figure 1a), as well as 1/12° resolution (ANHA12; Figure 1b). A third
simulation uses the ANHA4 configuration with a 1/12° nest (Figure 1c) over the North Atlantic subpolar
gyre (SPG12; Müller et al., 2017), using the Adaptive Grid Refinement In FORTRAN (AGRIF; Debreu et
al., 2008) package. The SPG12 nest uses a 3–1 horizontal ratio between the number of nested grid points
and the parent grid points over the same region. Two‐way feedback is used to allow communication from
the parent domain to the nest along the boundary, as well as from the nest back to the parent for all nested
points. All simulations use a geopotential vertical coordinate with 50 levels where nine model levels fit
within the top 10m and our last level is 458m thick. Even at 1/12° horizontal resolution, regions exist around
the Labrador Sea which would not be considered eddy resolving due to a small baroclinic Rossby radius in
these waters (see Müller et al., 2019, Figure 2c), so one should consider the 1/12° simulations to be eddy
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permitting, bordering on eddy resolving. All three simulations share iden-
tical forcing and parameters, except for the time step, horizontal resolu-
tion, and time step‐dependent values (Table 1). Horizontal advection
was carried out using a total variance dissipation scheme (Zalesak,
1979), while lateral diffusion used a Laplacian operator. A biLaplacian
operator was used for lateral momentum mixing. Model mixed layer
depths were calculated using a 0.01 kg/m3 change in potential density
from the surface. This method can produce mixed layer depths which
are deeper than water properties suggest in this region as Courtois et al.
(2017) found. Furthermore, Courtois et al. (2017) identify that their
NEMO simulations of varying resolution share some distinct spatial and
vertical scales of the mixed layer (their Figure 8). Part of this may be due

to biases linked to the freshwater within the boundary currents (Rattan et al., 2010; Tréquier et al., 2005)
which then is exported toward the convection region, influencing the mixed layer depth. However, others
find that resolving Irminger Rings dramatically improve the representation of convection due to the signifi-
cant buoyancy provided by these eddies (Gelderloos et al., 2011), though this requires high spatial resolution
and coarser resolution simulations may suffer.

Our simulations were forced with the Canadian Meteorological Centre's Global Deterministic Prediction
System (Smith et al., 2014), using hourly 2‐m temperature, precipitation, downwelling longwave and short-
wave radiation, 2‐m specific humidity, and 10‐m zonal and meridional wind velocity. Interannual monthly
runoff was remapped from 1° gridded data (Dai et al., 2009) to the configuration grid. Liquid runoff from
Greenland was further improved by remapping the surface mass balance from a regional climate simulation
(Bamber et al., 2012) onto the ocean model grid with a volume conservation approach. Without an iceberg
module coupled with NEMO at the starting time of our simulations, solid discharge was ignored. Initial con-
ditions of sea surface height, temperature, salinity, and horizontal velocities were obtained from the year
2002 from GLORYS2v3 (Ferry et al., 2010), a global ocean configuration with horizontal resolution of 1/4°
and the same horizontal grid (ORCA) as our regional NEMO simulations. Boundary conditions of tempera-
ture, salinity, and velocity at Bering Strait and 20°S latitude were also obtained from GLORYS2V3.
Bathymetry was interpolated from ETOPO GEBCO (Amante & Eakins, 2009) for the ANHA4 simulation,
while ANHA12 used bathymetry from Smith and Sandwell (1997) except over the Arctic Ocean where
ETOPO GEBCO was used. Little difference (not shown) was noted between these two bathymetric data sets.
All simulations were integrated from 2002 until the end of 2016, and model output was exported as 5‐day
averages, producing 73 output periods per model year. As 3‐D initial velocities were prescribed from
GLORYS2v3, each simulation was considered already spun‐up. However, we allowed each simulation 4
years of adjustment from the initial conditions; all analysis took place between 2006 and 2016.

To calculate cross‐isobath freshwater transport, a reference salinity, Sref (equation (1)), of 34.8 was used, con-
sistent with the literature focused on the Labrador Sea (e.g., Aagaard & Carmack, 1989; Cuny et al., 2005;
Curry et al., 2014). Multiple regions around the subpolar gyre are constructed (Figure 1d) to determine regio-
nal freshwater transport. We decompose the total velocity into mean and turbulent components (equa-
tions (2) and (3)) to quantify how the turbulent freshwater transport differs from the mean freshwater
transport. To determine the average velocity (uave, vave), a 25‐day moving average was performed on both
the meridional (v) and zonal (u) velocities. To determine the turbulent velocity, the meridional and zonal
velocities were subtracted from the 25‐day moving average. Other moving average windows were examined
(not shown), though the 25‐day moving average gave the highest turbulent transport values indicating that
the mean velocity is changing significantly at time scales of nearly 1 month. While calculation of freshwater
via individual eddies could be carried out, we chose to calculate the flow which deviated from the 25‐day
moving average as this would contain any contribution from short time scale features: We call this the tur-
bulent transport. As the simulations are not fully eddy resolving, the subgrid scale physics should produce
the effect of eddies and turbulence to some degree while not explicitly resolving these eddies and their
associated transport.

We calculate the freshwater flux by integrating horizontally and vertically along each region's isobath using
the grid cell's salinity and velocity normal to the horizontal path of integration (equation (4)). Five isobaths
were used: 500, 750, 1,000, 1,500, and 2,000 m (see Figure 1d). Freshwater calculations include both water

Table 1
Configuration Settings for Each Given Simulation

Resolution
Time
step

Eddy
viscosity

Eddy
diffusivity

Computing
cost

(°) (s) (m4/s) (m2/s) (core years)

ANHA4 1/4 1,080 1.5 × 1011 300 0.75

ANHA12 1/12 180 1.0 × 1010 50 13

SPG12 1/12 180 1.0 × 1010 50 2

Note. One core year is the amount of computation that would occupy a
single core for 365 days.
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fresher than the reference salinity and water which was saltier. The direction of freshwater transport is
defined to be positive if there was fresher water transported into the interior of the subpolar gyre, or if saltier
water was transported toward the shore. The direction of freshwater transport will henceforth be called an
import if there was freshwater (saline water) transported onshore (offshore), and an export for freshwater
(saline water) transported offshore (onshore).

FW ¼ Sref−Salinityð Þ=Sref (1)

Mean velocity ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uave2 þ vave2ð Þ

p
(2)

Turbulent velocity ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uave−uð Þ2 þ vave−vð Þ2� �q

(3)

Cross isobath freshwater flux ¼ ∫
L

0∫
z

0FW*velocity dz dl (4)

To determine if the freshwater transport is due to the flow of water which is fresher or more saline than our
reference salinity, we partition the transport into three water masses: cold and fresh Polar Water, warm and
salty Irminger Water, and cold and salty LSW. By selecting multiple water masses we can better understand
where freshwater exchanges between the shelf and the interior, further addressing open questions regarding
lateral exchange and restratification in the Labrador Sea. We separate LSW by potential density, from 27.68
to 27.80 kg/m3 as used by Kieke et al. (2006), with no additional temperature or salinity criteria. The Irminger
Water mass was chosen to be warm (>3.5 °C) and salty (>34.8), but with density less than LSW. We selected
a lower salinity criteria for Irminger Water than traditionally used (see Myers et al., 2007) so there would be
no gap in freshwater transport between Polar Water and Irminger Water. While we could have called this
water mass Atlantic Water or some variant of, we felt it was important to keep the name closely attached
to the water within the boundary current which has a strong impact on restratification. Polar Water was
selected to be less dense than 27.68 kg/m3, with salinity below 34.8, consistent with previous studies (de
Steur et al., 2017; Sutherland & Pickart, 2008), and for any temperature range. These three water masses
do not encompass all water within the Labrador Sea, such as the overflow waters of Iceland‐Scotland
(Swift, 1984) and Denmark Strait (Jonsson & Valdimarsson, 2004), though they encompass the water masses
which influence the stratification that must be eroded before deep convection begins. Figure 2 illustrates the
various water masses within Atlantic Repeat Hydrography Line 7 West (AR7W) at a snapshot during the
simulation. Due to the vertical grid and the AR7W section which is not orthogonal to the model grid, a stair
step pattern emerges in the horizontal and vertical dimensions. The large vertical changes between the
boundary of LSW and that which is underneath is simply a consequence of our selection criteria and how
they deviate over one model grid, which is around 250 m thick at 1,500 m of depth.

One caveat of the above water mass selection criteria is that we are unable to state the specific origin of each
water parcel as it crosses the shelf break. For example, transport along the western slope of Greenland may
include fresh glacial melt, East and West Greenland Current water, Irminger Water, East Greenland Coastal
Current water, andmore. While interesting, it is beyond the scope of this manuscript which seeks to quantify
the regional fresh and salt water transport between the shelf and interior basin that impacts the stratification
within the Labrador Sea.

To determine regional differences in the freshwater transport to the interior of the Labrador Sea, six different
geographic regions were selected: the east coast of Greenland, the west coast of Greenland, the Davis Strait
region, the Hudson Strait region, the northern coast of Labrador, and the southern coast of Labrador
(Figure 1d). As ANHA4 and ANHA12 used slightly different bathymetry data, and are different in horizontal
grid resolution, the isobaths depicted in Figure 1d would appear slightly different for the ANHA4 simulation.
The bathymetry for ANHA12 and SPG12 are identical other than within the sponge layer of SPG12 as that is
a combination of the ANHA12 bathymetry and the corresponding parent (ANHA4) grid cell's bathymetry.

3. Model Evaluation

The ANHA12 simulation has been used in several previous studies, including examining sea ice thickness in
the Canadian Arctic Archipelago (Hu et al., 2018) and the importance of surface stresses due to ice motion in
the Canadian Arctic Archipelago (Grivault et al., 2018). A previous ANHA12 simulation with slightly
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different settings was used to examine the mixed layer depth within the Labrador Sea (Courtois et al., 2017),
mixing in the Canadian Arctic Archipelago (Hughes et al., 2017), and meltwater pathways from Greenland's
glaciers (Gillard et al., 2016). However, further comparison against observations is necessary to quantify the
model's fidelity within the Labrador Sea.

To evaluate our simulation, we first compare somemodel processes against observations within the Labrador
Sea. To determine if the temperature and salinity field is comparable to observations, bottle data from four
different AR7W (see Figure 1d) occupations (CCGS Hudson: 2002, 2006, 2010, and 2013) are plotted against
model data (Figure 3a). At first glance, the model appears in close alignment with observations, though some
model drift appears present. Model drift of the salinity field is a known issue in regards to numerical simula-
tions within the North Atlantic subpolar gyre (e.g., Rattan et al., 2010; Tréquier et al., 2005). This long‐term
issue is still present, as Marzocchi et al. (2015) recently discussed salinity drift within the Labrador Sea with a
high resolution 1/12° NEMO simulation. While our three model simulations exhibit drift (not shown but dis-
cussed below), the comparison against observations is reasonable, and the temperature, salinity, and thus
density field of the Labrador Sea is reliable.

Geostrophic current speed derived from Archiving, Validation and Interpretation of Satellite Oceanographic
data (AVISO, http://www.aviso.altimetry.fr/duacs/) are subtracted from ANHA12 (Figure 3b) for the period
from 2006 to 2015. Due to different resolution and grid spacing, and interpolating the ANHA12 data onto the
same grid as AVISO, some spatial differences are anticipated. Swift boundary currents around the Labrador
Sea contain much higher discrepancies than that of the quiescent interior. A likely culprit arises from issues
with altimetry products close to the coast or near ice, impacting the AVISO derived speed. However, some
spatial discrepancies occur along the shelf‐break, perhaps due to differences in the spatial placement of
the boundary current between the observation product and the ANHA12 simulation. Regardless of the cause,
the ANHA12 simulation produces slightly faster boundary currents than observations derived via satellite,
though the satellite product has higher variability in these regions, as we show below.

Eddy kinetic energy (EKE:0:5 U ′2
g þ V ′2

g

�
)), whereU ′

gandV
′

g are the geostrophic velocities computed from the

sea surface height anomaly (see Jia et al., 2011), is calculated from the AVISO data set (Figure 3c) and
ANHA12 simulation (Figure 3d). As shown in this image, the Northwest Corner has the highest EKE,
upward of 1,000 cm2/s2. Other noticeable regions with strong EKE are along the western side of
Greenland, a location where Irminger Rings are shed, and along the Labrador Shelf. Similarities emerge
between the ANHA12 simulation and AVISO. First, the Northwest Corner has a similar spatial extent where
the maximum in observed EKE exists, though the ANHA12 simulation has an extension of high EKE to the
northwest. The high observed EKE values off the west coast of Greenland are shifted northward in ANHA12

Figure 2. Model snapshot for 5 May 2009, across AR7W depicting the temperature‐salinity graph (a) and cross‐section
profile (b). Three water masses are shown: Polar Water (blue) with any value for potential temperature, salinity less
than 34.8, and potential density less than 27.68 kg/m3; Irminger Water (red) with potential temperature above 3.5 °C,
salinity above 34.8, and potential density less than 27.68 kg/m3; Labrador Sea Water (green) with any value for potential
temperature or salinity, but with potential density between 27.68 and 27.8 kg/m3.
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and do not penetrate south into the interior of the Labrador Sea but instead follow the isobaths around the
Labrador Sea. While the EKE signatures off this coast are comparably different than observations, the
modelled EKE values suggest high levels of eddy activity which are observed nearby. The strong boundary
currents along Greenland and the Labrador coast show high levels of observed EKE, while the model does
not quite capture it, often having higher EKE closer to shore. This is likely a result from multiple features.
First, altimetry products tend to have inaccuracies at coastal regions and near sea ice (see Volkov et al.,
2007), leading to inaccuracies in EKE along the coast and in regions where sea ice is present, including
the Labrador Shelf. Second, while coarser in spatial resolution, the observation product includes higher
variability of the geostrophic flow and produces higher EKE where the simulation does not. This is not
surprising as many numerical simulations have lower EKE than observations (e.g., Luo et al., 2011).
However, we note that regions which experience high EKE are also simulated with elevated levels of EKE.
Third, numerical simulations within the Labrador Sea may produce the western boundary current to be
too barotropic (Handmann et al., 2018) and likely reduces the baroclinic instability that influences the
eddy field in this region (Rieck et al., 2019). Our 1/12° simulations are not fully eddy resolving, and some
small‐scale features will instead be resolved as part of the mean flow, reducing the EKE in some regions.
Fortunately, our 1/12° simulations are able to resolve Irminger Rings (not shown), eddies which divert
substantial heat flux to the interior of the Labrador Sea (Gelderloos et al., 2011), a critical component of
the restratification season. As the EKE mismatch between observations and model is elevated along the
shelf‐break, we anticipate some reduction in the eddy fluxes across these regions. However, this reduction
should increase the mean freshwater transport while the net freshwater transport, the primary objective of
this study, should remain unchanged. Thus, we have some degree of confidence in the ability for the
ANHA12 simulation to represent eddy fluxes within the Labrador Sea, though we anticipate the observed
eddy fluxes would be stronger than our simulations suggest.

Figure 3. (a) Temperature‐salinity graph across AR7W (dotted line in Fig 1.d) comparing bottle data from four CCGS
Hudson cruises (2002, 2006, 2010, and 2013: black) against ANHA12 (red). Mean geostrophic velocities difference
between ANHA12 and AVISO from 2006–2015 are shown in (b). AVISO‐derived eddy kinetic energy (cm2/s2) from 2006–
2015 is shown in (c) and the same for ANHA12 (d). ANHA = Arctic Northern Hemisphere Atlantic.
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Some limitations based on the evaluation above should be expressed. First,
our 1/12° simulations are not fully eddy resolving and may have different
freshwater transport via eddy processes than observations may suggest,
based on EKE differences. The differences betweenmodelled and observed
EKE may be due to our choice of lateral boundary conditions, set as free‐
slip, as simulations which feature partial‐slip or no‐slip are more likely to
produce eddies and propagate offshore (Quartly et al., 2013). However, part
of this manuscript identifies the differences between our high resolution
simulations and low‐resolution simulation, quantifying each, and under-
standing if horizontal resolution matters when it comes to cross‐shelf
freshwater transport in the Labrador Sea. And second, model drift can play
an important role when differentiating between water masses, since sali-
nity and temperature drift will also impact the density. A slight change in
either the salinity or density via our classifications can push water into a
different classification. We investigated salinity drift within our ANHA4
simulation by quantifying the salt content within a section from Cape
Farwell extending south to the 2,500‐m isobath. Salt content of our three
water masses identify (not shown) that while the entire section gradually
gains in salt, the interannual variability (20–50%) greatly exceeds that of
the slow increase in total salt (<0.5%) during the 2006–2015 analysis per-
iod. Furthermore, even with some model drift present, the ANHA12 simu-
lation generally produces LSW within the observed density range (see
Figure 5 by Feucher et al., 2019) indicating the drift over our simulation
length still results in accurate LSW properties. Under such circumstances,
we decided to keep our water mass classifications constant in time rather
than allow for water mass evolution taking model drift into account.

4. Results
4.1. Regional Freshwater Transport

The net mean and turbulent freshwater transport from the ANHA12 simu-
lation is shown in a spatial‐temporal manner (Figure 4), characterizing the
annual freshwater transport across the 2,000‐m isobath within each
region. The deepest isobath was selected as some of the freshwater cross-
ing this isobath may penetrate further into the interior of the Labrador
Sea, impacting deep convection. The west coast of Greenland and the
Davis Strait region are particularly active in terms of freshwater transport
for all three water masses, while the southern coast of Labrador and
Hudson Strait are fairly quiescent. While the direction of mean freshwater
transport varies across the regions, turbulent freshwater transport is gen-
erally offshore (Figure 4b). Other than a few regions where transport is
very low, neither the transport associated with the mean velocity nor the
turbulent velocity shifts direction during the course of the simulation.

Furthermore, we can identify regions which have little or no transport by select water masses. For example,
the east coast of Greenland has essentially no Polar Water exchange across the 2,000‐m isobath. The turbu-
lent freshwater transport is relatively low across most of the regions and isobaths around the subpolar gyre.
As such, most of the remaining figures will illustrate the total freshwater transport, while the mean and tur-
bulent freshwater transport, as well as their standard deviations, are shown in Table 2. Almost all regions
experienced fresh/saltwater transport which was significantly different from 0, as determined by a
Student's t test at the 0.05 alpha level (bold values in Table 2). Henceforth, discussion of results will be carried
out for regions where the freshwater transport, via either mean or turbulent transport, is strong or seasonally
variable. While Figure 4 identifies spatial regions with varying freshwater transport across a single isobath,
no seasonal variation is shown. A description of the ANHA12 simulation's cross‐isobath freshwater transport
for multiple regions of the North Atlantic subpolar gyre follows below.

Figure 4. Yearly mean (a) and turbulent (b) freshwater transport crossing
the 2,000‐m isobath of the North Atlantic subpolar gyre. Three water
masses are used: Polar Water (O), Irminger Water (Δ), and Labrador Sea
Water (+). The distance from the isobath determines freshwater strength,
with a 10‐mSv sample line illustrated. Values that are directed off‐shore
indicate a freshening of the Labrador Sea via the given water mass.
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4.2. Polar Water Mass

The net liquid freshwater transport associated with PolarWater crossing various isobaths along the east coast
of Greenland is shown in Figure 5 (black bars). Little freshwater exchanges along this coast regardless of the
isobath examined, with a maximum around 5 mSv. This appears a result of the mean and turbulent flow
(Table 2) acting in opposite directions with a similar magnitude of freshwater transport. The total freshwater
transport by liquid and sea ice is indicated by the black dots in Figure 5. Sea ice almost always supplies fresh-
water toward the interior basin. While only a few regions experience freshwater transport via sea ice across
the 2,000‐m isobath (Figure 5e), it is possible that sea ice melt makes its way into the deeper basin as Close et
al. (2018) suggest.

While little freshwater was exchanged along the eastern coast of Greenland via both liquid and solid trans-
port, the western coast of Greenland (Figure 5; red bars) has significant offshore liquid freshwater transport
(5–70 mSv), though only a small amount of freshwater is exchanged via sea ice (<5 mSv). The freshwater
transport changes significantly month to month, with a minimum in freshwater export during the summer
and amaximum during the winter. Similar to the east coast of Greenland, the magnitude of freshwater trans-
port generally decreases across deeper isobaths. Seasonality is strong here such that winter months have
upward of 3 times as much freshwater export as summer months. From observations, Schmidt and Send
(2007) estimated freshwater transport between the West Greenland Current and the interior of the
Labrador Sea to be around 24 mSv which coincided with a pulse of freshwater within the West Greenland
Current between April and September. Rykova et al. (2015) used observations to state that the April–
September period held a thicker and fresher amount of Polar Water within the West Greenland Current,
which thinned during the typically unobserved winter period. Our results suggest that the total freshwater
transported across the 2,000‐m isobath during April was about 30 mSv, while September was about 10
mSv. Observations suggest this 6‐month offshore transport can vary between 11 (Khatiwala et al., 2002)
and 30 mSv (Lazier, 1980) making our ANHA12 simulation appearing in good agreement. Schulze and
Frajka‐Williams (2018) used Lagrangian particle tracking software and found that while March had the
highest number of particles crossing from the western coast of Greenland into the interior of the Labrador
Sea, the winter months also had high transport, further agreeing with our findings. This region also experi-
ences significant freshwater transport due to turbulent features (Figure 6a), as most isobaths export fresh-
water toward the interior basin (Luo et al., 2016; Schulze & Frajka‐Williams, 2018). Turbulent freshwater
export appears heightened during the winter period, from December to April, likely Ekman driven from
enhanced wind stress (Schulze & Frajka‐Williams, 2018). A significant amount of the freshwater transport
within this water mass as it flows past Cape Desolation is exported from the western coast of Greenland into
the deep basin (Figure 7). The alongshore freshwater transport corresponds rather well against the offshore
freshwater transport across the 500‐ (r2 = 0.71) and 2,000‐m (r2 = 0.49) isobaths of the western coast of
Greenland, suggesting that an increase in alongshore transport will result in an increase in offshore transport
within this region.

The Davis Strait region (Figure 5; magenta bars) exports freshwater across the shallow 500‐ and 750‐m iso-
baths, while importing freshwater from across the remaining isobaths. The largest import of freshwater (5
to 30 mSv) occurs across the 1,000‐m isobath. The nearby 750‐m isobath has considerably different fresh-
water transport, exporting between −2 and 10 mSv. The deeper isobaths have higher seasonality than the
shallow isobaths, with a minimum in freshwater import during the summer season and a maximum during
winter. Considering how the shallow isobaths show a similar pattern associated with the export of fresh-
water, we suspect this is due to additional offshore transport across all isobaths, though not nearly enough
to counter the import occurring between 1,000 and 2,000 m. While the liquid component shows a split of
import and export across the five isobaths, sea ice only exports freshwater consistent with the above regions
as well as those to be later described. Sea ice carries up to 10 mSv of freshwater transport, far more than
upstream Greenland coast regions. While Davis Strait has a history of observations (Cuny et al., 2005;
Curry et al., 2011), the isobaths selected here exist too far south of the mooring array to be comparable.

The Hudson Strait region is characterized by freshwater import (Figure 5; yellow bars) across all but the
1,500‐m isobath, with monthly import rates between 30 and −10 mSv. The strongest import occurs at the
shallowest isobath, while the deep isobaths have weak transport. Hudson Strait experiences monthly varia-
bility with aminimum import rate during the late spring and early summer, though amaximum is reached at
different times depending on the isobath. Relatively few similarities emerge between the Davis Strait and
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Hudson Strait regions, suggesting the seasonal variability is likely caused from within Hudson Bay and not
upstream. Sea ice export is stronger here than any other region, with up to 15 mSv of freshwater transport.
Sea ice freshwater transport is always positive, while the liquid component is generally negative;
suggesting that while this region has a general onshore transport of liquid freshwater, the offshore motion
of sea ice acts to reduce the net freshwater import. Our Hudson Strait Region exists where observations

Figure 5. Monthly liquid (bars) freshwater transport (FWT, in millisverdrup) across five isobaths around the North
Atlantic subpolar gyre, as simulated by ANHA12 from 2006 to 2016: (a) 500 m; (b) 750 m; (c) 1,000 m; (d) 1,500 m;
(e) 2,000 m. Bar colors correspond to the region of interest: black for the eastern coast of Greenland, red for the western
coast of Greenland, magenta for Davis Strait, yellow for Hudson Strait, green for the northern coast of Labrador, and
blue for the southern coast of Labrador. The total freshwater (liquid and solid) transport at each region is indicated by the
black points. Positive values indicate offshore export of freshwater. ANHA = Arctic Northern Hemisphere Atlantic;
EGC = East Greenland Coast; WGC = West Greenland Coast.
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are rather sparse, and, similar to the Davis Strait region above, there exists
little comparison between our results and other studies.

The Polar Water mass is characterized by a net import of freshwater (−20
to 2 mSv) across all isobaths of the northern portion of the Labrador coast
(Figure 5; green bars). Import rates were higher across the 750‐m isobath
than 500 m, while deeper isobaths experience decreased import. This
region experiences two periods of import maximum and minimum across
most isobaths; an import maximum occurs in May and September across
the 750‐, 1,000‐, and 1,500‐m isobaths, while a minimum occurs during
the late fall and again in the summer. While the 500‐ and 2,000‐m isobaths
do not experience two minima and maxima, the monthly variability across
the 500‐m isobath is similar to the other isobaths while the 2,000‐m iso-
bath does not encounter any freshwater change during the springtime.
Schmidt and Send (2007) identified two freshwater pulses within the
Labrador Current, one from April to May and the other July to August.
Our results identify two distinct changes in the freshwater transport that
are lagged 1–2 months compared to Schmidt and Send (2007), but both
of these pulses still result in a net onshore transport of freshwater. The
northern Labrador Coast experiences significant turbulent transport of
freshwater (Figure 6b). As the restratification period begins, the density

Figure 7. Monthly values for alongshore freshwater transport across Cape
Desolation with Polar Water classification (blue), as well as offshore fresh-
water transport across the 500‐m isobath of western Greenland (dash) and
the 2,000‐m isobath (dotted).

Figure 6. Turbulent freshwater transport for each month as simulated by ANHA12 from 2006 to 2016. Color indicates the
isobath in question: red for the 500‐m isobath, yellow for 750 m, green for 1,000 m, blue for 1,500 m, and black for 2,000 m.
Twowatermasses are selected: PolarWater at the western coast of Greenland (a), the northern (b) and southern (c) coast of
Labrador, and Labrador Sea Water at the west coast of Greenland (d). Positive values indicate an offshore export of
freshwater or onshore import of salty water. ANHA = Arctic Northern Hemisphere Atlantic.
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gradient between the boundary current and the interior of the Labrador Sea peaks, likely promoting
exchange with the interior (Straneo, 2006), increasing the offshore turbulent freshwater transport. A clear
seasonal cycle is present across all isobaths, with a maximum up to 24 mSv. This matches with McGeehan
and Maslowski (2011) who modeled and observed offshore freshwater transport due to eddies in this region.
However, with a net freshwater import across the 2,000‐m isobath in this region, our simulations match
numerical studies including Myers (2005) and McGeehan and Maslowski (2011) in finding that this region
supports a net onshore transport of freshwater.

Compared to the northern coast of Labrador, while lower in magnitude, the southern coast (Figure 5; blue
bars) is generally characterized by an export of freshwater, also found by both Myers (2005) and
McGeehan and Maslowski (2011). The 1,000‐ and 1,500‐m isobaths share similar monthly variability, with
freshwater export rates at a minimum during the winter and a maximum during the summer. Freshwater
transport generally increases with deeper isobaths, though the 2,000‐m isobath has much lower transport
compared to 1,500 m. This region of the Labrador Coast shows evidence of a single freshwater pulse identi-
fied by Schmidt and Send (2007), taking place between July and August, and unlike the northern coast, this
pulse results with a net offshore transport of freshwater, crossing the 2,000‐m isobath, resulting in some
freshening of the interior of the Labrador Sea. Similar to the northern coast, the southern coast also experi-
ences significant offshore transport of freshwater via turbulent flow (Figure 6c), upward of 12 mSv. The sea-
sonal cycle of turbulent freshwater transport is similar to the northern region, with low export during the fall
and winter, though the summer maximum is lagged by 2 months. Turbulent transport of freshwater across
the southern coast's 1,000‐m isobath (4.1 mSv) is very close in magnitude as well as seasonality when com-
pared to glider observations by Howatt et al. (2018), further strengthening the ability of our simulation to
represent reality. While the net offshore freshwater transport that occurs along this coast acts to freshen
the Labrador Sea, it does not outweigh the import that occurs along the northern region, implying that
the whole Labrador Coast does not provide a net transport of freshwater toward the interior of the
Labrador Sea.

4.3. Irminger Water

Heat supplied by Irminger Water acts to restratify the Labrador Sea after the convection period has ceased
(Cuny et al., 2002; Lazier et al., 2002; Straneo, 2006), though the salt input helps keep the Labrador Sea
weakly stratified and preconditioned for another year of convection. Irminger Water, as defined earlier, is
always saltier than our reference salinity and is not a real freshwater source. However, onshore transport
of Irminger Water results in an offshore freshwater transport. In this way, Irminger Water can act as a fresh-
water source, as is the case along the east coast of Greenland (Table 2). However, the east coast of Greenland,
along with Hudson Strait and the southern coast of Labrador have, in general, low amounts of freshwater
transport and are not illustrated in figures but are presented in Table 2. Furthermore, little seasonal variabil-
ity exists for this water mass, noted by the low standard deviations within Table 2.

Along the west coast of Greenland (Figure 8; opaque red bars), freshwater is imported along all isobaths via
offshore saltwater transport, consistent with an observational study by Myers et al. (2007). The largest
amount of Irminger Water is transported across the 1,500‐m isobath (34–50 mSv), while similar amounts tra-
verse both the 2,000‐ and 1,000‐m isobaths. Freshwater import tends to increase as the isobath depth
increases from 500 to 1,500 m (Table 2). The shallow isobaths between 500 and 1,000 m show limited seaso-
nal variability, though the deeper isobaths experience a maximum during the fall and a minimum during the
late winter and spring. This matches well with observations, as Rykova et al. (2015) identified that the
Irminger Water thickens and becomes saltier between October and February. Significant amounts of fresh-
water are exported via turbulent processes in this region between the 750‐ and 1,500‐m isobaths (Table 2),
though with limited seasonality as indicated by low standard deviations.

A significant amount of freshwater export occurs along the Davis Strait region via onshore transport of this
saline water mass (Figure 8; opaquemagenta bars). Upward of 40 mSv crosses the 2,000‐m isobath during the
fall, while a minimum occurs during spring. The 1,000‐ and 1,500‐m isobaths show similar magnitude of
transport as well as seasonality. Unlike the western coast of Greenland, there is essentially no net freshwater
transport across the 500‐ and 750‐m isobaths (Table 2).

Similar to the Davis Strait region, Irminger water provides an export of freshwater via onshore transport
along the northern coast of Labrador (Figure 8; opaque green bars). While the 1,000‐m isobath has low
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seasonal variability and weak transport (about 5 mSv), the 1,500‐ and 2,000‐m isobaths exhibit seasonality
with a minimum in freshwater export during the late winter and early spring, and a maximum in the fall.
The 2,000‐m isobath also experiences a rapid decline in freshwater export between December and January
which warrants further investigation.

4.4. Labrador Sea Water

Our LSW mass, defined strictly by density, shows limited seasonality across the eastern coast of Greenland,
Hudson Strait, and the northern coast of Labrador (see Table 2). However, significant freshwater export
occurred along the Davis Strait region (16.6 mSv) and northern Labrador coast (34.4 mSv) via onshore trans-
port from the deep basin where LSW is produced. Illustrations and further results are provided below for
regions which experienced seasonal variability or significant turbulent transport.

While the western coast of Greenland (Figure 8; translucent red bars) experienced limited seasonality across
the 1,500‐ and 2,000‐m isobaths with 10 to 18 mSv via offshore transport of saline water, transport across the
1,000‐m isobath shows strong seasonality. A maximum freshwater export occurred during March (34 mSv),
while a minimum occurred during the summer (−11 mSv). As there is no onshore transport across the 2,000‐
and 1,500‐m isobaths, the changes seen across the 1,000‐m isobath are not from the interior of the Labrador
Sea. Rather, the seasonality across 1,000 m comes from LSW present between the 1,500‐ and 750‐m isobaths
and flows onshore as a response to circulation changes during the year. The turbulent transport of freshwater
is generally very low for LSW (Table 2); however, about 20 mSv of export occurs across the 1,000‐m isobath
(Figure 6d). This is not only double the mean freshwater transport of the deeper isobaths but also opposite in
direction. This suggests that the transport of LSW in this region is strongly driven by events with relatively
short time scales, and given the water mass in question, likely tied to deep convection. However, with no

Figure 8. Monthly freshwater transport (FWT, in millisverdrup) associated with Irminger Water (opaque bars) and
Labrador Sea Water (translucent) crossing three isobaths of the North Atlantic subpolar gyre: (a) 1,000 m; (b) 1,500 m;
(c) 2,000 m. Three regions with significant transport are shown: red bars are for the western coast of Greenland, magenta
bars for Davis Strait region, and green bars for the northern coast of Labrador. Positive values indicate an onshore import of
salty water. WGC = West Greenland Coast; LSW = Labrador Sea Water.
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evidence of turbulent transport across isobaths deeper than 1,000 m, this signal could be related to upstream
convection within the Irminger Sea which may be entrained within the East Greenland Current. A large part
of this variability occurs near Fyllas Bank (see Figure 1d), where the 27.68 kg/m3 isopycnal resides higher in
the water column during the convective winter and spring (not shown) and recedes during the summer. The
seasonal cycle across the 1,000‐m isobath averages to a freshwater export of 10 mSv. If we consider the mini-
mum during summer (10 mSv import) as the base transport, the seasonal cycle can be viewed as a 20‐mSv
onshore pulse of LSW.

The LSWmass generally has onshore transport of saline water across the Davis Strait region whichmanifests
as a freshwater export (Figure 8; transluscent magenta bars). Similar as the above west Greenland current
region, the two deepest isobaths have little seasonality, while the 1,000‐m isobath shows significant changes
throughout the year. While this region is close in proximately to an area which experiences cascading
(Marson et al., 2017), no signal propagates across the 500‐ and 750‐m isobaths (not shown), suggesting this
seasonality is not attributed to cascading and likely a continuation of the pulse describe above. This pulse
of LSW appears to return across this region, lagged 1 month from the signal present along the western coast
of Greenland, with a freshwater transport which is nearly 0 mSv. Using the same process as above, the sum-
mer minimum transport is about 15 mSv. This means that about 15 mSv of the earlier pulse is returning
across our Davis Strait region; most of the 20 mSv exported upstream along the western Greenland coast.
The remainder of the pulse appears to cross at Hudson Strait (not shown), with little evidence of the pulse
along the Labrador coast.

Significant amounts of LSW are transported onshore the northern coast of Labrador's 1,500‐ (15–30mSv) and
2,000‐m isobaths (26–46 mSv; translucent green bars in Figure 8). Both the 1,500‐ and 2,000‐m isobaths show
similar levels of seasonality, with a maximum in freshwater export during the winter and a minimum in
summer. As this region is very close in proximity to the convection site within the Labrador Sea (Lab Sea
Group, 1998), the maximum in transport across both these isobaths is indicative of recently formed LSW
which has migrated toward the coast and likely entered into the Deep Western Boundary Current. This clo-
sely matches with the results of a 1/12° numerical simulation carried out by Brandt et al. (2007) who found
the export of LSW to the Labrador Current was elevated from January to May. While the LSW within the
DeepWestern Boundary current is transported southward (Rhein et al., 2015), pathways of LSW are also east
through the Charlie Gibbs Fracture Zone as well as a recirculation northward toward the interior basin
(Fischer & Schott, 2002; Zantopp et al., 2017).

4.5. Impact of Resolution

The above results were derived from the ANHA12 simulation, though questions regarding the impact of hor-
izontal resolution and the exchange of freshwater across shelf‐breaks remain. Using our ANHA4 simulation,
as well as an identical ANHA4 simulation with a 1/12° nest within the subpolar gyre (SPG12), we address
how horizontal domain structure influences our earlier results. While each simulation is different, our sen-
sitivity study did not allow for an understanding if the changes in freshwater transport were due to any par-
ticular setting, such as the bathymetry product used or the eddy diffusivity value. Instead, we are forced to
state that differences in the simulated cross‐isobath freshwater transport arise due to a variety of factors.
We suspect the primary factor is higher resolution which can resolve finer‐scale mesoscale processes, and
we will make the assumption that all freshwater transport changes are due to horizontal resolution.
However, we will indicate other sources which could promote differences between these simulations. We
highlight each water mass at a single region where the ANHA12 simulation reported large freshwater trans-
port values (sections 4.2–4.4) and compare against the ANHA4 and SPG12 simulations.

Examination of the Polar Water across the west coast of Greenland (Figures 9a and 9b) shows that the low‐
resolution simulation, ANHA4, exported much less freshwater across the 500‐m isobath than the two 1/12°
simulations, which were fairly similar. As the ANHA4 simulation resolved the boundary current here with a
similar salinity as ANHA12 and SPG12 (not shown), we attribute the differences in freshwater transport to a
weaker velocity field. Seasonal variability showed some disagreement across these isobaths, namely, that
ANHA4 presented little variability, while ANHA12 and SPG12 had similar degrees of seasonality. The use
of a nest within SPG12 resulted in a minor reduction in freshwater transport across the 500‐m isobath com-
pared against ANHA12, though the 2,000‐m isobath transport was relatively similar across all three simula-
tions. As the low‐resolution simulation showed poorer performance in this region compared to both high
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resolution simulations, this illustrates the importance of resolution in this region of high baroclinicity which
promotes the development of eddies and other mesoscale features.

IrmingerWater, having strong export rates across the Davis Strait region described earlier (Figure 8), showed
similar seasonal variability between all simulations across the 1,000‐m isobath (Figure 9c), though the

Figure 9. Monthly average freshwater transport for three different simulations: ANHA4 (black bars), SPG12 (blue) and
ANHA12 (red). Three water masses are shown: Polar water crossing the (a) 500‐ and (b) 2,000‐m isobaths of the western
coast of Greenland, Irminger Water crossing the (c) 1,000‐ and (d) 2,000‐m isobaths of the Davis Strait Region, and
Labrador Sea Water crossing the (e) 1,500‐ and 2,000‐m isobaths (f) of the Northern coast of Labrador. Positive values
indicate an offshore export of freshwater or onshore import of salty water. ANHA= Arctic Northern Hemisphere Atlantic;
LSW = Labrador Sea Water.
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magnitude of transport was different. The transport across the 2,000‐m isobath shows an interesting case
where SPG12 simulated much more transport than ANHA12 while ANHA4 simulated nearly zero fresh-
water transport. Similar as across the western coast of Greenland described above, ANHA4 simulated less
freshwater transport than the higher resolution simulations and showed noticeably reduced seasonality.
While not shown, ANHA4 had a distinct lack of interannual variability while the higher resolution simula-
tions were similar.

Large differences exist between the three simulations when examining LSW crossing the shelf break along
the northern coast of Labrador (Figures 9e and 9f). The ANHA4 simulation not only had excessive freshwater
transported across the 1,500‐m isobath but was also opposite in direction compared against the higher reso-
lution simulations. SPG12 was also significantly reduced compared to ANHA12, though the seasonal varia-
bility between these two simulations share similarities. ANHA4 also had low amounts of freshwater
imported across the 2,000‐m isobath, while the high‐resolution simulations simulated larger exported trans-
port. We suspect the ANHA4 simulation had the opposite direction of freshwater transport due to simulation
of a much larger convective patch than the 1/12° simulations (not shown)

5. Discussion

Three numerical model simulations were carried out to further understand the relative freshwater and salt-
water transport which occurs between the regions of the continental shelf around the western North Atlantic
subpolar gyre and that of the interior basin. From the ANHA12 simulation, we note that cross‐shelf fresh-
water transport varies across these regions. The west coast of Greenland transports a long‐term (2006–
2016) annual mean 21 ± 11 mSv of freshwater across the 2,000‐m isobath to the interior of the Labrador
Sea (Figure 5e), the only region with significant amounts of net offshore transport of freshwater with
Polar Water classification. Other regions either transported freshwater onshore or transported relatively
low amounts of freshwater offshore. Of this 21 mSv (Table 2), roughly two thirds was transported via the
mean flow (13.3 mSv), while the remainder was from turbulent processes (7.6 mSv). While significant
amounts of freshwater are exported from the western coast of Greenland, a net transport of 9 mSv is exported
across the continuous 2,000‐m isobath, of which −8 mSv is from mean processes and 17 mSv from turbulent
processes (Table 2), suggesting the offshore transport of freshwater is dominated by short‐lived features such
as eddies. With minimal net offshore freshwater transport, much of the freshwater remains within the
boundary current and reaches the Grand Banks, bypassing the Labrador Sea as Fratantoni and McCartney
(2010) and Loder et al. (1988) also suggest.

While lateral advection of Irminger Water typically acts to restratify the Labrador Sea after convection has
ceased (Cuny et al., 2002; de Jong et al., 2016), the onshore transport of this saline water also acts to freshen
the Labrador Sea. About 50 mSv of saline water is transported onshore of the 2,000‐m isobath across our six
regions, 65 mSv of mean transport and −15 mSv from turbulent transport (Table 2). Other than the west
coast of Greenland, all regions had net onshore transport of this saline water mass. While our analysis does
not fully enclose the Labrador Sea, we suggest that any influence of near‐coastal Irminger Water actively
restratifying the Labrador Sea occurs off the western coast of Greenland; the remaining regions act to hinder
restratification. This provides further elucidation of the restratification period, normally considered to
include both surface freshening and subsurface heating (Straneo, 2006). However, while the net transport
of salt water was onshore, the same may not occur for the net heat transport for this water mass as it is mod-
ified during its circulation around the Labrador Sea.

The cold and salty LSW acts in a similar fashion as the Irminger Water discussed above. About 42 mSv of
saline water is transported onshore the continuous 2,000‐m isobath of all six regions (Table 2). With very
weak turbulent processes (5 mSv onshore) associated with this water mass, the mean flow (37 mSv
onshore) is the primary contributor. The northern coast of Labrador, in close proximity to the Labrador
Sea convection site, has the largest seasonal changes for this water mass; the 1,500‐ and 2,000‐m isobaths
have elevated onshore transport of saline water during the convective period. The west coast of
Greenland, far from the convective site, also experiences an interesting seasonal pattern across the
1,000‐m isobath, where a saltwater pulse of 20 mSv is onshore due to lifting of the 27.68 kg/m3 isopycnal.
This pulse passes around the northern Labrador Sea slowly leaking offshore between Davis and
Hudson Strait.
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Across most regions and isobaths, the transport of freshwater via turbulent flow has relatively low variability
and weak transport. Some notable exceptions are Polar Water across the north and south coast of Labrador
(Figure 6), both of which exhibited both strong transport and seasonality. Upstream along the west coast of
Greenland, Polar Water always exported freshwater via both the mean and turbulent flow, the only region
and water mass with significant transport to do so. Both the Irminger and LSW masses have limited season-
ality to their turbulent processes within this region, supplying fairly constant transports across the year.
These salt water masses almost always had a different direction between their mean and turbulent fresh-
water transport, regardless of region. While the mean and turbulent transport act opposite in directions,
the magnitude of mean freshwater transport was greater than the turbulent transport (Table 2) and deter-
mines the direction of net freshwater transport per water mass. While our analysis was performed using
the turbulent transport as a deviation based on a 25‐day moving mean, we found that changing the averaging
period to be between 10 and 35 days did not produce much difference in our results while the 25‐day moving
mean maximized the turbulent transport.

An increase in resolution from 1/4° to 1/12° appears to have resulted in significant changes in the cross‐shelf
freshwater transport within the Labrador Sea (Figure 9). At 1/4° resolution, both bathymetry and turbulent
processes can be expected to be poorly resolved compared to a similar simulation with 1/12° resolution. As
such, the differences in freshwater transport across certain isobaths between the ANHA4 simulation and the
two 1/12° simulations were anticipated to some degree. The ANHA4 simulation not only simulated less
freshwater exchange in shallow regions (<1,000 m) but also had lower seasonal variability when compared
against ANHA12. We suspect the poor performance in shallow regions was in part due to poorly resolved
coastal current systems. ANHA4 also suffered when simulating freshwater exchange across deeper isobaths,
in some cases having nearly no net transport of Irminger Water and rather low amounts of LSW, while both
1/12° simulations showed significant transport. Perhaps most interesting was a complete directional shift
between ANHA4 and the 1/12° simulations in terms of LSW; at 1,500‐m depth, ANHA4 had freshwater
import rates greater than the export rates of the 1/12° simulations (Figure 9e). This may be attributed to a
far larger spatial extent of convection in 1/4° simulations than at 1/12° (not shown), perhaps forming LSW
further onshore which is later transported offshore. This follows well withMarzocchi et al. (2015), who found
a significant improvement in circulation present within the North Atlantic subpolar gyre when horizontal
resolution was increased from 1/4° to 1/12°. The increase in resolution allows for an improved representa-
tion of eddies within the Labrador Sea, particularly Irminger Rings which are essential in providing heat
to the interior of the Labrador Sea (Gelderloos et al., 2011), reducing the spatial extent of the convective
region. Our results suggest that lower resolution not only impacts freshwater transport along the west coast
of Greenland but also all water masses within the basin. These freshwater transport differences imply that
low‐resolution simulations will produce a Labrador Sea with a different degree of stratification than higher
resolution simulations.

Fewer differences were noticed between the 1/12° simulations, though SPG12 often had additional fresh-
water transport compared to ANHA12. This was somewhat a surprise, due to the SPG12's domain setup,
since SPG12 used nesting software to interpolate from the 1/4° parent simulation onto the 1/12° nest. We
would have expected SPG12's freshwater transport values to be between that of ANHA4 and ANHA12.
We attribute these differences to the nested domain's boundary conditions, which, after interpolation from
the coarse parent domain, may fail to resolve the same current systems as resolved by ANHA12. As the
SPG12 domain's border is rather close to Davis Strait and Hudson Strait, these are areas where boundary
issues may creep into the nested domain, influencing regions downstream. While the use of nesting software
allows for high resolution at a reduced computational expense, the drawbacks of nesting are not negligible.

6. Conclusions

Further clarification on the exchange of fresh and saltwater between the boundary and interior of the
Labrador Sea is carried out using three numerical simulations. Liquid freshwater leaves the boundary cur-
rent system and enters the deeper basin along the west coast of Greenland and the south coast of
Labrador. Other regions either exchange relatively little freshwater or sequester freshwater from the interior
of the Labrador Sea. However, freshwater locked within sea ice passes into deeper water across all regions,
though in relatively low amounts. Salty water masses exhibit onshore transport in many regions, resulting
in a freshening of the subsurface Labrador Sea. Numerical resolution appears important in resolving the
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processes that drive cross‐shelf freshwater transport, with significant differences between our 1/4° and 1/12°
simulations. The 1/12° simulations had relatively similar cross‐shelf freshwater transport despite differences
in their domain construction. These results help to paint a more complete picture of the lateral exchange of
fresh and saltwater between the boundary currents and the interior of the Labrador Sea by isolating particu-
lar regions where, and how much, freshwater exchange occurs. While previous studies have focused on
freshwater exchange along the west Greenland coast (e.g., Myers et al., 2009; Schmidt & Send, 2007) and
the Labrador coast (e.g., McGeehan & Maslowski, 2011; Myers, 2005; Schulze & Frajka‐Williams, 2018),
we provide estimates of the freshwater that is exchanged in other regions around the North Atlantic subpolar
gyre. Furthermore, we estimate the freshwater transport via two saltwater masses and update the current
knowledge on subsurface restratification within the Labrador Sea.

Climate implications of this study suggest that changes to freshwater pathways canmodify the degree of stra-
tification in the Labrador Sea. For example, Grivault et al. (2017) suggest that under a future climate sce-
nario, the addition of freshwater and heat to Baffin Bay reduces the freshwater transport between Baffin
Bay and the Labrador Sea, increasing freshwater transport around Greenland. This could cause the East
and West Greenland Current systems to become fresher. With more freshwater in the West Greenland
Current, a larger amount of freshwater should enter the interior of the Labrador Sea and strengthen the stra-
tification. Furthermore, as a significant portion of meltwater from Greenland's Ice Sheet enters the Labrador
Sea (Gillard et al., 2016; Luo et al., 2016), a warming climate could result with a shutdown in deep convection
within the next few decades if the melting of Greenland continues at its current rate (Böning et al., 2016). On
the other hand, an increase in freshwater transport to the Labrador Sea from Hudson or Baffin Bay would
likely not impact the convection within the Labrador Sea as little exchange occurs downstream of these
regions, as Schulze and Frajka‐Williams (2018) also concluded. Although larger volumes of freshwater will
be stored in the boundary currents, we do not anticipate future changes in the direction of freshwater export/
import, though the magnitude of freshwater transport will likely change. This suggests that the future
increased melt from Greenland that makes its way into the interior of the Labrador Sea will likely be
exported from the west Greenland coast regardless of where the melt occurred. Koenigk et al. (2007) inves-
tigated that climate change simulations promoted a significant increase in freshwater export through the
Canadian Archipelago, though with minimal net freshwater change through Fram Strait, somewhat at odds
with Grivault et al. (2017). Our analysis suggests that the regions around the Labrador Sea export freshwater
into the deep basin very differently than one another and the impact on convection depends on which region
experiences any changes in freshwater.
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