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Abstract This paper investigates the link between the Labrador Sea Water (LSW) formation rate and
the strength of the Atlantic Meridional Overturning Circulation within the Labrador Sea. LSW is formed in
the Labrador Sea through deep wintertime ocean convection and is then carried out of the basin by, among
other currents, the Deep Western Boundary Current (DWBC) that flows southward along the east coast
of Canada. We used an eddy-permitting simulation (at 1/12◦, horizontal resolution) with an Arctic and
Northern Hemisphere Atlantic configuration of the Nucleus for European Modeling of the Ocean (NEMO)
model that covers the period from 2002 to 2017. In this study, the formation rate of LSW is estimated using
an instantaneous kinematic subduction approach by analyzing the vertical transport of a water mass
through the base of the mixed layer. We computed the local Meridional Overturning Circulation (MOC)
index and the transport of LSW within the DWBC at the Atlantic Repeat hydrographic section 7
West (AR7W). Results show that an increase in the formation rate of LSW entails an increase in the LSW
transport in the DWBC within 1 year. This is followed by an enhancement of the overturning in the
Labrador Sea.

Plain Language Summary The Atlantic Meridional Overturning Circulation (AMOC) is of
paramount importance for the climate. The AMOC contributes to the redistribution of heat, salt, and
anthropogenic carbon in the world's oceans. The upper limb of the AMOC transports warm, surface water
northward. The lower limb of the AMOC is associated with dense, cold, and deep water formation and is
carried by a vigorous Deep Western Boundary Current (DWBC). The Labrador Sea
Water (LSW) is one of the water masses formed by deep convection in the subpo-
lar gyre and then carried out of the basin by, among other currents, the DWBC that
flows southward along the east coast of Canada. In this paper, we use a simulation
to investigate how the change in the formation rate of the LSW could impact the strength of the local
AMOC in the Labrador Sea. We found that an increase in the formation rate of LSW entails an increase in
the LSW transport in the DWBC within 1 year. This is followed by an enhancement of the overturning in
the Labrador Sea.

1. Introduction
The Meridional Overturning Circulation (MOC) is a crucial component of the Earth's climate system. The
MOC redistributes heat, freshwater, salt, nutrients, and gases, including anthropogenic carbon between the
upper and deep layers of the world's oceans. The MOC is governed by densification of waters at high lat-
itudes. In the Atlantic Ocean, wintertime cooling drives the MOC, which advects warm and salty surface
waters from subtropical latitudes to high northern latitudes. A primary location for this mixing of Atlantic
waters, with fresher polar waters and their conversion to cold, fresh and dense waters, is the Labrador Sea.
The main features of the subpolar North Atlantic Ocean are shown in Figure 1, adapted from Daniault et al.
(2016).

The Labrador Sea is the main site for deep convection in the North Atlantic Ocean (Dickson et al., 1996),
and is where the Labrador Sea Water (LSW) is formed (Clarke & Gascard, 1983). During and following its
formation through convective mixing of unusually high (extreme) heat losses, LSW tends to fill a specific
intermediate-depth layer over most of the deep basin, while also being injected into the large-scale mid-
depth to deep circulation system via the Deep Western Boundary Current (DWBC; Dickson & Brown, 1994).
Several other pathways spread LSW across the North Atlantic basins (e.g., Rhein et al., 2011; Yashayaev
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Figure 1. Map focusing on a part of the subpolar gyre in the North Atlantic Ocean, showing the Labrador, Irminger,
and Greenland Seas. Color shading represents the bathymetry (in meters). The study area including the Labrador Sea is
represented by the black rectangle. The location of the AR7W section is indicated by the black line. Schematic
large-scale circulation is based on Daniault et al. (2016): deep and cold currents including the Deep Western Boundary
Currents (blue path) and intermediate currents of Labrador Sea Water (orange path). AR7W = Atlantic Repeat
hydrographic section 7 West.

& Loder, 2016; 2017). The DWBC constitutes the lower limb of the MOC (Hirschi & Marotzke, 2007) and
advects newly formed deep and bottom waters southward to the subtropics (Pickart et al., 1997).

Over the last decades, the DWBC has been widely studied, often by means of recurrent moored measure-
ments at 53◦N (Zantopp et al., 2017). The vertical and horizontal structure of the DWBC system is very
complex, and its spatial and temporal variability have a direct impact on the MOC. The DWBC spreads over
a broad depth range between 400 and 4000 m with a volume transport likely varying between about 10 and
40 Sv depending on location (Dengler et al., 2004; Toole et al., 2011, 2017).

Changes in the deep water formation rate directly affect the ventilation of the deep ocean and hence the
ocean's ability and potential to absorb and store anthropogenic carbon (Rhein et al., 2017), as well as the
strength of the MOC and the associated heat transport (Kieke & Yashayaev, 2015). Häkkinen and Rhines
(2004) have suggested that there could be a cessation of deep convection in the Labrador Sea and the ther-
mohaline circulation in the Atlantic Ocean. Many numerical studies also confirmed a link between the LSW
formation rate and the strength of the Atlantic Meridional Overturning Circulation (AMOC; e.g., Kuhlbrodt
et al., 2007). Böning et al. (2006) found a link between the DWBC and the intensity of the convection in the
Labrador Sea. Using a simple measure of LSW formation, they discovered that stronger southward transport
episodes were notably associated with convection events, convection leading with a lag of 1 to 2 years.

Yashayaev and Loder (2016, 2017) have demonstrated that the properties of LSW, including its thickness
anomaly, propagate across the entire subpolar North Atlantic in 5 to 7 years confirming connectivity of key
water properties of the deep layers of the North Atlantic and those of the source water masses. Thornalley
et al. (2018) have recently shown that the LSW density representing the strength of convective overturning
in the Labrador Sea, and the strength of the DWBC along the North American continental slope as far
as Cape Hatteras, are significantly correlated on decadal and longer timescales. Thornalley et al., 2018's
(2018) result is based on proxies rather than direct measurements: The changes in the strength of the DWBC
were reconstructed from sortable-silt sediment grain size data. The fact that larger grain sizes are associated
with stronger currents and smaller sizes with weaker currents allows them to use the sediment core data
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as a natural long-term current meter monitoring the strength on the major ocean arteries. On seasonal to
interannual scales, the amount of LSW injected into the regions outside the Labrador Sea was found to be
proportional to the volume of LSW produced each year (Yashayaev & Loder, 2016).

However, there are some alternative views on the essence and strength of the relationship between convec-
tion and overturning in the North Atlantic (Böning et al., 2006; Lozier et al., 2012, 2016; Marsh et al., 2005;
Mauritzen & Häkkinen, 1999; Pickart & Spall, 2007; Straneo, 2006). Many of these studies have suggested a
link between the formation of the LSW and the AMOC. However, no conclusive observational evidence for
a link between dense water formation in the Labrador Sea and AMOC variability has emerged to date. The
link between dense water formation in the Labrador Sea and AMOC variability is still under debate (Li &
Lozier, 2018; Lozier et al., 2012, 2019; Thornalley et al., 2018). A major problem is that the estimation of the
local AMOC—in the subpolar gyre—is mostly based on spring-summer data. But, according to Yashayaev
and Loder (2016), there is a strong seasonal variation in the LSW volume and hence in the local AMOC. The
values based on ship data conducted once a year, normally in spring-summer, are then likely to underesti-
mate the LSW production rate and its contribution to local AMOC. Thus, the present estimates undermine
the relationship between the formation rate of LSW and the AMOC. Even the studies that agree with such
a connection underestimate this relationship.

Such a broad range of results and opinions calls for an in-depth analysis of connectivity between various
characteristics of the pools of water homogenized by winter convection each year and the amounts of water
injected in the same or following years into the DWBC. Motivated by this need, we investigate the rela-
tionship between the formation rate of the LSW and the strength of the local MOC in the Labrador Sea. In
our analyses, we use a simulation from the Nucleus for European Modeling of the Ocean (NEMO) numer-
ical framework, and a method of analysis of 4-D density fields, which was previously used to analyze the
Argo and shipboard observations in the same region. To analyze the formation rates and related dynam-
ics of any convectively formed water mass and particularly LSW, we propose here an approach based on a
kinematic subduction approach quantifying the vertical transport of water masses through the base of the
mixed layer. We accurately define the LSW density range based on the analysis of the subduction rate in the
deep convection region. The relationship between the formation of LSW and the transport in the DWBC is
then investigated to understand how the change in the LSW formation rate could impact the strength of the
local MOC in the Labrador Sea. Our present study provides the first insights of how the formation rate of
the LSW could impact the strength of the local MOC in the Labrador Sea.

The article is organized as follows: Section 2 describes the NEMO simulation, as well as the methods used to
define the deep convection region, and the kinematic subduction approach used to define the LSW density
range and LSW formation rate. Results are presented in section 3: spatial and temporal variability of the deep
convection region, density range of LSW and volume of newly formed LSW based on potential vorticity and
density criteria, LSW formation rate, relationship between LSW formation rate, DWBC current transport
and the local MOC at the AR7W section. Results are discussed in section 4. Conclusions are drawn in section
5.

2. Data and Method
2.1. The NEMO Simulation
In this study, the numerical simulation uses a coupled ocean and sea ice system based on the NEMO
(available at https://www.nemo-ocean.eu) version 3.4 (Madec, 2008). The sea ice model used here is the
Louvain-la-Neuve sea Ice Model version 2 with an elastic-viscous-plastic rheology (Hunke & Dukowicz,
1997), including both thermodynamic and dynamic components (Bouillon et al., 2009; Fichefet & Morales
Maqueda, 1997). Freshwater fluxes from Greenland (liquid component only) with a spatial resolution of
5 km are based on Bamber et al. (2012). More detailed setup of the ocean and sea ice component can be found
in Hu et al. (2018) and Grivault et al. (2018). The regional configuration ANHA12 covers the Arctic Ocean
and the Northern Hemisphere Atlantic with a horizontal resolution of 1/12◦ (Grivault et al., 2018; Hu et al.,
2018). In the study area (Labrador Sea), it reaches a resolution of 5 to 6 km. There are two open boundaries,
one close to Bering Strait in the Pacific Ocean and the other one at 20◦S across the Atlantic Ocean. The verti-
cal grid contains 50 levels with layer thickness smoothly increasing from 1 m at the surface level to 458 m in
the last level. High resolution is applied to the upper ocean, that is, 22 levels for the top 100 m. Partial step is
also enabled to better resolve the sea floor (Barnier et al., 2006). The simulation is integrated from 1 January
2002 to 31 December 2017. Initial conditions, including three-dimensional (3-D) ocean fields (temperature,
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salinity, zonal velocity, and meridional velocity) as well as two-dimensional (2-D) sea surface height and
sea ice fields (concentration and thickness) are interpolated from the 1/4◦ GLobal Ocean ReanalYsis and
Simulations (GLORYS2v3) produced by Mercator Ocean (Masina et al., 2015). The monthly open bound-
ary conditions (temperature, salinity, and horizontal ocean velocities) are also extracted from GLORYS2v3
product. At the surface, it is driven with high temporal (hourly) and spatial resolution (33 km) atmospheric
forcing data from the Canadian Meteorological Centre Global Deterministic Prediction System ReForecasts
data set (Smith et al., 2014), including 10-m winds, 2-m air temperature and specific humidity, shortwave
and longwave radiation fluxes, and total precipitation. Our analyses are based on 5-day-average outputs for
the period ranging from January 2002 to December 2017. However, the first few years of the simulation are
impacted by the adjustment to the initial conditions from GLORYS and are excluded from the interpretation
of our present results. We thus performed our analyses using data from the 2005–2017 period.

2.2. Method: Defining the LSW Density Range
The newly formed LSW is defined uniquely for each year on a short period. This definition on actual
properties of a targeted water mass may significantly change from year to year in response to varying atmo-
spheric forcing, upper ocean salinity, and even history of previous convective events and their signature
in ocean heat and freshwater content and stratification (Yashayaev, 2007; Yashayaev & Loder, 2009, 2016,
2017; Yashayaev, van Aken, et al., 2007, Yashayaev, Bersch, et al., 2007). The versions of LSW defined by this
approach are often grouped into classes. The definition of such LSW year classes can be based on volumet-
ric analysis of density (e.g., Yashayaev, 2007; Yashayaev & Loder, 2016; Yashayaev, van Aken, et al., 2007),
or/and temperature and salinity (e.g., Yashayaev & Loder, 2017). This approach provides a framework for
studying the physical properties of water masses, their variability, mixing, dynamics, and transport. In the
present study, we will extend the volumetric approach to define LSW in model simulations and demonstrate
its effectiveness for linking convection and local MOC in the Labrador Sea.

There are two main reasons for using this approach—the volumetric year-class method—to define an inter-
mittently formed water mass for analyzing, studying, and interpreting model solutions (results of model
runs). The first reason is specific to ocean models and descends from the fact that LSW is typically/usually
saltier and therefore denser in the analyzed model simulations than in the observations. In particular, LSW
simulated by the ANHA12 configuration is 0.03 kg/m3 denser than recently observed. This higher density is
due to a drift in the salinity field that increases the density of seawater in the simulation. Rattan et al. (2010)
showed that large salinity drift occurring in the Labrador Sea led to excessive and unrealistic convection
in simulations and hence overestimated LSW formation rates. The second reason for using the volumetric
year-class method in model studies is that the density range of newly formed LSW can vary significantly from
year to year depending on the conditions controlling winter convection in the Labrador Sea: air-sea fluxes,
vertical stratification, freshwater flux, and other factors. As shown in the recent studies from Yashayaev and
Loder (2016, 2017), variability in the strength and depth of convection entails a seasonal and interannual
change in the hydrographic properties, volume, and export of LSW formed.

We determine the density range of LSW for each year by modifying this method for the present study. This
allows a change in the hydrographic properties of the newly formed LSW in response to changes in the atmo-
spheric and oceanic conditions that control convective mixing. In addition to finding the active LSW density
range with the volumetric method, we determine the density range through computation and analysis of
the subduction rate. We describe below the full method used.

The kinematic subduction approach has been used to quantify the transfer of water from the mixed layer to
the stratified thermocline (Cushman-Roisin, 1987; Marshall et al., 1993; Williams, 2001). We adapted this
method to the case of water mass subduction in the Labrador Sea. By quantifying the water mass subduction
rate and analyzing it as a function of density, we determined the density range of LSW formed each year,
complementing the volumetric class approach. The kinematic subduction approach considers the vertical
transport of a water mass through the base of the instantaneous mixed layer. This approach is detailed in
Courtois et al. (2018). We briefly summarize the method here. The subduction rate S is defined as follows:

S(𝜎h) = −1
𝜏 ∫

𝜏

0 ∫A𝜎

[
wb +

𝜕h
𝜕t

+ v · ∇h
]

dA𝜎 dt, (1)

where wb is the vertical velocity at the base of the mixed layer (interpolated from vertical velocity model
outputs), 𝜕h

𝜕t
represents the rate of change of depth of the instantaneous mixed layer, and v · ∇h represents

FEUCHER ET AL. 5657



Journal of Geophysical Research: Oceans 10.1029/2019JC015065

Figure 2. Defining the deep convection region in the Labrador Sea. Color shading indicates the maximum mixed layer
depth of the year (January to December, in meters). Black contours highlight the area of the 90th percentiles of the
deepest mixed layers and delineate the deep convection region. The blue line indicates the location of the Atlantic
Repeat hydrographic section 7 West section (AR7W).

the advective terms crossing horizontally the sloped base of the mixed layer. A𝜎 is the outcrop area defined
as A𝜎(t) = [x ∶ 𝜎1 ≤ 𝜎h(x, t) ≤ 𝜎1 + 𝛿𝜎1], with 𝜎h the instantaneous mixed layer density; 𝜏 is the time
period of integration. Note that we use potential density 𝜎1 referenced to 1,000 m. In equation (1), subduction
processes are positive (S > 0), and obduction processes are negative (S < 0).

To determine the LSW density range, we computed the subduction rate S within the deep convection region
where LSW is formed. The deep convection region is defined as follows: At every grid point within the
Labrador Sea, we determined the maximum mixed layer depth (MLD) for each year, from January to Decem-
ber. We then delineated the region of deep convection for every year by taking the 90th percentiles of these
deepest mixed layers. The MLD is computed using the algorithm described in Courtois et al. (2017), which
is a new approach, to determine the MLD in deep convection for numerical models.

3. Results
3.1. Winter Convection in the Labrador Sea
Figure 2 shows the resulting contours that delineate the deep convection region for each year. The convection
averaged-depth in the deep convection region is shown Figure 3. In general, the deep convection region is
centered in the basin, but its extension slightly varies from year to year (Figure 2). Deep convection is known
to occur locally in the southwest part of the Labrador Sea (e.g., Holte & Straneo, 2017). The extension area of
deep convection in our simulation is more extensive than in the observations. The model resolution could
be influencing the results on convection area (Böning et al., 2016; Chanut et al., 2008). Energetics Irminger
rings generated of the West Greenland and Irminger current off Cape Desolation play a role in the heat
budget of the Central Labrador Sea, and thus in the convection. These Irminger rings, which are not properly
represented with 1/12◦ (e.g., Chanut et al., 2008), would otherwise provide buoyancy to cap and reduce
convection in the northern part of the domain. In 2011, 2012, 2014, 2016, and 2017, the deep convection
region extends up to the southern tip of the Greenland Coast, which is realistic with regard to observations
(Fröb et al., 2016; Yashayaev & Loder, 2016; 2017) and is also recurrent in ocean models (Rattan et al., 2010).

In 2006 and 2007, the deep convection region is restricted on the western side but continues to feed the
DWBC, suggesting interannual changes in the distribution of outflowing LSW between its different path-
ways. In 2013, the deep convection region is dramatically reduced to a nearly peripheral shape of its average
spatial extent. It extends, however, as far southwest and east along the respective boundaries as in any
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Figure 3. Depth of the convection (in meters). Black curve: simulated depth of the convection averaged in the deep
convection region as delineated by contours Figure 2. Gray curve: observed depth of the convection as indicated in
Yashayaev and Loder (2016). Blue (red) dots (squares for the observations, circles for the simulation) highlight years of
weak (strong) convection and relatively shallow (deep) mixed layer. The horizontal black line represents the mean
depth of the deep convection in the ANHA12 simulation (1225 m).

year of strong convection. The average maximum depth of the deep convection exhibits a strong interan-
nual variability (Figure 3; ; Holte & Straneo, 2017; Yashayaev & Loder, 2017). The depth of the convection
varies between 600 m for the shallowest mixed layers and 1,800 m for the deepest mixed layers. From 2014
to 2017, the depth of the convection increases from 1,365 to 1,740 m, which is the maximum depth over
the period studied. In our simulation, very deep convection events are also observed in 2008 with a depth
reaching 1,608 m, and in 2012 with a depth reaching 1,355 m. The weak convection event that occurs in
2013 has a depth reaching 655 m. Two other weak convection events also occur in 2006 with a depth of
839 m, and in 2010 with a depth of 773.5 m. To summarize, 2008, 2009, 2012, and 2014–2017 are years with
relatively strong convection (red dots in Figure 3) and 2005–2007, 2010, 2011, and 2013 are years with rel-
atively weak convection (blue dots in Figure 3), using a value of 1,225 m (mean value of the depth of the
convection in the simulation represented by the black line in Figure 3) for the aggregate maximum convec-
tion depths as the threshold. The magnitude of the deep convection in the simulation is consistent with the
observations (Yashayaev & Loder, 2016, 2017). We compare the estimates of maximum convection depth
with those compiled by Yashayaev and Loder (2016, 2017) and updated for this investigation. The Argo and
ship survey profiles are used to delineate the depth of maximal development of convection for each year.
The percentile-based computation of maximum MLD is discussed in Yashayaev and Loder (2016). Here we
note that, just as in the model, the deep convection events are strong in 2008, 2012, and 2014–2017, and low
in 2005–2007, 2010, and 2011. In 2013, there is a discrepancy between the model and the observations: the
MLD is much shallower in the model (655 m) than in the observations (1,200 m). The reason for disagree-
ment could be the preconditioning and/or the overall shallow and small deep convection region observed
in the model in 2013 (Figure 3). For preconditioning, the model may not be capable, as of today, to retain
LSW for long. The ocean has a better memory than the model, which we call interconvection precondition-
ing or post-convection preconditioning (Yashayaev & Loder, 2017), with mixing deepening while heat losses
decreased in 2016. As shown in Figure 3, this trend continued in 2017, when heat losses were not strong.
The same thing could have happened in 2013, because 2012 convection was strong not only in the Labrador
Sea, but in the Irminger Sea providing a massive wide spread preconditioning for 2013.

3.2. LSW Density Range and Volume
We computed the subduction rate within the deep convection region to define the density range of LSW for
each year. Subduction rate S is integrated in the time-varying region of deep convection (see Figure 2), from
April to September (equation (1)).

FEUCHER ET AL. 5659



Journal of Geophysical Research: Oceans 10.1029/2019JC015065

Figure 4. Annual mean subduction rate S in sverdrup as a function of the potential density 𝜎1 (referenced to 1,000 m)
and integrated in the time-varying region of deep convection (Figure 3) from April to September. Density range of
Labrador Sea Water is defined for each year and is delineated by the two vertical black lines around the maximum
subduction rate.

During this period, the LSW subducts below the mixed layer (S > 0) and is exported out of its formation
region (Straneo et al., 2003; Zou & Lozier, 2016). We thus expect to accurately track the density range of
LSW formed at that moment. Figure 4 shows the subduction rate for each year, as a function of the potential
density 𝜎1 from 32.2 to 32.5 kg/m3. The highest subduction rate is reached in 2008 with 1.39 Sv (at density
𝜎1 = 32.40), and the lowest is reached in 2013 with 0.20 Sv (at density 𝜎1 = 32.41 kg/m3). On average,
the maximum subduction rate is about 0.94 Sv ± 0.37 Sv. The maximum occurs around the density of 𝜎1 =
32.40 ± 0.02 kg/m3. Two low values in the subduction rate are reached in 2006 (0.38 Sv at density 𝜎1 =
32.37 kg/m3), and 2011 (0.63 Sv at density 𝜎1 = 32.41 kg/m3). High values of subduction rate are also reached
in 2012 (1.15 Sv at density 𝜎1 = 32.42 kg/m3) and over the last years of the simulation: 1.08 (at density
𝜎1 = 32.39) in 2014, 1.19 (at density 𝜎1 = 32.41 kg/m3) in 2015, 1.16 (at density 𝜎1 = 32.40 kg/m3) in 2016,
and 1.26 (at density 𝜎1 = 32.45 kg/m3) in 2017. In general, higher subduction rate is associated with higher
density around the maximum.

We defined the density range of newly formed LSW by taking the density range for which the subduction
rate is strictly superior to zero around the maximum subduction rate. Black vertical lines in Figure 4 delin-
eate the density range of the LSW formed during the corresponding year. We observe a strong variability
in the density range of the newly formed LSW; the trend is to increase with time. As mentioned previ-
ously, this trend is due to the bias in salinity. The density for the lower limit of LSW range increases from
𝜎1 = 32.29 kg/m3 in 2005 to 𝜎1 = 32.35 kg/m3 in 2017. The density for the upper limit of LSW range increases
from 𝜎1 = 32.42 kg/m3 in 2005 to 𝜎1 = 32.47 kg/m3 in 2017. The mean density of upper limit of LSW range
is 𝜎1 = 32.44±0.02 kg/m3 and 𝜎1 = 32.35±0.03 kg/m3 for the lower limit. In 2016, there is a maximum den-
sity for the upper and lower limits: 𝜎1 = 32.47 kg/m3 and 𝜎1 = 32.37 kg/m3, respectively. In 2009, LSW also
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Figure 5. Time-density display of potential density 𝜎1 layer thickness (𝜎1 ± 0.0025, in meters) averaged in the
time-varying region of deep convection (Figure 3). Red lines highlight the Labrador Sea Water layer as identified using
subduction rate analyses (Figure 4).

exhibits high densities for its lower and upper limits: 𝜎1 = 32.46 kg/m3 and 𝜎1 = 32.37 kg/m3, respectively.
The density range of LSW in our results is higher than in the observations. Yashayaev and Loder (2016)
using Argo data found that density of LSW varies between 𝜎1 = 32.33 kg/m3 to 𝜎1 = 32.37 kg/m3.

The spanning density range of LSW also significantly varies from year to year. It is lowest in 2013, with a
spanning density range of 0.06 kg/m3, and it is highest in 2005 and in 2007, with a spanning density range of
0.13 kg/m3. In 2011, a large spanning density range is also observed and equal to 0.10 kg/m3. From 2014 to
2015, the spanning density range is 0.09 kg/m3. From 2008 to 2010, a low spanning density range is observed
and equal to 0.09 kg/m3. From 2015 to 2017, the spanning range increases from 0.09 to 0.12 kg/m3.

Following Yashayaev and Loder (2016, 2017), we performed a density layer analysis within the deep con-
vection region to validate the definition of the LSW in our simulation. Figure 5 shows the 𝜎1 layer thickness
(𝜎1 ± 0.0025 kg/m3) averaged over the time-varying deep convection region. The thicker part on the his-
togram, between 380 and 500 m, highlights the LSW layer. We see the increasing density trend of LSW over
time. High subduction rate of LSW is related to thicker LSW (as observed in 2008, 2009, 2012 and from 2014
to 2017; Figure 4), while the lower formation of LSW is related to thinner LSW (as observed in 2006 and 2013;
Figure 4). The largest 𝜎1 layer thickness are 615 m in 2008, 461 m in 2012, 585 m in 2015, 536 m in 2016, and
478 m in 2017. In 2013, the largest 𝜎1 layer thickness is 250 m, and it is 329 m in 2006. The amplitude of 𝜎1
layer thickness and their variability is consistent with what is observed. In a previous study, Yashayaev and
Loder (2016) found that 𝜎1 layer thickness in the LSW varies between 300 m and up to 590 m in 2014 and
2016. They also found a very thick and dense LSW from 2014 to 2016, respectively. Dense and thick LSW
found in 2008 is also well reproduced in the simulation.

The density range of LSW computed from the subduction rate analysis (Figure 4) falls into the thickest part
of the histogram (Figure 5) and delineates well the LSW layer. This finding allows us to validate the density
range found to define LSW for each year.

3.3. LSW Formation
Figure 6 shows the subduction rate S computed over the Labrador Sea (the studied area for the Labrador
Sea is shown Figure 1), accumulated over the yearly LSW density classes and integrated during the restrat-
ification period (𝜏 from April to September, S > 0; see equation (1)). We expect that the method used to
compute the subduction rate reflects the formation rate of LSW. To validate this hypothesis, we also compute
the volume of newly formed LSW based on potential vorticity criteria (Li & Lozier, 2018; Talley & McCart-
ney, 1982; Zou & Lozier, 2016). We computed the volume of newly formed LSW over the Labrador Sea. For
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Figure 6. Net subduction rate cumulated over the density range of LSW (gray curve, Sv), and winter maximum volume
of newly formed LSW (black curve, m3) computed in the Labrador Sea (area defining the Labrador Sea is shown
Figure 2). Blue (red) dots highlight years of weak (strong) convection and relatively shallow (deep) mixed layer. LSW =
Labrador Sea Water.

our calculation of newly formed LSW, we used both potential vorticity q and the density constraint to define
this water mass. Assuming relative vorticity is small compared to planetary vorticity, potential vorticity q is
defined as follows:

q = −𝑓

𝜎

𝜕𝜎

𝜕z
, (2)

where f is the Coriolis parameter and 𝜎 is the potential density. In the simulation, newly formed LSW is
defined as the water mass in the density range defined previously for each year, with q < 4 × 10−12 m−1·s−1.
We used the same potential vorticity threshold used by Talley and McCartney (1982). The volume of newly
formed LSW is calculated as follows. First, the gridded density fields are searched to find all grids that satis-
fied the density and potential vorticity constraints discussed above. The volume of all grids that meet these
constraints is summed to yield the total volume of newly formed LSW in the Labrador Sea for every 5 days.
Then we determined the maximum volume of newly formed LSW every year. We found that the maximum
volume of newly formed LSW is reached in March and April.

Figure 6 shows the variability of LSW subduction rate and newly formed LSW maximum volume. There is a
good agreement between the two parameters, which allows us to validate our hypothesis: LSW subduction
rate reflects well the formation rate of LSW. The correlation between LSW subduction rate and the maximum
volume of newly formed LSW is 0.9 at zero lag. The maximal LSW volume is on average 2.95×1014 ± 1.32×
1014m3. LSW subduction rate is on average 5.15± 2.88 Sv. Newly formed LSW reaches its minimum volume
in 2013 (0.8×1014m3), while the subduction rate is also the smallest with 0.8 Sv. Maximum volume is reached
in 2015 with a volume of 5.0 × 1014m3 and a subduction rate of 9.64 Sv. In 2008, high LSW volume and the
highest subduction rate are observed: 9.26 Sv maximum subduction rate with a winter maximum volume of
4.38 × 1014 m3. In 2012, subduction rate is 3.71 Sv and maximum volume is 3.39 × 1014m3. In 2006, there is
a low subduction rate (1.55 Sv) and a low maximum volume (1.80 × 1014m3).

In general, high volume and high subduction rate are associated with enhanced deep convection. Comparing
the magnitude of the deep convection (Figure 3) with LSW subduction rate and maximum volume (Figure 6),
we notice that the observed strong convection events in 2008, 2012, and from 2014 to 2017 are associated
with high subduction rate and maximum volume. On the contrary, the weak convection events observed
2006, 2010, and 2013 are associated with a small LSW subduction rate and volume.
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Figure 7. Mean meridional velocity (2005–2017, cm/s) at the Atlantic Repeat hydrographic section 7 West in the
vicinity of the Western Boundary Current. Contours represent the mean density field 𝜎1. White contours delineates the
Labrador Sea Water layer as formed in 2012.

3.4. LSW Formation Rate and DWBC
We now explore the correlation between the formation rate of LSW and its transport in the DWBC. We aim to
understand if an increase in the subduction rate of LSW entails an increase in LSW transport in the DWBC.
Figure 7 shows the mean model velocity in the vicinity of the WBC across the AR7W section (cm/s; averaged
over the 2005–2017 period, velocities are negative southward). Strong southward velocities highlight the
core of the WBC that is intensified in the surface. The structure and magnitude of the velocities in the WBC
are well reproduced by the simulation. Maximum velocities are found in the surface with values of 35 cm/s.
They decrease with depth where values are around 20 cm/s. These values are consistent with observations
at 53◦N (e.g., Böning et al., 2006; Handmann et al., 2018; Zantopp et al., 2017). Black contours in Figure 7
represent the mean potential density 𝜎1 field (averaged over the 2005–2017 period), while white contours
delineate the LSW formed in 2012. LSW is found in the layer between 1,000- and 2,500-meter depth, which
is consistent with observations. This layer of LSW partially or entirely overlaps with a broader defined deep
LSW (Zantopp et al., 2017).

We computed the LSW volume transport as the sum of the southward transport of water between the bound-
ing isopycnals defining the LSW at the AR7W section and potential vorticity q < 4 × 10−12 m−1·s−1. We
also considered the different LSW density range, and we calculated the monthly LSW transport along the
DWBC with a 0-year lag (Straneo et al., 2003; Zou & Lozier, 2016). The LSW transport in the DWBC at 0-year
lag means that when computing the transport during a given year, we use the density range of LSW of the
same year.

Figure 8 shows the monthly LSW transport at AR7W in the DWBC (red curve). The LSW transport with a
0-year lag is stronger in spring, with a maximum value of 5.8 Sv in March 2006. High values are reached in
2007 (5.3 Sv), in 2008 (3.5 Sv), and at the end of the period studied (3.3 Sv in 2015 and 4.8 Sv in 2016). In 2013,
LSW transport is nearly zero: The criteria defining the LSW layer are not met in the boundary current at
AR7W (density range and potential vorticity). In 2013, the convection depth/region is very weak (Figure 3),
and the formation rate of LSW is very low (Figure 4). The variability of the LSW transport compares well
with the formation rate of LSW. The high formation rate of LSW corresponds to a highest LSW transport
in the DBWC. The magnitude of the LSW transport in the DWBC is underestimated when comparing with
observations. Zantopp et al. (2017) found a LSW transport in the DWBC at 53◦N varies between 10 and 20 Sv
from 1997 to 2015. In another study, Böning et al. (2006) found a mean transport of 14.5 Sv in the deep LSW
density range in the DWBC at 53◦N (average over the 1992–2002 period). Note that the method we used to
compute LSW transport in the DWBC is different from the one used in the papers as mentioned above (i.e.,
we used a specific LSW density range and potential vorticity constraint), as well as a location that is further
north.
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Figure 8. Monthly LSW transport in the Western Boundary Current at Atlantic Repeat hydrographic section 7 West at
0-year lag (red curve, Sv), maximum LSW transport (from March to December, blue curve, Sv), and net subduction rate
cumulated over the density range of LSW (black curve, Sv). Vertical black lines are drawn every 1 March. LSW =
Labrador Sea Water.

Figure 8 also shows the maximum LSW transport for each year in the DWBC at AR7W (from March to
December, blue curve). The maximum LSW transport increases from 2006 (1.0 Sv) to 2008 (3.5 Sv) and then
an overall decrease from 2008 to 2013, where it is 0 Sv. From 2014, the LSW maximum transport increases
up to 4.7 Sv in 2016, which is a year of very strong convection.

3.5. LSW Formation Rate and MOC
Finally, we investigate the link between the LSW formation rate and the strength of the local MOC in the
Labrador Sea (referred as MOCwest in the following). We aim to understand if the LSW formation rate is
associated with a higher MOCwest index.

The MOCwest index is computed at the AR7W section and is defined as the maximum of the overturning
stream function in density 𝜎1 space:

MOCwest(t) = arg max
𝜎1

(
∫

0

𝜎1
∫

xw

xe

(
v − Tnet

)
d𝜎1 dz

)
, (3)

where v are the velocities normal to the AR7W section. Velocities v are integrated from west (xw) to east (xe)
and from top to bottom across density surface 𝜎1. Tnet represents the net transport across the AR7W section:

Tnet =
∫x∫zvd
∫x∫zd , (4)

where  is the area of the AR7W section. The net transport is removed from the full velocity field before
calculating the MOCwest index, such that the resulting MOCwest values are associated with zeros net mass
transport (e.g., McCarthy et al., 2015). We then computed the monthly mean value of the MOCwest.

Figure 9 shows the maximum values (from March to December) of the MOCwest at AR7W from 2005 to 2017
(standardized, black curve). The mean MOCwest index at AR7W is 5.8 ± 1.6 Sv for the 2005–2017 period.
Pickart and Spall (2007) measured the MOCwest in density space in summer at AR7W and found a mean
value of 2 Sv. Recently, Lozier et al. (2019) measured the MOCwest across OSNAP west in density space and
found a mean value of 2.1 ± 0.3 Sv over the period August 2014 to April 2016. These values differ from
our results. These discrepancies could be because vessel data are for spring-summer and do not have suffi-
cient resolution to avoid smearing strong boundary currents. Seasonal and interannnual changes in volume
(Yashayaev & Loder, 2016, 2017) are not included in the OSNAP estimate (Lozier et al., 2019). Moorings may
not have sufficient vertical resolutions, and density measurements may not be accurate enough to follow
changes in layer thickness.

The maximum values of the MOCwest index exhibit a strong variability (Figure 9). We observe two trends: A
first period when the MOCwest decreases by 2.5 Sv from 2007 to 2011, and then a second period from 2011 to
2016 when the MOCwest increases by 2.7 Sv. Over the period studied, there are two local maxima observed
in 2009 and 2012. There are also three local minima observed in 2008, 2013, and 2017.

Figure 9 also compares the annual subduction rate of LSW (red curve), the maximum MOCwest index (black
curve), and the maximum transport of LSW in the DWBC (blue curve). Over the 2005–2017 period, the
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Figure 9. Net subduction rate cumulated over the density range of LSW (red curve, Sv), maximum LSW transport at
0-year lag (blue curve, Sv), and maximum MOCwest index computed at the Atlantic Repeat hydrographic section 7 West
section (black curve, in Sv). LSW = Labrador Sea Water; MOC = Meridional Overturning Circulation.

LSW subduction rate and LSW transport exhibit similar variability. The correlation is 0.6 at 0 lag and with a
level of confidence of 90%. When comparing the maximum MOCwest index with the other two variables, we
observe that the MOCwest index exhibits similar variability only from 2009. The first 5 years show a different
variability. From 2005 to 2007, while the maximum LSW transport in the DWBC at AR7W and the LSW
subduction rate exhibit a minimum, the maximum MOCwest index exhibits a maximum. From 2007 to 2009,
this trend is reversed. We thus decide to compute the correlation from 2009 to 2017. The correlation between
the maximum LSW transport in the DWBC at AR7W and the maximum MOCwest index is 0.8 with 0 lag and
is significant at a 99% level. The correlation between the LSW subduction rate and the maximum MOCwest
index is 0.7 with 0 lag, and it is significant at a 95% level. The correlation between the LSW subduction
rate and the LSW transport in the DWBC at AR7W is 0.6 with 0 lag, and it is significant at a 90% level.
Therefore, with regard to these correlations, we find that an increase in the subduction rate of LSW increases
the transport in the DWBC and then the MOCwest index is enhanced within one year. These correlations
have to be taken carefully, given the short period studied.

4. Discussion
We investigated the relationship between the LSW formation rate, the LSW transport in the DWBC at AR7W,
and the overturning in the Labrador Sea. We found that an increase in the formation rate of LSW entails an
increase in the LSW transport in the DWBC and then enhances the local overturning.

We used an innovative approach to quantify the formation rate of the LSW. We used an instantaneous kine-
matic subduction approach by analyzing the vertical transport of a water mass through the base of the mixed
layer. Using this method, we have been able to determine accurately the subduction or formation rate of LSW,
as well as the density range of LSW formed each year. Our results from the LSW formation rate compare
well with the quantification of the volume of newly formed LSW, which allows us to validate the analysis of
the LSW formation rate using this kinematic subduction approach. However, given the known model salin-
ity drift, it is possible the density of the LSW produced in the model is too large, which might also lead to
overestimations in the water formation rates.

We found that the newly formed LSW is exported out of its formation region and increases the LSW transport
in the DWBC at AR7W: the more dense water formed, the more it gets exported. Studies show that it takes
about a year for a large volume of LSW to shift to the Irminger Sea (Yashayaev, 2007; Yashayaev, van Aken,
et al., 2007, Yashayaev, Bersch, et al., 2007). To better understand how the LSW could impact the transport of
the DWBC, we analyzed the path of the LSW using an offline Lagrangian tool, ARIANE (Blanke & Raynaud,
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Figure 10. (a) Location of the section where ARIANE virtual floats are launched. Color shading indicates the
maximum mixed layer depth in 2012 (January to December, in meters). Contours highlight the area of deepest mixed
layers and delineate the deep convection region in 2012. The blue line indicates the location of the AR7W section. (b)
Distribution of the virtual floats launched on 1 March 2012 along the section (indicated by the dashed curve in panel
a). Virtual floats are distributed along the section where the density of the particles fall into the density range of
Labrador Sea Water formed in 2012 and if the particles are going southward normal to the section. (c) The travel time
of the virtual floats released on 1 March 2012 (month). (d) The number of virtual floats found in the AR7W section as a
function of their travel time (month). Virtual floats are counted within the box centered in the Western Boundary
Current at the AR7W section and shown in (b). AR7W = Atlantic Repeat hydrographic section 7 West.

1997; Blanke et al., 1999). ARIANE is a well-known tool to explore the large-scale ocean circulation. This
diagnostic allows us to quantitatively and qualitatively track water volumes associated with a particular
water mass (e.g., Blanke et al., 2002). We computed three-dimensional (3-D) trajectories using ARIANE
from ocean velocity field. Virtual floats are launched early winter (1 March of every year) within the density
range of LSW formed in that corresponding year. We then tracked the LSW and analyzed its path. Figure 10
shows the location of the section where the virtual floats are launched (dashed curve). This section is taken
upstream of the AR7W section. We aim to know how long it takes for the virtual floats to reach the AR7W
section. To illustrate our analyses, we chose to present the results from ARIANE using the virtual floats
launched in 2012, a year for which a strong and deep convection occurred.

Figure 10a shows the distribution of the virtual floats as of 1 March 2012. Nine thousand nine hundred two
virtual floats where launched that year. Virtual floats are distributed along the section shown in Figure 10a
following two constraints: (1) density of the particle has to fall into the density range of LSW formed in 2012
and (2) normal velocity along the section of the particles has to be southward. We observe in Figure 10b that
the virtual floats are mostly confined to the DWBC, where velocities are southward. Up to 120 virtual floats
can be found in this western part of the section. The rest of the virtual floats are located in the center of the
section and in the eastern region where velocities are also southward.

Figure 10c shows the travel time of the virtual floats released on 1 March 2012, integrated up to December
2017. The travel time is found between 0 and 4 years (0 and 50 months). After its formation, in less than 1
year, LSW spreads all over the center of the Labrador Sea. Then, there are two paths where LSW is quickly
exported from its formation region in less than one year. The first path is along the DWBC and the Gulf
Stream, which transport LSW into the North Atlantic subtropical gyre (Fischer & Schott, 2002; Lavender
et al., 2000; Straneo et al., 2003). The second path is along the eastern boundary current that transports LSW
into the Irminger Sea (Piron et al., 2016).
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Figure 11. Flow chart summarizing the main findings of the present study. AR7W = Atlantic Repeat hydrographic
section 7 West; LSW = Labrador Sea Water; DWBC = Deep Western Boundary Current; MOC = Meridional
Overturning Circulation.

Figure 10d shows the number of virtual floats found in the AR7W section as a function of their travel time
(month). Virtual floats are counted within the box centered in the DWBC at the AR7W section and shown
Figure 10c. From the 9,902 virtual floats launched, 4,927 virtual floats are found in the DWBC at the AR7W
section within the first month. These results support well the correlation we found, showing that the LSW
transport in the DWBC increases within one year after the formation and export of the LSW.

5. Conclusion
In this study, we investigated the relationship between the formation rate of the LSW and the overturning
in the Labrador Sea. Our results based on the analyses of a realistic simulation reveal that there are good
relationships between these two quantities. Our main findings are (Figure 11): (1) Within 1 year after its for-
mation, the LSW is almost instantaneously exported out of its formation region, mostly through the DWBC,
which then increases the LSW transport in the DWBC at AR7W, and (2) the LSW transport in the DWBC is
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correlated with the MOCwest index at the AR7W with 0 lag, which means that there is enhancement in the
local overturning in the Labrador Sea.

This study is based on the use of a model. Each model has limitations and certain advantages over other
models. A truly comprehensive model-based diagnosis of convection and its impact on AMOC and ocean cir-
culation in general can be achieved by expanding the concepts and method introduced and developed in our
study by applying the same procedures to other models and performing side-by-side comparisons of model
performance in reproduction of convection, LSW formation, seasonal evolution, export, and impact on the
AMOC. The NEMO simulation we use has a realistic physics of heat exchange and general ocean dynam-
ics, so the results we discuss are in agreement with observations and real-world or real-ocean processes and
variability.

In another study, it would be interesting to use a more extensive time series to support our findings on a
longer time scale. It would also be interesting to study the impact of the LSW formation rate on the North
Atlantic basin and how it impacts the North Atlantic overturning.
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