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Abstract we use an eddy-permitting, 1/12° regional configuration of the Nucleus for European
Modelling of the Ocean (NEMO) model to examine water mass subduction rates in the Labrador Sea for
the 2002-2013 period. An instantaneous kinematic subduction approach is implemented to calculate the
subduction rate of Labrador Sea Water (LSW). By following the outcrop positions of a given isopycncal
range, we calculate the vertical transport of a water mass from the mixed layer into the permanent
thermocline over the course of a year. We examine the importance of the various terms in this approach,
including the evolution of the Mixed Layer Depth (MLD), the advection across the base of the Mixed Layer
(ML), and the vertical velocity at the base of the ML. We find that the subduction rate is not greatly
affected by the definition of the MLD, as long as the integration time is long enough for the
subduction-obduction processes to balance each other. The total LSW subduction rate is ~4-5 Sv, with
similar rates for both Upper (ULSW) and Classical LSWs (CLSW), (~2-2.5 Sv). After 2008, a shift in the LSW
density is found in the simulation. CLSW reaches a maximum rate of 6 Sv in 2008, which is mainly inferred
by the instantaneous ML change.

1. Introduction

Part of the North Atlantic Ocean, the Labrador Sea (LS), is situated between Greenland, the Canadian Arctic
Archipelago (CAA) and eastern Canada (cf. Figure 1). Three main currents bound the LS (Cuny et al., 2002):
the West Greenland Current (WGC) providing fresh and cold water from the Nordic Seas, the Baffin Island
Current (BIC) bringing cold water from the Arctic Ocean (Miinchow et al., 2015), and the Labrador Current
(LC) carrying fresh and cold water from Baffin Bay above the East Canadian shelf (Lazier & Wright, 1993).
Further offshore the West Greenland shelf, at intermediate depth, the WGC brings warm and saline
Irminger water into the LS (Fratantoni & Pickart, 2007; Gascard & Clarke, 1983; Grist et al., 2014). The LS
is one of the few places where deep convection takes place, allowing gas and heat exchanges between the
atmosphere and the deep ocean. This process is characterised by strong winds cooling the ocean surface, pro-
ducing major heat losses (exceeding 400 W/ m? in cold months; e.g., Moore et al., 2014; Schulze et al., 2016),
especially at the beginning of winter (Marshall & Schott, 1999). This atmospheric forcing disturbs the
already weakly stratified water column, producing a uniformly denser water mass, which finally spreads
along the deepest isopycnals (Clarke & Gascard, 1983). The resulting water mass is called Labrador Sea
Water (LSW) and is one of the few water masses created by deep convection. The LSW is characterized by
aminimum in salinity and potential vorticity and a maximum in chlorofluorocarbon (CFC) and oxygen con-
centrations (Clarke & Gascard, 1983).

Three major pathways are known for the LSW (Rhein et al., 2002). A part of the LSW spreads to the
Northeast directly from the convection site into the Irminger Sea. Another part of the LSW joins the LC,
flowing south along the continental shelf and around Grand Banks into the subtropics to join the Deep
Western Boundary Current (DWBC). As the LC splits near Flemish Cap, some LSW is entrained into the
North Atlantic Current (NAC), which, in turn, splits to flow eastward crossing the mid-Atlantic ridge
(Bil6 & Johns, 2019) and to finally mix with the warm and saline Mediterranean Water (MW). The remain-
ing NAC flows to the north into the Irminger Sea and then to the LS via the Irminger Current (IC; see
Figure 1). By combining Lagrangian and Eulerian observations, a recent study showed additional interior,
equatorward pathways to export the LSW to the subtropics (Gary et al., 2012). The dispersion of the LSW
in the North Atlantic contributes to the lower limb of the Meridional Overturning Circulation (MOC) and
consequently participates in the ventilation of the deep layers of the world ocean. Many observational
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Figure 1. Map showing a part of the subpolar gyre in the North Atlantic
Ocean, focussing on the Labrador Sea with the associated currents
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the LSW formation rate and the strength of the MOC. However, quantify-
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Tziperman, 1992; Yashayaev, 2007; Yashayaev & Loder, 2016), circulation
(Haine et al., 2008; Rhein et al., 2015; Talley & McCartney, 1982), and
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properties. In their paper, Talley and McCartney (1982) defined the LSW
with a temperature of 3.3-3.4°C and a salinity of 34.86-34.88 gkg™".
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(WGC, BIC, IC, and LC, as defined in the text). The studied area is Pickart et al. (1996) first mentioned Upper Labrador Sea Water (ULSW)
represented by the black rectangle. The color scale shows the depth in in comparison to the Classical Labrador Sea Water (CLSW). Both water
meters.

classes are generated by convection, but their production depends on

external factors, like atmospheric forcing, location, and the year. ULSW
is slightly warmer and fresher than CLSW and therefore slightly shallower (Kieke et al., 2006). A different
approach is now used to define LSW, based on water masses produced over a specific period of time
(Haine et al., 2008; Yashayaev, 2007; Yashayaev et al., 2007; Yashayaev & Loder, 2016). This approach allows
to consider the slight variations between the produced water masses in terms of properties and depths. For
example, Yashayaev (2007) described two LSW classes, LSW19g7_1994 and LSWyg09, Which reflect the LSW
production over a period of time (LSW9g7_1994) OT a specific year (LSW,gqo). Recently, a new LSW class
was produced during the winters of 2014 and 2015, LSW(14_2015, reaching a maximum depth of 1,700 m,
the deepest since 1994 (Yashayaev & Loder, 2016).

Variability in the production of LSW is mainly due to the atmospheric forcing, which plays a role in the
intensity of the convection (Schulze et al., 2016; Yashayaev & Clarke, 2006). The North Atlantic
Oscillation (NAO) represents the major mode of atmospheric variability. Its index, the NAO index, is based
on the anomalies of sea level pressure gradient, from which anomalous winds are inferred (Hurrel, 1995).
During high NAO index (strong westerlies) years, the center of the LS is expected to experience enhanced
heat loss, leading to more vigourous and deeper convection. Several studies have shown that convection
was weaker during years with low NAO index (Dickson et al., 1996; Lazier, 1980). Additionally, the extreme
negative phase of the NAO tends to generate a significant perturbation of the surface salinity field, caused by
major freshwater input from the Arctic into the Labrador Basin via the WGC, and/or Baffin Bay (Belkin et al.,
1998; Dickson et al., 1988). These exceptional freshwater anomalies (e.g., the Great Salinity Anomalies
[GSA] in the 1970s identified by Dickson et al., 1988) tend to insulate the deep ocean from the atmosphere,
increasing surface buoyancy while reducing the oceanic heat loss (Gelderloos et al., 2012). Given the ongoing
changes in high-latitude freshwater sources (e.g., Haine et al., 2015), recent work has focused on the poten-
tial impact on LSW formation from a release of the freshwater stored in the Beaufort Gyre (e.g., Stewart &
Haine, 2013) or the rapidly increased discharge from the Greenland Ice Sheet (e.g., Bamber et al., 2018).
Multiple studies indicate that if the freshwater input from Greenland is large enough, LSW formation will
be significantly impacted (e.g., Boning et al., 2016; Yang et al., 2016).

Estimates of LSW formation rate differ greatly from one study to another, from 2 Sv (i.e., 1 Sv =10°m3™")
(Worthington, 1976) up to 12.7 Sv (Marshall & Schott, 1999) during an active winter. This difference is
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Table 1

Nonexhaustive Table Summarizing the Various Estimates of LSW
Formation Rate, Depending on the Method Considered (Hydrographic
Data-Based Method, CFC Inventories, Air Sea flux, and Numerical Studies)

mainly due to the method considered, the definition of the LSW, and the
formation rate, as well as the period studied. Table 1 shows a nonexhaus-
tive list of various estimates of the LSW rate, depending on the method

Hydrographic data-based approach

used. Hydrographic data-based approaches, for example, yield a total

1976
1988-1997
1990-1997

1970-1990
1970-1990
1970-1997

1980-1997
1960-1999

1980-1986
1985-2002

water mass transformation of 2 Sv for the years 1990-1997 using repeated
cross sections of the World Ocean Circulation Experiment (WOCE)
(Pickart & Spall, 2007). Based on CFC inventories, Smethie and Fine
(2001) found 2.2 Sv for ULSW and 7.4 Sv for CLSW for the 1970-1990 time
period. As the deep convection is driven by buoyancy, air sea flux-related
methods are commonly used to determine the water mass formation in
the North Atlantic Ocean (Khatiwala et al., 2002; Marsh, 2000; Speer et al.,
1995; Wright, 1972). Marsh (2000) obtained a time series of the production
rate of intermediate water (LSW) using a global air-sea heat and
freshwater flux climatology. The author found a mean of 3.4 Sv for the
1980-1997 time period, with a maximum rate of 10 Sv in 1990 with a high
NAO index. Based on surface hydrographic fields and NCEP-NCAR rea-
nalysis fluxes, Myers and Donnelly (2008) found a mean long-term trans-

Clarke and Gascard (1983)
Rhein et al. (2002)
Pickart and Spall (2007)

Smethie and Fine (2001)
Smethie and Fine (2001)
Kieke et al. (2006)

Marsh (2000)
Myers and Donnelly (2008)

McCartney and Talley (1984)
Mauritzen and Hakkinen (1999)
Marsh et al. (2005)

formation of 2.1 + 0.2 to 3.9 + 0.3 Sv. One discrepancy with air sea fluxes
based methods is that physical processes, for example, the mixed layer (ML) processes, are not represented
and lack of ocean surface data may lead to underestimated rates. From a different view, numerical studies
tend to take into account additional features, such as advection and mixing processes (Boning et al., 1996;
Worthington, 1976). McCartney and Talley (1984) used a box model to estimate the conversion rate in the
Northern North Atlantic Ocean. They estimated the production of LSW at 8.6 Sv, which is in agreement with
the estimation of 8-9 Sv by Mauritzen and Hékkinen (1999). A major assumption made in determining the
transformation rate of the LSW is to assume that the LSW from the previous years is totally distributed in the
SPG. This is clearly not the case as deep convection acts on the previously formed LSW (Lazier et al., 2002;
Yashayaev & Loder, 2016). This assumption leads to an overestimation of the annual transformation rate.
Brandt et al. (2007) have investigated the transformation and export of the newly ventilated LSW and have
found a transformation rate of 6.8 Sv.

A different approach calculating the subduction rate has been widely used to quantify the transfer of water
from the ML to the stratified thermocline (Cushman-Roisin, 1987; Da Costa et al., 2005; Marshall et al., 1993;
Williams, 2001). For example, Da Costa et al. (2005) used this approach to quantify the water mass subduc-
tion rates in the North Atlantic Ocean subtropical gyre in a high-resolution numerical model and found a
total of 12.2 Sv for the subduction rate for the subtropical mode waters (26.2-26.6 kg m™>). In this present
work, we use an eddy-permitting, 1/12° regional configuration of the Nucleus for European Modelling of
the Ocean (NEMO) model to examine water mass subduction rates in the LS. Similarly to Da Costa et al.
(2005), we use an instantaneous kinematic subduction approach to calculate the vertical transport of a water
mass from the ML into the permanent thermocline over the course of a year. This method has the advantage
to consider the direct interaction of the ML and the interior of the ocean, by considering vertical and lateral
exchanges through the ML base. Combined with model output, it allows to calculate the subduction rate
over large areas. The disadvantage is that, like many others, this method accumulates the remaining LSW
from previous years. Both method and model are described in section 2. In section 3.1, we examine the
impact of the MLD, while the formation rates for ULSW and CLSW will be discussed in section 3.2. The var-
ious terms defined in the approach will be presented in section 3.3, and the concluding remarks in section 4.

2. Method and Data
2.1. Numerical Model

The NEMO numerical framework Version 3.4 (Madec, 2008) is used with the Arctic and Northern
Hemisphere Atlantic (ANHA) configuration, with a 1/12° resolution (ANHA12). The ANHA12 configura-
tion is a subdomain of the global ORCA12 mesh. It covers the Arctic and the North Atlantic Ocean down
to 20° S, including the Mediterranean Sea. The model is a three-dimensional (3-D) numerical model cou-
pling a primitive-equation ocean generation circulation model with a dynamic-thermodynamic sea ice
model, the Louvain-la-Neuve sea ice model LIM2 (Fichefet & Maqueda, 1997), with an Elastic Viscous

39 Sv LSW
4.4-5.6 Sv LSW
2 Sv LSW
CFC inventories
2.2 Sv ULSW
7.4 Sv CLSW
3.2-3.3Sv ULSW
Air sea flux
3.4 Sv LSW
2.1-3.9 Sv LSW
Numerical Studies
8.6 Sv LSW
8-9 Sv LSW
7 Sv LSW
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Figure 2. Comparison of the temperature (top) and salinity (bottom) along the AR7 Wsection, for both model fields (left) and Argo data (right) (2004-2016).

Plastic ice rheology (Hunke & Dukowicz, 1997). The experiment output used here was from January 2002 to
December 2013, with 5-day output. The initial and open boundary conditions are taken from Global Ocean
Reanalyses and Simulations (GLORYS) data set (Ferry et al., 2010), from GLORYS2v3. The hourly 33 km
resolution atmospheric forcing comes from the Canadian meteorological centre Global deterministic
prediction system ReForecast (CGRF Smith et al., 2014). Runoff is interannual monthly runoff, based on
Dai and Trenberth Global River Flow and Continental Discharge Dataset (up to 2007) (Dai & Trenberth,
2002; Dai et al., 2009), including Greenland melt data up to 2010 from Bamber et al. (2012). We use
repeating perpetual years to complete the missing years.

The ocean module contains the vertical mixing, parametrized by a Turbulent Kinetic Energy closure
scheme. The vertical eddy viscosity and diffusivity are set to 1 x 10”*m?* ™" and 1 x 10> m?s™*, respectively.
There is no temperature and salinity restoring in this simulation, in order to let the model freely evolve
through time and therefore to better understand its limitations. The vertical mesh is defined by 50 levels.
The first 22 levels span the first 100 m, smoothly increasing from 1.05 m at the surface to 15.8 m thick for
the 22nd level (92.3 m). The thickness of each level continues to increase gradually, to reach 458.39 m thick
for the last level at 5,728 m. The horizontal resolution spans 1.9 km in Dease Strait (northern Canada) to
9.3 km at the equator, with a resolution around 5 km in the LS. The large eddies and rings shed from the
WGC, typically with a radius of greater than 10 km (de Jong et al., 2014; Gelderloos et al., 2011; Lilly et al.,
2003), can thus be generally resolved by the model.

2.2. Model Evaluation

The given model configuration ANHA12 has previously been used to study processes in the Canadian Arctic
(e.g., Hughes et al., 2017, 2018), where mixing and sea ice were well represented, as well as volume and
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Figure 3. Comparison of the model MLDs (in pink) with the Argo mixed layer depths (black dots) in meters, within the interior of the Labrador Sea. Two areas
are considered: a small region showing the interior Labrador Sea (top) and a larger one based on the 1,000 misobaths (bottom).

freshwater exports to the LS (Grivault et al., 2018). Pennelly et al. (2019) used the same experiment as ours to
examine cross-shelf freshwater exchange into the interior of the LS. They compared model current speed
with geostrophic current speed derived from AVISO data, averaged over 2002-2013 (Pennelly et al., 2019).
The authors found a good correspondence with the fast boundary currents along the shelf break and a
more quiescent interior. The simulation produces slightly faster boundary currents, although the satellite
product has greater variability.

We compared temperature and salinity along the AR7W section, considering both model fields and Argo
data (Figure 2). To plot temperature/salinity sections with Argo data, we selected profiles found in the
Labrador Sea with a quality control (QC) flag on pressure, temperature, and salinity set to 1, 2, or 5 to 8,
which are considered as good data. We used all Argo profiles available with these flags for the period
January 2004 to December 2013. Temperature and salinity were then interpolated onto a regular depth axis
going from the surface down to 2n000 m with a 5 m resolution. We, then, created a regular axis along the
AR7W section with a 0.1° resolution to map the Argo data along this section. At each depth, grid point map-
ping was limited to a 0.5° radius disk containing at least 10 points. Argo data contained in this disk were
averaged, and the value was assigned to the corresponding coordinate and depth along the AR7W section.
Model fields were linearly interpolated from the model grid onto the same AR7W grid, also averaged over
January 2004 to December 2013.

As the Argo floats are constrained to the deeper parts of the basin, the shelves are not clearly resolved in the
observed figures. However, both the model and observations do represent cold and fresh boundary currents,
with similar fronts at the shelf break. There is a greater penetration of surface heating in the model.
Low-salinity water does not extend all the way across the section at the surface. This is a limitation in the
model, which impacts the stratification and, hence, the strength of convection. Along the shelf break of
the WGC, the warm and salty Irminger Water can be seen. It is too warm and salty in the model, as well
as extending to a too great depth (up to 1,200 m, cf. 800 m with Argo data). This is a common issue in numer-
ical models of this region (e.g., Rattan et al., 2010). The presence of excess Irminger Water in the model will
translate into excess water flowing south offshore of the LC. This results in a model drift in the interior of the
LS, leading to an excessively warm and salty basin. The resulting MLD is not as impacted as expected due to a
temperature-salinity compensation providing reasonable MLD as explained in Courtois et al. (2017).

We next compared the model Mixed Layer Depths (MLDs) with ML depths estimated from Argo, within the
interior of the LS (Figure 3). We defined two regions, a larger one based on the 1,000 m isobaths (and the
AR7W section) and a smaller one, consistent with the interior LS mask used by Yashayaev and Loder
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Figure 4. Schematic showing the MLDg obtained with our fitting method on temperature and salinity profiles (the fittings are shown in red). The MLD,,
provided in the suite of outputs is based on a density criterion of 0.01 kg m?>. This situation is mainly seen during deep convection, when temperature and

salinity compensate each other.

(2016). We thus compared the average model MLD (calculated via density criteria) within each mask with
the MLD determined from all available Argo profiles within each masked region. The Argo MLD is
computed using the scheme of Holte and Talley (2009). In general, the model effectively captures the
interannual variability of the observed Argo-based MLDs. Despite the property drift highlighted above,
the model does not necessarily overestimates the observed MLDs. However, the model does generally
have a broader region of deep MLs than is understood from observations (consistent with many such
modelling studies). Given the generally good correspondence between the model and the observations in
terms of MLD, especially in terms of seasonal and interannual variability, we think the model is thus a
reasonable tool to use for our study of kinematic subduction of LSW.

2.3. Mixed Layer Depth

The diagnostic MLD provided in the suite of model outputs is calculated using a traditional density differ-
ence criterion of 0.01 kg m~>. In our previous work (Courtois et al., 2017), we have shown that this latter
MLD was overestimated during strong deep convection events, due to temperature-salinity compensation.
To overcome this discrepancy, we have developed an algorithm, originally based on observational data
(Holte & Talley, 2009), which determines the MLD as the intersection of two fittings, one fitting on the
ML and the other one on the layer underneath, on temperature and salinity profiles. If the MLD found is
shallower than the diagnostic MLD provided by the model (MLDj,), then the new MLD (MLDrg) is recorded.
Figure 4 shows a schematic of temperature, salinity, and density profiles, where both MLDs are represented.

In Courtois et al. (2017), we compared the MLDs obtained with both methods, the traditional density differ-
ence criterion of 0.01 kg m™ and our fitting method, both spatially and temporally. We found that MLDs
obtained with our approach were more realistic than those obtained with traditional density difference,
through the whole model experiment (2002-2011). We compared MLDs from both methods with observa-
tional MLDs from Argo data for the winter 2008. The maximum MLD with Argo float was around
1,680 m in winter 2008. The MLDs from the density-based method exceeds 2,500 m for the entire
Labrador basin, with a maximum reaching the bottom topography. Our approach showed maximum
MLDs around 2,200 m. Further details regarding the method and its validation can be found in Courtois et al.
(2017). In the result section, the subduction rate of the LSW will be shown for both MLDs, one from the
model output based on density criterion and the other from the fitting method. We chose to present both
approaches, because of the important role of the MLD in deep convection, and to answer the question of
the impact of an overestimated MLD in our calculations.
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right-hand side for the subduction [obduction] process). (b) Schematic representing the mixed layer with all the associated terms from Equation 3. The formal
definition of suduction applies to fluid that “escapes” the mixed layer to reach the permanent pycnocline. Under a repeating seasonal cycle, a subducting
parcel needs to move laterally or vertically (deeper) to a location where the winter mixed layer depth deepens to a lesser extent in the following winter.

oh
The instantaneous ML <a> is shown in green, the advective terms (v - Vh) that represent fluid crossing the laterally sloping ML base are shown in red, and the

term based on the vertical velocity (wp) is shown in blue. The instantaneous mixed layer density (o) is in purple and corresponds to the ULSW and CLSW,
defined between 27.68 and 27.74 kg m™>, and 27.74 and 27.82 kg m™3, respectively (Kieke et al., 2006). The integration over time (7) is shown in orange. The area
A on which the subduction rate is calculated is between 52° N to 67° N in latitude and 65° W to 45° W in longitude (cf. black rectangle in Figure 1).

2.4. Subduction Rate Approach

Detrainment (entrainment) is, by definition, the process of a water parcel leaving (entering) the ML tem-
porarily. The instantaneous detrainment rate D is defined as the downward velocity of a parcel of water rela-
tive to the base of the ML (Cushman-Roisin, 1987; Nurser & Marshall, 1991):

@

D=-w,——
b Dtv

—h
where wy, = w, —Jﬁc 50 vdz, h is the thickness of the ML, w, is the Ekman pumping velocity, fis the Coriolis

parameter, § is the beta plane, and v the horizontal velocity at the base of the ML. This modified Ekman
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Figure 6. As a function of the potential density (kg m™>), for the 2002-2013
period, we have the mean annual subduction rate S in (a), the seasonal
subduction rate S for the restratification period in (b), and the ML deepening
period in (c). The units are in Sverdrup (1 Sv = 10 m® s_l). Calculations
using MLDj; are shown in blue, while those using MLD g are shown in red.
The associated shades correspond to the standard error. The vertical dashed
lines correspond to the density range of the ULSW and CLSW.

W
pumping velocity, wy, takes into account the vertical changes (jl—z) at the

base of the ML according to the linear vorticity balance (Marshall et al.,
1993). The second term on the right-hand side of Equation 1 is the
Lagrangian derivative following the horizontal area relative to the base
of the instantaneous ML:

DBt = % +v-V. )
The transfer of fluid leaving (or entering) permanently the ML over a sea-
sonal cycle is called subduction (obduction) (Williams, 2001). While con-
vection occurs in few places in the world, ventilating the deep ocean,
subduction is a more ubiquitous process, which ventilates the upper layer
of the ocean (Williams, 2001). Figure 5a is a schematic of the
subduction/obduction process. During summer (top of Figure 5a), the
MLD becomes shallower as the surface layer warms up and the water col-
umn becomes more stratified. The parcel of water (shown as a gray square
in Figure 5a) virtually crosses the MLD and is thus subducted. In winter
(bottom of Figure 5a), the MLD deepens as the convection process occurs
and the parcel of water is finally obducted. In order to evaluate the sub-
duction rate S, the detrainment rate D is integrated over a control volume
between outcropping isopycnals with density o and o+dc and over a year ¢
(Da Costa et al., 2005):

—1 ¢t oh
S(on) =7§0§A5 W JraJrV'Vh dAdt, 3)

where A, is the outcrop area defined as A (t)=[x:0 < gy (x, t) < 0 + &0,
with o, the instantaneous ML density, with 8o being 0.02 kgm™.
Figure 5b shows a schematic of the ML where each term of
Equation 3 is represented. The formal definition of suduction applies
to fluid that “escapes” the ML to reach the permanent pycnocline.
Under a repeating seasonal cycle, a subducting parcel needs to move lat-
erally or vertically (deeper) to a location where the winter ML depth dee-
pens to a lesser extent in the following winter. Both ULSW and CLSW
are defined with a density of 27.68-27.74 kg m™> and 27.74-27.82
kg m™, respectively. The integration over time discounts all fluid
trapped in the seasonal thermocline. The negative sign from
Equation 3 defines the subduction process to be positive (S>0) and the
obduction to be negative (S<0).

3. Subduction Rate

The subduction rate has been calculated for the two different MLDs
mentioned above (MLD,; and MLDys) and is presented in section 3.1.

Sections 3.2 and 3.3 show the subduction rates for the upper (27.68-27.74 kg m™>) and classical
(27.74- 27.82 kg m™>) LSWs, and for the different components of Equation 3, respectively.

3.1. Impact of MLD Definitions on Subduction Rates

This section shows the impact of the methods used to calculate the MLD over the subduction rate calcula-
tion. Figure 6a shows the annual mean subduction rate S in Sverdrup as a function of the potential density
from 27 to 28 kg m™>. Up to the density of 27.5 kg m™>, no major difference can be seen between the two
methods. Although quantitatively different from 27.52 to 27.82 kg m™>, both results show similar trends.
A net obduction of —0.23 Sv + 0.03 Sv (red) and —0.17 Sv + 0.02 Sv (blue) is evidenced at 27.6 kg m™ for
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Figure 7. Seasonal net subduction rate S cumulated over the two LSW
density classes (27.68-27.82 kg m™>) for the restratification (solid line)
and the ML deepening (dash line) periods in (a). Net subduction rate S
cumulated over the two density classes (27.68-27.82 kg mfs), from January
to December (b) and from July to June (c). Calculations using MLD,, are
shown in blue, while those using MLDtg are shown in red. The light color

in (c) shows the subduction rates calculated on partial years.

both methods, followed by subduction for the two LSW classes. The
fitting-based approach (red) results in two maxima at 27.70 kg m™2 (0.50
Sv + 0.15 Sv) and 27.76 kg m™~> (0.72 Sv + 0.11 Sv), while a maximum of
0.87 Sv + 0.17 Sv is obtained at 27.76 kg m™> for the MLD,based
approach (blue).

Another approach is to decompose Figure 6a into two distinct periods: the
restratification period from April to September of the same year
(Figure 6b) and the ML deepening period from October to March of two
consecutive years (Figure 6¢). We can see similar trends for both periods.
Subduction rates based on MLD,, are approximately double the subduc-
tion rates based on MLDyg. For the MLD,,based approach, up to
—2.7 Sv + 0.4 Sv is obducted during the ML deepening period at 27.74
kg m™>, while 3.7 Sv + 0.4 Sv is subducted (27.74 kg m™>) during the
restratification period. The total net subduction is, then, of
1 Sv + 0.56 Sv with the density threshold method (MLD,,, in blue).
During the ML deepening period of the MLD experiment (red), around
—0.7 SV + 0.24 Sv of LSW reaching 27.76 kg m™> is obducted, while during
the restratification period, around 2.2 Sv + 0.3 Sv is subducted at the same
density. A total of 1.5 Sv + 0.38 Sv net subduction is obtained at the density
27.76 kg m™>, for the fitting method (MLD7g, in red). The conversion from
seasonal (cf. Figure 6b or 6¢) to annual rate (cf. Figure 6a) is not the sum of
the seasonal rates (at 27.76 kg m~3, S, = 0.7Svand Sgqs = 2.2-0.7=1.5
Sv). Indeed, the annual rate is the mean of 12 sums (12 years) of 73 calcu-
lations (365 days/5-day input data = 73 output files), while the seasonal
rate is the mean (over 12 years) of 12 sums of 31 (or 32) calculations
(6 months). This is simply to say that the sum of means is not the mean
of the whole data. To approximate the annual rate, we can average the
seasonal rates, such as S;;,,~0.5 X (Squm + Swin)-

The seasonal net subduction rate S cumulated over the LSW density
classes (27.68-27.82 kg m™>) is presented in Figure 7a. As the diagnostic
MLD,, is overestimated during deep convection event (Courtois et al.,
2017), we can assume that both obduction and subduction are overesti-
mated with S based on MLD,, (seen in blue), compared to S based on
MLDrs (red) (c.f. Equation 3). Maximum subduction rate of 35.5 Sv was
obtained using the MLD,, method for summer 2008, which is 12.7 Sv lar-
ger than S calculated with MLDrg (22.8 Sv). For the ML deepening period,
the maximum obduction rates for winter 2009 are —29.4 and —14.3 Sv, for
MLD),; and MLDrs, respectively. The rate S with MLD,, is 15.1 Sv larger
than S with MLDrs. Figure 7a includes the water mass conversion from
one density bin to the next; that is, any density changes in the water mass
during the same year will be multiply counted.

The total annual net subduction rate, cumulated over the two density
classes (27.68-27.82 kg m™>), is shown in Figure 7b for an average from

January to December of the same year, and in Figure 7c from July to June of two consecutive years. Our deci-

sion to show both Figures came from our interest in the impact of the time period on which the subduction

rate was calculated. In the first case (January to December), winter is divided into two distinct periods, iso-

lating the preconditioning process in the previous year, while keeping the deep convection in the present

year. We, thus, considered a year from July to June, keeping the winter season in one part, but not summer.

In both cases, the transition between winter and spring, characterizing the restratification period (important

feature in the subduction rate), remains in the same year. Straneo (2006), who studied the seasonal variabil-

ity in the transport of heat and salt through the interior of the LS, indirectly confirmed our choices. Overall,
in Figure 7, both rates based on MLD,, and MLDrs show similar pattern. Figure 7b shows an average
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Figure 8. Seasonal net subduction rate S of the ULSW (blue) and CLSW
(red) for the restratification (a) and ML deepening (b) periods. The thick
gray line represents the total seasonal net subduction for both LSWs.

The net subduction rate S of the ULSW (blue) and CLSW (red)

from January to December is shown in (c), and from July to June of two
consecutive years in (d). The thick gray line represents the total net
subduction for both LSWs. The light color in (d) shows the subduction rate
calculated over partial years.

subduction rate of 4-4.5 Sv until 2007, followed by a decrease and a pla-
teau around 2.5-3 Sv from 2010. As previously mentioned, Figure 7b
has the disadvantage to average the net result by considering two different
winters, the one at the beginning of the year and the one at the end of the
year. Therefore, the net subduction rate for the 2008 event is partly seen in
2007. Similarly to Figure 7b, the rate S in Figure 7c is around 4 to 5 Sv until
2008, followed by a decrease and a plateau around 3 Sv. The first (2002)
and last (2014) data in light color must be carefully considered as the rate
is calculated on partial years. A larger variability (—1 to 6 Sv) is visible in
Figure 7c. This is more representative, as full winter is considered, with-
out averaging two different winters as it is the case in Figure 7b. Both
Figures 7b and 7c do not show a higher rate in 2008, despite the presence
of deep convection in the model (Courtois et al., 2017). This is explained
by the fact that the obduction and subduction processes cancel out each
other as seen in Figure 7a.

Finally, the subduction rates calculated with different MLDs do not differ
greatly (see Figure 7), over a seasonal cycle, for the two processes (obduc-
tion and subduction) to balance each other. The large difference seen on
the subduction rates between the two MLD experiments is evidenced on
a short seasonal scale (cf. Figure 6). In the following sections, the subduc-
tion rate S is calculated with the MLDg only (Courtois et al., 2017).

3.2. Subduction Rates of LSWs

Figure 8 shows the net subduction rate for the restratification (a) and ML
deepening (b) periods for ULSW (blue) and CLSW (red). A decrease from
10 Sv (2002) to 1 Sv (2013) is clearly shown during the restratification per-
iod (a) for ULSW. This trend is also visible during the ML deepening per-
iod (b) with two minima in 2003 (—8 Sv) and 2008 (—5 Sv) to finally
oscillates around 0 Sv at the end of the simulation. Regarding CLSW, a
maximum (minimum) of 20 Sv (=10 Sv) is reached in summer 2008 (win-
ter 2009). This large production of CLSW is in agreement with the 2008
deep convection event mentioned by several studies (Vage et al., 2009;
Yashayaev & Loder, 2009). A shift is observed in the LSW density, where
the total produced water mass becomes denser. This can be explained by
an increase of the salinity field in the model. Figure 9 illustrates the poten-
tial density associated with the maximum subduction rate during the
restratification period. Although starting at 27.7 kg m™>, which corre-
sponds to the ULSW, the density reaches a plateau between the two water
masses (27.74 kg m™>) until 2006, where it increases up to 27.8 kg m~3,
corresponding to the CLSW.

Figure 8 also presents the annual net subduction rate S from January to
December (c) and from July to June of two consecutive years (d). Both
Figures 8c and 8d share similarities, with a subduction rate around 2 Sv
up to 2006 for both water masses. From 2007, the ULSW subduction rate,
in Figures 8c and 8d, decreases drastically in favor of the CLSW subduc-
tion rate, reaching 5.5 Sv (6 Sv) in 2008. After 2010, CLSW has an average
subduction rate of 2-3 Sv, while ULSW average subduction rate is around
0.5 Sv. It is worth noting that both Figures 8c and 8d capture the deep con-

vection events of 2003, 2008, and 2012 (Yashayaev & Loder, 2016). The means and standard deviations of the
subduction rate of the total LSW (27.68-27.82 kgm ™) are 3.72 Sv + 1.25 Sv in Figure 8c and 3.78 Sv + 0.85 Sv
in Figure 8d. By comparing only the LSW formation rate, and not the methods used, nor the period consid-
ered, these values are in good agreement with previous studies (see Table 1), such as Marsh (2000) (3.9 Sv),
Kieke et al. (2006) (3.2-3.3 Sv), or Myers and Donnelly (2008) (2.1-3.9 Sv). However, these values are smaller
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than those in Mauritzen and Hikkinen (1999) (8-9 Sv) or Marsh et al.
(2005) (7 Sv). Regarding each water mass, the means and standard devia-
tions are 1.16 Sv + 1.61 Sv for ULSW and 2.6 Sv + 1.36 Sv for CLSW, in
Figure 8c, and 0.9 Sv + 1.4 Sv for ULSW and 2.8 Sv + 1.3 Sv for CLSW,
in Figure 8d. The latter results (Figure 8d) were calculated over the full
year data, that is, 2002 and 2014 were not taken into account. The low
values for ULSW come from its disappearance through the simulation,
which can be inferred by the change in the salinity field. The values for
the CLSW (2.6-2.8 Sv + 1.3 Sv) remains smaller than other studies, such
as Smethie and Fine (2001) (7.4 Sv).

The reason why Figures 8c and 8d are similar is that Equation 3 captures
the transition between March and April, in both cases. This is a crucial
transition, as this period captures the subduction process (see
Figure 5a). The absence of CLSW in 2002 is due to the incomplete cooling

process as the model starts in January 2002. This implies less mixing and thus shallower MLs, where no
CLSW could be produced. The anticorrelation observed between both LSW classes is in agreement with
the observations (Kieke et al., 2006), where one water mass is predominant on the other.

3.3. Decomposition of the Subduction Rate

oh
In the present section, the subduction rate for the different components (wp, —, Vuh, and Vvh) of Equation 3

ot’

is studied and presented. It is relevant to note that we computed v - Vh as Vv h, taking advantage of the
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Figure 10. Vertical velocity wy, (a), instantaneous ML — (b), zonal advective term (Vuh) (c), and meridional advective term (Vvh) (d), for 5 January 2008 model
output. The units are in m s~ L. Positive rate S (in red) shows the subduction process (positive downward).
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output. The units are in m sL. Positive rate S (in red) shows the subduction process (positive downward).

divergence being zero, and thus with Vuh and Vvh representing, respectively, the zonal and meridional
components of the advection through the sloping base of the ML. Figures 10 and 11 show the four compo-
nents (m s~ ') constituting the subduction rate across winter time of the 2008 model outputs: 5 January
and 16 March, respectively. The choice of the model outputs was carefully chosen to show different stages
of the subduction process. First, we notice that the vertical component w, (first line) is 2 orders of magnitude
smaller than the other components. In January, we obtain a negative subduction rate (blue) from the instan-
taneous ML at the center of the LS (Figure 10b), surrounded by positive subduction rate (red) along the
boundary currents. Negative subduction rate, that is, obduction process seen in blue, occurs mainly during
the winter period (January to March). As the MLD deepens, a fixed water cell will cross the MLD in the
upward direction (cf. Figure 5a). In April, the subduction process is predominant (not shown), and from
May, the ML displacement tends to stabilise. The horizontal advective terms remain localized along the
boundary currents in January when the ML is still shallow (Figures 10c and 10d) but fill the basin in

oh
March (Figures 11c and 11d). Similarly to a the advective terms almost disappear by May.

h
The sum of the four components (wy, %t’ Vuh, and Vvh) is presented in Figure 12, for 2004 (left) and 2008

(right). We can see a predominance of the advective terms along the boundary currents in January for both
years (first line), with deep convection at the center of LS for 2008 (deepening of the MLD; blue area in
Figure 12b). In March, the lateral exchange across the ML occurs at the center of LS, but it disappeared along
the boundary currents for 2008 (Figure 12d). In April, a few locations of obduction (blue) are still visible in
2004 (Figure 12e), while subduction (red) has now taken place in April 2008 (Figure 12f). By averaging each
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component over the first 3 months of winter (January, February, and March), we can observe predominant
features of a component across winter (see Figures 13 and 14). The contribution of the vertical component
(Figures 13a and 14a) is emphasized at the continental shelves, where the vertical scale becomes more
important compared to the horizontal scales. Although the vertical velocity term is small, it clearly shows
the link to vertical flow into and out of the ML associated with the boundary currents and topography.
The instantaneous ML change is of a lower order when averaged over 3 months (Figures 13b and 14b).
This is expected as the convection process is associated with intermittent MLD changes. This
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downward).

3 (b), the horizontal advective terms Vuh (c), and Vvh (d). Positive rate S (in red) shows the subduction process (positive

instantaneous ML change is the most important term on the large scale and thus shows where the MLD is
deepening/shallowing, and consequently the obducting/subducting fluid. Areas of deep convection
(obduction process) can be observed in blue, in March 2004 (Figure 13b) and March 2008 (Figure 14b),
surrounded by subduction process (red) along the boundary currents. The average of the advective terms
shows that advection occurs majorly along the boundary currents (Figures 13c, 14c, 13d, and 14d).
Although Equation 3 does not provide one with the source of the lateral exchange, we can only speculate
that the lateral exchange along the boundary currents could initiate the process of restratification taking
place in April. Chanut et al. (2008) show that boundary current eddies convey heat flux from the

boundary currents at a sufficient rate to counteract air-sea buoyancy loss, enhancing the restratification
throughout the water column.

The previous figures describe every component on a spatial scale. Next, the annual mean subduction rate for
the four components as a function of the potential density is quantitatively shown in Figure 15. The obduc-
tion rate of the vertical velocity (in black) does not exceed —35 mSv (at 27.70 kg m ™). The rate for the instan-

oh
taneous ML (E in blue) reaches 0.25 Sv at 27.68 kg m™>, increasing up to 0.45 Sv at 27.74 kg m> and 0.48 Sv

at 27.78 kg m™>. The total horizontal advection (in red) depicts a sawtooth-like variation of the subduction
rate. With an obduction of —0.085 Sv for the light water mass (at 27.54 kg m™>), the subduction rate shows
two major peaks at 27.70 kg m™> with 0.25 Sv and at 27.76-27.80 kg m ™ with 0.28 Sv. By decomposing the
advective term into zonal and meridional terms, up to 2 Sv (=2 Sv) is subducted (obducted) for Vvh (Vuh) at
27.72 kg m ™. Despite large advective terms (Vvh and Vuh), they balance each other on very small scale.
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advective terms Vuh and Vvh in pink and gray, respectively. The sum of the

latter terms is in red. For sake of clarity, the standard error is only shown for

oh . . . . .
Wp, ar and the total advective term, with their associated color. The vertical

dashed lines limit the density of the two LSW classes (ULSW and CLSW).

Associated with small-scale MLD variations, the advection is still
responsible for almost half of the net subduction at maximum densities.

Figures 16a and 16b show the annual mean of the subduction rate from
January to December for the components of Equation 3 over the two
LSW classes (27.68-27.82 kg m™>). The rate of the vertical velocity seen
in black does not exceed —0.3 Sv on average (—0.32 Sv in 2009). The
instantaneous ML term (seen in blue) shows an average subduction rate
of 3.1 Sv + 0.4 Sv up to 2008 and a slight decrease for the rest of the simu-
lation, with a minimum of 1.5 and 1.25 Sv, in 2010 and 2013, respectively.
The two advective terms, seen in Figure 16b, show two maxima in 2007
and 2009. Up to —12.2 Sv (in 2007) and —10.1 Sv (in 2009) are obducted
for the meridional term Vuh, while 14.2 Sv (in 2007) and 11.2 Sv (in
2009) are subducted for the zonal term Vvh. This leads to a maxima of
the total water mass advected through the ML of 2 Sv in 2007. The mean
of each term over the 12 years of simulation is —161 mSv + 96 mSv for the

oh
vertical component, 2.60 Sv + 0.76 Sv for theaterm, and 1.32Sv +0.33 Sv

for the advective term (—6.50 Sv + 3.28 Svand 7.89 Sv + 3.4 Sv for the mer-
idional and zonal advective terms, respectively).
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Figure 16. Components of the subduction rate cumulated over the two density classes (27.68-27.82 kg m73) as a function of time (year), from January to

oh
December (a). The vertical velocity wy, is shown in black, the instantaneous ML a in blue, and the horizontal advective terms Vuh and Vvh in pink and gray,

respectively. The sum of the latter terms is in red. Panel (b) is panel (a) without the meridional and zonal terms (dashed lines). In (c) and (d), components of the
subduction rate for each density class (c: 27.68-27.74 kg m_3; d: 27.74-27.82 kg m_3) as a function of time (year), from January to December.
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Figures 16¢ and 16d are the decomposition of Figures 16a and 16b for the two LSWs, such as the annual
mean subduction rates for 27.68-27.74 kg m™>, and 27.74-27.82 kg m > are seen in Figures 16¢ and
16d, respectively. The most striking feature of Figure 16 is the decrease of S for the two major components

oh
(5 in blue and the total of the advective terms in red) for the ULSW (Figure 16c), in contrast to the increase

of these terms in Figure 16d for the CLSW. The instantaneous ML term for the CLSW reaches a maximum of
4 Svin 2008, and the total advective term increases up to 1.5 Sv. Once again, the three major deep convection
events stated by Yashayaev and Loder (2016) are visible in Figure 16d (2003, 2008, and 2012). The mean of

oh
the a term is 1.75 Sv + 1.2 Sv for the CLSW (cf. Figure 16d), while it is 1.1 Sv + 1.3 Sv for the ULSW

(Figure 16c). It is worth noting that despite large meridional (—10 Sv in 2007) and zonal (10 Sv in 2007)
advective terms for the ULSW, the total term is smaller than 1 Sv (mean: 0.4 Sv + 0.6 Sv). In contrast, both
advective terms for the CLSW vary between —4 and 5 Sv, but the total shows a net subduction rate of
1 Sv + 0.5 Sv. This highligts the stronger advection in the upper layer.

4. Summary and Discussion

As discussed in section 1, the LS is one of the few places where deep convection takes place, allowing gas and
heat exchanges between the atmosphere and the deep ocean. This results in LSW, a cold and fresh water
mass produced by winter convection. With formation driven by strong winter heat fluxes, and impacted
by freshwater input and stratification, highly variable formation rates, for different modes of LSW, have been
estimated from many studies. This variability is a function both of the interannual variability impacting the
system, but also from many uncertainties and aspect of the different approaches used (briefly summarized in
section 1). Given questions about the role of LSW formation in AMOC, with OSNAP having goals of quan-
tifying this linkage, it is important to have quantitative and robust measures to estimate LSW formation rates
in a consistent manner, especially for the models that are used to look at the longer timescales and system
interlinkage. So we have gone back to the works of Cushman-Roisin (1987), Da Costa et al. (2005),
Marshall et al. (1993), and Williams (2001) to examine and quantify LSW formation, using an instantaneous
kinematic subduction rate approach. The advantages of this approach is to consider the direct interaction of
the ML and the interior of the ocean, by considering vertical and lateral exchanges through the ML base. In
this present work, we carry out our analysis of the subduction rate of LSW, using a 1/12° NEMO regional
model configuration integrated from 2002 to 2013. We first consider the impact of the MLD definition on
the subduction rate. We used two different MLDs, one provided by the suite of model diagnostic output
MLD,, and the other calculated from a fitting method over temperature and salinity profiles (MLDrg)
(Courtois et al., 2017). Although the MLD plays an important role in the calculation of the subduction rate,
especially during the deep convection events, there was no major difference on the annual-mean subduction
between these two MLDs. This was explained by the subduction-obduction processes balancing out over an
annual timescale. This is an important result related to using this approach to estimate subduction and water
formation in numerical models. Given that most models overestimate the ML depth in the LS (as discussed
in Courtois et al., 2017), this suggests that the models might still be able to provide more correct water for-
mation rates even when their ML is too deep.

oh
We examined each term of the subduction process (Equation 3): the instantaneous ML term (E) , the

advective through the sloping base of the ML terms (Vuh, and Vvh), and the vertical velocity term (wp).
They all impact the subduction rate differently, depending on the time of the year and the location in the
LS. The vertical velocity is very small and, with a magnitude less than 0.1 Sv, plays only a very small role
in the overall annual subduction process. In fact, this term is associated with net obduction (Figure 15), con-
sistent with broad upwelling over the subpolar gyre interior (Figures 13 and 14). Positive values of subduc-
tion associated with the vertical velocity term are generally found around the edge of the basin, linked to the
boundary currents and shelf, as well as south of Greenland (Figures , 10,13, and 14). This is consistent with
studies that indicate sinking associated with the AMOC is found near the boundary (e.g., Georgiou et al.,
2019; Katsman et al., 2018; Netherlands). Yet, given that the vertical velocity term is the smallest in the
annual subduction budget, it may be that while the actual sinking is important for the AMOC, it is of less
importance compared to vertical mixing and convection for subduction and ventilation.
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Obduction related to the deepening of the ML through early winter occurs in the gyre interior in a broad area
throughout the interior of the basin (Figure 10b). During this early winter time period, the majority of the
subduction that is occurring is in the boundary currents (Figure 12). As deep convection reaches a maximum
through March, both the instantaneous ML term and the advective term act on much smaller scales related
to local changes in properties. This is consistent with observations that suggest MLD rapidly deepens and
shoals on short timescales (Koelling et al., 2017), varying greatly with location (Frajka-Williams et al.,
2014; Lilly et al., 1999). As the basin restratifies, strong obduction first occurs at the north and south edges
of the convection region prior to obduction in the central convective region in late April and May. The advec-
tive terms are very patchy with flow in and out of ML, partially cancelling out, although as a whole, these
terms contribute to the next subduction (Figure 15). Maximum subduction in Spring would be consistent
with Holte and Straneo (2017), who found the largest overturning in the LS also occurred in Spring, corre-
sponding to the outflow of recently formed LSW. Yashayaev and Loder (2016) also found that the LSW
reached its maximum volume at the end of winter (March to April—generally earlier in strong convection
winters) before decaying to a minimum early in the following winter.

The subduction rate for both MLDs was around 4-5 Sv up to 2008, followed by a decrease to 3 Sv (cf.
Figure 10a). The impact of the MLD was much more visible on a seasonal scale, where each process can
be clearly identified. We found that results with MLD,, can be twice as much as those obtained with
MLDys. Thus, it is at this timescale that model issues with ML depths will become apparent in their water
mass formation rates. Over the whole simulation (2002-2013), the results showed a decrease of the ULSW
production in favor of CLSW. The drift in the salinity field in the model impacts the resulting LSW density.
Both water masses have a subduction rate of 2-3 Sv up to 2008 (cf. Figure 14a). Then, 6 Sv of CLSW is sub-
ducted in 2008, compared to 1.5 Sv of obducted ULSW. After 2010, both classes are subducted with 2-3 Sv of
CLSW and less than 1 Sv of ULSW. The higher CLSW subduction rate found in 2003, 2008, and 2012 coin-
cides with the deep convection events mentioned by Yashayaev and Loder (2016). We note that larger sub-
duction rate during these years of strong deep convection events is associated with peaks in the
instantaneous ML depth term. Deeper MLs mean more water to restratify and subduct in these cold winters.
Our values regarding the total LSW production are comparable with the values found in the literature (e.g.,
Pickart & Spall, 2007, with 2 Sv; Myers & Donnelly, 2008, with 2.1-3.9 Sv).

There are still large differences in the literature between different estimates of mean long-term formation of
LSW. Circulation- and transformation-based estimates of LSW formation are generally smaller, in the 1.5-3.0
Sv range (e.g., Myers & Donnelly, 2008; Pickart & Spall, 2007). Tracer-based estimates that measure the ven-
tilation of LSW are generally larger, for example, 4.4-5.6 Sv for 1970-1997 (Rhein et al., 2002). Estimates from
these different approaches are not incompatible, even for the same year, as they measure different features.
Larger values for “seasonal” obduction/subduction are consistent with significant rates associated with tra-
cer ventilation and surface gas exchange. Yet because much of this water is just exchanged across the ML base
over the annual cycle, which is the key for tracer ventilation and gas take-up, the actual net subduction rate,
which is more important to the circulation and thus the MOC, is much smaller. Accordingly, Lozier et al.
(2019) showed a small overturning from their west LS section (from a 21-month observational time series
—OSNAP), despite strong convection in the LS. Despite that, our results of significant ventilation through
obduction show that the LS is still crucial to the global climate system, in terms of its important role in the
uptake of oxygen (Koelling et al., 2017) and anthropogenic carbon (e.g., Rhein et al., 2017).
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