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Key points

e The large majority of uNADW sourced from the Irminger Sea transits through the
Labrador Sea before reaching 26.5°N

e Interior pathways along the eastern flank of the Mid-Atlantic Ridge connect the Iceland
Basin and Rockall Trough to 26.5°N

e Though uNADW is mainly sourced in the eastern subpolar gyre, its transit in the
Labrador Sea is associated with further property changes

Abstract

Because new observations have revealed that the Labrador Sea is not the primary source for waters
in the lower limb of the Atlantic Meridional Overturning Circulation (AMOC) during the OSNAP
period, it seems timely to re-examine the traditional interpretation of pathways and property
variability for the AMOC lower limb from the subpolar gyre to 26.5°N. In order to better
understand these connections, Lagrangian experiments were conducted within an eddy-rich ocean
model to track upper North Atlantic Deep Water (uUNADW), defined by density, between the
OSNAP line and 26.5°N as well as within the Labrador Sea. The experiments reveal that 77% of
uNADW at 26.5°N is directly advected from the OSNAP West section along the boundary current
and interior pathways west of the Mid-Atlantic Ridge. More precisely, the Labrador Sea is a main
gateway for uNADW sourced from the Irminger Sea, while particles connecting OSNAP East to
26.5°N are exclusively advected from the Iceland Basin and Rockall Trough along the eastern
flank of the Mid-Atlantic Ridge. Although the pathways between OSNAP West and 26.5°N are
only associated with a net formation of 1.1 Sv into the uNADW layer, they show large density
changes within the layer. Similarly, as the particles transit through the Labrador Sea, they undergo
substantial freshening and cooling that contributes to further densification within the uNADW

layer.
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Plain Language Summary

The North Atlantic Deep Water (NADW) is a cold and fresh water mass formed at high latitudes
and advected southward across the North Atlantic as part of the Atlantic Meridional Overturning
Circulation (AMOC). The upper part of this water mass (UNADW) has long been considered to be
mainly formed in the Labrador Sea. However, new observations have revealed that the Labrador
Sea is not the primary source for uNADW, suggesting that the dense water observed at 26.5°N is
not necessarily related to Labrador Sea convection. Here, we perform Lagrangian experiments
between the subpolar gyre and 26.5°N within an eddy-rich ocean model to show that the Labrador
Sea is a main gateway for uNADW sourced from the Irminger Sea and is associated with large
property changes within the uNADW layer. Additionally, we reveal direct interior pathways
connecting uNADW sourced from the Iceland Basin and Rockall Trough to 26.5°N.

1. Introduction

For decades, the Labrador Sea was thought to be the primary source of deep water formed in the
subpolar North Atlantic (McCartney & Talley, 1982; Pickart et al., 2003; Rhein et al., 2002;
Straneo et al., 2003; Yashayaev et al., 2007) and carried equatorward via the deep limb of the
Atlantic Meridional Overturning Circulation (AMOC). However, observations from the
Overturning in the Subpolar North Atlantic Programme (OSNAP) have revealed that dense water
formed between the Greenland Scotland Ridge (GSR) and OSNAP East, the latter of which spans
a section from the Scottish shelf to the southeast tip of Greenland, contributes far more to the

AMOC lower limb than that formed in the Labrador Sea (Lozier et al., 2019).

More precisely, the Irminger and Iceland basins are one of the main sources of dense water formed
in the subpolar North Atlantic (Chafik & Rossby, 2019; Petit et al., 2020; Tooth et al., 2022).
There, warm and salty water from the subtropical gyre is transformed into cold dense water largely
via wintertime convection. Thus, the OSNAP results suggest that the dominant sources for the
AMOC lower limb are overflow water transported from the Nordic Seas through the GSR and
upper North Atlantic Deep Water (uUNADW) formed in the Irminger and Iceland basins. The net
formation of deep water through wintertime convection in the Labrador Sea, estimated as the
maximum of the overturning stream functions, is seven times smaller than in the eastern subpolar
gyre and thus contributes minimally to the mean overturning strength during the OSNAP period

(Li et al., 2021b). The interannual variability of the AMOC is also dominated by the eastern
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subpolar gyre, such that ventilation in the Labrador Sea is unlikely to play a leading role in the
connectivity mechanism between the subpolar and subtropical gyres identified by Kostov et al.
(2022) on fast interannual timescales. However, Yeager et al. (2021) uses a long CESM integration
to show that deep water formation in the western subpolar gyre dominates the AMOC variability
at low frequencies. Two other reasons to highlight the contribution of the Labrador Sea come from
recent studies: Freshwater fluxes across OSNAP West are a strong contributor to the total
meridional freshwater flux across the entire OSNAP section (Li et al., 2021a) and ventilation of
dense water in the Labrador Sea is important for the uptake, storage and export of oxygen in the

AMOC lower limb (Koelling et al., 2022).

Because deep water formed in the Labrador Sea was long considered the main source of water for
the AMOC lower limb, downstream analyses of AMOC variability have generally been interpreted
in terms of Labrador Sea Water (LSW) variability, particularly so at 26.5°N (Frajka-Williams et
al. (2016) and Jackson et al. (2016)). Previous studies have interpreted the lag between LSW
production and its arrival at 26.5°N as the advective time scale for LSW anomalies to exit the
Labrador basin and travel along the Deep Western Boundary Current (DWBC) and interior
pathways (Bilo & Johns, 2019; Bower et al., 2009). For instance, Van Sebille et al. (2011) and
Molinari et al. (1998) estimated a lag of 9-10 years for the LSW salinity anomaly in the Labrador
Sea to reach 26.5°N. Curry et al. (1998), who also linked the variability of subtropical temperature
at intermediate depths near Bermuda to the variability of convection in the Labrador Sea, yet found
a lag of only 6 years. More recently, Chomiak et al. (2022) found longer advection timescales of
10-15 years from a study of both salinity and temperature anomalies of the LSW layer.
Importantly, all of these studies implicitly assume that all waters that reach 26.5°N in the LSW
density range are primarily sourced by Labrador Sea convection, as opposed to the eastern subpolar
North Atlantic. However, given our new understanding of the sources of dense water for the
AMOC during the OSNAP period, it seems timely to re-examine the traditional interpretation of
pathways and property variability for the AMOC lower limb from the subpolar gyre to 26.5°N.

We posit that there are two possibilities for the pathways of uNADW sourced in the eastern
subpolar gyre: 1) the uNADW is mainly advected southward from OSNAP East through various
interior pathways, as recently shown for the overflow water (Lozier et al., 2022; Zou et al., 2020b)
or 2) a majority of uNADW flows into and out of the Labrador Sea before being exported
southward to 26.5°N, along the DWBC and interior pathways.
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To connect downstream property variability with source water variability, we aim to assess
whether uNADW sourced in the eastern subpolar gyre is further transformed within the uNADW
layer once it crosses OSNAP East. Thus, in addition to understanding the pathways of these dense
waters we will examine the degree to which the uUNADW layer is modified as it moves equatorward

and, in particular, as it moves through the Labrador Sea.

In summary, we aim to investigate the mean pathways and along-track property transformation of
uNADW between OSNAP East and 26.5°N (Figure la) to better connect downstream and
upstream deep-water properties. We introduce our Lagrangian experiments in section 2, discuss
the experimental results in section 3, investigate uUNADW transformation over the Labrador Sea

in section 4 and then summarize our results in section 5.
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Figure 1. (a) Definition of the sections OSNAP East, OSNAP West and 26.5°N used in the set of experiments
EXP_1 in VIKING20X-JRA-short. The sections LC and WGC used for the set of experiments EXP_2 follow
the OSNAP West section and are separated by the black cross. The black arrows indicate two possible pathways
for uNADW: through the interior or along the boundary via the Labrador Sea. (b) Transport anomaly (Sv) for
the uNADW layer as compared to the 1980-2018 mean at the LC section. Dashed red lines indicate the averaged
uNADW transport in 1991-1995 and 2014-2018. Positive transports are southward and hence represent export
out of the Labrador Sea.

2. Data and Methods
2.1 Observational data from OSNAP and WOCE

Two sets of observations are used to compare the volume transports for the AMOC lower limb

between the subpolar gyre and 26.5°N. At subpolar latitudes, we use the monthly estimates of
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transports across the OSNAP (Overturning in the Subpolar North Atlantic Program) array from
April 2014 to August 2018 (Li et al., 2021b). The gridded (~25x20 km) cross-section transports
are estimated from continuous measurements of salinity, temperature and velocity following the
International Thermodynamic Equation of Seawater-2010 (TEOS-10, Li et al., 2017). The
transport in the AMOC lower limb, defined as water denser than o2 = 36.5 kg m™ in Van Sebille
etal. (2011), ranges from 15.1 Svin 2015 to 13.2 Sv in 2017 with an averaged southward transport
of 13.9 £ 1 Sv. The uncertainties for transports indicated here and below are estimated as the

standard deviation of their interannual variability.

Transports at 26.5°N are analysed from the repeated hydrographic sections of the World Ocean
Circulation Experiments (WOCE) at line AO5. The A0S section was occupied in summer 1992,
1998, 2004, 2010, 2011 and, more recently, in 2015 (Bryden et al., 2005; Fu et al., 2020). At this
section, the transport in the AMOC lower limb ranges from 12.3 Sv in 2004 to 18.2 Sv in 2010

with an average southward transport over all years of 15.9 + 2 Sv.

2.2 Hindcast simulation of the eddy-rich ocean model configuration, VIKING20X

VIKING20X is an eddy-rich ocean/sea-ice coupled model configuration developed by GEOMAR
(Biastoch et al., 2021) and based on the version 3.6 of NEMO (“Nucleus for European Modeling
of the Ocean”; Madec & NEMO-team, 2016). It is an updated and expanded version of the well-
established VIKING20 configuration that is known for its good representation of the North
Atlantic circulation (Boning et al., 2016; Handmann et al., 2018). In VIKING20X, the global
horizontal resolution of 1/4° is refined over the full Atlantic Ocean (34°S—70°N) to a horizontal
resolution of 1/20°. The vertical resolution is composed of 46 z-levels of 6 m at surface to a
maximum of 250 m at depth, with partial bottom cells. The surface boundary conditions were
constrained by realistic atmospheric forcing. Biastoch et al. (2021) showed that the choice of the
atmospheric forcing dataset is critical for a proper simulation of the AMOC variability. Indeed,
the shift from COREV2 forcing (Griffies et al., 2009) to JRA55-do forcing (Tsujino et al., 2020)
generally improved the velocity structures of the main currents in the North Atlantic. In this study,
we thus use the 5-day mean velocity fields from the nested domain of a hindcast simulation from
1980 to 2018 that uses the JRAS55-do forcing. This simulation is referred to as VIKING20X-JRA-

short.
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2.3 Definition of uNADW in VIKING20X-JRA-short

In the following, we investigate the pathways and hydrographic property evolution of uUNADW
from OSNAP to 26.5°N as well as around the rim of the Labrador Sea. The layer excludes the
overflow water from the Nordic Seas and is defined at o> = 36.5-36.97 kg m= (approx. 6, = 27.65—
27.8 kg m™) in the observations at the Abaco line (Van Sebille et al., 2011) and at OSNAP (Li et
al., 2021b). However, this definition needs to be adjusted in VIKING20X-JRA-short to account
for a density bias of the model. For a hindcast simulation with VIKING20, Handmann et al. (2018)
adjusted the density limits of the uNADW layer to o2 = 36.68-37.03 kg m? in the central Labrador
Sea. The upper limit is associated with the density of the maximum overturning at the OSNAP line
in the model. The lower limit has been estimated by identifying the isopycnal with the lowest
statistical depth variation. We use the same density limits to define the uNADW layer in
VIKING20X-JRA-short because of a similar bias in density between the two models (not shown).

We use the terms “source” and “net formation” independently throughout our analysis to refer to
the production of water into the uNADW layer, as defined by the density range 6> = 36.68-37.03
kg m3, without considering specific classes of uUNADW. We use the term “transformation” to refer
to changes in hydrographic properties within the uNADW layer. Note that our experiments do not
allow us to determine the specific mechanisms responsible for these net formations or

transformations, which can be forced by air-sea interaction and/or by interior mixing.

Because the uNADW density at the exit of the subpolar gyre is highly variable in time (Yashayaev
& Loder, 2016), we compare the uNADW properties of 2 specific periods (1991-1995 and 2014-
2018; see section 2.4) within the isopycnals that bound the core of uNADW from 1980-2018 across
the Labrador Current (LC) section. To identify these bounding isopycnals we compute the standard
deviation of the density associated with the maximum transport at the LC section during this
period. Hence, the core of uNADW is defined by the density range 36.87-37.0 kg m? in
VIKING20X-JRA-short.

2 4 Lagrangian experiments with ARIANE

We use the software ARIANE (version 2.3) to perform two sets of Lagrangian experiments
(Blanke & Raynaud, 1997; van Sebille et al., 2018). ARIANE computes particle trajectories in a

time-varying three-dimensional velocity field. The particle trajectories can be interpreted as stream



176
177
178
179
180
181
182
183
184

185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201

202
203
204
205

tubes, allowing for the estimation of volume transports between the release and destination
sections (e.g., van Sebille et al. 2018). The release section defines the starting point for the stream
tubes, where the number of particles seeded by ARIANE is proportional to the transport field and
can be restricted to a density layer. The evolution of the particle density along these trajectories is
estimated by linearly interpolating the temperature and salinity fields at each position of the
particle between neighbouring grid points. At the destination section, the volume flux of all
particles arriving in a specific density bin are then summed to yield the total volume transport. In
these experiments, the integration of the particle trajectories stops once the particle reaches a

predefined destination section or once the maximum integration time is reached.

A first set of experiments, called EXP_1, is designed to track particles of uNADW from 26.5°N
back to the OSNAP sections, determine whether they are sourced from OSNAP East or OSNAP
West, and record the along-track evolution of their hydrographic properties between the sections
(Figure 1a). In EXP_1, we perform 10 individual experiments where particles are released in the
uNADW layer at 26.5°N (from coast to coast) every 5 days during every year of the 2009 to 2018
period. These particles are then advected backward in time until they reach one of the destination
sections, OSNAP East or OSNAP West, over the integration period. We use a maximum
integration time of 78 years in order to have less than ~13% of particles ‘lost” between the release
and destination sections. To achieve this integration time, we loop twice through the velocity field
of the 1980-2018 period. Although a loop can introduce unrealistic jumps in the evolution of the
hydrographic properties (D66s et al., 2008; Thomas et al., 2015), the error in the along-track
property of the particles is negligible in this analysis due to the high number of particles seeded
(i.e., O(10°%) per experiment) and to the small drift in temperature and salinity observed in the
model during this period (i.e., trends of -0.0014°C and -0.0114 psu over the nest and for the entire
water column). Moreover, Figure S1 shows that the density changes at the looping point for the
particles seeded in EXP_1 are small in comparison to their density changes between the release

and destination sections.

The second set of experiments, called EXP_2, is designed to back track particles of uNADW from
the LC section to the West Greenland Current (WGC) section and analyse the evolution of their
hydrographic properties within the Labrador Sea (Figure 1a). In EXP_2, we release particles in the
uNADW layer at the LC section every 5 days during every year of the OSNAP period (2014-
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2018). The particles are then advected backward in time until they reach the WGC section in a
maximum of 5 years. A maximum integration time of 5 years is sufficient because only 1% of the
particles remain in the Labrador Sea after 5 years of integration. However, as the OSNAP period
is associated with a relatively weak uNADW export through the LC section (Figure 1b), the EXP_2
is additionally performed over the period 1991-1995, which exhibits a relatively strong uNADW
export. Note that the particles considered in EXP_2 are not a subset of the particles released of

EXP_1 because of the difference in the time periods considered.

2.5 Model evaluation: Eulerian transformation of uNADW

Biastoch et al. (2021) showed that the large-scale horizontal circulation of the North Atlantic, the
deep water transport in the boundary current, as well as the mean structure and variability of the
AMOC are well simulated in VIKING20X-JRA-short as compared to observations. For instance,
a major part of the overturning occurs at OSNAP East instead of OSNAP West in the model, which
is consistent with OSNAP observations. A good representation of the convective processes in the
subpolar North Atlantic, including the shift of the convection from the Labrador to the Irminger

Sea in 2015-2018, was also highlighted by Riihs et al. (2021).

In this section, we further show that the uNADW transport at OSNAP and 26.5°N is well
reproduced in the model. Indeed, Figure 2 shows the transport estimated per density bin of 0.01
kg m? at these two sections in both model and observations. The observational transports at
OSNAP are averaged over the OSNAP period and those at the A0S section are an average of the
3 occupations in the 2010s. Using the full temporal record of VIKING20X-JRA-short, we estimate
that the bias introduced by the truncated observational time periods at the two sections is ~ 0.39

Sv in the uNADW layer.

Overall, the structure of the transports across OSNAP and 26.5°N is consistent between the model
and observations. The difference in transport between these two sections allows us to identify the
transformation associated within each density bin, although it does not allow for a determination
of the specific mechanism (e.g., buoyancy forcing and interior mixing) that create this
transformation. The transformation between the sections shows a net increase in transport for
subpolar mode water between 36.1-36.4 kg m and a net decrease in transport for overflow water

denser than 37.0 kg m (Figures 2c, ). Though the transformation over the uNADW layer is highly



235
236
237
238
239

240

241
242
243
244
245
246
247

248

249
250
251

variable in density, there is a net increase of 3.1 Sv in the observations and of 4.0 Sv in
VIKING20X-JRA-short, which is mainly localized in the lower part of the layer. Because the
volume budget in the uNADW layer is remarkably consistent between the model and observations,

we are confident in the use of VIKING20X-JRA-short for our investigation of the uNADW

pathways between these sections.
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Figure 2. (a-c) Observed and (d-f) simulated transports (Sv) integrated in density bins of 0.01 kg m™ at 26.5°N
and OSNAP. Dashed lines indicate the potential density for the uNADW layer, with subpolar mode water and
overflow waters residing above and below this layer, respectively. In observations, the transports at OSNAP are
averaged during the 4 years of observations, while the transports at 26.5°N include the A0S sections in 2010,
2011 and 2015. Positive transports are northward. (c,f) Difference in transport between 26.5°N and OSNAP.
Positive (negative) transformation is associated with net increase (decrease) of transport in the respective density

bin between the two sections.

3. Source and transformation of uNADW from OSNAP to 26.5°N

The pathways and net property evolution of uNADW observed at 26.5°N are analyzed with the
Lagrangian experiments EXP 1. At the release section, the particles seeded in the uNADW layer

are mainly localized along the western boundary of the section (52.5-53.5°W) and associated with
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a relatively strong transport for densities > 36.85 kg m™ (Figure S2). After accounting for the ~55
Sv of particles that recirculate southward across the release section, we track a total of 16.1 Sv of
particles to their destination over the integration time period. The upstream distribution of these
particles (Figure 3a) reveals that they are largely advected from OSNAP West (12.4 Sv or 77%),
mainly along the western boundary of the section (Figure S2c¢), rather than from OSNAP East (0.7
Sv or 4.6%). The interannual variability of the transport at 26.5°N (Figure 3b) is also dominated
by the OSNAP West contributions. As for other sources, 1.8 Sv does not reach a section during
the integration time and is considered “lost” in the study area, mainly east of the Mid-Atlantic
Ridge (not shown), and 1.2 Sv recirculates across the release section in an adjoining density layer.
Therefore, the main source for uNADW at 26.5°N is OSNAP West, which suggests that uNADW
sourced from the eastern subpolar gyre is mainly advected through the Labrador Sea instead of

being directly advected from OSNAP East through interior pathways.
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Figure 3. Sources for uNADW deduced from the set of experiments EXP 1. (a) Mean volumetric contributions
of the individual sources to uNADW at 26.5°N. Dots and lines indicate the mean and standard deviation of the
transport over the 10 experiments, respectively. (b) Interannual variability of the total uNADW transport
anomaly (black) and its individual contributions OSNAP East (OSE in green) and OSNAP West (OSW in blue)
estimated with the 10 different release years. (c-d) Transit times for the particles to reach 26.5°N from the
destination sections (¢) OSNAP East and (d) OSNAP West. Bars indicate the mean transit time distributions for
the set of 10 experiments and the lines indicate the distribution smoothed using a 5-points moving average.
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The transit times of the particles advected from OSNAP West show that more than 50% reach
26.5°N in 20 years, with the highest number of particles (modal value) reaching the section after
14 years (Figure 3d). The advective transit time of the particles from OSNAP East is twice larger
than from OSNAP West. Indeed, the majority of particles from OSNAP East reach 26.5°N in 40
years with the highest number of particles reaching the section after 31 years (Figure 3c). The
difference in advective transit time between the two source sections is time invariant and is

explained by different uNADW pathways.
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Figure 4. Dominant uNADW pathways between OSNAP and 26.5°N, from EXP 1 for particle subsets reaching
(a) OSNAP West and (b) OSNAP East. The probability that a certain section is crossed by a particle during its
transit is estimated as the percentage of particle counts for each bin of a (0.5° x 0.5°) grid during the 2 cycles of
the experiment, such that the probabilities of all bins sum to 100%. Repeat crossings of a single particle are
included in the counts. The 10 individual probability distributions of each experiment in EXP_1 are then
averaged. The black line shows the release section at 26.5°N.

The uNADW pathways between 26.5°N and OSNAP West, shown as a probability density
distribution in Figure 4a, reveal a myriad of pathways, including those in boundary current and in
the interior, consistent with past observational and modelling studies (Bower et al., 2009 and
Lozier et al. 2013). Nevertheless, the majority of the particles remain west of the Mid-Atlantic
Ridge instead of crossing the ridge eastward. On the contrary, the uUNADW pathways between
26.5°N and OSNAP East are mainly restricted to the eastern side of the Mid-Atlantic Ridge (Figure
4b). The small fraction of particles that cross the ridge westward through deep fracture zones (e.g.
the Charlie Gibbs Fracture Zone and other deep fractures further south) preferentially follow its
western flank rather than the western boundary current. Therefore, the Mid-Atlantic Ridge acts as

a barrier in the propagation of uUNADW, such that the particles exiting the eastern subpolar gyre
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mainly propagate along its eastern flank, while those exiting the western subpolar gyre mainly

propagate to the west of the ridge.

Moreover, all particles coming from OSNAP East leave the eastern subpolar gyre through the
Iceland Basin and Rockall Trough instead of the Irminger Sea. Hence, uNADW sourced from the
Irminger Sea is not directly advected southward via interior pathways but is instead advected
westward through the Labrador Sea. These results are consistent with a recent study that details
the different Lagrangian pathways of the overflow waters from the Irminger and Labrador basin

compared to the Iceland basin (Lozier et al., 2022).
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Figure 5. Thermohaline properties of uNADW reaching OSNAP West from the set of experiments EXP_1. (a-
d) Difference in mean volume transport between the release section 26.5°N and the destination section OSNAP
West. The volume transport is estimated per (a-b) density bins of 0.01 kg m™, (c) salinity bins of 0.001 and (d)
temperature bins of 0.1°C. Panel (d) includes only the 50% fastest particles reaching OSNAP West. Positive
(negative) transformation is associated with net increase (decrease) of transport in the respective density bin
from OSNAP West to 26.5°N. Dashed lines indicate the potential density > = 36.68 and 37.03 kg m™ for the
uNADW layers in VINKING20X. (e-f) Volume transport (Sv) in each temperature and salinity bin at (e) the
release section and the (f) destination section.
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The property transformation of uNADW is now analyzed for particles advected between OSNAP
West and 26.5°N. With our convention, a positive (negative) transformation is associated with net
increase (decrease) of transport in the respective density range from OSNAP West to 26.5°N. A
net increase of only 1.1 Sv is found in the uNADW layer between the sections, such that 96.9 +
0.4 % of the particles belong to the uNADW density range at both the release and destination
sections. However, there are large density changes within the uNADW layer (Figure 5a). In
particular, we note a net increase in uNADW transport between 36.84 to 36.91 kg m and at 37.02
kg m3, and a net decrease in uNADW transport between 36.91 to 37.02 kg m™ and at 02 < 36.84
kg m3. The uNADW densification is associated with a freshening from ~35 to ~34.98 and a
cooling from ~4.5°C to ~4°C and at ~2.8°C (Figures 5 c-d). The temperature/salinity diagrams at
the two sections in Figures 5 (e-f) confirm that these transformations in salinity and temperature

are mainly localized within the uNADW layer.

By comparing these transformations with those estimated for a subclass of particles, we find that
the transformations in the density range of 36.68-36.91 kg m™ are mainly attributed to the 50%
fastest particles (Figure 5b). Considering that these fast particles preferentially follow the boundary
current, the transformation is possibly explained by the relatively strong gradient between the
boundary current and the interior. However, the net increase in uNADW transport at 37.02 kg m*?
is mainly attributed to particles remaining in the basin for more than 20 years, implying that
particles reaching 26.5°N in more than 20 years play a role in the transformation of only the very

dense uNADW.

4. Transformation of uNADW in the Labrador Sea

Since the Labrador Sea is a key pathway for uNADW formed over the eastern subpolar gyre, we
now investigate whether uNADW is further modified as it passes through the Labrador Sea. We
first use the EXP_2 performed during 2014-2018. In this set of experiments, nearly all the particles
released at the LC section are advected from the WGC section, and more than 60% of the particles
reach the destination section after only 1 year. This time scale is consistent with previous studies
that document a transit time along the boundary current of the Labrador Sea of 1-2 years (Bower
et al., 2009; Feucher et al., 2019; Georgiou et al., 2020) and with Lagrangian experiments that
tracked backward in time overflow water from the Denmark Strait to 53°N in VIKING20X-JRA-
OMIP (Frohle et al., 2022).
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During its transit through the Labrador Sea, the uNADW largely follows the boundary current in
the basin (Figure 6a). This pathway is particularly clear for particles reaching the destination
section in less than 1 year (Figure 6¢). On the contrary, the particles reaching the destination
section in more than 4 years recirculate in the interior of the basin (Figure 6d). This area is
associated with deep mixed layer depths during wintertime, which were relatively deeper in the

90s than during the OSNAP period (Riihs et al., 2021).
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Figure 6. Probability distribution from EXP_2 performed during 2014-2018 for (a) all the particles released at
the LC and for 3 subclasses of the experiment: (b) particles with a densification higher than 0.1 kg m™ between
the release and destination sections, (c) particles reaching the destination section in less than 1 year, (d) particles
reaching the destination section in more than 4 years. The 4 individual probability distributions are estimated as
described in Figure 4 and are then averaged together. The black line shows the release section at the LC.
Bathymetry is contoured at 1000 m and 2000 m.

The difference in the density, salinity and temperature transformation along these pathways
between the 5-year period of relatively strong (1991-1995) and the 5-year period of relatively weak
(2014-2018) uNADW export is next examined. During the 2014-2018 period, 31.7% of subpolar
mode water is transformed into uNADW over the Labrador Sea (Figure 7a). During the 1991-1995
period, only 21.0% is transformed (Figure 7d). For both time periods, the boundary-following
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particles that are in the Labrador Sea for less than one year account for most of the transformation
(Figures S3 and 6¢). The difference in the proportion of subpolar mode water transformed into
uNADW (e.g. which is equivalent to the net volume of uNADW production as compared to the
outflowing volume of uNADW across OSNAP West) between the 2 periods is explained by the
vertical density structure of the inflowing water. The inflowing water is evenly distributed between
the subpolar mode water and uNADW layers in 1991-1995, while it is mainly localized in the
subpolar mode water layer in 2014-2018. Thus, the strong buoyancy loss over the Labrador Sea
during the 1991-1995 period contributes to both the net volume of newly formed uNADW and to
further densification of uNADW within the layer.

However, although the net increase in uNADW transport is small during these 2 periods, the
particles undergo substantial freshening and cooling between the WGC and LC sections. In
particular, we note a cooling of water from ~4-6°C to ~3-4°C (Figures 7c, f) and a freshening in
salinity from ~34.99-35.1 to ~34.97 (Figures 7b, e). These transformations are larger during the
strong convection period of the 90s than during the OSNAP period.
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Figure 7. Difference in mean volume transport between the release section LC and the destination section WGC
from the set of experiments EXP 2 performed during (a-c) 2014-2018 and (d-f) 1991-1995. The volume
transport is estimated per (a, d) density bins of 0.01 kg m?, (b, e) salinity bins of 0.001 psu and (c, f) temperature
bins of 0.1°C. Positive transformation is associated with a net increase of transport in the respective density bin
over the Labrador Sea. Dashed lines indicate the potential density o> = 36.68 and 37.03 kg m™ for the uUNADW
layers in VINKING20X. Red lines indicate the limits in density for the uNADW core in the LC specifically.

Consequently, Figures 7a and 7d show that the uNADW formed in 1991-1995 (with a density peak
at ~37 kg m) spans the densest part of the averaged core of uUNADW, as identified by the red
lines, while the uNADW formed in 2014-2018 (with a density peak at ~36.91 kg m) spans its
lightest part. Most of this transformation occurs within the uNADW layer to particles remaining
in the center of the Labrador Sea for more than 1 year (Figures S3 and 6d). In agreement with
previous studies (Jackson et al., 2016; Yashayaev & Loder, 2016), we thus show that the uUNADW
transformed in the Labrador Sea is denser in the 90s than during the OSNAP period. Therefore,
the strength of the convection in the Labrador Sea influences the changes in uNADW properties

within the AMOC lower limb.

Finally, we show that the largest density changes (greater than 0.1 kg m in Figure 6b) are mainly
localized along the West Greenland Current between Eirik Ridge and Cape Desolation, which is
where the Irminger Rings are shed and recirculation takes place (Cuny et al., 2002), instead of the
interior of the basin. This agrees well with previous studies revealing the importance of density
changes along the boundary current for the dynamic of the subpolar gyre (Menary et al., 2020;
Spall, 2004; Straneo, 2006), as well as with a recent study (Frohle et al., 2022) showing that
uNADW formation in the Labrador Sea on decadal time scales is mainly a result of diapycnal mass

fluxes over this area rather than by mixed layer formation over the interior of the basin.

To summarize, the Labrador Sea is not associated with large uNADW formation, but is a key
pathway for uNADW sourced over the eastern subpolar gyre and is a key location for uNADW

densification within the AMOC lower limb.

5. Conclusion and discussion

In this study, the mean pathways and along-stream transformation of uNADW from OSNAP to
26.5°N are investigated using Lagrangian experiments performed in a hindcast simulation with the
eddy-rich ocean model VIKING20X-JRA-short. In order to better understand the sources of

transport and density anomalies of uNADW that are observed at 26.5°N, particles were released
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at 26.5°N and advected backward in time until they reached the OSNAP East or OSNAP West
sections. In this first set of experiments, we show that OSNAP West is the main source section for
uNADW (77%), and that a large majority of uNADW at 26.5°N trace back from the Labrador Sea
instead of being directly advected from OSNAP East through interior pathways.

In particular, we show that all the particles advected southward from OSNAP East without a detour
in the Labrador Sea leave the eastern subpolar gyre from the Iceland Basin and Rockall Trough
rather than from the Irminger Sea. The Labrador Sea is thus the main gateway for uNADW from
the Irminger Sea to the subtropical latitudes. This advective pathway compares well with the
observed propagation pathways of the underlying overflow water shown by Lozier et al. (2022),

where 94% of their floats enter the Labrador Sea despite the sharply curved Eirik Ridge.

Although only a small volume of uNADW is directly advected from OSNAP East to 26.5°N, we
further show that the particles from the Iceland Basin and Rockall Trough do not follow the
boundary current but propagate southward along the eastern flank of the Mid-Atlantic Ridge. This
southward pathway is consistent with the observed spread of overflow water from the Iceland
Basin (Lozier et al., 2022) and has been estimated to contribute to 38 + 14 % of the whole basin
meridional transport from 50°N to 35°N (Zhai et al., 2021). Its propagation is possibly explained
by the mesoscale activity of the North Atlantic Current at the entrance of the basin, which is known

to divert deep water eastward at the Charlie-Gibbs Fracture Zone (Zou et al., 2020b).

On the contrary, the particles reaching 26.5°N from OSNAP West follow both the boundary
current and interior pathways west of the Mid-Atlantic Ridge. The distribution of the interior
pathways agrees well with the observed LSW pathways from Argo floats shown by Bilé & Johns
(2019), and can partially delay the propagation of uUNADW anomalies between the sections
(Chomiak et al., 2022). The uNADW anomalies are, indeed, commonly used to infer advective
timescales between the Labrador Sea and 26.5°N. However, we show that the uNADW exported
from the Labrador Sea is modified along these pathways. Indeed, although the transport in the
uNADW layer increases by only 1.1 Sv between OSNAP West and 26.5°N, we highlight that these
pathways are associated with large temperature and salinity changes within the uUNADW layer.
The mechanism of transformation between the subpolar and subtropical gyres could be due to
entrainment of dense water between the boundary current and/or the interior or by mixing with

surrounding water during recirculation within the subpolar gyre. Further investigation, however,
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is needed to reveal the relative importance of these different densification processes and of their

temporal variability.

During the transit through the Labrador Sea, the second set of experiments shows only a small
increase of transport in the uNADW layer, which is slightly more pronounced in 2014-2018
(31.7%) than in 1991-1995 (21.0%). However, although the uNADW formation is small during
these 2 periods, we show that strong convection years (1991-1995) lead to large changes in salinity
and temperature that drive uNADW densification within the AMOC lower limb. This is consistent
with the density compensated overturning shown by Zou et al. (2020a) in the Labrador Sea. Thus,
the buoyancy loss over the Labrador Sea contributes to both the net volume of newly formed
uNADW for particles remaining less than 1 year in the basin and to a further densification of
uNADW within the layer for particles remaining more than 1 year in the basin. These two (indirect
and direct) routes and the associated difference in residence time scale are consistent with
Georgiou et al. (2021) which showed that the indirect route governs the transformation within the

denser layers.

In addition, it has been shown that the circulation of the subpolar gyre can be influenced by changes
in the dynamics of the boundary current. An increase in the interior deep convection of the
Labrador Sea would lead to an increase in the radial density gradient and, thus, to a stronger
baroclinic flow along the boundary current (Straneo, 2006; Born & Stocker, 2014; Ghosh et al.,
2023).

These two mechanisms imply that, although Labrador Sea convection is not the primary source
for the lower limb of the AMOC, the strength of convection in the Labrador Sea could influence
the AMOC by modifying the properties of the uUNADW that propagates downstream to 26.5°N
and, possibly, the uUNADW that flows from the Labrador Sea to the eastern subpolar gyre via
recirculation pathways. This is consistent with previous studies showing that eastward
recirculation is important for setting the hydrography of the eastern subpolar gyre at both
interannual (Asbjgrnsen et al., 2021; Fox et al., 2022; Holliday et al., 2020) and decadal timescales
(Yeager et al., 2021). The impact of these modified uNADW properties for the AMOC through
recirculation in the subpolar gyre is beyond the scope of our analysis and is the purpose of a follow-

up study.
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