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Abstract The Labrador Sea is a key formation site for dense waters that contribute to the lower limb of the
Atlantic meridional overturning circulation (AMOC). Recent observations have revealed a distinctly weak
overturning in this basin, attributed to compensating effects of temperature and salinity anomalies on density.
However, it remains unclear whether these effects are consistent under varying hydrographic conditions and
whether they subsequently impact overturning variability. By combining moored observations and historical
hydrographic data, we demonstrate a coherent response of the Labrador Sea overturning to salinity anomalies
over recent decades. Notably, a strengthened overturning in the late 2010s can be attributed to subsurface fresh
anomalies advected into the basin by the boundary currents, which are linked to large‐scale freshening that
began in the late 2000s. Our findings underscore the necessity of continuously monitoring boundary salinity and
temperature anomalies to capture ongoing changes in the Labrador Sea.

Plain Language Summary The Atlantic Meridional Overturning Circulation, a key constituent of
the climate system, exhibits substantial interannual‐decadal variability that is often linked in models to density
fluctuations in the Labrador Sea. However, observations reveal weak overturning variability in the Labrador
Sea, as temperature and salinity anomalies largely compensate to dampen density changes. Yet how this
compensation evolves under changing hydrographic conditions—particularly with enhanced freshwater input
from high latitudes—and its impact on overturning strength remain unclear. By combining moored observations
and historical hydrographic data, we show that temperature and salinity variations critically regulate Labrador
Sea density anomalies and overturning variability over the past two decades. Particularly, we find a
strengthened overturning in the late 2010s that is linked to the advection of fresh subsurface waters into the
basin, likely originating from an extreme freshening event developed since around the late 2000s. Our findings
underscore the subtle yet significant role of boundary‐driven salinity changes in modulating Labrador Sea
density and thus overturning.

1. Introduction
Variability in the Atlantic Meridional Overturning Circulation (MOC) has been linked to varying strength of
deep convection and/or water mass transformation in the Labrador Sea (e.g., Jackson et al., 2016; Yeager &
Danabasoglu, 2014; Yeager et al., 2021). However, recent observations of the subpolar overturning strength
from the transatlantic OSNAP (the Overturning in the Subpolar North Atlantic Program) array found a minimal
Labrador Sea contribution during the mid 2010s (Lozier et al., 2019). The weak overturning in the Labrador
Sea is consistent with previous observational estimates of the overturning strength based on hydrographic
transects from the early 1990s (Fu et al., 2020; Pickart and Spall, 2007), a period of much stronger deep
convection (e.g., Yashayaev & Loder, 2016). Such consistency follows a constrained overturning in the
Labrador Sea that results from the compensating effects of temperature and salinity anomalies within the basin
(Mackay et al., 2020; Pickart & Spall, 2007; Zou et al., 2020, 2024). Specifically, wintertime convection
generates large temperature and salinity anomalies, leading to the transformation of the warm and salty
inflowing waters at the West Greenland Current (WGC) to the relatively colder and fresher outflowing waters
at the Labrador Current (LC). The concurrent freshening (salty‐to‐fresh transformation) and cooling (warm‐to‐
cold transformation) have opposing effects on density that lead to a minimal density anomaly (i.e., a weak light‐
to‐dense water mass transformation) and thus a weak overturning in the Labrador Sea (∼3 Sv; Figure 1). What
remains unclear is whether the strength of density compensation varies with time and subsequently impacts the
overturning strength.
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Recent observations show a notable strengthening of the Labrador Sea overturning lately, with an increase by
∼50% from 2014–2016 to 2018–2020 (Fu et al., 2023a). The change happens in conjunction with an extreme
freshening throughout the subpolar North Atlantic since early 2010s, likely originated from the Labrador Sea
(Haine et al., 2023; Holliday et al., 2020). Alongside this salinity change, there are also large changes in tem-
perature in the region (Chafik et al., 2023; Yashayaeve, 2024), both of which can exert a strong influence on
Labrador Sea density across the interannual to decadal time scales (e.g., Desbruyères et al., 2019; Jackson
et al., 2016; Menary et al., 2016; Robson et al., 2016; Yashayaev, 2024). Yet it is not clear whether the observed
strengthening of the Labrador Sea overturning is a response to recent large‐scale changes in salinity and/or
temperature in the subpolar region, and if so, how this response is established.

In this study, we use observational records to (a) assess how hydrographic changes in the Labrador Sea impact its
overturning variability, and (b) investigate how such impact is established by isolating temperature versus salinity
effects. We begin with the OSNAP record to focus on observed interannual changes and then incorporate his-
torical hydrographic data to investigate decadal‐scale changes.

Figure 1. (a) Mean salinity (color shading) and temperature (gray dashed contour) fields at the subsurface Labrador Sea (200–
500 m) from World Ocean Atlas 2018, superimposed by the location of the AR7W and OSNAP West sections. Gray thin
lines are the 1,000 m‐, 2,000 m‐, and 3,000 m‐isobaths. The inflowing and outflowing boundary currents are labeled with
white arrows. WGC,West Greenland Current; LC, Labrador Current. Black dotted boxes on the sections indicate where EN4
profile data are collected for the analysis. (b–d) Time‐mean overturning streamfunction across the Labrador Basin (solid
black lines with the envelope being the monthly standard deviation) in potential density (integrated from the bottom upward),
salinity, and potential temperature spaces, respectively. Data are from the OSNAP West array during 2014–2020.
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2. Data and Methods
2.1. OSNAP Data

Observational record used in this study includes the monthly gridded velocity, temperature, and salinity products
from theOSNAPWest array between July 2014 and June 2020 (Fu et al., 2023b). The gridded data have a horizontal
resolution of ∼1/4° and a vertical resolution of 20 m. Gridded velocity and property fields at the boundaries are
obtained directly by interpolating the moored observations from the boundary arrays. In the interior basin, the
geostrophic velocities are obtained from dynamic height moorings at each side of the basin by referencing to the
time‐mean surface altimetry velocity. Then, a spatially uniform velocity is applied at each month to match the net
throughflow from the Davis Strait into the Labrador Sea (1.6 Sv; Curry et al., 2011). Property fields for the interior
basin for the upper 2,000m are obtained through an objective analysis method (e.g., Bretherton et al., 1976), which
incorporate data from the moorings and Argo profiles, along with the World Ocean Atlas 2018 climatology
(Locarnini et al., 2019; Zweng et al., 2019). Below 2,000 m, data from the full‐depth CTD occupations during the
summers of 2014 and 2016 are used.More details on the calculationmethods can be found inLi et al. (2017), Lozier
et al. (2019) and Fu et al. (2023a).

2.2. EN4 Data

Hydrographic data are from UK Met Office Hadley Center Enhanced Ocean Data Assimilation and Climate
Prediction (ENACT) archive version 4.2.2 data set (EN.4.2.2, Good et al., 2013). The salinity and temperature
profiles in the vicinity of the AR7W or OSNAPWest sections and within the boundary currents are selected, with
temporal resolutions ranging from days to weeks (dashed boxes in Figure 1a). Depth‐weighted mean value is
calculated for those profiles, which are then used to yield the domain averages. In addition, the monthly gridded
salinity data from EN4 are used to show the salinity distribution change during the most recent decade.

2.3. Repeat Hydrographic Sections

The hydrographic sections across the Labrador Sea are composed of theWOCE line AR7W and the OSNAPWest
line (Figure 1a). The AR7W line, running from the Labrador shelf to the western shelf of Greenland, is occupied
almost annually in the late spring and early summer. The occupation along this line is part of the WOCE program
and is still ongoing. The OSNAP West line follows the OSNAP array position in the basin from the Labrador
coast to the Greenland coast and deviates slightly from the AR7W line in position. Salinity and temperature
measurements from the full‐depth CTD occupations between 1990 and 2016 are used in this study.

2.4. Inverse Method

The absolute geostrophic velocity field across the hydrography section is obtained via an inverse method
(Wunsch, 1996), applied to an enclosed oceanic volume bounded by the subpolar sections nominally at ∼60°N
and the subtropical sections at ∼25°N (Fu et al., 2020). All sections have been occupied in the same or adjacent
years for multiple times since 1990. By considering transports across the hydrographic sections, a box inverse
model is formulated as a set of conservation equations for different properties (including volume, heat, and salt) in
different vertical layers bounded by neutral density surfaces as well as in the whole box. In matrix form, the
equations can be expressed as

Ax = b, (1)

where A consists of grid cell areas of cross‐sectional velocity bins multiplied with property concentration within
each velocity bin and horizontal areas of neutral density surfaces multiplied with the area‐weighted mean property
concentration at density surfaces, x consists of the unknowns including reference geostrophic velocity and vertical
velocity across density surfaces, and b consists of transports of properties by relative geostrophic velocity and
Ekman transport. Additional constraints include satellite altimetry as the initial guess for the reference velocity.

The solution to the box inverse model provides a best estimate of the reference velocity to the relative geostrophic
velocities derived from temperature and salinity profiles measured across the sections. Together, the absolute
velocities and thus transports across the Labrador Sea sections are obtained (Figures S1 and S2 in Supporting
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Information S1). The readers are referred to Fu et al. (2020) for details on the calculations and validations of the
inverse model results.

2.5. Overturning Strength

We define the overturning strength as the maximum of the overturning streamfunction in density space (denoted
as MOCσ) along a cross‐basin section (AR7W or OSNAP West), following Lozier et al. (2019).

MOCσ = max[Ψ(σ)] = max[− ∫
σ

σmax

∫

xw

xe
v(x,σ) dx dσ], (2)

where v(x,σ) is the volume transport per unit length per density layer in the direction normal to the section
(positive is into the Labrador Basin), σ is potential density referenced to the sea surface, and the double intergral
is taken over all σ surfaces at intervals of 0.01 kg m− 3 (from high to low densities) and between the western and
eastern boundaries. In steady state, Ψ(σ) equals to the strength of light‐to‐dense water mass transformation rate
(i.e., volume transport across isopycnals) occurring northwest of the section (Speer & Tziperman, 1992; Walin
et al., 1982).

Following previous studies (Xu et al., 2016; Zou et al., 2020), we calculate the transport streamfunction in salinity
S (potential temperature θ) space by accumulating volume transport across isohalines (isotherms), with a uniform
bin size of ΔS = 0.005 (Δθ = 0.02°C). The maximum streamfunction is denoted as MOCS (MOCθ), that is

MOCS = max[Ψ(S)] = max[∫
S

Smax

∫

θmax

θmin

v∗ (θ∗,S∗) dθ∗dS∗], (3)

MOCθ = max[Ψ(θ)] = max[∫
θ

θmax

∫

Smax

Smin

v∗ (θ∗,S∗) dS∗dθ∗]. (4)

here, Ψ(S) and Ψ(θ) represent the transport streamfunctions in salinity and potential temperature coordinates,
respectively. The double integral is taken from high to low S (θ) and across all θ (S) surfaces. In steady state, Ψ(S)
equals to the diahaline transformation rate (i.e., net volume transport across salinity surface) occurring northwest
of the section, while Ψ(θ) denotes the diathermal transformation rate (i.e., net volume transport across tem-
perature surface).

3. Results
3.1. Strengthening of Labrador Sea Overturning in 2014–2020

The time‐mean overturning in the Labrador Sea, that is MOCσ mostly reflects the diapycnal water mass trans-
formation within the basin at time scales longer than a few years (Zou et al., 2024), which is associated with
concurrent changes in the strength of warm‐to‐cold and salty‐to‐fresh transformations (i.e., MOCθ and MOCS
respectively). The mean MOCσ during 2014–2020 is 3.8 ± 0.2 Sv (plus/minus one standard error), occurring at
σ = 27.7 kg m− 3. As shown in Figure 1, despite a relatively modest diapycnal transformation, substantially
stronger transformation occurs across temperature and salinity surfaces in the basin: the 2014–2020 mean MOCθ
is 11.3 ± 0.3 Sv (at θ = 3.76°C), while the 2014–2020 mean MOCS is 9.0 ± 0.4 Sv (at S = 34.89). These results
underscore the significant constraint by density‐compensating thermal and haline anomalies on the mean MOCσ
in the Labrador Sea (Pickart & Spall, 2007; Zou et al., 2020).

The MOCσ, MOCθ and MOCS time series exhibit considerable yet distinct variability from 2014 to 2020
(Figure 2). There is similar variability in MOCθ and MOCσ on monthly time scales, which explains 84% and 70%
of the respective total variability across all the observable time scales. By comparison, MOCS is marked by a
significant decline during that period, with its monthly variability explaining only 40% of the total variability.
Accordingly, the monthly MOCσ is significantly related to the MOCθ (r = 0.6, p < 0.001; detrended data), with a
weaker correlation for MOCS (r = − 0.3, p = 0.028; detrended data), suggesting a more important role of tem-
perature on monthly time scales. By comparison, a stronger linkage between MOCS and MOCσ seems to exist
concerning the year‐to‐year changes (r = − 0.8, p = 0.09). The decline in the MOCS is characterized by a large
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reduction from 2016 to 2019 (by 9.7 Sv in the annual averages) and that is
accompanied by a clear increase in the MOCσ between the years (by 2.0 Sv),
both of which are statistically significant according to the error bars
(Figure 2). By contrast, the year‐to‐year changes in the MOCθ are overall
negligible during 2014–2020 (being ∼1–2 Sv or < 20% of its overall mean
strength).

Collectively, the above results point to salinity anomalies as the key driver of
interannual MOCσ variability over the observed period. Previous work shows
MOCσ in the Labrador Sea is critically influenced by density changes in the
boundary currents (e.g., Li et al., 2021; Roussenov et al., 2022). We therefore
explore the hypothesis that a major change occurred in the salinity anomalies
along the boundary current that have led to the 2014–2020 strengthening of
the Labrador Sea overturning.

3.2. Distinct Effect of Boundary Fresh Anomalies

In the mean state, most of the inflowing waters in theWGC are saltier than the
outflowing waters in the LC at the same depths (e.g., Figure S3 in Supporting
Information S1). The spatial pattern results in a salinity gradient between the
boundary currents (i.e., salinities at WGC vs. LC) that corresponds to a salty‐

to‐fresh transformation within the basin and thus a positive MOCS. Clear salinity changes of the inflowing waters
at the WGC between 2016 and 2019 can be seen in Figures 3a and 3b. Those waters are relatively salty during
2016 especially in the upper layers (with maximum S ∼ 34.96 at σ ∼ 27.7 kg m− 3), leading to a large salinity
gradient with the outflowing waters (primarily with S ∼ 34.84–34.9 at σ ∼ 27.7 – 27.8 kg m− 3). By 2019, the
inflowing waters had freshened considerably (with a local maximum S ∼ 34.91 at σ ∼ 27.7 kg m− 3), with sa-
linities that are now comparable to some of the outflowing waters. Salinities of the outflowing waters are similar
between the 2 years. Therefore, the decreased WGC salinity from 2016 to 2019 led to a reduced salinity gradient
between the inflowing and outflowing boundary currents.

The reduced salinity gradient has an impact on the transport structure in salinity coordinate, which correspond to a
weakened MOCS (Figure 3c). In 2016, the transport of inflowing waters concentrates at the isohalines of 34.9–
34.94, whereas the transport of outflowing waters occurs primarily at fresher surfaces (S < 34.9). The difference
results in a net inflow (outflow) at S > 34.9 (<34.9) in 2016, corresponding to MOCS of ∼15 Sv reached at
S = 34.9. By contrast, the transports of inflowing and outflowing waters in 2019 occur at more comparable
salinities (S < 34.9), leading to strong cancellation of transport along isohalines and thus a weaker MOCS (∼5 Sv
at S= 34.9). Therefore, it indicates a dominant role of inflow salinity anomaly in modulatingMOCS, with positive
(negative) anomalies producing an increase (reduction) in the net transport in salinity space and hence a
strengthened (weakened) MOCS.

The relationship between boundary salinities and MOCS is robustly strong over interannual time scales during
2014–2020 (Figure S4 in Supporting Information S1). In particular, the subsurface WGC salinity at 400–800 m
dominates changes in salinity gradients between the two boundaries (r = 0.8, p < 0.005) and the MOCS changes
(r = 0.8, p < 0.01), consistent with results from an ocean reanalysis product (Zou et al., 2020). Note that by
construction, MOCS depends on both salinity and velocity distributions, but here we find a dominant role of
salinity, which alone explains 90% of the MOCS variability, with velocity changes contributing negligibly (Figure
S5 in Supporting Information S1).

The mean‐state inflowing waters at the WGC are much warmer especially in the upper layer (with maximum θ ∼
4–5℃ at σ< 27.7 kg m− 3, Figure 3; see also Figure S3 in Supporting Information S1); the outflowing waters at
the LC are relatively cold and concentrate in the intermediate density layer (θ ∼ 3–3.5℃ at
σ ∼ 27.7 – 27.8 kg m− 3). The temperature gradient between the boundary currents corresponds to a warm‐to‐
cold transformation in the basin, and thus a positive MOCθ. In contrast to salinity, the temperature gradient
between the inflowing and outflowing waters remains largely unchanged from 2016 to 2019, resulting in com-
parable transport structures in temperature coordinates (Figure 3d), and thus corresponding to similar MOCθ.

Figure 2. Labrador Sea MOC estimates across the OSNAP West section in
panel (a) potential density coordinates, and (b) potential temperature and
salinity coordinates, respectively. The y‐axis ranges differ between (a, b).
Horizontal lines indicate the annual averages (July to June), with the vertical
bars representing the uncertainty of each annual estimate (plus/minus one
standard error obtained from the monthly values).
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The divergent salinity and temperature changes are then expected to generate density anomalies and impact
MOCσ . Particularly, a density decrease is observed at the subsurface WGC (− 0.02 kg m‐3 at 400–800 m) from
2016 to 2019, which arises mainly from a salinity decrease (− 0.03) with negligible contribution from temperature
change (Figure S6 in Supporting Information S1). The density decrease in the WGC then amplifies the density
gradient between the two boundaries (i.e., the light WGC becomes even lighter) and thus strengthens the MOCσ .
Specifically, the density gradient in 2019 is nearly doubled of that in 2016, which, assuming a linear relationship
between density gradients and the MOCσ (r = − 0.8, p < 0.001 during 2014–2020), would lead to a doubled
MOCσ (i.e., an increase of∼2 Sv), matching the observed change between the 2 years (Figure 3e). Altogether, the
results indicate that WGC salinity anomaly is linked to the recent MOCσ change in the Labrador Sea, through
modifications of cross‐basin salinity and density gradients.

3.3. Freshening and Overturning Response Over Recent Decades

We next extend the analysis to decadal‐scale changes by assessing the impact of boundary salinity anomaly since
the 1990s. Hydrographic data in the Labrador Sea reveal strong decadal salinity variability at the subsurface
WGC, characterized by a salinification throughout the 2000s that peaks around 2010, followed by a freshening
during the 2010s (Figure 4a). The boundary salinity variations follow the salinity distribution change during that

Figure 3. Mean volume transport across the OSNAP West section in individual potential temperature‐salinity bins for
(a) 2015–2016 and (b) 2018–2019, which correspond to the observed maximum and minimum MOCS in Figure 2,
respectively. Positive values indicate transport into the Labrador Sea. Gray dashed lines are contours of isopycnals (kg m− 3).
(c) Mean volume transport profiles in salinity space (at intervals of 0.002). Transport of the inflowing/outflowing waters is
indicated by red/blue bars (filled, 2015–2016; open, 2018–2019). The mean streamfunction (transport accumulated from high to
low salinities) is indicated by solid lines, with the horizontal bar for uncertainty in the maximum transformation (plus/minus one
standard error based on the monthly values). Panels (d, e) Similar to panel (c) but for transports in potential temperature, and
potential density coordinates, respectively. For illustration purpose, the temperature interval is 0.1℃ in panel (d) and the density
interval is 0.02 kg m− 3 in panel (e).
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period, as part of profound property variations having occurred throughout the subpolar basins (e.g., Chafik
et al., 2019; Haine et al., 2023). In particular, the recent freshening at the subsurface WGC is associated with
isohalines having gradually moved north‐eastward, likely caused by large‐scale gyre circulation changes
(Figure 4b; e.g., Holliday et al., 2020).

Over those observed time scales, changes in salinity gradients between the boundaries exhibit a relatively stronger
dependence on salinity anomaly at theWGC compared to the LC (Figure 4c), consistent with the picture ofWGC‐
dominant salinity gradients identified during 2014–2020. These changes in salinity gradients reflect variations in
the MOCS and that in the overall strength of the basin's diahaline transformation as a steady state is expected to be
reached over decadal time scales (Zou et al., 2024). A comparison of recent OSNAP observations with the inverse
results from available CTD occupations (Figure 5) reveals a weaker MOCS in the late 2010s (8.2 Sv) and a
relatively stronger MOCS in the late 2000s (14.6 Sv). The observed difference between the two periods is sta-
tistically significant at the 2 σ level (95%) given the error bars. Though it should be noted that the difference could
be at least partially attributable to differences in the data sets and methods.

In the meantime, the change in the MOCθ between the two periods is marginal (10.4 Sv in the late 2000s and
11.4 Sv in the late 2010s), indicating slight modification in temperature gradients across the basin. The con-
trasting haline and thermal changes produce density anomalies and thereby MOCσ changes (Figure 5), which is
relatively weak in the late 2000s (2.3 Sv) and becomes strengthened in the late 2010s (4.2 Sv). The increase in the

Figure 4. (a) Subsurface (400–800 m) salinity in the West Greenland Current (WGC) from various profile data. Black
triangles indicate the CTD observations from AR7W repeat hydrography section. Blue dots indicate the monthly averages
from nearby EN4 salinity profiles (see Figure 1a for location), and blue lines represent the annual averages. (b) Locations of
the isohaline 34.89 averaged between 400 and 800 m for each year between 2010 and 2020 from EN4. (c) Relationship
between the boundary salinity anomalies at the WGC/Labrador Current (LC) and the salinity differences between the
boundaries, indicated by blue/purple squares. Dashed lines represent the fitted linear regression curve (with r2 and p‐value
labeled). Data are from the CTD observations shown in panel (a).
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MOCσ is of the same order of magnitude as its time‐mean strength (∼2 Sv) and is statistically distinct at the 1 σ
level (67%) according to the error bars. The observations are also in line with previous reconstructions showing a
weakening of the overturning from the 1990s to the 2000s followed by a strengthening to the 2010s at subpolar
latitudes (e.g., Desbruyeres et al., 2019; Roussenov et al., 2022). Altogether, the results indicate that MOCσ
strengthens as MOCS weakens. This reflects decadal changes in basin‐scale transformation within the Labrador
Sea, characterized by enhanced light‐to‐dense transformation alongside weakened salty‐to‐fresh transformation.

4. Conclusion and Discussions
We investigate the Labrador Sea overturning variability and its thermohaline attributions in recent decades, using
a conjunction of historical hydrographic data and latest array measurements in the region. The results support a
robust constraint on the time‐mean overturning strength by the compensating salinity and temperature impacts on
density from the 1990s to the 2010s, consistent with the unique feature of the Labrador Sea overturning as shown
by previous observations over a limited time period (Zou et al., 2020, 2024). Furthermore, we present evidence for
time‐varying compensation that is responsible for the overturning strength varying over interannual and longer
time scales, largely attributed to salinity anomalies at the basin's boundaries. Particularly, a fresher inflow via the
WGC is linked to weaker salty‐to‐fresh water mass transformation in the Labrador Sea. This, combined with
minimal changes in thermal transformation, leads to an enhanced light‐to‐dense water mass transformation and
thus an increase in the overturning circulation in density space.

Our results are different from previous modeling studies that have emphasized an impact from surface salinity
anomalies at subarctic‐subpolar latitudes, in which a freshwater anomaly weakens the overturning by suppressing
the open‐ocean deep convection (e.g., Pontes &Menviel, 2024). Here, we highlight the role of subsurface salinity
anomalies within the boundary current system, where a fresh anomaly is associated with enhanced overturning
circulation in the Labrador Sea. At greater depths, a recent modeling work has shown that fresh anomalies may
also strengthen overturning by reducing vertical stratification and thereby promoting deep convection (Wei &
Zhang, 2024). Collectively, these studies underscore the subtle response of the Labrador Sea overturning cir-
culation to salinity anomalies, which depends critically on their location and depth.

The apparent lack of coherence between the WGC and LC anomalies suggests distinct origins. Specifically,
anomalies at the LC outflow can be attributed to anomalies advected from the WGC along the boundary current
(Georgiou et al., 2021; Petit et al., 2023) or to those formed locally within the boundary current and through
boundary‐interior exchange (Georgiou et al., 2020; Palter et al., 2008; Zou et al., 2024). A further potential
contribution from coastal meltwater has also been proposed (Bebieva & Lozier, 2023). Moreover, the highlighted
role of the salinity anomaly at the WGC in determining the Labrador Sea changes involves a possible linkage to

Figure 5. (a) Mean overturning streamfunction in potential density coordinates (integrated from the bottom upward) across
the Labrador Basin during the late 2000s from the inverse method based on the CTD occupations (2006–2014, gray lines),
and during the late 2010s from the OSNAP observations (2016–2020, black lines). Panels (b, c) are same as panel (a) but for
salinity and potential temperature coordinates, respectively. Horizontal bars indicate the uncertainty of the maximum
streamfunction (plus/minus one standard error based on the repeat CTD sections or the monthly values).
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upstream anomaly from the eastern subpolar basins, through the connection to the East Greenland Current (EGC).
This is in line with modeling studies that have suggested a potential upstream source for Labrador Sea overturning
variability (e.g., Menary et al., 2020; Roussenov et al., 2022). Altogether, a coherent picture of the overturning
variability appears to establish across the Labrador and eastern subpolar basins, involving consistent anomalies
propagating along the boundary current system of the subpolar gyre. As a follow‐up study, we will incorporate
more extensive regional observations to better diagnose the impact of coherent boundary changes on subpolar
overturning variability.

The observed effect of salinity anomalies on the strength of the Labrador Sea overturning is manifested over the
past two decades, likely owing to profound decade‐long salinity variations (Figure 4). By comparison, the relative
contributions from salinity and temperature are difficult to delineate during the 1990s. This is indicated by the
similar overturning strength in the 1990 and 2010s (difference <1 Sv), despite their distinctive hydrographic
conditions (i.e., the 1990s is characterized by much colder and fresher conditions, e.g., Yashayaev &
Loder, 2016). Further analysis shows that the 1990s′ transformations occurred at colder isotherms (θ ∼ 3.5℃)
and fresher isohalines (S ∼ 34.86), with strong compensating effects on density anomalies that thus yield a
comparable MOCσ (2.6 Sv at σ = 27.7 kg m− 3). Moreover, the overturning circulation in the 1990s probably
involved a stronger impact from large‐scale velocity changes than that from property changes (e.g., Chafik
et al., 2023; Robson et al., 2016). Because of the time‐varying degree of density compensation arising from the
varying contributions from property and circulation changes, caution should be taken when developing tem-
perature‐ or salinity‐based proxies for the Labrador Sea overturning variability over decadal time scales. Long‐
term and continuous observations in the region are key for a careful evaluation of the relative impact from the
salinity versus temperature changes on longer time scales.
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