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Abstract The Labrador Sea is a vital component of global ocean circulation, hosting vigorous deep
convection that can mix to deeper than 2,000 m. Features that drive convection are widely studied, but a lack of
high‐resolution, in situ observations hinder our understanding of how finescale dynamics influence the
convective process and trigger restratification in spring, particularly at the submesoscales (<∼ 10 km). This
study assesses contributions of temperature and salinity to both vertical and horizontal stratifications during
early winter, convection, and spring restratification, using data collected by five underwater gliders deployed in
the winters of 2019/20 and 2021/22. Using the Turner angle, we show that vertical stratification in the Labrador
Sea shifts from salinity‐stratified in early winter to temperature‐unstable during convection, and back to
salinity‐stratified in the early restratification period. Horizontally, both warm and fresh intrusions drive lateral
density anomalies during restratification, with the haline influence dominating. Wavelet analysis of these
anomalies illustrates increased submesoscale activity during restratification, and comparisons of thermohaline
contributions show the predominance of salinity‐driven submesoscale fronts. These fronts have the potential to
rapidly stratify the water column, and evidence the importance of freshwater intrusions at submesoscales in
halting convection.

Plain Language Summary The Labrador Sea is an important site of deep ocean mixing that plays a
major role in the storage of atmospheric carbon and redistribution of heat and oxygen through the ocean. Each
winter, strong winds and cold air cool the ocean surface and cause the water column to mix to depths of over
2,000 m. At the end of winter, this mixing stops and the water column stabilizes in a process known as
restratification. Little is known about how this restratification occurs, and it is unclear whether inputs of warm
vs. fresh waters are more important. To investigate this, five underwater robots collected data across two winters
(2019/20 and 2021/22). We found that the saltiness (salinity) of water is the main factor controlling ocean
stability during early winter. Later in winter, when strong winds cool the ocean surface, temperature instead
becomes more important and helps to drive mixing. However, in springtime, even though cold atmospheric
conditions persist, flows of warmer and fresher waters stop this mixing, with the fresher water having a stronger
effect. This suggests that, in a warming climate, increased freshwater inputs to the Labrador Sea could have a
greater impact on restratification than warming itself.

1. Introduction
Deep ocean convection takes place in limited locations around the world. One of these locations is the Labrador
Sea in the subpolar North Atlantic, which experiences convection that can sometimes reach deeper than 2000 m
(Marshall et al., 1998). Here, deep convection has an essential role connecting the surface ocean to the interior,
ventilating deep waters with oxygen and carbon dioxide, and forming a new water mass named Labrador Sea
Water (LSW) (Lazier et al., 2002; Rhein et al., 2017; Sabine et al., 2004). This water mass is transported
southwards within the Deep Western Boundary Current and joins the lower limb of the Atlantic meridional
overturning circulation (AMOC), making Labrador Sea deep convection a vital influence on AMOC variability,
global ocean circulation, and heat transport (Böning et al., 2006; Talley, 2003; Yashayaev et al., 2007; Yeager
et al., 2021). Therefore, understanding the processes involved in the deep convection lifecycle is important for our
knowledge of the wider North Atlantic circulation and climate.

Open‐ocean deep convection in the Labrador Sea is made possible through the combination of preconditioning of
the water column and atmospheric conditions each winter. The cyclonic circulation of the basin weakens the
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vertical stratification by doming isopycnals toward the surface. This, alongside weaker stratification from suc-
cessive years of deep mixing, creates conditions favorable for convection to take place (Clarke & Gascard, 1983;
Lavender et al., 2000; Marshall & Schott, 1999; Pickart et al., 2002; Våge et al., 2009). Following this, buoyancy
losses at the ocean surface destabilize the water column and enable deep mixing. These buoyancy losses occur
over the winter period primarily due to the removal of heat, which is driven by strong winds from North America
and Greenland. These winds bring cold and dry air over the surface of the Labrador Sea, producing sensible and
latent heat fluxes that sometimes exceed 700 W m2 (Marshall & Schott, 1999; Schulze et al., 2016). Therefore,
years of strong atmospheric forcing or preconditioning tend to occur alongside periods of extensive deep con-
vection, such as during the winters of 1972, 2007/08, and 2015/16 (Uppala et al., 2005; Våge et al., 2009;
Yashayaev & Loder, 2016).

While buoyancy losses from surface ocean cooling destabilize the water column, there is a subtle balance between
temperature and salinity stratifications that can control the ability for the water column to overturn. A major
example of salinity stratification is the Great Salinity Anomaly (GSA) of 1968–1972, and later the lesser GSA
between 1980 and 1983, during which freshwater anomalies halted deep convection in the Labrador Sea (Belkin
et al., 1998; Curry et al., 1998; Gelderloos et al., 2012). Convection is also limited in the northern and eastern
Labrador Sea due to constant replenishment of heat from the boundary currents, and freshwater input from the
Greenland and Irminger Seas (Chanut et al., 2008; Clément et al., 2023; Pickart et al., 2002; Schulze et al., 2016).
The thermal and haline characteristics of the Labrador Sea therefore have a distinct influence on water column
convection and stability. This is also important at the end of winter, where fluxes of heat and freshwater contribute
to the restratification of the water column and the overall end of convection (Lazier, 1980; Marshall &
Schott, 1999; Straneo, 2006). However, while it is known that transports of fresh and warm waters can end the
convective process, there are limited observations of restratification in the Labrador Sea. This is due to the harsh
winter conditions, which make gathering in situ observations difficult. As a result, the mechanisms via which
restratification happens, and the relative importance of the thermal and haline contributions, remain unclear.

Initial research on Labrador Sea restratification theorised that instabilities around the convective patch trans-
ported buoyant (warm and fresh) waters toward the convective region (Clarke & Gascard, 1983; Jones &
Marshall, 1997). Since this time, observational (Hátún et al., 2007; Lilly et al., 2003; Prater, 2002) and modeling
(Chanut et al., 2008; Eden &Böning, 2002; Katsman et al., 2004; Spall, 2004) studies have identified the transport
of buoyant water from the boundary region via mesoscale eddies. These include Irminger Rings, boundary current
eddies and convective eddies (Gelderloos et al., 2011; Rieck et al., 2019). While there is a good understanding of
how and where these eddies form, disagreements remain on the relative transports of heat and freshwater that they
contribute to the convective patch, and how this shapes restratification. Most of these studies focus on lateral eddy
heat transport, while freshwater fluxes are largely unaccounted for, often due to the difficulties in analyzing the
evaporation ‐ precipitation balance (Straneo, 2006). Hátún et al. (2007) estimated the freshwater transport,
suggesting that Irminger Rings are responsible for 50% of the freshwater transported to the surface layers of the
central Labrador Sea. However, uncertainties are high and their Seagliders were unable to sample eddies within
the convective region, so it is unclear whether this freshwater was involved in the restratification of the water
column or was instead mixed away from the convective patch.

Furthermore, it is also argued that mesoscale eddies are not responsible for the immediate restratification
observed within the convective region. Instead, it has been shown in a variety of convective settings that smaller‐
scale (submesoscale) fronts can become baroclinically unstable and restratify the mixed layer over timescales as
short as one day (Boccaletti et al., 2007; Frajka‐Williams et al., 2014). For example, Thompson et al. (2016), du
Plessis et al. (2019), and Giddy et al. (2021) identified an enhanced presence of submesoscale activity at the end of
winter that contributes to restratification. More recently, observations from gliders deployed in the Labrador Sea
have also revealed that submesoscale intrusions of both fresh and warm waters can develop symmetric in-
stabilities and lead to restratification of the mixed layer (Clément et al., 2023). This highlights how submesoscale
fluxes of heat and freshwater have a role in the rapid restratification of the Labrador Sea. However, we do not
know whether small‐scale warm and fresh intrusions are contributing equally to the stratification, or whether one
component is more important.

Considering that freshwater fluxes from the Arctic and the Greenland Ice Sheet may increase in a future warming
climate (Böning et al., 2016; Cosmiso, 2006; Hanna et al., 2008), it is vital to understand how thermal and haline
fluxes influence convection dynamics. This study aims to establish how vertical and horizontal stratifications
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evolve over the winter season, with a particular focus on the restratification period. Additionally, we wish to
investigate the scales of horizontal stratification, and understand whether submesoscale fronts are primarily
driven by gradients in temperature or salinity.

2. Methods
2.1. Glider Data

This study investigates how the thermal and haline characteristics of the Labrador Sea influence both vertical and
horizontal stratification. To do this, we used data collected by five underwater gliders that sampled the Labrador
Sea over two winters (Figure 1). During the first winter of 2019/20 three gliders were deployed, two of which
(sg602 and sg638) were Kongsberg Seagliders from the TERIFIC (Targeted Experiment to Reconcile Increased
Freshwater with Increased Convection) project. The third glider (Pearldiver) was a Teledyne Slocum glider
deployed as part of the HOTSeALS (Heat and Oxygen Transport Sensing Across the Labrador Sea) project.
During the second winter of 2021/22 two further gliders were sent out. These were Slocum G2 gliders (398 and
409) also part of the TERIFIC project. For further information on each deployment, see Clément et al. (2023,
2024).

To investigate Labrador Sea dynamics over winter, the glider data were categorized into three sections to enable
sub‐seasonal comparisons of water column conditions. These periods were “early winter,” “convection” and
“restratification,” and were defined based on the evolution of the mixed layer depth (MLD). The MLD is
calculated from a density threshold of 0.01 kg m− 3 (Piron et al., 2016) relative to a 10 m density value. Early
winter begins when the glider enters the Labrador Sea and concludes once the MLD is deeper than 200 m.
Convection is defined from this point onwards until the MLD shoals and its daily variability consistently exceeds
80 m (Clément et al., 2023). Restratification then takes place until the MLD remains shallower than 50 m. Each

Figure 1. Glider trajectories in the Labrador Sea in winter 2020 (a–d) and 2022 (e–h). The monthly averaged mixed layer depth (MLD) using ARGO climatology
(Argo, 2000; Roemmich & Gilson, 2009) is shown in the background. The symbols on the glider tracks represent each winter period; a diamond represents “early
winter,” a star “convection,” and a circle “restratification.” Topography data are from the NOAANational Geophysical Data Center (2009). The gray isobaths represent
underwater depths of 1,000, 2000, and 3,000 m going from the outside of the basin inwards. The bold black line highlights the 200 m MLD contour.
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glider traveled through the Labrador Sea with varying trajectories (Figure 1), and consequently collected data for
each of these winter periods at various times and locations. As such, the ‘restratification’ period can represent a
local change in MLD sampled by a glider (e.g. Pearldiver, Figure 1d) or the glider can sample a varying MLD
when escaping the convective patch (e.g. sg602 and sg638, Figure 1c).

Early winter began during December for all gliders except Pearldiver, where this period started on 5 January 2020.
During early winter, glider 409 traveled southwestward at the northern edge of the convective patch (Figure 1f),
whereas all other gliders were positioned more centrally in the Labrador Sea between 56◦N and 58◦N (Figures 1b
and 1f). All gliders began to measure convection during January and continued to do so for the remainder of the
month (see Table 1 for exact dates of each winter period). Gliders sg602 and sg638 began to measure restrati-
fication as they traveled westward toward the Labrador Shelf, meaning that the restratification they observed is
spatial as the gliders approached the edge of the convective patch. In contrast, Pearldiver and gliders 398 and 409
remained within known convective areas during their restratification periods, and therefore observed predomi-
nantly temporal restratification.

The two 2020 Seagliders were mounted with unpumped CTDs (conductivity‐temperature‐depth) provided by
Sea‐Bird Electronics (CT sail), sampling every 10 s, and Pearldiver was mounted with a Seabird Glider Payload
CTD sampling temperature and salinity every 20 s. The Base station from the University of Washington was used
to conduct initial processing for sg602 and sg638 (Bennett et al., 2021). In 2022, the two Slocum gliders were
mounted with pumped Slocum Glider Payload CTDs with a sampling frequency of 2 s, and their data were
processed with PyGlider. Post‐processing, sporadic salinity measurement errors were identified within the upper
50–100 m across multiple profiles from all gliders. These spikes can occur from the thermal lag, bubbles in the
sensor, biofouling, measurements above the ocean surface, or vehicle stalls, and were manually identified and
removed.

Underwater gliders profile the water column in a V‐shaped pattern, where the average distance and standard
deviation between downward dives for each glider from early winter to restratification were approximately 5 ±

1.3 hr (∼4.6 ± 2.5 km). There were a few instances where spacing between glider dives were >8 hr. A total of 10
periods were above this threshold, one of which was during early winter for sg602 and one during convection for
Glider 398. Sg638 had the most gaps, with five during early winter and three during convection. These data points
were not included in the analysis.

To analyze horizontal and vertical density gradients, glider profiles were linearly interpolated onto a 2‐hr hori-
zontal grid and a 5 m vertical grid. The glider distance was interpolated to produce a data set with coordinates in
both time and distance, enabling the calculation of lateral gradients. These resolutions were chosen to smooth any
noise that may be introduced by instrumentation, while still capturing small‐scale features. It is worth noting that
gliders can often underestimate lateral gradients due to the limitations of sampling across fronts, as discussed by
Thompson et al. (2016). Similarly, the decision to interpolate profiles over time rather than distance may also
influence the outputs of buoyancy gradient calculations and equivalent heat flux (Qmle) estimations (Coadou‐
Chaventon et al., 2024; Swart et al., 2020). Considering this, interpolations over distance were tested and the
results across both methods agree. The choice to interpolate over time instead of distance was selected due to the
smaller temporal variability across profiles, leading to more consistent interpolation.

Table 1
Correlation Between the Temperature and Salinity Contributions to Density for Each Glider and Each Period

Early winter Convection Restratification

Glider
Dates T S Dates T S Dates T S

Start–End r, slope r, slope Start ‐ End r, slope r, slope Start–End r, slope r, slope

sg602 2019–20 09 Dec–13 Jan 0.96 1.30 − 0.63 − 0.31 13 Jan– 01 Feb 0.81 0.82 0.3 0.18 01 Feb–16 Feb 0.91 1.20 − 0.36 − 0.2

sg638 2019–20 09 Dec–14 Jan 0.96 1.43 − 0.74 − 0.43 14 Jan– 19 Feb 0.77 0.60 0.63 0.40 19 Feb–01 Mar 0.36 0.11 0.95 0.89

Pearl 2019–20 05 Jan– 21 Jan 0.86 0.46 0.89 0.54 21 Jan– 16 Mar 0.37 0.13 0.94 0.87 16 Mar–31 Mar 0.37 0.18 0.88 0.82

398 2021–22 19 Dec–09 Jan 0.28 0.20 0.77 0.80 09 Jan– 19 Feb 0.81 1.22 − 0.24 − 0.22 19 Feb– 01 Apr 0.20 0.11 0.86 0.89

409 2021–22 28 Dec–27 Jan −0.81–0.18 0.99 1.18 27 Jan– 02 Mar 0.75 0.33 0.92 0.67 02 Mar–04 Apr 0.16 0.07 0.90 0.93

Note. Significant correlations (for p < 0.05) are shown in bolded red.
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2.2. Vertical Stratification

By investigating the vertical stratification, we can assess the stability of the water column throughout each winter
period by calculating the buoyancy frequency (N2) using the Gibbs Seawater (GSW) routine (IOC, SCOR, &
IAPSO, 2010). The water column is gravitationally unstable for N2 < 0 and stable for N2 > 0 with

N2 = g(β
∂SA
∂z

− α
∂Θ
∂z

), (1)

where g is the gravitational acceleration, SA and Θ are the absolute salinity and conservative temperature, α is the
thermal expansion coefficient of seawater, and β is the haline contraction coefficient. The relative influence of
temperature and salinity on vertical stratification is quantified by the vertical Turner angle (Turner, 1973)

Tuv = arctan2(Rρv), (2)

with Rρv the vertical density ratio calculated from

Rρv = α
∂Θ
∂z

(β
∂SA
∂z

)

− 1

. (3)

Because of our interest in the dynamics of the MLD and possible entrainment from below, we compare the
average conditions within the mixed layer to those 50 m beneath. As such, ∂Θ/∂z is defined as the difference in
mean conservative temperature within the mixed layer to 50 m beneath the mixed layer, with ∂z = 50 m.

The vertical Turner angle covers a range between − π and π, which can be separated into a stable or unstable
regime (Figure 2a). Stable angles indicate a stably stratified water column under the MLD, and unstable angles
suggest the mixed layer is susceptible to further overturning and instability. The angles can be separated into four
quadrants that represent whether temperature or salinity has a dominant influence on the vertical density gradient.

Figure 2. Schematic of the (a) vertical Turner angle, Tuv, and (b) horizontal Turner angle, Tuh. Yellow and green sections indicate angles where stratification is primarily
influenced by salinity and temperature, respectively. Hatched sections in (a) represent angles where temperature or salinity tend to destabilize the vertical stratification.
The small gray arrows indicate whether the effect of temperature and salinity on stratification are fully compensated (Rρ = 1) or anti‐compensated (Rρ = − 1).
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2.3. Horizontal Stratification

Analyzing horizontal stratification provides insights into the presence of fronts, which can potentially sustain
submesoscale instabilities. By understanding the horizontal structure within the mixed layer, we can establish
when and where these fronts exist, if they are driven by temperature or salinity, and whether they link to sub-
mesoscale processes that can potentially drive restratification. To identify fronts with the glider data, we first
calculate the lateral buoyancy gradient as

bx = g(α
∂Θ
∂x

− β
∂SA
∂x

), (4)

where ∂x is the distance traveled over each horizontal grid of 2 hr. This calculation of the buoyancy gradient is
aligned in the direction of the gliders flight, and therefore will tend to underestimate the real gradient, as discussed
in Thompson et al. (2016). Furthermore, density anomalies averaged within the mixed layer are decomposed into
temperature and salinity contributions using

ρḿl = ρ0 (βSAḿl − αΘḿl), (5)

where ρ0 is a reference density of 1025 kg m− 3, and the primes denote the anomaly from a reference temperature
of 3.5◦C and salinity of 34.85 g kg− 1 (Clément et al., 2023; Frajka‐Williams et al., 2014). This calculation
identifies regions where the mixed layer is either warmer or colder, or fresher or saltier than the reference values.
To quantify the relationship between temperature and salinity in shaping horizontal fronts, the horizontal Turner
angle, Tuh, is used (Giddy et al., 2021; Spiro Jaeger &Mahadevan, 2018). For Tuh, the stability criteria applied to
Tuv is not relevant and instead, only the inverse tangent of the horizontal density ratio is required. The horizontal
Turner angle is therefore calculated as

Tuh = arctan(Rρh), (6)

where Rρh is the horizontal density ratio calculated using

Rρh = α
∂Θ
∂x

(β
∂SA
∂x

)

− 1

. (7)

The overbars represent depth‐average values within the mixed layer, and ∂Θ∂x represents the horizontal gradient of
the depth‐averaged conservative temperature in the mixed layer. Angles of Tuh cover a range between − π/2 and
π/2. Positive angles capture partially compensated mixed layer density fronts (temperature and salinity are
working against each other), whereas negative angles describe anti‐compensated fronts (temperature and salinity
work together to change density). Consequently, at π/4 lateral fronts are fully density compensated (bx = 0), and
at − π/4 the fronts are at their strongest. Fronts are mostly driven by salinity if − π/4 < Tuh < π/4, where angles
of 0 represent a front shaped by salinity changes alone. Fronts are temperature‐dominated if |Tuh| > π/4, and
angles of either − π/2 or π/2 represent a front driven by a lateral gradient in temperature only (Figure 2b).

2.4. Scales of Variability

To investigate the scales of density variability, the mixed‐layer density anomaly (Equation 5) is examined using a
wavelet transform based on the Generalized Morse wavelet framework of Lilly and Olhede (2012), characterized
by parameters γ = 3 and β = 2 (Lilly & Elipot, 2024). This wavelet can represent density variability as a function
of both horizontal scale and time. The wavelet analysis can reveal where smaller‐scale features are encountered by
the gliders and whether they are prominent during restratification. Additionally, wavelet analysis offers a more
detailed assessment of the temporal variability of horizontal fronts, revealing how the temperature and salinity
contributions to horizontal stratification vary across different periods. Following Coadou‐Chaventon et al. (2024),
the horizontal density ratio Rρh is calculated from wavelet transforms of along track temperature and salinity
anomalies. To assess the dominance of either temperature or salinity to fronts over different scales, |Tuh| is
calculated using |Rρh| to bound angles between 0 and π/2. Here, if 0 < |Tuh| < π/4, horizontal fronts are
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dominated by salinity, whereas temperature fronts exist where π/4 < |Tuh| < π/2. It should be noted that this
analysis does not identify whether fronts are compensating or not.

3. Results
3.1. Water Column Structure and Density Anomalies

Glider 398 shows the three winter periods (“early winter,” “convection,” and “restratification”) in the central
Labrador Sea (2021–2022, Figure 3). Early winter is characterized by a relatively shallow mixed layer, remaining
at approximately 100 m for much of this period. The mixed layer is distinctly warm and fresh (median 3.8◦C and
34.8 g kg− 1) and has lateral gradients in |bx| around median 9.5 × 10− 9 s− 2. Beneath the mixed layer, there is a
band of strong vertical stratification (median 1.5 × 10− 5 s− 2) accompanied by pronounced gradients in |bx|
around median 3.9 × 10− 9 s− 2 (Figures 3e and 3f).

As the winter progresses, the mixed layer deepens, and convection begins. At the onset of this phase in January,
Glider 398 observes a large eddy characterized by a strong warm anomaly that extends throughout the measured
water column (Figure 3b). Once out of the eddy, the mixed layer becomes progressively cooler, saltier and denser
(3.3◦C, 34.9 g kg− 1 and 27.7 kg m− 3) and deepens to over 700 m. The lateral buoyancy gradient within the mixed
layer weakens relative to early winter, with |bx| around median 3.3 × 10− 9 s− 2. Vertical stratification underneath
themixed layer alsoweakens, indicative of enhanced vertical mixing and entrainment of water from below.During
restratification, the MLD is highly variable and stronger |bx| values re‐emerge within the mixed layer (median
4.6 × 10− 9 s− 2). Mixed layer density reaches its peak during this phase, although the mixed layer is punctuated
with regions of lower density that coincide with strong lateral buoyancy gradients and a shoaling MLD.

Above the gliders, the heat flux exhibits a winter cycle (Figure 3a), where the weakest outgoing heat fluxes from
the ocean occur during early winter, and the largest during restratification. In early winter for Glider 398, the
outgoing heat losses are no stronger than 500 W m− 2 and the incoming short wave radiation barely reaches
75 W m− 2. By the end of the convective period the net outgoing heat losses increase to over 1000 W m− 2, driven
by an increase in outgoing latent and sensible fluxes. During restratification, the net heat flux becomes more
variable, latent and sensible fluxes remain large, and the maximum outgoing net heat loss of 1250 W m− 2 occurs
on 4 March 2022. After this point, less heat is lost from the ocean and the daily short wave radiation cycle be-
comes prominent after March 13th. For the other gliders (not shown) similar patterns are observed, where early
winter heat losses do not exceed around 500 W m− 2, except for glider 409 where these almost reach 750 W m− 2

due to the glider's more northerly position. During convection, the net outgoing heat losses range from 750Wm− 2

to over 1000 W m− 2, with the weakest heat losses around Pearldiver and greatest around glider 409. During
restratification the outgoing heat losses remain high, but more variability from the daily short wave radiation is
observed due to some of their restratification periods extending into March.

While surface heat fluxes influence water column stability, subsurface processes—such as mixed layer baroclinic
instabilities—also contribute to restratification. These submesoscale instabilities can form mixed layer eddies
(MLEs) that can restratify the water column through eddy overturning and frontal slumping (Boccaletti
et al., 2007; Fox‐Kemper et al., 2008). An equivalent heat flux can be calculated to quantify the restratifying
capacity using Qmle = 0.06b2xH2Cpρ0(αgf )

− 1, with H the MLD, Cp the heat capacity of seawater and f the
Coriolis parameter (Mahadevan et al., 2012). Within the water column, the mixed layer eddy heat flux magnitude
increases over the winter period, and is at its largest during restratification with an average magnitude across all
gliders of 78 Wm− 2 compared to early winter (33Wm− 2) and convection periods (41Wm− 2). These heightened
values are a result of strengthened lateral buoyancy gradients observed within the mixed layer during the end of
winter (Figure 3f), and suggest an enhanced presence of mixed layer instabilities and submesoscale‐driven
stratification.

To study the density structure, the mixed layer density anomaly is calculated and decomposed into its thermal and
haline contributions for each glider (Figure 4). Over winter for all gliders, there is an increase in mixed layer
density until the end of the convective period, when this plateaus. This density increase is at times punctuated with
short‐term variability where the density anomaly (black line) is either more positive (denser) or negative (less
dense). During restratification, the density anomaly has pronounced variations toward lighter density caused by
warmer and/or fresher conditions within the mixed layer.
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Although anomalies from both fresh and warm conditions persist during restratification, the lateral density
structure of the mixed layer is controlled primarily by changes in salinity. Salinity and density anomalies during
restratification for glider 398 are strongly correlated (r = 0.86, p < 0.05), with slopes between 0.82 and 0.93 for
all gliders except sg602 (see Table 1). In comparison, during restratification the temperature anomaly has weaker
correlation coefficients within the range of 0.16–0.37, with slopes between 0.07 and 0.18 ( p > 0.05). Sg602

Figure 3. Timeseries of (a) air‐sea heat fluxes from ERA5 interpolated to the glider's location. Transects from Glider 398 (winter 2022) of (b) conservative temperature,
(c) absolute salinity, (d) potential density (σ0), (e) buoyancy frequency (N2) and (f) lateral buoyancy gradient (bx). Vertical dashed lines separate the transect into “early
winter” (left), “convection” (middle), and “restratification” (right), and the mixed layer depth is in black (b–f). Negative heat flux indicates heat loss from the ocean to the
atmosphere.
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differs in that it crossed waters with a stronger correlation between temperature and density anomalies during
restratification (r = 0.91, p < 0.05, slope = 1.2), and with a weak negative correlation to salinity of − 0.36
( p > 0.05). This is potentially a consequence of this glider traversing west and measuring restratified waters
much earlier than the other gliders, which highlights how thermal and haline relationships may depend on both
timing and location in the Labrador Sea. It is worth noting that despite strong correlations for some gliders during

Figure 4. Time series of mixed layer averaged density anomalies (black) and the contributions from temperature (red) and salinity (orange) over the three winter periods
separated by the gray vertical dashed lines. Dashed timeseries in each respective color are taken 50 m below the mixed layer depth (MLD). The top three timeseries are
from the gliders deployed during winter 2020 (a–c), and the lower two (d, e) from winter 2022. The MLD is displayed in green. Temperature and salinity anomalies are
referenced to 3.5 ◦C and 34.85 g kg− 1, respectively. The gray region for Pearldiver represents a gap in the timeseries due to onboard computer issues.
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early winter and convection, the result is not significant due to small degrees of freedom, with an average across
all gliders and variables of ∼6, compared to restratification where more degrees of freedom were sampled (∼12).

To characterize vertical stratification, we compare seawater density in the mixed layer to that 50 m below
(Figure 4, dashed lines). During early winter, strong vertical density gradients persist between the mixed layer and
water below; as winter progresses, the difference between mixed layer density and sub‐mixed layer density re-
duces. These temperature and salinity anomalies are also visible in the section data during the convection period
(Figures 3b and 3c), when water 50 m below the mixed layer is warmer and saltier. During restratification,
sporadic fresh intrusions coincide with a shoaling MLD. During this time, mixed layer waters are typically colder
than below with the exception of for example, glider 398 from 24 March 2022 onwards, as such thermal strat-
ification does not set in until later in the restratification period. This highlights the importance of salinity to
density in this region, and how the onset of restratification seems to be initially driven by freshwater intrusions.
Later, restratification is maintained by a combination of both warm and fresh mixed layer conditions, when the net
heat flux becomes positive.

3.2. Vertical and Lateral Stratification

To quantify the temperature and salinity contributions to stratification at the mixed layer base, we use the vertical
Turner angle Tuv between mixed‐layer‐averaged properties and properties taken 50 m below the MLD (Figure 5).
In early winter, the stratification is stable and salinity dominated, that is, the mixed layer is fresher than below.
The large negative values for gβ(∂SA/∂z) further indicate that stratification is strong. During convection
(Figure 5b), enhanced cooling at the ocean surface destabilizes the water column, shown by negative values of
gα(∂Θ/∂z). During this time, the density ratio (Rρ) is close to 1, and the buoyancy frequency (Figure 3e) reduces
meaning vertical stratification at the mixed layer base is weaker and close to instability. During restratification,
stratification at the mixed layer base is at its weakest as temperature continues to destabilize, but stratification
within the mixed layer increases as a result of salinity (increased N2), from fresher conditions within the mixed

Figure 5. Scatter plots of the vertical gradients of salinity and temperature (times g, β and α, respectively) for all gliders over (a) early winter, (b) convection, and
(c) restratification. (d) Distribution of the vertical Turner angle from all gliders in early winter (blue), convection (red), and restratification (black). Temperature or
salinity dominates vertical stratification in the green or yellow regions, respectively. The hatched regions demonstrate where salinity or temperature have a destabilizing
effect on vertical stratification. The shading around each line in (d) is the 95% confidence interval defined by bootstrapping.
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layer compared to those beneath (Figures 3c and 4). While the increased stratification is predominantly from the
haline component, there is an increase in thermal stratification. For Glider 398, these instances are toward the end
of winter from 24 March 2022 onwards, aligning with when the ocean begins to gain heat (Figure 3a).

During restratification, the strength of the vertical temperature and salinity gradients is weaker than during
convection, as seen by the scatter points moving toward the center of the plot (Figure 5c vs. 5b). This is counter‐
intuitive to the evidence that more fresh and warm anomalies are within the mixed layer, which would instead
suggest stronger gradients in β ∂SA∂z or α ∂Θ∂z . This is likely a result of enhanced vertical mixing and entrainment
during convection, which homogenizes conditions between the mixed layer and water below—therefore reducing
vertical gradients for the subsequent period during restratification. This is evident in Figures 3b and 3c, with
stronger vertical gradients under the MLD during convection than restratification. Furthermore, this effect is
amplified by the shallowing MLD during restratification, as vertical gradients are taken in the remnants of the
well mixed convective layer. As a result, the stratification‐promoting warm and fresh anomalies present during
restratification are sporadic and small in Figure 5c.

To assess the contributions of temperature and salinity to lateral density structure in the mixed layer, we use the
horizontal Turner angle Tuh and compare the three winter periods (Figure 6). As noted previously, values of
Tuh = π/4 indicate pure compensation (i.e., no lateral density gradients in spite of lateral temperature and
salinity gradients), and Tuh = − π/4 means temperature and salinity are equally contributing to density gradients.
In the Labrador Sea, salinity is the dominant contributor to lateral density gradients during early winter (65% of
observations have − π/4 < Tuh < π/4). During convection, the distribution narrows and the peak shifts toward
Tuh ≈ π/4 indicating weak lateral gradients in density (see also bx for glider 398 in Figure 3f), where tem-
perature gradients now compensate salinity gradients. During restratification, the conditions closely resemble
those of early winter again, where salinity dominates lateral gradients. The intra seasonal patterns of salinity and
temperature dominance are consistent with those seen in the vertical (Figure 5d). This highlights a potential
connection between horizontal and vertical stratifications, and illustrates how slumping horizontal density fronts
can influence the vertical structure of the water column (Boccaletti et al., 2007).

3.3. Scales of Variability

To better understand the drivers of lateral gradients of density in the mixed layer, we determine the scales at which
these gradients occur. From this we can assess the dominant scales of fronts potentially acting as a source of
restratification, as well as investigate the relative contributions of temperature and salinity at different scales. The
separation between submesoscales and mesoscales is not fixed, mesoscales are often defined on the basis of the
Rossby radius of deformation (Chelton et al., 1998), which is around 7–8 km within the Labrador Sea (Funk
et al., 2009; Gelderloos et al., 2011). This defines horizontal length scales below which local advection is

Figure 6. The horizontal Turner angle (Tuh) distribution within the mixed layer for all gliders for early winter (blue), convection (red), and restratification (black). The
shading around each line is the 95% confidence interval defined by bootstrapping. Angles between − π/2 to 0 represent anti‐compensating fronts, and angles between
0 to π/2 represent compensating fronts.
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comparably important to planetary rotation, providing a lower bound for the mesoscale range. Comparatively,
submesoscale flows are defined as having a horizontal length scale in accordance with the mixed layer Rossby
radius of deformation, which is calculated as NH/ f with N as the buoyancy frequency within the mixed layer
(using Δρ = 0.01 kg m− 3) (Thomas et al., 2008; Timmermans & Winsor, 2013). The mixed layer Rossby radius
calculated from the glider data ranges between 1 and 3 km, which is just below the scope of our spectral analysis.
Therefore, this analysis uses the 8 km radius as the approximate separation between submesoscale and mesoscale
features. Gliders typically cover 20–25 km per day with 3–4 dive‐climb cycles (6–8 profiles). The nominal 8 km
separation between submesoscale and mesoscale used here corresponds to a timescale of 8 hr for glider 398 and
409. For Pearldiver, which traveled roughly 20 km per day, 8 km corresponds to 10 hr. The Seagliders sg602 and
sg638 traveled more slowly, such that the timescale of separation is 11 hr (sg602) and 12 hr (sg638).

Wavelet analysis enables us to investigate the dominant scales of density variability and how those scales change
over time (Figure 7b). For glider 398 and all other gliders (not shown), the greatest density variability occurs
during early winter and restratification. During early winter, this variability is associated with increases in mixed
layer density (see the power at long periods during early winter, Figure 7b). Density variability is weakest during

Figure 7. Time series from glider 398 (winter 2022) of (a) mixed layer density, temperature and salinity anomalies, displayed in black, red and orange, respectively (also
in Figure 4), (b) wavelet spectra of the density anomaly (black line in a), and (c) the norm of the horizontal density ratio estimated by the wavelet coefficients of the
salinity and temperature anomalies. Horizontal density variations are dominated by salinity (yellow, 0 to π/4) or temperature (green, π/4 to π/2). The vertical dashed
lines show the separation of the winter periods, and the horizontal dashed white line separates the submesoscale and mesoscale time periods chosen here at ∼8 hr (∼8 km).

Journal of Geophysical Research: Oceans 10.1029/2025JC023742

JAQUES ET AL. 12 of 18

 21699291, 2026, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JC

023742 by U
niversity O

f Southam
pton, W

iley O
nline L

ibrary on [11/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



convection for all gliders, which is consistent with the temperature‐salinity compensation shown by the horizontal
Turner angle (Figure 6). To check that the reduced variability during convection is not a consequence of averaging
the density anomaly over a larger range of depths (deeper mixed layers during this time), spectra were produced
(not shown) using the density anomaly from several depth bins, which all yielded similar results. During
restratification, there is a resurgence of energy at both mesoscale and submesoscale periods, and this variability
comes from sporadic decreasing ρʹ (see the high power at shorter timescales, Figure 7b). This resurgence of
energy at both scales could indicate a connection between the mesoscale and submesoscale, where finer scales
may be drawing energy from larger scales through stirring (Yu et al., 2024).

To establish the temperature and salinity contributions to lateral density variability, the density ratio
⃒
⃒Rρh

⃒
⃒

(Equation 7) is calculated using the wavelet transform of temperature and salinity anomalies depth‐averaged in
the mixed layer (Figure 7a). This analysis shows the modulus of Rρh where lateral density variability is controlled
by salinity (yellow) or temperature (green) (Figure 7c), as a function of scale and time. Across all three defined
winter periods, salinity is the dominant contributor to lateral density variations at both submesoscale and
mesoscale periods. The only exception to this is for sg602 (not shown), where temperature is the dominant control
during restratification across both scales. At submesoscales specifically, temperature fronts appear to be more
prominent than at the mesoscale; however, salinity remains the dominant contributor within the submesoscale
range. For example, at a 7 hr period (<10 km) for glider 398, 66% of fronts over the full winter are salinity‐driven,
and during restratification these fronts are predominantly fresh (Figure 7a).

The importance of salinity and temperature to density (Figure 4) in the restratification period is depicted by
calculating the Welch spectra of the mixed‐layer density anomaly (Figure 8). The spectra are computed using
consecutive 4 days segments (∼80 km), and the slopes over frequencies higher than once per day, to explain
energy variance at smaller scales. Across early winter (Figure 8a), the density and salinity slopes are strongly
aligned, confirming the salinity dependence of density. During convection, however, both salinity and temper-
ature exhibit greater variance than density, consistent with the stronger density compensation inferred from the
horizontal Turner angle during this period (Figure 6). During restratification (Figure 8c), the three slopes are more
closely aligned, and this behavior is consistent across all gliders (not shown); however, there is greater power in
salinity variance than in temperature, which again demonstrates the preponderance of small‐scale, salinity‐driven
fronts in this region.

The evolution of the spectral slopes over the winter season also informs us about changes in energy transfer as
winter progresses. Based on interior quasi geostrophic theory (Charney, 1971) and surface quasi geostrophic
theory (Blumen, 1978), steeper slopes (k− 3) infer greater dissipation of energy from larger scales to smaller
scales, whereas flatter slopes ( k− 5/3) suggest that stirring sharpens fronts (frontogenesis) toward smaller scales.

Figure 8. Spectra of glider 398's mixed layer averaged density anomalies (black) and the contributions from salinity (orange) and temperature (red) across (a) early
winter, (b) convection and (c) restratification. The 95% confidence interval from each spectra is shaded. Reference slopes of k− 2 and k− 3 are shown as gray dotted lines.
The slope of the density anomaly is shown as a thick gray line.
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However, as discussed by Jaeger et al. (2020) observations do not often match this and tend to show slopes more
aligned with k− 2. The observations from glider 398 (and others, not shown) have slopes on the steeper side tending
toward k− 3, which based on theory would suggest little energy is maintained at small scales. However, as shown
from the wavelet analysis this is not the case, particularly during restratification. While there is a slight flattening
of the slope between convection and restratification (Figure 8b vs 8c), the slope remains greater than k− 3. Other
work, such as that by Timmermans et al. (2012) finds similar steep power spectra when submesoscale processes
are actively restratifying the surface mixed layer in the Arctic, and suggests that power laws may differ between
high latitude and mid latitude regions. While the spectral slopes here do not match those usually associated with
strong frontogenesis, the flattening of the slope between convection and restratification suggests enhanced
submesoscale energy which is also shown through the wavelet analysis (Figure 7).

4. Discussion
Hydrographic data from five gliders deployed in the Labrador Sea are used to examine how vertical stratification
and horizontal density variability evolve through winter. Observations show that salinity dominates density
variability throughout the season, with temperature becoming more influential during convection and at smaller
scales. Wavelet analysis indicates elevated submesoscale activity during restratification, with density variability
primarily driven by the haline component.

In early winter, the water column is strongly stratified by salinity, shown by a vertical Turner angle distribution
dominated by large negative values in β ∂SA∂z (Figure 5a). This reflects the Labrador Sea's character as a beta ocean,
where cold temperatures reduce the thermal expansion coefficient and amplify the relative importance of salinity
to buoyancy (Caneill et al., 2022; Carmack, 2007; Clément et al., 2020; Stewart & Haine, 2016). However, as
winter progresses and convection intensifies, surface heat losses (Figure 3) cool and destabilize the upper ocean,
deepening the mixed layer and reducing stratification. During this time, temperature partially compensates lateral
salinity gradients, creating a more thermally influenced regime with minimal lateral density variability (Figure 6).

During restratification, salinity becomes more influential to mixed layer density. The transition back to haline‐
driven vertical and horizontal stratification occurs before net surface heat fluxes turn positive (after March
14th, Figure 3a), and while the mixed layer remains colder than underlying waters (Figure 3b). This suggests that
restratification precedes atmospheric warming, consistent with previous studies (Mahadevan et al., 2012; du
Plessis et al., 2017; Clément et al., 2023, 2024). The stratification is initiated mostly by fresh—but also some
warm—water anomalies within the mixed layer. These anomalies are unlikely to come from precipitation or
surface heating, considering the limited effect of precipitation (Straneo, 2006) and net negative heat fluxes
(Figure 3a), and are therefore more plausibly sourced from lateral transport. Considering glider 398's position
toward the western Labrador Sea during restratification, these anomalies likely originate from the relatively fresh
Labrador Current. In the future, the Labrador Current is projected to become fresher (Böning et al., 2016), which
may strengthen horizontal salinity gradients within the central basin. While further research is needed to deter-
mine the precise origin and pathways of these anomalies, future increasing freshwater conditions are likely to
weaken deep convection and shorten the convective period.

Spectral analysis shows that fresh and warm anomalies manifest as submesoscale fronts during restratification, as
shown by high power at small scales (Figure 7). The prevalence of haline‐driven fronts is consistent with results
from Drushka et al. (2019), who showed using shipboard thermosalinograph measurements that surface sub-
mesoscale fronts in the Labrador Sea are primarily salinity‐underpinned. The enhanced presence of these fronts
during restratification highlights the potential for submesoscale frontal slumping to occur, which is a known
mechanism for rapid restratification (Boccaletti et al., 2007; Clément et al., 2023; Frajka‐Williams et al., 2014;
Giddy et al., 2021; Gula et al., 2022; Hosegood et al., 2006). The magnitude of the mixed layer eddy heat flux is
also the largest during restratification across all gliders, suggestive of enhanced mixed layer eddy activity during
this time tending to stratify the water column. While the specific nature of the instabilities cannot be confirmed
without further investigation, it is likely that symmetric and mixed layer baroclinic instabilities contribute
(Clément et al., 2023). This underscores how small‐scale intrusions of mostly fresh, but also warm, waters
contribute to the restratification of the Labrador Sea.

A key limitation is that gliders move through both space and time, making it difficult to separate spatial from
temporal variability. Glider 398 sampled near the convective edge (Figures 1g and 1h), therefore some variability
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may reflect the glider crossing between convective and surrounding waters. However, all gliders observed
enhanced small‐scale density variability during restratification (Figure 4) without necessarily being at the
convective boundary, suggesting this feature is basin‐wide. Even if partly spatial, strong horizontal salinity and
temperature gradients at the peripheries of the convective patch could themselves trigger instabilities and
restratification from the outside in, and future freshening of the boundary regions could enhance boundary‐
convection gradients and lead to the development of convective eddies along the convective boundary (Clarke
& Gascard, 1983; Lilly et al., 2003; Marshall & Schott, 1999).

This study is limited to data from two consecutive winters in close annual succession with deep mixed layers
(Yashayaev, 2024); therefore, these results may not represent longer‐term conditions. However, as previously
noted, Drushka et al. (2019) showed salinity‐dominated surface stratification using measurements from 1990 to
2016, suggesting this is a persistent feature of the basin. Considering this, it is worthwhile highlighting that glider
sg602 measured a greater dependence of density on temperature during restratification, suggesting that the
relative roles of temperature and salinity may vary with timing and location. Depth also affects this relationship
(Stewart & Haine, 2016), which highlights the need for more high‐resolution sampling across depths and
additional winters to capture interannual variability and spatial patterns in stratification.

5. Conclusion
Observations from five gliders in the Labrador Sea across the winters of 2019/20 and 2021/22 demonstrate how
salinity is the dominant control on both vertical and horizontal stratifications throughout winter. During early
winter, the water column is strongly stratified by salinity. As convection begins, enhanced ocean surface heat
losses destabilize stratification and deepen the mixed layer. During this time, temperature becomes more
important by having a destabilizing role and offsetting any lateral salinity gradients. During restratification,
salinity again becomes more important and has a significant influence on density. This transition back to salinity‐
driven stratification precedes atmospheric warming and is linked to the presence of fresh intrusions, likely derived
from lateral transport. These intrusions appear as submesoscale salinity fronts, which are known to develop
instabilities that can rapidly restratify the mixed layer. This highlights the strong salinity dependence of strati-
fication, lateral gradients, and submesoscale dynamics during restratification. Given that future climate pro-
jections show increased freshwater inputs from Greenland and the Arctic (Böning et al., 2016; Cosmiso, 2006;
Hanna et al., 2008), these findings suggest that freshening rather than warming may have a dominant role trig-
gering restratification in future. Further investigation into the origin and pathways of these freshwater anomalies
is essential to understanding their role in submesoscale‐mediated restratification and the broader impacts on deep
convection.
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verview) (Copernicus Climate Change Service & Climate Data Store, 2023). These results contain modified
Copernicus Climate Change Service information 2020. Neither the European Commission nor ECMWF is
responsible for any use that may be made of the Copernicus information or data it contains.
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