
Turbulent Vertical Velocities in Labrador Sea Convection
L. Clément1 , L. Merckelbach2, and E. Frajka‐Williams3

1National Oceanography Centre, Southampton, UK, 2Institute of Coastal Research, Helmholtz‐Zentrum Hereon,
Geesthacht, Germany, 3Universität Hamburg, Hamburg, Germany

Abstract Turbulent vertical velocity measurements are scarce in regions prone to convection such as the
Labrador Sea, which hinders our understanding of deep convection dynamics. Vertical velocity, w, is retrieved
from wintertime glider deployments in the convective region. From w, downward convective plumes of dense
waters are identified. These plumes only cover a small fraction of the convective area. Throughout the
convective area, the standard deviation of w agrees with scaling relations for the atmospheric surface and
boundary layers. It initially depends on surface buoyancy loss in winter, and later, on wind stress after mid‐
March. Both periods are characterized by positive turbulent vertical buoyancy flux. During convective periods
in winter, the positive buoyancy flux is mostly forced by surface heat loss. After mid‐March, when buoyancy
loss to the atmosphere is reduced, the positive buoyancy flux results from a restratifying upward freshwater flux,
potentially of lateral origins and without much atmospheric influence.

Plain Language Summary Deep convection is an essential component of our climate system as it
uptakes and redistributes atmospheric properties, such as anthropogenic carbon and oxygen, into the abyssal
ocean. Intense ocean heat loss to the atmosphere in winter triggers convection, resulting in kilometer‐sized
plumes with high downward vertical velocities and deep mixed layer depth. These plumes remain challenging to
observe and parameterize in climate models. Here we show that autonomous vehicles (gliders) can sample dense
downwelling plumes in the Labrador Sea. Gliders sampled a positive vertical buoyancy flux that depicts
downwelling of dense water parcels and upwelling of light water parcels during convection, and that
compensates a buoyancy loss from the ocean to the atmosphere. At the end of convection, an observed
freshwater import produces a similar buoyancy flux unmatched by the surface flux. This flux adds buoyancy and
shoals the mixed layer. Additional measurements from sufficiently long glider deployments like these ones
could potentially allow us to establish a crucial link between deep water formation and an expected increase in
freshwater fluxes from Arctic and Greenland sources.

1. Introduction
Through the ventilation of the deep ocean, convection mitigates the atmospheric accumulation of anthropogenic
carbon dioxide. Climate models struggle to represent oceanic convection (F. Li et al., 2019) due to the wide range
of scales involved in its development and cessation (Gascard & Clarke, 1983). One of the few regions where deep
convection can occur is the Labrador Sea, where a cyclonic gyre with isopycnal doming preconditions the region
to deep convection. Subsequently, the buoyant boundary currents bring buoyancy to the central Labrador Sea,
contributing to the weakening of convection. After intense surface heat loss, overturning cells develop as
kilometer‐sized plumes with strong vertical velocities; these upwell buoyant water parcels and downwell less
buoyant ones, mixing water properties. Convective plumes can be detected from vertical water velocities w
(Margirier et al., 2017) estimated from gliders (Frajka‐Williams et al., 2011; Merckelbach et al., 2010) or moored
measurements (Schott et al., 1996). In this study, Labrador Sea convective plumes are identified and characterized
from glider deployments.

Turbulent processes in the oceanic boundary layer (BL) result from surface buoyancy loss, winds, and waves. A
lack of turbulent flux measurements in harsh convective environments limits the development of BL parame-
terizations (Large et al., 1994). These parameterizations rely on similarity theories developed for atmospheric
boundary layers, where direct measurements of turbulent fluxes are more easily attainable. Similarity theories
relate mean profiles of water properties with turbulent fluxes, obtained only from surface fluxes and subsurface
shear and stratification profiles (Businger et al., 1971; Wyngaard et al., 1971). To study BL turbulence, micro-
structure profiles (Lombardo & Gregg, 1989) can be complemented by vertical kinetic energy, inferred from w
(D’Asaro, 2001; Zheng, 2023). In a convective environment with surface heat loss (Figure 1a), a thermal
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boundary layer appears with 3D turbulence. Below a critical depth, 3D turbulence becomes geostrophically
controlled by planetary rotation and grows into quasi‐2D and downward propagating vortices (Maxworthy &
Narimousa, 1994). At the convective front around the plumes, eddies develop and export recently convected
water masses. The efficiency of this water mass export depends on the eddy size, which, along with plume size,
decreases with stronger rotational influence. Here, using data from glider deployments in a region of deep
convection allows us to test the drivers of the w variability and the rotational influence on plumes.

Upward vertical buoyancy fluxes result from gravitational instabilities under convection but also from restrati-
fying submesoscale and mesoscale processes. Buoyancy flux measurements are scarce in the open ocean BL
because of the difficulty to sample small oceanicwwith stable moored sensors. This challenge has been overcome
with tethered sensors below drifting ice (McPhee, 1992) or with autonomous vehicles (Hayes & Morison, 2002).
Because sampled subsurface buoyancy flux is still lacking in the ocean, bulk (Niiler & Krauss, 1977) or depth‐
dependent (Large et al., 1994; Reichl & Hallberg, 2018) oceanic mixed layer (ML) parameterizations rely on
atmospheric buoyancy flux (Caughey & Palmer, 1979; Stull, 1976) at the entrainment depth (Figure 1a).
Furthermore, buoyancy flux in a convective regime can be separated into a diffusive and downgradient buoyancy
flux, which acts onto vertical gradients close to zero in a convective ML, and an advective and countergradient
flux, parameterized from atmospheric convective updrafts (Giordani et al., 2020; Siebesma et al., 2007). Iden-
tifying Labrador Sea plumes should enable us to estimate the latter advective flux in a severe convective envi-
ronment, and buoyancy flux can be estimated at the entrainment depth from gliders.

Labrador Sea restratification results from the added buoyancy by surface heating, and by the import of buoyancy
from warm (Gelderloos et al., 2011; Lilly et al., 2003) or fresh (Clément et al., 2023; Rykova et al., 2009) eddies.
The balance of temperature versus salinity in restratification remains uncertain in observations and models, but in
a warming world with increased freshwater fluxes from the Arctic and Greenland, the effect on convection may
differ depending on this balance. To investigate Labrador Sea convective plumes (Section 3.1) and the w scalings
(Section 3.2), three gliders were deployed in the Labrador Sea (Figure S1 in Supporting Information S1) in winter
(2020 and 2022). From w, temperature, and salinity profiles, we then estimate vertical buoyancy flux in the mixed
layer both during convection and restratification (Section 3.3).

Figure 1. Ocean boundary layer (BL), entrainment depth (he), mixed layer depth (h), and surface layer (hf ) under
(a) convective surface buoyancy loss and (b) wind‐driven boundary layer. Vertical velocity anomalies (w′, green), buoyancy

profile (b, red), and vertical buoyancy flux (w′b′, blue) for (a) downward convective plumes and (b) wind‐driven mixing.
Earth's rotation can affect the convective plumes and restrict their lateral extent (green lines, lrot) or has no effect on the plumes
(dashed green lines, lnorot).
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2. Data and Methods
Three Slocum gliders sampled the Labrador Sea in the winter‐spring seasons by profiling to 1,000 m. Gliders 398
and 409 were deployed in December 2021 from Qaqortoq, southwest Greenland, and retrieved in late May 2022
onboard the RVCeltic Explorer. Glider 398 made southwest‐northeast∼110‐km sections in the convective region
around 56°N 53°W. Glider 409 also made sections around the convective region but further north, around 58°N
55°W (Figure S1 in Supporting Information S1). The third glider Pearldiver sampled the center of the deep
convective region around 57°N 52°W from January–May 2020, as described in Clément et al. (2023). Pearldiver
sampled temperature (Θ) and salinity (S) at 20 s intervals, whereas the other two gliders sampled at 2 s intervals.
In this study, we focus on data collected from mid‐January (at the onset of convection, for 398 and Pearldiver) or
late January (when the glider arrived at the convective site, for 409) until the last week of March (restratification).
During these ∼2.5‐month periods, the three gliders sampled the convective region, where the mixed layer depth
deepens to more than 200 m in winter and shoals to 50 m during the last 2 weeks of March. The gliders traveled
horizontally and vertically at a speed of 0.2 and 0.1 m s− 1, respectively.

Vertical water velocity, w, is estimated from glider data by substracting a modeled glider flight speed, wg, from a
measured glider vertical velocity, wm (Frajka‐Williams et al., 2011; Merckelbach et al., 2010), w = wm − wg.
Using the pressure sensor, wm is the time derivative of the glider vertical position. A quasi‐steady dynamical
model for flight in still‐water predicts wg over timescales longer than 1 min by utilizing the balance between
gravity, buoyancy, lift and drag forces. The computed water velocities have an accuracy of∼0.5 cm s− 1 and do not
contain a signal due to (deep water) surface waves (Merckelbach & Carpenter, 2021). Values for w, collected in
the top and bottom 20 m of each profile were not included in the analysis, as here the assumption of steady‐state
flight might not be valid due to changes in pitch and buoyancy drive. Following Margirier et al. (2017), convected
plumes are detected by first identifying convective days during which |w|> 2 cm s− 1 for 10% of the day. Plumes
are then detected when the 2‐min running mean |w| is above 2 cm s− 1 for a distance of at least 150 m.

Vertical velocity anomalies, w′, are estimated relative to a 60‐min average, which roughly corresponds to the

plume timescale (Sections 3.1), when calculating the standard deviation of the vertical velocity, σw = (w′2)1/2, in
Sections 3.1 and 3.2. To estimate the buoyancy flux, w′b′, in Section 3.3, the averaged buoyancy is calculated by
taking the mean over 1‐day periods in z/h space, from which the anomaly b′ and w′b′ are calculated, assuming
that the average of w over these periods is zero. Although the buoyancy flux sampling interval approaches one
minute when using a flight model, McPhee (1992) previously estimated that a resolved turbulent heat flux was
reduced by only 10%–20% when low‐pass filtering 1‐s time series to 30 s. Below, overbars represent temporal
average distinguishing between periods of different buoyancy forcing or convective scalings (defined from Ro∗,
Table 1) as in Figure 3, or separating the periods of convection from restratification as in Figure 4. The natural

Table 1
Boundary Layer Scalings (Text S1 in Supporting Information S1)

Turbulence scale Non‐dimensional parameter
Stable surface

buoyancy (B0 < 0)
Unstable surface
buoyancy (B0 > 0)

Surface layer SL z z/L with z/L< 0 with L> 0 z/L> 0 with L< 0

(0%–10% of BL) L = − u 3
∗ /κB0

κ ≈ 0.4

u∗ =

̅̅̅̅̅̅̅̅̅̅̅̅̅

( τ/ρ0)
√

τ: wind stress

σw/u∗ = 1 (Figure 3a)
(Wilson, 2008)

σw/u∗ = (1 + 4.5z/L)
1
3 (Figure 3b)

(Wyngaard et al., 1971)
• z/L ≪ 1, forced convection (winds

dominated): σw/u∗ → 1
• z/L ≫ 1, Free convection (buoyancy

dominated): σw/u∗ ∼ (z/L)1/3

Mixed layer ML
(0%–80% of BL)

lrot ∼ (B0/ f 3)
1/2

lnorot ∼ h

(Jones & Marshall, 1993)

Ro∗ = (B0/ f 3h2)
1/2

z/h
σ2w/u 2

∗ = 1.96(1 − z/h)3/2

(Figure 3c)
(Nieuwstadt, 1984)

• Ro∗ < 0.29, rotational convection:
w∗ → w rot

∗ ∼ (B0/ f )1/2 (Figure 3d):
σ2w/w 2

∗ = 1 (Mironov et al., 2000)
• Ro∗ > 0.29, non‐rotational convection:
w∗ → w norot

∗ ∼ (B0h)1/3 (Figure 3e):
σ2w/w 2

∗ = 1.8(z/h)
2
3(1 − 0.8z/h)2

(Lenschow et al., 1980)
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Rossby number is Ro∗ = (B0/ f 3h2)
1/2 with f the Coriolis parameter (Jones & Marshall, 1993). The mixed layer

depth (MLD), h, is defined from a density threshold of 0.01 kg m− 3 (Piron et al., 2016) and displayed in Figure S1
of Supporting Information S1 using a monthly density Argo climatology (Roemmich & Gilson, 2009). If the
MLD is deeper than 1,000 m (0.2% of Pearldiver measurements), the MLD is set to 1,000 m to estimate z/h in
Figures 3 and 4. B0 is the surface buoyancy flux (Clément et al., 2023) estimated from the ERA5 reanalysis
(Hersbach et al., 2020). Ro∗ delimits the importance of rotation by separating non‐rotational 3D turbulence from
rotational quasi‐2‐D vortices, believed to form under the 3D turbulent layer under strong rotational control
(Maxworthy & Narimousa, 1994; Pirro et al., 2022).

3. Results
3.1. Plume Detection

Individual convective plumes are first identified from w (Figure 2a and Figure S2 in Supporting Information S1).
Then, the plume characteristics are defined from a composite analysis (Figures 2b and 2c) displayed along the
plume horizontal lengthscale non‐dimensionalized by the plume diameter, x/D, for convective periods until mid‐
March. Over the three winter glider deployments, 73 downwelling and 57 upwelling plumes were detected. These
downwelling plumes have a composite horizontal length‐scale (width) of 620 ± 400 m that is crossed in
approximately one hour by the gliders. A 4‐min averaged w is used to detect the plumes and their width, which is
defined from the w zero‐crossings. Note that the gliders do not necessarily cross a plume through its center, and so

Figure 2. (a) Vertical velocity from glider 398 with the mixed‐layer depth, h (black). The colored dots at the top indicate the
periods used in (Figures 3c–3e). The dots at the bottom indicate periods of downwelling (blue) and upwelling (orange)
plumes for the convective period before mid‐March. Composite analysis of (b) downwelling and (c) upwelling plumes'
vertical velocity (green), density (red), temperature (gray) and salinity (black) contributions to density anomalies displayed
along the plume horizontal lengthscale non‐dimensionalized by the plume diameter, x/D. Errorbars indicate standard error of
the mean.
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the average plume diameter is likely higher than this value. Downwelling plume composites of vertical velocity
and density show dense waters moving downwards (w′p and ρ′0p in Figure 2b, where subscript p indicates average
over all plumes and prime denotes anomaly relative to the time‐averaged property of each plume). This contrasts
with non‐breaking linear internal waves in a stratified ocean without vertical buoyancy flux and supports the
identification of plumes. Subsequent to atmospheric cooling, dense plumes are colder and fresher than their
environment, with temperature anomalies (rather than salinity) dominating the density anomaly (Figure 2b).

The characteristic velocity and density in a downwelling plume are w′p = − 4.6 cm s− 1 and ρ′0p = 1.5
× 10− 4 kg m− 3, which gives w′p b′p = 0.7 × 10− 7 m2 s− 3. The area of the convective region occupied by
downwelling plumes, defined as the plume total length‐scale divided by the distance covered by the gliders, is
ap = 3%. The upwelling plume composite (Figure 2c) has a maximum speed of 3.2 cm s− 1 and a length‐scale of
780 ± 690 m. Upwelling plumes are associated with warm and salty waters (Figure 2c) and with negative
density anomaly of ρ′0p = − 3.8 × 10− 4 kg m− 3 centered around x/D = − 0.15. Upwelling plumes were
sampled in ap = 2% of the convective region. Using Equation 4 (Supporting Information S1), we estimate a
total non‐local buoyancy flux apw′pb′p of 4.3 × 10− 9 m2 s− 3 for both downwelling and upwelling plumes. This
estimate implies that the non‐local transport only roughly contributes to a tenth of the calculated buoyancy flux
depth‐integrated within the ML (38.5 × 10− 9 m2 s− 3 in Figure 4a). Using characteristic velocity and density
for plumes slightly overestimates the total buoyancy flux although it might also be underestimated by ∼10%–
20% due to the glider undersampling at ∼1 min (McPhee, 1992). This contribution remains lower than the 80%–
90% found in convective atmospheric environments (Giordani et al., 2020; Siebesma & Cuijpers, 1995). The
low contribution of the non‐local to the total buoyancy flux might arise from an under‐sampling of convective
plumes and of ap. The gliders mainly went back and forth between the convective region and the edge of the
boundary currents (398 and 409 in Figure S1 of Supporting Information S1). In contrast, in the northwestern
Mediterranean Sea, ap roughly covered a third of the convective region (Margirier et al., 2017), a value that
would bring better agreement between our non‐local and total buoyancy flux. Further targeted deployments in
the center of the Labrador Sea and other convective regions should help refine the estimate of ap and its
variability.

The histogram of w is slightly skewed, with larger negative than positive w for |w| = 4–8 cm s− 1 during periods of
strong surface buoyancy loss (Figure S3 in Supporting Information S1). This skewness is consistent with con-
vection in the Mediterranean Sea where skewed histograms of w were previously found (Margirier et al., 2017;
Merckelbach et al., 2010).

3.2. Vertical Velocity Scalings

In this section, we use the three gliders deployed (∼3 months each) in a convective environment to examine how
the standard deviation of vertical velocity (σw) , a proxy for turbulence, relates to atmospheric forcing. In
particular, we test scalings (Table 1) for the surface layer (SL, top 10% of the boundary layer) and mixed layer
(ML, top 0%–80% of the boundary layer, BL) to assess the dominant controls on glider‐observed vertical ve-
locities during Labrador Sea deep convection. Although the BL contains the ML and the entrainment zone
(Lombardo & Gregg, 1989), the BL is here approximated by the ML (Buckingham et al., 2019).

For the surface layer, we compute the non‐dimensionalized turbulence, approximated by the standard deviation of
vertical velocity over friction velocity σw/u∗ and average these values in z/L coordinates, with z the depth and L
the Obukhov length (Table 1). This allows us to test the dependence of turbulent velocities on Monin‐Obukhov
scaling (Supporting Information S1). In periods with stabilizing or destabilizing buoyancy forcing, the computed
ratio σw/ u∗ agrees well with the theoretical prediction from SL scaling (Figures 3a and 3b, Table 1). This
demonstrates that in the upper‐layer of the ocean, vertical velocities are in strong agreement with scalings for
wind‐ and buoyancy‐driven turbulence. This agreement would suggest that surface waves and Langmuir circu-
lations are not important contributors to σw in the region, confirming previous observations for the region
(Zheng, 2023). However, some of these effects may be strongest in the near surface layer and thus missed as we
have removed the top 20 m. Additionally, the effect of Langmuir turbulence might also be incorporated in u∗
(Miller et al., 2024). In the weakly stabilizing case (Figure 3a), the turbulent eddy size is limited by stratification
and σw/u∗ is independent of z. In the unstable case (Figure 3b), σw/u∗ increases with increasing atmospheric
buoyancy loss (B0) from z/L> 0.1 and follows the free convective regime for z/L ≫ 1. For weaker buoyancy
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loss (z/L< 0.1), the forced convection regime approaches the stable regime with a constant σw/u∗ (Figure 3b).
Due to high surface heat loss in winter, the free convection regime covers 96% of the convective period, whereas
the forced convection regime only occurs 4% of the time.

Within the mixed layer, the relationship between turbulent vertical velocity and scalings for shear‐driven tur-
bulence or rotationally controlled convection are tested. These scalings predict a vertical structure for the w
standard deviation as a function of fractional depth in the mixed layer (z/hwhere h is theMLD). The black lines in
Figures 3c–3e show each calculated ratio for all the glider data. Overall, the observed vertical velocities are
relatively lower than the scalings for velocity (rotational and non‐rotational convection in d and e, respectively).

Figure 3. Surface (a, b) and mixed (c–e) layer scaling for the standard deviation of vertical velocity, σw. In (a, b), σw is plotted
as a ratio over friction velocity, u∗, and averaged against z/L (orange). In (c, d), σw is bin‐averaged against z/h with h the
mixed layer depth and plotted as a ratio against (c) u∗, (d) w rot

∗ , the scaling for rotationally controlled convection and (e) w norot
∗ ,

the scaling for non‐rotationally‐controlled convection. For each test, the calculation is averaged over all glider data (Total in
black) or a subset corresponding to stable surface buoyancy forcing (c) in green, unstable surface buoyancy forcing and
Ro∗ < 0.29 in red (d) or Ro∗ > 0.29 in blue (e). The small inset plots show the relationship between the 1‐day average σw and the
theoretical scaling along with their correlation coefficient (r), the slope of the regression, and the p‐value. The theoretical
scalings (Table 1) are shown in dashed black.
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Implied theoretical scalings are overlaid in dashed black which show that for shear driven ML, there is an
expectation of stronger vertical velocities near the surface layer, and an agreement above 0.4z/h with the ratio
selected under stable surface buoyancy forcing (green in Figure 3c).

For the scalings of vertical velocity during free convection (destabilizing buoyancy forcing), there exist two
leading scalings for vertical velocities, depending on whether rotation is acting on and changing the character of
the convective plume, or whether there are no rotational effects. Typically, one would expect that rotation is felt if
the plume takes longer to descend to its neutral depth, so that there is time for rotation to be felt. The formal
distinction used here is the natural Rossby number Ro∗, which is smaller for larger h. While this threshold varies
in previous experiments from 0.03 (Coates & Ivey, 1997) to 1 (Jones & Marshall, 1993), here we use a threshold
of Ro∗ = 0.29 (Maxworthy & Narimousa, 1994) to separate the regimes (Text S1 in Supporting Information S1),
where periods with a smaller Ro∗ (larger mixed layer depth) are anticipated to correspond to rotationally
controlled convection. From the glider data sets, 66% of the free convection periods are in the non‐rotational
regime (Ro∗ > 0.29) and 34% are rotational (Ro∗ < 0.29). For the calculation, σw is normalized by the rota-
tional and non‐rotational scalings for w (Table 1), and bin‐averaged in z/h coordinate (Figures 3d and 3e).
Nondimensionalized σw decays with depth regardless of the MLD and of the regime. Because of the rather
constant winter surface buoyancy loss until mid‐March with B0 = 0.9 ± 0.5 × 10− 7 m2 s− 3, the distinction
w norot

∗ versus w rot
∗ , or alternatively the MLD (Figure 2a) explains 78% of the variance of Ro∗ using a multiple

linear regression. Choosing free convective rotational or non‐rotational periods, as opposed to the total period,
does not meaningfully increase σw/w rot

∗ or σw/w norot
∗ to bring them closer to the ML convective scaling (dashed

line in Figures 3d and 3e). One‐day time‐averaged comparisons (insets of Figures 3c–3e), however, favor rotating
over non‐rotating scaling during free convection with the highest correlation coefficient (r = 0.64) and slope of
the regression (0.71). Due to the large uncertainties in the calculation, we note only that the scalings for rotating
convection are a marginally better fit, whereas results from Lagrangian floats found a better agreement for non‐
rotating scalings in Labrador Sea convection (Steffen & D’Asaro, 2002).

3.3. Vertical Buoyancy Flux

Vertical buoyancy flux in the ocean occurs during deep convection; at the surface, buoyancy is lost to the at-
mosphere through cooling of the surface layer of the ocean. As this now denser water sinks, it carries relatively
dense water downward (w′b′ > 0 for w′ < 0 and b′ < 0), with the expectation of lighter water rising (also
w′b′ > 0). This is the situation observed during deep convection by the gliders (Figure 2), with dense plumes
downwelling. Using the glider data, we can estimate the vertical profile of buoyancy flux, where the expectation is
that the buoyancy flux near the surface matches the buoyancy flux from the ocean to the atmosphere (Harcourt
et al., 2002), and near the mixed layer depth, the buoyancy flux goes to zero. If the buoyancy flux changes sign at/
below the mixed layer depth, then this is referred to as “penetrative convection”, where instead of dense water
going down, dense water is rising (w′b′ < 0) and being entrained into the mixed layer.

During convection (mid‐January to mid‐March, approximately when dh/dt< 0), the vertical profile of buoyancy
flux is mostly linear as a function of z/h (blue line in Figure 4a). Flux is positive near the surface and goes slightly
negative at/below the mixed layer. During winter, the average air‐sea buoyancy flux is B0 = 0.8 × 10− 7 m2 s− 3

(dashed black line in Figure 4a), which is in agreement with the near surface w′b′ estimated from gliders.
Separating the thermal and haline contributions to buoyancy flux (Figures 4b and 4c), we see–not unexpectedly
due to the temperature decrease to the surface above 0.1z/h (red lines in Figures 4a and 4b)–that during con-
vection the vertical buoyancy flux is primarily driven by temperature near the surface. In addition, entrainment of

salty and warm water occurs from below the MLD (negative − gβw′S′ for z/h> 0.6, positive gαw′Θ′ even below
z/h> 1.0). The ratio of the buoyancy flux at the mixed layer base to that of the surface, defined as
n∗ = − (w′b′)h/B0, is 36%. In the atmosphere, this ratio is usually assumed to be smaller at 20% (Caughey &
Palmer, 1979), which is used in boundary layer parameterization (Large et al., 1994; Reichl & Hallberg, 2018),
although n∗ may also contain contributions from wind stress in Figure 4a. Further studies in various convective
environments will assess whether a spatially constant ratio is appropriate for oceanic parameterizations or
whether the inclusion of wind stress and Langmuir turbulence is necessary (Q. Li & Fox‐Kemper, 2017) in deep
convective environments.
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During restratification, the vertical convergence of buoyancy flux lightens shallow waters. Similar to the
convective period, a positive buoyancy flux occurs during restratification in Figure 4d (last 2 weeks of March,

approximately when dh/dt> 0), although driven by salinity (through w′S′, Figure 4f). In the surface layer,
buoyancy increases to the surface (Figure 4d) due to a freshwater input without temperature contribution
(Figures 4e and 4f). The negligible atmospheric contribution to the buoyancy flux from the difference of evap-
oration and precipitation (BS

0 in Figure 4f) emphasizes the potential role of lateral freshwater fluxes for restra-
tification (Clément et al., 2023; Straneo, 2006). Although submesoscale processes are expected to contribute to
restratify the deep ML (Clément et al., 2023) and the decrease in buoyancy flux toward the surface (Figure 4d)
resembles the contribution of frontal instabilities to w′b′ (Thomas et al., 2016), no link could be established
between the lateral buoyancy gradient and w′b′. This absence of a link may result from insufficient high‐
resolution data or the overwhelming effect of convective buoyancy loss on w′b′.

As a secondary check to our estimates of the vertical buoyancy fluxes from gliders, we compare the evolution of
seawater buoyancy (from temperature and salinity profiles) with the expected change due to the combination of

Figure 4. (a, d) Vertical buoyancy flux (blue, bottom x‐axis) and buoyancy relative to its surface values b0 (red, top x‐axis)
with their (b, e) temperature and (c, f) salinity contributions averaged over the convective (1st row) and restratifying (2nd
row) periods. The buoyancy flux parameterization based on its surface value (B0) decays linearly to zero (dashed black line)
at the bottom of the mixed layer, h. Shading indicates the 95% bootstrap confidence intervals of the mean.
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surface buoyancy fluxes (B0) and the vertical flux near the mixed layer base (w′b′h) . Vertically integrating the
buoyancy evolution equation gives h∂b/∂t = w′b′h − B0 (Reichl & Hallberg, 2018). During the convective
period, the net buoyancy loss h∂b/∂t is − 0.7 × 10− 7 m2 s− 3, estimated from the change in buoyancy between the
start and end of the convective period and using h = 450 m. Comparing this with the expected change due to the
vertical flux at the MLD, we find w′b′h − B0 = − 1.1 × 10− 7 m2 s− 3, using the average values for w′b′h and B0
from Figure 4a. If we evaluate the buoyancy evolution during the restratification period, the situation is more
complicated due to a highly variable MLD and its overall shoaling (Figure 2a). During this period, the balance
roughly holds over the upper portion of the mixed layer (top 70%) with the buoyancy convergence of
0.42× 10− 7 m2 s− 3 (using B0 = 0.37 × 10− 7 m2 s− 3 and w′b′h = 0.79 × 10− 7 m2 s− 3 at z/h = 0.7 from
Figure 4d) that balances the added buoyancy sampled independently by the gliders
h ∂ b/ ∂ t = 0.35 × 10− 7 m2 s− 3. This agreement, and the stronger subsurface than surface buoyancy flux, imply
a subsurface source of buoyancy, for example, from freshwater via lateral oceanic processes. This contrasts with
the dominant loss of buoyancy at the surface due to heat loss to the atmosphere during the convective period.

4. Conclusions
Three gliders provided vertical water velocity measurements every minute for 3 months within the top 1,000 m of
the central Labrador Sea, including during wintertime deep convection. Using these velocity measurements, we
find that:

• Downwelling convective plumes have a length scale of 620 m, a vertical velocity magnitude up to 4.6 cm s− 1,
and cover roughly 3% of the convective region. The vertical velocities have a slightly skewed distribution
(Figure S3 in Supporting Information S1)–that is, they show narrower and faster downwelling plumes
compared to upwelling.

• Vertical velocity variance in the surface layer is controlled by wind‐ and convectively driven turbulence, while
in the ocean boundary layer it shows marginally better agreement with theoretical rotational scalings than with
non‐rotational control.

• The vertical profile of buoyancy flux is positive at the surface during both convection and restratification, and
negative at the mixed layer base during convection. During convection, the buoyancy flux is dominated by
heat flux and matches the surface buoyancy loss, while the change in sign of buoyancy flux at the mixed layer
base is indicative of entrainment from below/penetrative convection. During restratification, salt/freshwater
flux dominates (a downward flux of salty water/upward flux of freshwater).

Overall these vertical velocity measurements enabled identification of kilometer‐scale downward convective
plumes of cold water in the Labrador Sea. The measurements of vertical velocity were used to estimate vertical
buoyancy flux, including distinguishing between heat and freshwater fluxes at different stages of convection.
These methods offer a promising approach for comparing oceanic convective environments sampled by gliders
and for evaluating convection in ocean models. These methods could also be extended to estimate vertical fluxes
of biogeochemical properties (Omand et al., 2015) such as oxygen or carbon.

Data Availability Statement
The data sets for 398/409 and Pearldiver are available on SEANOE from Clément and Frajka‐Williams (2021)
and von Oppeln‐Bronikowski et al. (2022), respectively.
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