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ABSTRACT: The water mass produced during wintertime convection in the Labrador Sea [i.e., the Labrador Sea Water
(LSW)] is characterized by distinct thermohaline properties. It has been shown to exert a critical impact on the property and
circulation fields of the North Atlantic. However, a quantitative understanding of the transformation and formation processes
that produce LSW is still incomplete. Here, we evaluate the mean water mass transformation (WMT) and formation rates in
the Labrador Sea, along with their forcing attributions, in both density and thermohaline coordinates using observation-based
datasets during 2014–19. We find that while surface buoyancy loss results in an expected densification of the basin and thus
LSW formation, interior mixing has an indispensable and more complex impact. In particular, mixing across density surfaces
is estimated to account for 63% of the mean formation rate in the LSW layer [4.9 Sv (1 Sv ; 106 m3 s21)] and does so by
converting both upper-layer and overflow layer waters into the LSW layer. In addition, mixing along density surfaces is shown
to be responsible for the pronounced diathermohaline transformation (;10 Sv) west of Greenland. This is the primary
process through which the cold and fresh LSW in the basin interior is exchanged with the warm and salty Irminger Water in
the boundary current. Results from this study underline the critical role of mixing (both across and along density surfaces) in
determining the volume and properties of the LSW, with implications for better understanding and simulating deep-water
evolution under climate change.
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1. Introduction

The Labrador Basin, a semienclosed basin in the north-
western North Atlantic (Fig. 1), is one of the few locations in
the global ocean where deep convection occurs (Marshall and
Schott 1999). Cold air outbreaks during winter remove buoy-
ancy from the weakly stratified water column, triggering con-
vective mixing to depths of 1000–2000 m (Lazier et al. 2002;
Yashayaev 2007; Yashayaev and Loder 2017). During convec-
tion, the deep ocean becomes ventilated and sequestrates car-
bon and oxygen from the atmosphere, with important
implications for global climate change and marine biological
activities (Sabine et al. 2004; Pérez et al. 2013; Koelling et al.
2017). The product of convective mixing is the Labrador Sea
Water (LSW), an intermediate-depth water mass with charac-
teristically low salinity, low potential vorticity, and high

oxygen content (Fig. 2; Talley and McCartney 1982; Koelling
et al. 2017). After formation, LSW is exported from the Lab-
rador Basin to the other subpolar basins, as well as equator-
ward as part of the lower limb of the Atlantic meridional
overturning circulation (AMOC).

Many modeling and paleoceanographic studies have stressed
the importance of the Labrador Sea convection to the AMOC
transport, with enhanced convection leading to a strengthened
AMOC on decadal and longer time scales (Biastoch et al. 2008;
Danabasoglu et al. 2012; Thornalley et al. 2018; Zhang et al.
2019; Li et al. 2019; Yeager et al. 2021). For example, according
to sensitivity experiments in a suite of ocean circulation models
(1/28–1/128), Biastoch et al. (2008) have shown that positive
AMOC anomalies emerge 1–2 years after the onset of intensified
LSW production on decadal time scales. However, estimates
of the overturning in the Labrador Sea based on hydro-
graphic transects are quite small [2–5 Sv (1 Sv ; 106 m3 s21);
Pickart and Spall 2007; Hall et al. 2013], even in the early
1990s when intensified convection occurred. More recently,
direct moored measurements from the Overturning in the
Subpolar North Atlantic Program (OSNAP) have shown that
the overturning east of Greenland (15–17 Sv) far outweighs
the contribution from the Labrador Sea since 2014 (2–3 Sv;
Lozier et al. 2019; Li et al. 2021; Fu et al. 2023), another pe-
riod with intensified convection (Yashayaev and Loder 2017).
Collectively, these observation-based studies suggest an over-
all weak overturning response to convection in the Labrador
Sea. The discrepancy between models and observations may
be attributed to the common salinity biases in models that sig-
nificantly impact the simulated density structure in the basin
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and therefore the overturning strength (Jackson and Petit
2023; Zou et al. 2020a). On the other hand, the Labrador Sea
convection may have remote and delayed impacts on the
AMOC that are not captured by the observational time
scales. For example, using a high-resolution ocean circulation
model (1/208), Böning et al. (2023) suggest that enhanced
convection may contribute to overturning east of Greenland
by the spreading and entrainment of the dense LSW into the
Irminger Sea.

In steady state, the overturning transport in density coordi-
nate along a section equals the diapycnal (i.e., across density
surface) volume flux (or the diapycnal transformation) within
the basin enclosed by the section and the coastal boundaries
(Walin 1982; Speer and Tziperman 1992; Marsh 2000; Grist
et al. 2010). Thus, an alternative way to evaluate the contribu-
tion of Labrador Sea convection to the AMOC is to estimate
the diapycnal volume flux in the basin. A number of studies
have estimated the diapycnal transformation induced by air–
sea buoyancy flux in the North Atlantic (Speer et al. 1995;
Marsh 2000; Myers and Donnelly 2008; Grist et al. 2009,
2014; Desbruyeères et al. 2019). In particular, using an at-
mospheric reanalysis product, Petit et al. (2020) calculated
the mean surface-induced diapycnal transformation during
August 2014–May 2016 in the Labrador Sea, which was
1.5 6 0.7 Sv at su 527.70 kg m23. This number compares

favorably to the overturning transport at the same isopycnal
over the same time period (2.1 6 0.3 Sv; Petit et al. 2020) along
OSNAP West (Fig. 1), suggesting a dominant role of surface
forcing in transforming dense waters that compose the over-
turning circulation. However, given the short time period con-
sidered and the level of uncertainty, it is possible that the
system is not in steady state, and other processes, such as dia-
pycnal mixing, play a role.

What is also uncertain is the formation rate of the LSW
density layer (see Haine et al. 2008 and Garcia-Quintana et al.
2019 for reviews) and its forcing attributions. Previous esti-
mates using different approaches, including those based on
chlorofluorocarbon inventories (Smethie and Fine 2001;
Rhein et al. 2002; LeBel et al. 2008), air–sea flux calculations
(Speer and Tziperman 1992; Marsh 2000; Khatiwala et al.
2002; Myers and Donnelly 2008), numerical models (Böning
et al. 1996; Marsh et al. 2005; Garcia-Quintana et al. 2019;
Yeager et al. 2021), and inverse methods (Mackay et al. 2020),
vary significantly}from 2 to 11 Sv. In addition to the distinct
methods used, this large range may also be attributed to the in-
consistent definitions of the density range of the LSW layer
and the different time periods considered among the studies.
Estimates based on numerical simulations are also sensitive to
the model resolution and configuration (Garcia-Quintana et al.
2019). In fact, as pointed out by Haine et al. (2008), many stud-
ies did not provide uncertainty estimates for LSW layer forma-
tion rates, making it difficult to draw a robust conclusion.
Furthermore, past studies mostly focused on formation in re-
sponse to surface buoyancy forcing. However, OSNAP obser-
vations have suggested a possible conversion of the overflow
layer waters into the LSW layer (Zou et al. 2020a), probably in-
duced by mixing, which adds another possible forcing mecha-
nism for LSW formation.

So far, much of the attention on transformation and forma-
tion has been paid on the diapycnal processes because of their
direct linkage to the overturning circulation in density space.
However, water masses may experience important thermoha-
line changes with compensating impacts on density, which
cannot be illustrated by density coordinate. For example, us-
ing the 21-month observations at OSNAP West, Zou et al.
(2020a) reported that the mean maximum diathermal (i.e.,
across temperature surface) and diahaline (i.e., across salinity
surface) transformations were 11–14 Sv, about 3–4 times
greater than the maximum diapycnal transformation (3 Sv) in
the Labrador Sea, suggesting significant density compensation
by the thermal and haline anomalies. The strong diathermal
and diahaline transformations are reflected by the stark con-
trasts in temperature and salinity between the inflow and out-
flow across the upper Labrador Sea. As shown in Fig. 2,
relatively warm and salty Irminger Water (IW) flows into
the basin at ;500 m via the West Greenland Current (WGC;
Pacini et al. 2020). By the time the boundary current exits the
basin, where it is known as the Labrador Current (LC), it be-
comes much colder and fresher. This property change has
been attributed to the lateral exchange of heat and salt be-
tween the boundary current and the basin interior (Cuny et al.
2002; de Jong et al. 2014, 2016), as well as to the convective
overturning that takes place within the boundary in response
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FIG. 1. Winter air–sea density flux in the Labrador Sea. Negative
values indicate a density flux from the atmosphere to the ocean,
meaning that the ocean is gaining density (or losing buoyancy).
Data are obtained by averaging the monthly density fluxes during
winter months (January–March) from 2015 to 2019 among the
combination of three atmospheric reanalysis datasets (section 2d).
Black contours represent winter mixed layer depths averaged
among three oceanic datasets on a regular grid of 1/28 (section 2c).
The mixed layer depth is defined using a density threshold method
(de Boyer Montégut et al. 2004). Specifically, it is estimated as
the depth at which potential density exceeds that at 10 m by
0.01 kg m23. The OSNAP West section is indicated as a dotted
gray line. Major boundary currents are illustrated with arrows, in-
cluding the East Greenland Coastal Current (EGCC), Irminger
Current (IC), West Greenland Coastal Current (WGCC), WGC,
Labrador Coastal Current (LCC), and the LC. The 1000-, 2000-,
and 3000-m from ETOPO2 are contoured in light gray.
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to surface buoyancy loss (Pickart et al. 1997, 2002; Brandt
et al. 2007; Palter et al. 2008; MacGilchrist et al. 2020). In par-
ticular, the boundary convective overturning may directly
bring surface fresh and cold waters of Arctic/Greenland origin
down to a few hundreds of meters, resulting in thermohaline
anomalies in the boundary current. Using an idealized simula-
tion, a recent study has shown that the cold and fresh anoma-
lies in the boundary current can be attributed to surface heat
loss for the former and mixing with freshwater along the
Greenland and Labrador shelves for the latter (Bebieva and
Lozier 2023). Lacking from these studies is an analysis of ob-
servational data that quantitatively links each possible forcing
mechanism to the diathermohaline (i.e., across temperature
and salinity surfaces) volume fluxes.

The diagnostic framework for water mass transformation
(WMT) and formation in thermohaline coordinates has been de-
veloped and applied both globally and regionally (Groeskamp
et al. 2014a,b; Mackay et al. 2018, 2020; Evans et al. 2014,
2023). This framework establishes an unambiguous linkage be-
tween the velocity field and the thermohaline forcing that in-
cludes surface heat and freshwater fluxes, as well as diffusive
heat and salt fluxes in the interior (Groeskamp et al. 2014a).
Thus, the framework is particularly useful in understanding
the driving mechanisms for the diathermohaline volume fluxes.

For example, using observational and ocean reanalysis data-
sets, Mackay et al. (2020) and Evans et al. (2023) evaluated
volume fluxes in thermohaline coordinates in an extended re-
gion from the subpolar North Atlantic to the Bering Strait and
revealed the respective role of surface heat flux and interior
mixing in driving the thermohaline changes in this area.

With a focus on the Labrador Sea, the goals of this study
are to estimate the water mass transformation and formation
rates in both density and thermohaline coordinates and to as-
sess their quantitative attributions to the thermohaline forcing
from an observational perspective. To this end, we combine
moored measurements at OSNAP West and the Davis Strait,
gridded hydrographic datasets, and atmospheric reanalysis
products to conduct volume budget analysis in both density
and thermohaline coordinates during the time period from
August 2014 to August 2019.

2. Data and methods

a. Moored measurements at OSNAP West

Monthly gridded temperature, salinity, and velocity data along
the OSNAP West section from August 2014 to August 2019 are
used in this study (Fu et al. 2023). This time period is chosen
since it covers five full seasonal cycles during the OSNAP

FIG. 2. (a) Mean potential temperature and (b) mean salinity at the OSNAP West section during August 2014–
August 2019. Isotherms and isohalines are contoured in black. Major water masses are labeled, including the ULW,
LSW, IW, and OW. Definitions of these water masses are described in section 2e. (c) Mean planetary potential vortic-
ity [i.e., f (N2/g), where N2 is the buoyancy frequency]. The white contour encloses area where potential vorticity is
smaller than 6 3 10212m21s21. Potential densities su, referenced to the sea surface, of 27, 27.7, and 27.8 kg m23 are
contoured in black. (d) Mean velocity normal to the section. Positive values indicate flow into the basin. In all plots,
vertical lines represent OSNAPmooring locations.
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observational period. It is worth noting that our study period
follows intense convective activity in the winters of 2014–16
(Yashayaev and Loder 2017) and thus offers the opportunity to
evaluate water mass changes associated with strong convection.
The OSNAP product are obtained by objective analysis that in-
corporates various sources of data, including mooring meas-
urements mainly within the boundary currents (Fig. 2),
Argo profiles, satellite altimetry, shipboard hydrographic
transects, and World Ocean Atlas climatology. The horizon-
tal resolution is ,25 km, and the vertical resolution is 20 m.
The gridded velocity field at OSNAP West allows for a net
transport of 21.6 6 0.2 Sv across the section to account for the
southward throughflow across the Davis Strait (section 2b).
More information about the OSNAP data and methodology
can be found in Lozier et al. (2019) and Li et al. (2017,
2021).

b. Moored measurements at the Davis Strait

At the Davis Strait, which is the northern boundary of the
Labrador Basin (Fig. 1), we use the monthly objectively
mapped product from the Davis Strait observing system
(Curry et al. 2014). The product contains salinity, tempera-
ture, and along-strait velocity measured by moorings and sea-
gliders across the strait between Baffin Island and Greenland.
The horizontal resolution of the gridded product varies from
1 to 8 km, and the vertical resolution is 4 m in the upper 370
and 10 m at greater depths. Unfortunately, the temporal span
of the data, which is from 2004 to 2010, does not overlap with
the time period of the OSNAP measurements. Here, we as-
sume that the multiyear averaged transport during 2004–10 is
representative of the mean over the OSNAP time period at
the Davis Strait. This assumption and its limitations should be
kept in mind when considering the results presented in this
study. As shown in Fig. S1 in the online supplemental
material, the mean volume transport through the Davis Strait
is21.6 Sv (Curry et al. 2014).

c. Gridded hydrographic datasets

Monthly temperature and salinity fields during August
2014–August 2019 from three observation-based datasets are
used. The first dataset is the Multiobservation Global Ocean
ARMOR3D Level-4 dataset (Guinehut et al. 2012; Mulet
et al. 2012). In the top 1500 m, gridded temperature and salin-
ity are obtained from a combination of synthetic profiles, de-
rived from a vertical projection of satellite data via a multiple
linear regression method, and in situ measurements through
optimal interpolation. The in situ measurements include pro-
files from Argo profiling floats, XBT, CTD, and mooring
measurements. The property fields below 1500 m are based
on World Ocean Atlas 2018 seasonal climatology. We use the
multiyear reprocessed monthly temperature and salinity. The
dataset has a horizontal grid of 1/48 and 50 depth levels from
0 to 5500 m.

The second dataset used is the In Situ Analysis System
(ISAS) (Nicolas et al. 2021), which is based on measurements
from Argo, Deep Argo, and other types of in situ measure-
ments. The optimal interpolation method is applied to obtain

the gridded product. The version used in this study is ISAS17,
which has 187 standard depth levels from 0 to 5500 m and a
horizontal grid of 0.58. We use delayed mode monthly time se-
ries from August 2014 to December 2017 (Gaillard et al.
2016). For the months from January 2018 to August 2019, we
use ISAS20_ARGO, which has the same vertical and horizon-
tal resolutions, but only incorporate Argo and Deep Argo
data in the gridded fields.

Finally, we use the objective analysis product of EN4 from
the Met Office Hadley Center (Good et al. 2013). The prod-
uct incorporates data from the World Ocean Database 13,
Global Temperature and Salinity Profile Project, Argo profil-
ing floats, and additional Arctic data. Here, we use monthly
time series from version EN4.2.2 with Gouretski and Reseghetti
(2010) corrections. The dataset has a horizontal grid of 18 and 42
depth levels from 5 to 5350 m.

d. Atmospheric reanalysis products

Monthly air–sea heat and freshwater fluxes of three atmo-
spheric reanalysis products are used to estimate the surface-
forced water mass transformation over the Labrador Sea: the
National Centers for Environmental Prediction (NCEP)/
National Center for Atmospheric Research (NCAR) prod-
uct (;1.88; Kalnay et al. 1996), the fifth major global rean-
alysis produced by ECMWF (ERA5; 30 km; Poli et al.
2016), and the Japanese 55-yr Reanalysis (JRA-55; 1.258;
Ebita et al. 2011). The heat fluxes include the net longwave
and shortwave radiation fluxes and the latent and sensi-
ble heat fluxes. The freshwater fluxes include evaporation
and precipitation. All these fluxes span the time period of
August 2014–August 2019.

e. Water mass definitions

In this study, layers are defined between isopycnals where
the mean diapycnal transformation reaches a local maximum/
minimum (Fig. 4a). The water mass contained in each density
layer is specified by its characteristic properties at the OSNAP
West section (Table 1). Specifically, we define the upper layer
as the density layer between 27 and 27.7 kg m23, where waters
are generally warm and highly stratified (Fig. 2). This layer
contains both relatively freshwater (S , 34:9) in the basin in-
terior and along the Labrador coast, which is referred to as
the upper-layer water (ULW), and the relatively salty IW
(S $ 34:9) along the boundary west of Greenland.

TABLE 1. Density layers and water masses defined in this
study. The upper, intermediate, and overflow layers are defined
in terms of mean potential density su . Water masses con-
tained in each density layer are specified with limits in mean
salinity S.

Upper layer
Intermediate

layer
Overflow
layer

su (kg m23) 27–27.7 27.7–27.8 .27.8

ULW IW LSW IW OW

S ,34.9 $34.9 ,34.9 $34.9 $34.9
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The intermediate layer is defined as the density layer be-
tween 27.7 and 27.8 kg m23. In the basin interior and near the
Labrador coast, this intermediate layer is filled with LSW,
which is characterized by the lowest potential vorticity (#6 3

10212 m21 s21) and relatively low salinity (S , 34:9). Saltier
IW (S $ 34:9) is also present in the intermediate layer west
of Greenland. Underlying the intermediate layer is the over-
flow layer, whose density is greater than 27.8 kg m23 and sa-
linity is greater than 34.9. This layer contains overflow waters
(OW) from the Nordic seas that enter the basin via both the
deep boundary current (McCartney 1992; Xu et al. 2015;
Pacini et al. 2020; Lozier et al. 2022) and interior pathways
(McCartney 1992; Zou et al. 2020b; Lozier et al. 2022). The
water mass definitions in this study are overall consistent with
those in Pacini et al. (2020).

f. Volume budget for transformation in su coordinate

The water mass transformation framework was introduced
by Walin (1982) and has been widely applied thereafter (e.g.,
Speer and Tziperman 1992; Speer et al. 1995; Brambilla et al.
2008; Myers and Donnelly 2008; Badin et al. 2010; Petit et al.
2020). Following these previous studies, we evaluate the
transformation with respect to su coordinate. The method is
briefly summarized below.

Consider a volume element between ocean surface and a
surface of constant su. The conservation of its volume within
a fixed domain is expressed as

­Vs

­t
5 Ms 2 Gs, (1)

where ­Vs/­t is the temporal volume change (Sv) and Ms on
the rhs of Eq. (1) is the advective transport convergence
through the open boundaries, with a positiveMs leading to an
increase of Vs. Here, we focus on the Labrador Basin, which
is bounded by the OSNAP West line to the south, the Davis
Strait to the north, and the Hudson Strait to the west (Fig. 1).
Since the net flow through the Hudson Strait is small (;0.1 Sv;
Drinkwater 1988; Dukhovskoy et al. 2021; Ridenour et al. 2021)
and primarily contains very fresh (,34) and light waters
(,27 kg m23; Ridenour et al. 2021), it does not significantly
contribute to Ms over the density range discussed in this
study (.27 kg m23). The parameter Ms is therefore approx-
imated as

Ms 5 cs|OSNAP 2 cs|DAVIS, (2)

where cs is the overturning streamfunction along a section
and is calculated as

cs 5

�s

smin

�xe

xw

ysdxds
*: (3)

Here, ys is the transport component per unit length per unit den-
sity and is perpendicular to the section [m3 s21 m21 (kg m23)21].
A positive ys indicates an overall northwestward flow. The
xw (xe) for the inner integral denotes the westernmost (eastern-
most) position of the section. The lower limit of the outer in-
tegral smin is set to be 20 kg m23. The term s* is a dummy

variable of the integration. As shown in Fig. S2, the profile of
Ms is primarily determined by cs|OSNAP, with cs|DAVIS con-
tributing as a net southward throughflow of21.6 Sv.

The term Gs on the rhs of Eq. (1) represents the diapycnal
volume flux or diapycnal transformation rate taking place in
the domain. A positive Gs indicates a light-to-dense transfor-
mation across the su surface, leading to a decrease of Vs. The
Gs is estimated as the difference between Ms and ­Vs/­t and
can be further decomposed into a surface-induced term and a
residual term, i.e.,

Gs 5 Gsfc
s 1 Gres

s , (4)

where Gsfc
s represents the diapycnal transformation driven by

surface density flux acting on outcropping isopycnal su, which
is calculated as

Gsfc
s 5

1
Ds

� �
2

a

Cp

Q 1 b
S

1 2 S
(E 2 P)

[ ]
Psdxdy, (5)

Ps 5
1, |s* 2 s| # Ds/2

0, elsewhere
,

{

where a (K21) and Cp (J kg21 K21) are the thermal expan-
sion coefficient and heat capacity for seawater, respectively;
Q (W m22) represents the net surface heat flux from the at-
mosphere to the ocean; E 2 P is evaporation minus precipita-
tion rate (m s21); S is the sea surface salinity; b is the haline
contraction coefficient; and Ps identifies the surface areas as-
sociated with outcropping isopycnal within a density bin of
Ds, over which the density flux is integrated. In this study, we
set Ds as 0.1 kg m23, following previous studies (Speer and
Tziperman 1992; Petit et al. 2020). While using smaller bins
provides finer resolution of the transformation profile, inter-
polation of the oceanic and atmospheric datasets to finer
scales will introduce unwanted interpolation errors.

The residual term Gres
s in Eq. (4) is estimated as the differ-

ence between Gs and Gsfc
s . It represents diapycnal transfor-

mation induced by interior diapycnal mixing and other
unresolved processes, such as subsurface penetration of short-
wave radiation (ludicone et al. 2008; Xu et al. 2018), addi-
tional mass flux at the domain boundaries (Groeskamp et al.
2019), cabbeling, and thermobaricity due to the nonlinearity
of the equation of state (McDougall 1987; Klocker and
McDougall 2010; Groeskamp et al. 2016). These latter terms
are less important compared to diapycnal mixing in the subpolar
North Atlantic according to previous studies (Groeskamp et al.
2016; Xu et al. 2018). In this study, we primarily attribute Gres

s to
diapycnal mixing while keeping in mind the potential influence
from the other processes.

g. Volume budget for formation in su coordinate

To evaluate the water mass formation (WMF) rate, we con-
sider volume budget for a specific density layer bounded by
su and su 1 Ds, i.e.,

­VDs

­t
5 MDs 1 GDs, (6)
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where ­VDs/­t denotes the volume change of the layer, MDs

denotes advective convergence through the open boundaries,
and GDs represents the convergence of diapycnal volume flux
between su and su 1 Ds and is defined as the water mass for-
mation rate of the layer,

GDs 52Ds
­Gs

­s
: (7)

The total formation rate GDs can be further attributed to ei-
ther surface forcing or interior mixing,

GDs 5 Gsfc
Ds 1 Gres

Ds: (8)

h. Volume budget in S–u coordinates

We follow Mackay et al. (2018, 2020) for the construction
of volume budget in thermohaline (S–u) coordinates. In their
study, the thermohaline formation rate was estimated using a
regional thermohaline inverse method, which was originally
based on a global thermohaline inverse method developed by
Groeskamp et al. (2014a). Here, the thermohaline formation
rate is directly estimated from observational and atmospheric
reanalysis datasets.

Consider a volume element VSu that is bounded by isoha-
lines S 6 DS/2 and isotherms u 6 Du/2 (Fig. 3). Its temporal
evolution is governed by

­VSu

­t
5 MSu 1 =Su ?GSu, (9)

where MSu denotes advective transport convergence between
OSNAPWest and the Davis Strait, i.e.,

MSu 5 cSu|OSNAP 2 cSu |Davis, (10)

where

cSu 5

� �
PSPuydxdz, (11)

in which y is the velocity component (m s21) perpendicular to
the section. Discrete functions PS and Pu are defined to iden-
tify grid points along the section where salinities and tempera-
tures are within the S 6 DS/2 and u 6 Du/2 ranges. In this
study, DS is set as 0.1 and Du is set as 18C.

TheGSu in Eq. (9) represents the diathermohaline volume flux,
and GSu 5 (G|S,u6Du/2, G|u,S6DS/2) (Mackay et al. 2018). Here,
positive G|S,u6Du/2 denotes salty-to-fresh transformation across
S surface between u 6 Du/2 surfaces, and positive G|u,S6DS/2

denotes warm-to-cold transformation across u surface between
S 6 DS/2 surfaces (Fig. 3). The gradient operator is de-
fined as =Su 5 (­/­S, ­/­u), and =Su ?GSu 5 (­G|S,u6Du/2/­S,
­G|u,S6DS/2/­u) is the convergence of diathermohaline flux. It
represents the thermohaline formation rate between u 6 Du/2
and S6 DS/2 surfaces and is estimated as the difference between
MSu and­VSu/­t.

The term =Su ?GSu can be further decomposed into

=Su ?GSu 5 =Su ?G
sfc
Su 1 =Su ?G

res
Su , (12)

where =Su ?G
sfc
Su represents the thermohaline formation rate in-

duced by surface heat and freshwater fluxes, which is calculated as

=Su ?G
sfc
Su 5

­

­S

� �
2(E 2 P)SPuPSdxdy

[ ]

1
­

­u

� �
2

Q
rCp

PuPSdxdy

[ ]
, (13)

where PuPS is defined to identify surface areas with outcrop-
ping isotherm u and outcropping isohaline S within bins of Du
and DS and =Su ?G

res
Su represents the formation rate induced

by interior mixing and other unresolved processes that might
cause VSu to change. As suggested by Mackay et al. (2018, 2020),

FIG. 3. (a) Schematic of a volume element VSu bounded by isohalines S 6 DS/2 and isotherms u 6 Du/2. The MSu

represents advective volume flux through the open boundaries. The G|S,u6Du/2 denotes salty-to-fresh transformation
across S surface between u 6 Du/2 surfaces. If G|S,u6Du/2 increases toward higher salinity, i.e., G|S1DS/2,u6Du/2 .

G|S2DS/2,u6Du/2, there is a diahaline volume flux convergence, which leads to a net thermohaline formation. Similar
cases apply to G|u,S6DS/2. (b) The same volume element in thermohaline (S–u) coordinates. Figures are adapted from
Groeskamp et al. (2014a) and Mackay et al. (2018).
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interior mixing dominates =Su ?G
res
Su in the subpolar North

Atlantic. We estimate this term as a residual of the other terms
given by Eq. (12).

If Eq. (9) is integrated across all isohalines (isotherms), we
obtain the volume budget for the formation within the ther-
mal layer between u 6 Du/2 (haline layer between S6 DS/2),

­VDu

­t
5 MDu 1 GDu 5 MDu 1 (Gsfc

Du 1 Gres
Du ), (14)

­VDS

­t
5 MDS 1 GDS 5 MDS 1 (Gsfc

DS 1 Gres
DS),

where GDu (GDS) represents the formation rate in that ther-
mal (haline) layer. By further integrating Eq. (14) from maxi-
mum temperature (salinity) to a certain isotherm u (isohaline S),
we obtain the volume budget for diathermal (diahaline)
transformation,

­Vu

­t
5 Mu 2 Gu 5 Mu 2 (Gsfc

u 1 Gres
u ), (15)

­VS

­t
5 MS 2 GS 5 MS 2 (Gsfc

S 1 Gres
S ):

A positive Gu (GS) represents a warm-to-cold (salty-to-fresh)
transformation and note that

Gu 52
1
Du

�u

umax

GDudu
* 52

1
DuDS

�u

umax

�Smin

Smax

=Su ?GSudS
*du*,

(16)

GS 52
1
DS

�S

Smax

GDSdS
* 52

1
DuDS

�S

Smax

�umin

umax

=Su ?GSudu
*dS*:

i. The mean and uncertainty estimates

To derive the mean transformation rate Gg (g being s, u,
or S) and its uncertainty, we first calculate the mean volume
change ­Vg /­t and its uncertainty. In each month during
August 2014–August 2019, ­Vg/­t is calculated with each of
the three oceanic datasets (ARMOR3D, ISAS, and EN4).
The average among datasets is recorded as (­Vg/­t)m, where
m denotes the number of months (m 5 1, 2, … , 61), and the
standard deviation among datasets is STDm. To derive the
61-month mean volume change ­Vg /­t and its uncertainty,
we use a Monte Carlo approach. Specifically, for the ith
iteration, the volume change in an individual month, i.e.,
(­Vg/­t)mi , is randomly generated from a normal distribu-
tion with a mean of (­Vg/­t)m and STDm. This step gives a
61-month volume change time series, from which we draw
the mean for this iteration (­Vg /­t)i. The above steps are re-
peated for N 5 5000 times, and the mean volume change can
be estimated as

­Vg

­t
5

1
N
∑
N

i51

­Vg

­t

( )
i
: (17)

The standard error (SE) associated with­Vg /­t is given by

SEV 5




































1

N 2 1
∑
N

i51

­Vg

­t

( )
i
2

­Vg

­t

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
2

√√√
: (18)

Next, we calculate the mean advective volume flux through
the open boundaries. At both OSNAP West and the Davis
Strait, monthly cg is calculated using gridded observational
data and is then averaged temporally to obtain cg . The SE is
estimated from the monthly STD and degrees of freedom
(DOF),

SEc 5
STD








DOF

√ : (19)

The mean transport convergence Mg between the two sec-
tions and its SE are therefore

Mg 5 cg,OSNAP 2 cg,DAVIS , (20)

SEM 5

































SE2

c,OSNAP 1 SE2
c,DAVIS

√
: (21)

With Mg and ­Vg /­t, the mean transformation rate Gg is esti-
mated as the difference between the two following Eq. (1).
The associated SE is estimated as the square root of the sum
of SE forMg and SE for­Vg /­t, similar to that in Eq. (21).

The monthly transformation rate induced by surface flux
(Gsfc

g ) is calculated by combining the three atmospheric rean-
alysis products, NCEP/NCAR, ERA5, and JRA-55, with the
three oceanic datasets EN4, ARMOR3D, and ISAS. Before
calculating, all datasets are subsampled onto the ERA5 hori-
zontal grid of 30 km. We apply one of the atmospheric data-
sets (e.g., ERA5) on the outcropping area determined by one
of the oceanic datasets (e.g., ARMOR3D) to derive monthly
Gsfc

g . The nine individual estimations ofGsfc
g are then averaged

to obtain (Gsfc
g )m and STDm, with m denoting the number of

months. The 61-month mean Gsfc
g and its uncertainty are esti-

mated in a similar way to those for­Vg /­t using a Monte Carlo
approach. The mean transformation induced by the unre-
solved processes Gres

g is estimated as the difference between
the total (Gg ) and the surface-induced transformation (Gsfc

g ).
Its SE is estimated as the square root of the sum of SE for

Gg and SE forGsfc
g , similar to that in Eq. (21).

Finally, the mean formation rate GDg is calculated as the
difference of mean transformation rates between the two
bounding isosurfaces g and g 1 Dg. Its uncertainty is esti-
mated as the square root of the sum of SE associated with the
two transformation rates, similar to that in Eq. (21). Unless
otherwise noted, the reported estimates represent the time-
mean plus/minus uncertainty in the mean.

3. Results in su coordinate

a. Mean transformation

The volume budget associated with the mean water mass
transformation in su space during August 2014–August 2019
is shown in Fig. 4a. The mean volume change (­Vs /­t) at each
isopycnal is smaller than 0.1 Sv, meaning that a quasi-steady
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FIG. 4. (a) Volume budget for WMT in su space following Eq. (1). Advective transport convergence between
OSNAP West and the Davis Strait Ms is plotted in solid black. The mean volume change (­Vs /­t) is shown as a gray

dotted line, and the mean diapycnal transformation (Gs ) is plotted in solid gray. Positive Gs represents a light-to-dense

transformation. Shading represents SE. (b) Transformation rates, including the totalGs (solid gray), the surface-induced

component Gsfc
s (dotted blue), and the residual term Gres

s (dotted orange). (c) Volume budget for WMF following
Eq. (6).MDs , ­VDs /­t, and GDs in each density layer are shown as gray bars and are also labeled to the left. The associ-
ated SEs are indicated with sticks. Horizontal red dotted lines correspond to isopycnals of 27, 27.7, and 27.8 kg m23 that
delimit the three density layers (Table 1). (d) Formation rates and their SEs, including the total GDs (gray), the surface-

induced componentGsfc
Ds (blue), and the residual termGres

Ds (orange). The mean formation rates in each density layer are
labeled to the left, with positive (negative) signs indicating water mass formations (destructions). The absolute transfor-
mation rates across the bounding isopycnals for each layer are also labeled, with the transformation directions indicated
as arrows.
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state is reached and that the mean advective convergence be-
tween OSNAP West and the Davis Strait (Ms ) is balanced by

the mean diapycnal transformationGs at each isopycnal.
At densities less than 27 kg m23, Ms is a transport diver-

gence, which is attributed to a larger export of the lightest wa-
ters along the Labrador shelf compared to their import along
the Greenland shelf (Fig. 2d). The dense-to-light transforma-
tion that balances this transport divergence is likely due to
freshwater input from the surface and lateral boundaries, sea
ice melt, and/or mixing processes. These waters are not the fo-
cus of our study and will not be discussed further. Here, we
focus on transformation taking place in the basin interior
where su is overall greater than 27 kg m23.

The strongest transformation in the basin interior occurs at
27.7 kg m23, where Gs is 3.6 6 1.2 Sv and corresponds to a
light-to-dense volume flux (Fig. 4a). To explore the driving
mechanisms for Gs , we decompose it into a component in-
duced by surface buoyancy flux Gsfc

s and a residual term Gres
s

that is primarily attributed to mixing. As shown in Fig. 4b,
Gsfc

s is positive at each isopycnal greater than 27 kg m23, sug-
gesting a consistent light-to-dense transformation in response
to buoyancy loss at the ocean surface. At 27.7 kg m23, Gsfc

s is
2.3 6 0.2 Sv, which accounts for 64% of Gs at the same iso-
pycnal. TheGsfc

s estimated in this study is higher than, but still
comparable to, that in a previous study by Petit et al. (2020),
who reported a surface-induced transformation of 1.56 0.7 Sv
during August 2014–May 2016. The spatial distribution of
Gsfc

s reveals its maximum in the central-western Labrador
Basin, where winter mixed layers are deep and 27.7 kg m23

outcrops (Fig. 5a). Outside of the Labrador Basin, relatively

high Gsfc
s at 27.7 kg m23 extends northeastward into the central-

western Irminger Sea, another site with frequent convective
events (Pickart et al. 2003; de Jong et al. 2012, 2018). This wide-
spread surface-induced transformation in the Labrador and
Irminger Basins is consistent with previous studies}using Argo
float data (Piron et al. 2017) and an eddy-rich ocean/sea icemodel
(Rühs et al. 2021)}that have noted extended deep convection in
these basins after 2015. Piron et al. (2017) further attributed the

extended deep convection to exceptional surface heat loss and
strongwind event occurrences during winters in these years.

The remaining 36% of the light-to-dense transformation at
27.7 kg m23 is accomplished byGres

s , which is 1.36 1.2 Sv. Di-
apycnal mixing associated with deepening mixed layers has
been shown to drive light-to-dense transformation in the Lab-
rador Sea, according to both high-resolution ocean circulation
models (Xu et al. 2018) and idealized simulations (Brüggemann
and Katsman 2019). In particular, Xu et al. (2018) investigated
the spatial distribution of mixing-induced diapycnal transforma-
tion using a 1/128 model HYCOM and found that at isopycnal
s2 5 36.815 kg m23 (potential density referenced to 2000 dbar),
corresponding to su ’ 27.72 kg m23, the light-to-dense transfor-
mation primarily took place around and within the convection
site. Surrounding the light-to-dense transformation, mixing also
induced a dense-to-light transformation at the same isopycnal,
which was attributed to mesoscale eddies acting on the winter
mixed layer base (Xu et al. 2018). This eddy-induced restratifi-
cation during and after convection has previously been revealed
by extra-high-resolution ocean models}1/608 NEMO (Pennelly
and Myers 2020) and 1-km ROMS (Tagklis et al. 2020),
which show important upward and horizontal eddy buoy-
ancy flux that counteracts the deepening of the mixed layer
(Tagklis et al. 2020; Li et al. 2023). We will return to this
point in section 4.

At isopycnals greater than 27.8 kg m23, outcroppings at the
sea surface occur less frequently, and Gs is primarily accom-
plished byGres

s . Specifically, at 27.8 kg m23 which delimits the
overflow layer from the intermediate layer (Table 1), dense-
to-light transformation takes place (Gs 521:36 0:9 Sv) due
to mixing (Gres

s 521:86 1:0 Sv). This mixing-induced deep
upwelling may be explained by the bottom boundary layer
theory (Ferrari et al. 2016; de Lavergne et al. 2016), which ar-
gues that turbulent buoyancy flux converges in the bottom
boundary layer and therefore results in deep-water upwelling.
Since the bottom boundary layer is only a few tens of meters
thick, the diapycnal rising at 27.8 kg m23 is therefore confined
to a very thin layer of a narrow annulus along the sloping to-
pography of the basin (Ferrari et al. 2016). At 27.9 kg m23,

FIG. 5. (a) Spatial distribution of Gsfc
s at 27.7 kg m23 during August 2014–August 2019. Black contours represent

winter mixed layer depths (same as those in Fig. 1). The red dashed contour denotes outcropping isopycnal of
27.7 kg m23 in winter months. (b) Spatial distribution ofGsfc

u at 38C during the same time period. Red dashed contour
denotes outcropping isotherm of 38C in winter months.
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diapycnal transformation is weak and is associated with rela-
tively large uncertainty (Gs 5 0:76 0:8), precluding a robust
conclusion. Further study is needed to understand these deep
diapycnal motions in the Labrador Sea.

b. Mean formation

The convergence (divergence) of transformation between
isopycnals gives the water mass formation (destruction) rate.
Here, we discuss the mean formation rates in three density
layers defined in Table 1. In the upper layer (27–27.7 kg m23),
there is net destruction over the 5-yr time period, with GDs 5

25:06 1:2 Sv (Fig. 4c). The destruction is due to the transfor-
mation divergence between the two bounding isopycnals: a
dense-to-light transformation of 1.4 Sv at 27 kg m23 and a
light-to-dense transformation of 3.6 Sv at 27.7 kg m23 (Fig. 4d).
This transformation divergence is nearly equally contributed by
interior mixing (Gres

Ds 522:86 1:3 Sv) and surface forcing
(Gsfc

Ds 522:26 0:2 Sv).
In the intermediate layer (27.7–27.8 kg m23), a transforma-

tion convergence is induced by a light-to-dense transformation
of 3.6 Sv at 27.7 kg m23 and a dense-to-light transformation of
1.3 Sv at 27.8 kg m23, resulting in a formation rate of 4.9 6 1.5
Sv in this layer. Importantly, 63% of the transformation conver-
gence is induced by mixing (Gres

Ds 5 3:16 1:5 Sv), which con-
verts waters both lighter than 27.7 kg m23 (1.3 Sv) and denser
than 27.8 kg m23 (1.8 Sv) into the intermediate layer. That is to
say, both the upper-layer waters and the deeper overflow waters
are converted into the intermediate layer by mixing. By com-
parison, surface forcing is responsible for a smaller portion
(37%) of the formation rate (Gsfc

Ds 5 1:86 0:3 Sv). These
results highlight the importance of diapycnal mixing for water
mass formation in the intermediate layer, which primarily
contains LSW. Finally, in the overflow layer (.27.8 kg m23),
there is a destruction (GDs 521:36 0:9 Sv) that is primarily
induced by mixing (Gres

Ds 521:86 1:0 Sv). Surface forcing, on
the other hand, is responsible for producing only 0.5 6 0.2 Sv
in this layer.

To summarize, in section 3, we have estimated the mean
transformation and formation rates with respect to su space
in the Labrador Basin during August 2014–August 2019. The
maximum light-to-dense transformation rate is 3.6 6 1.2 Sv
and is achieved at 27.7 kg m23. Both surface buoyancy loss
and interior mixing are important in driving the transforma-
tion, with a stronger contribution from the former (64%) than
the latter (36%). Convergence of transformations in the LSW
density layer 27.7–27.8 kg m23 leads to a production rate of
4.9 6 1.5 Sv, 63% of which (3.1 6 1.5 Sv) is accomplished by
interior mixing, with the remaining 37% (1.8 6 0.3 Sv) attrib-
uted to surface buoyancy forcing. These results underscore
the importance of mixing on the diapycnal transformation
and formation associated with the LSW layer.

4. Results in S–u coordinates

a. Mean thermohaline formation

To further understand the physical processes driving the ther-
mal and haline anomalies in the Labrador Sea, we evaluate the

water mass formation rates with respect to the thermohaline
(S–u) coordinates. The mean thermohaline formation rate
(=Su ?GSu ) over the 5-yr time period is shown in Fig. 6a. The
prominent feature is a destruction of the warmer, saltier
waters and a formation of the colder, fresher waters in the
upper–intermediate layers (,27.80 kg m23), which suggests
significant diathermal and diahaline volume fluxes and is the
focus of this section.

More quantitatively, the mean warm-to-cold transforma-
tion (Gu ) is as large as 10.7 6 0.5 Sv at 48C (Fig. 6b; Zou et al.
2020a), which is the primary attribution of the destruction of
the warmer waters between 48 and 58C (GDu 527:66 1:3 Sv)
and the formation of the colder waters between 38 and 48C
(GDu 5 9:56 1:4 Sv). In salinity space, a strong salty-to-fresh
transformation (GS ) of 10.7 6 3.4 Sv takes place at 34.9
(Fig. 6c), leading to a destruction of the saltier layer between
34.9 and 35 (GDS 5210:66 3:4 Sv) and a production of the
fresher layer between 34.8 and 34.9 (GDS 5 8:66 3:5 Sv). This
haline transformation mostly occurs in the upper–intermediate
layers but is also contributed partially by the overflow layer.
Collectively, the strongest destruction (formation) of the
warmer waters of 48–58C (colder waters of 38–48C) is in con-
cert with the strongest destruction (formation) of the saltier
waters of 34.9–35 (fresher waters of 34.8–34.9) in the upper–
intermediate layers. As shown in Fig. 6a, these thermohaline
volume changes largely occur along constant density surfaces
smaller than 27.80 kg m23 but across spiciness surfaces (spici-
ness measures temperature and salinity changes along a
constant density surface), suggesting isopycnal mixing as the
primary driving mechanism.

To further understand the physical processes responsible
for the abovementioned thermohaline volume changes, we
next quantify the contributions from interior mixing and sur-
face flux to the thermohaline formation rates.

b. Mixing-induced thermohaline formation

The mean thermohaline formation rate induced by interior
mixing is revealed by =Su ?G

res
Su (Fig. 7). It is responsible for

the strong thermohaline volume changes discussed in section 4a,
including the destruction of the saltier and warmer layer within
[34.9–35, 48–58C] and the formation of the fresher and colder
layer within [34.8–34.9, 38–48C] (black circles in Figs. 6a and 7a).
The mixing-induced thermal and haline anomalies are very
likely associated with mesoscale eddies, which can efficiently
stir tracers along density surfaces. This is further illustrated by
identifying the geographic locations of waters having the above
characteristic [S, u]. As shown in Fig. 8a, based on ARMOR3D,
waters with properties of [34.9–35, 48–58C] mostly locate to the
west of Greenland and in the northern Labrador Basin (blue
curves), while waters with properties of [34.8–34.9, 38–48C]
concentrate in the central basin where convection occurs (red
curves). Similar results are found based on ISAS and EN4
(Figs. S3a and S4a). The depth range over which both sets of
[S, u] are present is between 100 and 600 m (not shown). Thus,
the associated thermohaline destruction and formation, which
imply a diathermohaline transformation from [34.9–35, 48–58C]
to [34.8–34.9, 38–48C], should primarily occur along density
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surfaces in the upper–intermediate layers of the northern
Labrador Basin, where the red and blue curves get close or
overlap.

Apparently, the saltier and warmer waters of [34.9–35, 48–58C]
are the IW carried into the Labrador Basin by the West Green-
land Current, and the fresher and colder waters of [34.8–34.9,
38–48C] are the ULW and LSW in the interior. When the West
Greenland Current encounters the steep topography near
Cape Desolation, it becomes barotropically and/or baroclini-
cally unstable, generating coherent Irminger Rings (e.g., Eden
and Böning 2002; Lilly et al. 2003; Bracco et al. 2008; Rieck
et al. 2019; Gou et al. 2023), noncoherent mesoscale (de Jong
et al. 2016), and submesoscale features (Tagklis et al. 2020).
These submesoscale and mesoscale features are shown to facil-
itate lateral exchange of heat and salt between the warm, salty
boundary and the cold, fresh interior in the northern Labrador
Basin (Cuny et al. 2002; Palter et al. 2008; de Jong et al. 2016;
Georgiou et al. 2021; Tagklis et al. 2020). Here, we further
show, from a quantitative perspective, the importance of
lateral exchange along isopycnals, in facilitating water mass

transformations in terms of their thermohaline anomalies.
This result is consistent with Mackay et al. (2020), who ap-
plied the regional thermohaline inverse method on observation-
based datasets and found isopycnal mixing as the primary
pathway for the newly convected LSW to enter the bound-
ary current.

It is interesting to note in Fig. 7a that mixing also drives
thermohaline volume changes at fresher isohalines (,34.7).
Specifically, it leads to a formation of warmer waters between
38 and 48C and a destruction of colder waters between 28 and
38C (Fig. 7b), with little change in salinity (Fig. 7c). According
to a preliminary analysis on the seasonal variability of trans-
formation (not shown), we find that this mixing-induced trans-
formation primarily occurs in the winter months (January–
March). To further illustrate the potential process responsible
for this cold-to-warm transformation, we locate waters with
properties of [34.6–34.7, 38–48C] and [34.6–34.7, 28–38C]
(black diamonds in Fig. 7a). As shown in Fig. 8b, the occur-
rences of the two sets of [S, u] based on ARMOR3D overlap
along the rim of the convection site in the central basin and

FIG. 6. (a) Mean thermohaline formation rate =Su ?GSu . Positive (negative) value denotes formation (destruction)
in the corresponding S–u bin. Black circles denote S–u bins with the strongest thermohaline volume changes. Refer-
ence potential density is contoured in dashed black, and reference spiciness is contoured in dashed gray. (b) Mean dia-
thermal transformation Gu (solid gray) and formation GDu (dotted black) rates. Positive Gu represents a warm-to-
cold transformation. Positive GDu represents convergence of Gu between isotherms and therefore formation of that
thermal layer. Horizontal red dashed lines denote isotherms of 38, 48, and 58C. (c) As in (b), but in S coordinate. Verti-
cal red dashed lines denote isohalines of 34.8, 34.9, and 35.
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along the western boundary. In ISAS and EN4, the overlap-
ping region is more concentrated toward the western bound-
ary of the basin (Figs. S3 and S4). The depth range over
which both sets of [S, u] are present is shallower than 400 m
(not shown).

Based on the geographic locations and the fact that the
cold-to-warm transformation primarily occurs in winter, we
surmise that the mixing is associated with eddies and filaments
developed at the sharp front between the wintertime convec-
tive patch and the buoyant surrounding waters (Jones and
Marshall 1997; Xu et al. 2018). One of the candidates is the
convective eddies, which are characterized by cold and fresh
anomalies analogous to the newly convected waters (Lilly
et al. 2003; Chanut et al. 2008). These eddies have been
suggested to be the major driver of rapid stratification after
convection in the central Labrador Sea according to a high-
resolution ocean circulation model (Rieck et al. 2019). In
addition, the unstable Labrador Current has also been shown
to generate eddies known as the boundary current eddies
(Chanut et al. 2008; Rieck et al. 2019). Both types of eddies,
along with other small-scale filaments, may act to restratify the
convective interior and result in a cold-to-warm (thus dense-to-
light) transformation. Similar dense-to-light transformation

along the rim of the convection site is shown in a modeling
study by Xu et al. (2018).

By comparing Fig. 7 with Fig. 6, we can see that the volume
changes induced by the restratifying eddies are not reflected
in the total thermohaline volume changes. This implies that
surface forcing acts to drive volume changes opposite to those
induced by mixing, which is further illustrated in the next
section.

c. Surface-induced thermohaline formation

The mean thermohaline volume change induced by surface
flux is shown in Fig. 9. Because surface freshwater flux plays a
negligible role (Fig. 9c; Petit et al. 2020; Bebieva and Lozier
2023), the surface-induced volume change is primarily driven
by surface heat flux, and thus, the transformation occurs in
thermal space. Specifically, the strongest warm-to-cold trans-
formation Gsfc

u in response to surface heat loss is 5.6 6 0.3 Sv
at 38C (Fig. 9b). While the transformation occurs at a cold
isotherm, it concentrates at fresher isohalines of 34.6–34.7
(black diamonds in Fig. 9a) and thus at lighter isopycnals
(,27.7 kg m23). The spatial distribution of Gsfc

u shown in
Fig. 5b reveals its occurrence in the southwestern Labrador
Sea, where the 38C isotherm outcrops most frequently during

FIG. 7. (a) Mean thermohaline formation rate induced by mixing =Su ?G
res
Su . Black markers denote S–u bins

with strong volume changes. (b) Mean diathermal transformation Gres
u (dotted orange) and formation Gres

Du (dotted
black) due to mixing. Horizontal red dashed lines denote isotherms of 28, 38, 48, and 58C. (c) As in (b), but in S coordi-
nate. Vertical red dashed lines denote isohalines of 34.8, 34.9, and 35.
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winters (Fig. S5). The diathermal transformation results in a de-
struction of the warmer waters of 38–48C (Gsfc

Du 524:26 0:3 Sv)
and a formation of the colder waters of 28–38C (Gsfc

Du 5

2:46 0:4 Sv; Fig. 9b). As mentioned in section 4b, these
surface-induced volume changes are largely counteracted by
those induced by the restratifying eddies, with a small impact
on the total thermohaline volume changes. The opposing
impacts from surface forcing and mixing are also evident in
density coordinates. As shown in Fig. 4b, at isopycnals
27.2–27.6 kg m23, the light-to-dense transformation in re-
sponse to surface buoyancy loss is opposed by a dense-to-
light transformation induced by mixing.

5. Discussion and conclusions

Using a combination of moored measurements, hydro-
graphic datasets, and atmospheric reanalysis products, we
investigate the mean water mass transformation and for-
mation rates with respect to potential density su and ther-
mohaline (S–u) coordinates in the Labrador Basin during
August 2014–August 2019. Our major conclusions are sum-
marized in Fig. 10.

In su coordinate, surface buoyancy loss (2.3 6 0.2 Sv) and
diapycnal mixing (1.3 6 1.2 Sv) collectively lead to a maxi-
mum light-to-dense transformation of 3.6 6 1.2 Sv at
27.7 kg m23 (Fig. 10b). This light-to-dense volume flux is
responsible for the volume destruction of 5.0 6 1.2 Sv in
the upper layer (27–27.7 kg m23) and the volume formation
of 4.9 6 1.5 Sv in the intermediate layer (27.7–27.8 kg m23)
that contains LSW. Importantly, 63% of the formation rate
in this intermediate layer is attributed to diapycnal mixing
(3.1 6 1.5 Sv), which transforms waters from both the upper
layer (1.3 6 1.2 Sv) and the overflow layer (1.8 6 1.0 Sv) into

the intermediate layer. The remaining 37% (1.8 6 0.3 Sv) of
the formation rate is accomplished by surface buoyancy loss act-
ing on the convective area in the central-western Labrador Sea.
These results highlight the importance of mixing in driving the
diapycnal transformation and formation associated with the
LSW density layer.

By investigating transformation and formation in S–u coor-
dinates, we are able to distinguish volume fluxes between wa-
ter masses having the same density but different temperature
and salinity. The most pronounced diathermohaline transfor-
mation (;10 Sv) is from the warmer, saltier IW into the
colder, fresher ULW and LSW. The transformation is found
to primarily occur along constant density surfaces (centered
at 27.7 kg m23) and is attributed to mesoscale activities west
of Greenland that efficiently exchange properties between the
boundary current and basin interior. This conclusion differs
from that of an idealized modeling study, which attributes the
diathermohaline transformation to the combined effects of
surface flux and mixing within the boundary current system
(Bebieva and Lozier 2023). Specifically, using a three-layer
model, the authors show that cold anomalies in the boundary
current are produced by direct surface heat loss, while fresh
anomalies result from mixing with fresh shelf water along
the Greenland and Labrador coasts. While it is clear that
surface heat loss and fresh shelf water input are ultimately
responsible for the cold and fresh anomalies in the basin,
how they collectively generate the observed thermohaline
structure in the Labrador Sea is unresolved. Given the limits
imposed by observational datasets, this resolution might
best be accomplished with output from comprehensive ocean
models.

In addition, we identify counteractive diathermal volume
fluxes induced by surface heat flux and interior mixing.

FIG. 8. Normalized number of occurrences within specific [S, u] ranges during August 2014–August 2019 based on
ARMOR3D. Specifically, at each horizontal grid point, we count the number of months when S and u fall in specified
ranges at each vertical level and then integrate across all vertical levels to obtain the total number of occurrences.
Plotted is the total number of occurrences normalized by its maximum among all grid points in the basin. (a) Blue
curves correspond to the normalized number of occurrences within [34.9–35, 48–58C]. Red curves correspond to those
within [34.8–34.9, 38–48C]. (b) Blue (red) curves correspond to the normalized number of occurrences within
[34.6–34.7, 28–38C] [34.6–34.7, 38–48C]. In both panels, only regions with normalized numbers greater than 0.4 are
shown. The plots based on ISAS and EN4 are shown in Figs. S3 and S4.
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Specifically, surface heat loss results in a warm-to-cold trans-
formation of 5.66 0.3 Sv at 38C in the southwestern Labrador
Sea, which is significantly counteracted by a cold-to-warm
transformation induced by mixing surrounding the convective
patch. The mixing, which is important for restratifying the
mixed layer, is likely associated with the eddies, such as con-
vective eddies and boundary current eddies, and filaments de-
veloped at the unstable front along the rim of the convection
site.

One caveat of the study is that the contribution from inte-
rior mixing is estimated as a residual in the volume budget
and its associated physical process is only implied. An explicit
quantification of mixing and other unresolved processes in
terms of their contributions to the water mass transformation
would require further investigations with numerical models.
In addition, because the results presented in this study cover a
period of intense convection, we are not in a position to un-
derstand how they may change during periods of weak con-
vection. While we anticipate similar transformation and
formation processes to occur, their magnitudes would likely
be smaller (e.g., Myers and Donnelly 2008). Extended OSNAP
observations and analyses will yield this answer in time. Finally,
we acknowledge that our assumption that the mean transport at

the Davis Strait during 2004–10 is representative of the mean
during the study period of 2014–19 adds some uncertainty to
our results.

Results from this observation-based work, along with those
from previous studies, highlight the advantage of viewing wa-
ter mass changes in thermohaline coordinates. It is shown,
from a quantitative perspective, that the thermohaline prop-
erties and volumes of the deep-water mass in the Labrador
Basin are influenced not only by surface flux but also by mix-
ing that occurs both along and across density surfaces. Our re-
sults have important implications for modeling deep-water
and AMOC change. First of all, they underscore the necessity
to resolve or reasonably parameterize small-scale mixing in
the models in order to adequately simulate deep-water prop-
erties and formation. Second, the large thermohaline anoma-
lies and their compensating effect on density imply significant
impacts from both heat and freshwater forcings in the Labra-
dor Sea. Incorrect representation of either forcing may result
in property (especially salinity) biases in climate models,
which are directly related to the simulated AMOC strength
and its meridional connectivity (Heuzé 2021; Jackson and
Petit 2023). Overall, we believe that results from this work pro-
vide important observational constraints for modeling deep-water

FIG. 9. (a) Mean thermohaline formation rate induced by surface flux =Su ?G
sfc
Su . Black diamonds denote S–u bins,

i.e., [34.6–34.7, 38–48C] and [34.6–34.7, 28–38C], where surface-induced volume changes are the strongest. (b) Mean di-

athermal transformation Gsfc
u (dotted blue) and formation Gsfc

u (dotted black) in response to surface heat flux. Hori-
zontal red dashed lines denote isotherms of 28, 38, and 48C. (c) As in (b), but in S coordinate.
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evolution, which is key for predicting the AMOC’s response to a
warming climate.
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Biastoch, A., C. W. Böning, J. Getzlaff, J.-M. Molines, and
G. Madec, 2008: Causes of interannual–decadal variability in
the meridional overturning circulation of the midlatitude North
Atlantic Ocean. J. Climate, 21, 6599–6615, https://doi.org/10.
1175/2008JCLI2404.1.
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