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A B S T R A C T

Small-scale eddies play an important role in preconditioning and restratifying the water column before and
after mixing events, thereby affecting deep water formation variability. Results from a realistic eddy-resolving
(∼5 km local horizontal resolution) ocean model suggest that small-scale temperature fluxes due to turbulent
potential to kinetic energy conversion are the main driver of mixed layer restratification during deep convection
in the Labrador Sea interior and the West Greenland Current. This resupply of heat due to turbulent upward
buoyancy fluxes exhibits a large interannual variability imposed by the atmospheric forcing. Eddy fluxes
only become active in periods of strong buoyancy loss, while being quiescent otherwise. In a low-resolution
(∼20 km) control simulation the modeled turbulence is strongly reduced and the associated modeled and
parameterized heat fluxes are too weak to increase stratification.
. Introduction

Mesoscale eddies are ubiquitous in the world ocean (Chelton et al.,
011). On length scales of the local baroclinic Rossby radius of de-
ormation these vortices yield mesoscale temperature and freshwater
luxes which modify sea water properties and thus change the ocean
irculation, biogeochemical fluxes and mixed layer properties (Zhang
t al., 2014; Fröb et al., 2016; Gaube et al., 2019).

The Labrador Sea (LS) is a region of frequent deep convection dur-
ng winter and thereby an important place of deep water formation that
ontributes to overturning circulation and its variability (Rhein et al.,
017; Yeager et al., 2021). Here, eddies were observed to contribute
o preconditioning before and restratification after deep convection as
ell as to enable the exchange of water masses between the interior
nd the boundary current (Marshall and Schott, 1999; Lilly et al., 2003;
traneo, 2006; Palter et al., 2008; de Jong et al., 2014; Rykova et al.,
015; Yashayaev and Loder, 2016; Zhang and Yan, 2018; Zou et al.,
021; Pacini and Pickart, 2022). However, the transfer of turbulent
nergy and associated mesoscale tracer fluxes remains unclear due
o sparsity of available observations. Numerical model experiments
uggest a complex interplay of barotropic and baroclinic instabilities as
he source of eddy kinetic energy (EKE) and associated mesoscale tracer
luxes. During winter, Irminger Rings separate from the West Greenland
urrent (WGC), eventually providing buoyant waters for the weakly
tratified LS interior. In addition, convective eddies in the vicinity of
he deep convection patch as well as boundary current eddies work to

∗ Corresponding author at: Alfred Wegener Institute for Polar and Marine Research (AWI), Bremerhaven, Germany.
E-mail address: cdanek@awi.de (C. Danek).

flatten steep isopycnals (Chanut et al., 2008; McGeehan and Maslowski,
2011; Kawasaki and Hasumi, 2014; Saenko et al., 2014; Zhang and Yan,
2014; Dukhovskoy et al., 2016; Rieck et al., 2019; Tagklis et al., 2020;
Pennelly and Myers, 2022). In consequence, eddy contributions to the
total heat flux were found to be, on average, as important as the mean
circulation in the LS. However, no clear picture was provided, whether
eddies act to reinforce or work against the mean circulation (Chanut
et al., 2008; Kawasaki and Hasumi, 2014; Saenko et al., 2014; de Jong
et al., 2016; Tagklis et al., 2020).

Due to the small local Rossby radius of deformation of <10 km and
the complex geometry of the LS, numerical experiments with realistic
high-resolution ocean models require high computational costs. Thus,
the conducted model simulations in these previous studies usually cover
a short period in time and focus on the mean state or the mean annual
cycle. In this study we use the global ocean model FESOM (Danilov
et al., 2004; Wang et al., 2014) with a locally mesoscale-resolving
horizontal resolution of ∼5 km and provide a coherent picture of
turbulent kinetic energy and associated mesoscale temperature fluxes.
We integrated the model for 310 years, to examine a decadal time-scale
perspective of the complex LS mixed layer restratification dynamics. In
addition, a low-resolution (∼20 km local horizontal resolution) setup
serves as control run to investigate the influence of the model resolu-
tion. This study hence aims to shed light on the temporal variability of
mesoscale turbulence in the LS, as this was not provided earlier with a
realistic high-resolution ocean model.
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Fig. 1. Colors show horizontal resolution (in km) of the utilized low- (left) and high-resolution (right) FESOM setups. Orthographic projection realized with R packages sf (Pebesma,
2018) and oce (Kelley and Richards, 2022).
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2. Methods

2.1. Ocean model FESOM

The global Finite Element Sea Ice–Ocean Model (FESOM) (Danilov
et al., 2004; Wang et al., 2014) solves the governing equations for
all variables of the ocean and sea ice on the vertices of tetrahedral
elements of irregular size. A subgrid-scale (SGS) flux for parameterizing
the eddy effects tracer mixing along isopycnals (Redi, 1982) and advec-
tion due to adiabatic stirring (Gent and McWilliams, 1990), formulated
together as the Griffies skew flux (Griffies et al., 1998), was enabled and
scaled with the local horizontal resolution and stratification of the flow.
Diapycnal mixing is implemented via the 𝑘-profile parameterization
(KPP) (Large et al., 1994). For salinity, a weak restoring was applied at
the sea surface towards climatological values with a velocity of 50 m
300 days−1. Density was calculated via the full equation of state (Jack-
ett and Mcdougall, 1995), based on practical (and not absolute) salinity
and in-situ or potential (and not conservative) temperature. Further
model specifications can be found in Danek et al. (2019) and Wang
et al. (2014). At the sea surface, FESOM was driven by the ∼ 1.8◦

∼ 1.8◦ atmospheric reanalysis dataset CORE-II (Large and Yeager,
009) in an 6-h interval from 1948 to 2009 yielding a 62-year long
imulation. This regular forcing data was bilinearly interpolated to
he irregular FESOM grids. Following the CORE (Griffies et al., 2012)
nd OMIP (Griffies et al., 2016) protocols, we integrated FESOM for
ive complete forcing cycles, i.e. 310 years in total, to obtain a quasi-
quilibrium state (Danek et al., 2019). The first cycle was initialized
rom the PHC3 dataset (Steele et al., 2001) and the subsequent cycles
ere initialized from the last time step of the previous cycle. All
nalyses are based on the fifth, i.e. last, cycle.

To analyze the resolution-dependence of the involved dynamical
rocesses during MLD restratification, low- and high-resolution FESOM
rids were designed (Fig. 1). Based on a global average horizontal
esolution of 130 (40) km, the element size was reduced to 40 (20)
m along the coasts and the equator in the low (high) -resolution
etup to improve the modeling of upwelling. Upon this, the resolution
as further increased in the subpolar gyre, the Arctic Ocean, deep

onvection areas and along the Greenland coast. The low-resolution
rid (39 vertical levels) was utilized in earlier FESOM experiments and
howed good agreement with the LS deep water variability compared
o observations, albeit missing fluxes between the boundary current
nd the LS interior (Scholz et al., 2014). In the high-resolution setup
61 vertical levels) the element size was further reduced in the North
tlantic where measured (1) SSH variability is high (AVISO), (2) bot-

om slopes are steep (Amante and Eakins, 2009) and (3) horizontal
emperature gradients in 200 m depth are large (Locarnini et al.,
013). With these constraints we ensured an appropriate representation
f important dynamic processes related to mesoscale eddies, fronts,
oundary currents, upwelling, and topographic features. As discussed
2

later, the obtained ∼5 km horizontal resolution render the applied SGS
fluxes negligible in the high-resolution setup due to its scaling with the
local horizontal resolution (Figs. 5b, c and 6).

2.2. Eddy temperature fluxes and eddy kinetic energy

The Boussinesq tendency equation for depth-integrated potential
temperature 𝑇 in flux form (in ◦C m s−1) can be written as

𝜕𝑡 ∫ 𝑇 d𝑧 = −∫ 𝛁 ⋅ (𝐮 + 𝐮SGS)𝑇 d𝑧 + 𝐹 + Rest (1)

ith 𝜕𝑡 being the partial derivative with respect to time, 𝑧 the vertical
oordinate and 𝛁, 𝐮 and 𝐮SGS the three-dimensional spatial derivative,
elocity and SGS velocity vectors. The first term on the right hand
ide of Eq. (1) represents the temperature advection divergence. As any
ector transport may be separated in a divergent and a rotational com-
onent, 𝐮𝑇 = (𝐮𝑇 )D+(𝐮𝑇 )R (Helmholtz theorem) (Zdunkowski and Bott,
003), using the flux form here is advantageous since the rotational
art of the vector field does not affect the dynamics of the flow (Mar-
hall and Shutts, 1981; Jayne and Marotzke, 2002; Fox-Kemper et al.,
003), and, by definition, the rotational part is divergence-free (𝛁 ⋅
𝐮𝑇 )R = 0). Hereafter, we refer to convergence instead of divergence
o that a positive convergence −𝛁 ⋅ 𝐮𝑇 yields a temperature increase.
he second term in Eq. (1) represents the thermodynamic boundary
ondition at the sea surface 𝐹 = (𝜌 𝑐p)−1𝑄net with surface density 𝜌 and
he specific heat capacity of sea water at constant pressure 𝑐p, for which
e used a constant value close to the average of today’s global ocean

urface (3991.867 957 119 63 m2 s−2 K−1, IOC, SCOR, IAPSO, 2010). The
et surface heat flux 𝑄net was calculated during model runtime via bulk
ormulae based on the individual heat flux components of the CORE-II
orcing (Large and Yeager, 2009). All other components are subsumed
n the Rest term, e.g. diffusion and non-local transports through the
PP vertical mixing scheme (Large et al., 1994).

To distinguish between temperature fluxes from long and short time
cales, Reynolds averaging (Vallis, 2017) of the horizontal advection
erm yields

− 𝛁h ⋅ (𝐮h + 𝐮SGS,h)𝑇 = −𝛁h ⋅ (𝐮h𝑇 + 𝐮′h𝑇
′ + 𝐮SGS,h𝑇 ) (2)

where the subscript h indicates the horizontal component of a vector,
the overbar a temporal mean and the prime a deviation from that mean.
Following von Storch et al. (2012), we derive the eddy temperature
flux 𝐮′𝑇 ′ = 𝐮𝑇 − 𝐮𝑇 by calculating the total temperature flux 𝐮𝑇 in
every model time step and save its monthly mean 𝐮𝑇 . As such, seasonal
and longer time scales are part of the mean term while 𝐮′𝑇 ′ represents
deviations on temporal scales from the model time step to a month
without the necessity of saving large high-resolution 3D model data on
a high temporal frequency. Fig. 2 confirms that similar monthly mean
eddy fluxes are obtained with this method, independent of the model
output frequency.
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Fig. 2. Eddy component of horizontal buoyancy advection convergence volume-integrated over a box located at Fram Strait (−20 to 20◦E, 76 to 82◦N) calculated based on monthly
(black) or daily (red) model output (larger values indicate buoyancy gain in summer; see methods section for eddy component calculation). Model data taken from another FESOM
run with the same model version, parameters and forcing as in this study (Wekerle et al., 2017).
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To identify the sources and sinks of EKE = 𝐮′h
2∕2 (neglecting ver-

tical velocity 𝑤 due to hydrostatic approximation), the Lorenz Energy
Cycle (Lorenz, 1955) can be applied (Böning and Budich, 1992; March-
esiello et al., 2003; von Storch et al., 2012; Renault et al., 2016).
The volume-integrated EKE tendency equation, derived from the hy-
drostatic Boussinesq momentum balance (from Section 12.2 in Olbers
et al., 2012)

𝜕𝑡 ∫ EKE d𝑉 = ∫ (𝐹𝑒𝐾𝑒+drag) d𝐴+∫ (𝐾𝑚𝐾𝑒+𝑃𝑒𝐾𝑒+dissipation) d𝑉 (3)

yields the individual energy conversion terms which change EKE during
instability processes and associated interactions with the mean flow
(integrated over volume 𝑉 or area 𝐴; in m5 s−3). 𝐹𝑒𝐾𝑒 = 𝜌0−1 (𝐮′h ⋅ 𝝉 ′)
represents eddy growth through work of wind anomalies at the sea
surface via wind stress 𝝉 (in kg m−1 s−2) and can be understood as
a mechanical source of instability by the atmospheric forcing. Vice
versa, bottom drag = −𝐶𝑑 |𝐮′h|𝐮

′
h ⋅ 𝐮′h leads to EKE removal, scaled

y the dimensionless bottom friction coefficient 𝐶𝑑 = 0.0025. The
transfer from mean to eddy kinetic energy due to barotropic insta-
bilities 𝐾𝑚𝐾𝑒 = HRS + VRS, i.e. the sum of horizontal and vertical

eynolds stresses. They let eddies grow or decay due to horizontal
nd vertical shear: HRS = −𝑢′2 𝜕𝑥𝑢 − 𝑢′𝑣′ 𝜕𝑦𝑢 − 𝑢′𝑣′ 𝜕𝑥𝑣 − 𝑣′2 𝜕𝑦𝑣 and
RS = −𝑢′𝑤′ 𝜕𝑧𝑢 − 𝑣′𝑤′ 𝜕𝑧𝑣. As such, VRS represents Kelvin–Helmholtz

instability. The vertical eddy buoyancy flux 𝑃𝑒𝐾𝑒 = 𝑤′𝑏′ with buoyancy
𝑏 = −𝑔𝜌0−1 𝜌 is indirectly related to baroclinic instability through
the exchange between turbulent potential and kinetic energy. EKE
dissipation = −𝐴v |𝜕𝑧𝐮′h|

2 by small-scale turbulence is implemented in
he model via vertical viscosity (or momentum diffusivity) 𝐴v (in m2

−1). Here, this dissipation term is calculated as the residual of the left
and side and all other terms of Eq. (3). In the following, these energy
onversion terms are defined such that if positive, EKE is generated at
he expense of the mean flow. In turn, if negative, EKE is transferred
ack to the mean flow (or dissipated) by turbulence.

. Results

.1. Labrador Sea temperature fluxes

On average (1948–2009) the Labrador Sea (LS) is losing heat to
he atmosphere through outgoing longwave radiation and sensible and
atent heat fluxes (𝐹 < 0; shading in Fig. 3a, b). This heat loss is
artly compensated by the boundary current. The depth-integrated
orizontal mean temperature flux convergence exhibits large values
3

long the West Greenland Current (WGC; black arrows in Fig. 3c, d).
n the high-resolution run (∼5 km local horizontal resolution) heat is
ainly provided by the WGC in a narrow band between the 2 and 3

m isobaths, while being removed on- and off-shore of this patch. This
patial tripole was also seen in earlier studies (Kawasaki and Hasumi,
014; Tagklis et al., 2020). The heat supply continues along the 3
m isobath. Further downstream, a second route of large heat supply
stablishes at ∼ 62.5◦ that continues along the 2 km isobath throughout
he LS in accordance with de Jong et al. (2016), Tagklis et al. (2020).
he structure of the low-resolution (∼20 km local horizontal resolution)
oundary current is broader and more homogeneous as in the high-
esolution setup and provides heat in a large patch between the 2 and
km isobaths (Fig. 3c). Heat is lost on the onshore side of this tem-

erature convergence, yielding a large-scale dipole pattern in contrast
o the numerous convergence/divergence patches of the high-resolution
ean temperature fluxes along the boundary current. In the LS interior,

he mean temperature advection convergence is ∼1 magnitude smaller
ompared to the boundary current region in both model setups. Here,
ivergent and convergent patches coexist next to each other. This
eature is much more heterogeneous in the high-resolution model with
large number of divergent and convergent patches on spatial scales

f tens to a few hundreds of km. The low-resolution LS interior is
aining (losing) heat in the northeast (southwest) due to the average
irculation.

The depth-integrated temperature flux fluctuations on temporal
cales from the model time step to a month (i.e. eddy component;
ee methods) follow the main circulation around the LS, similarly as
he mean component but is ∼1 magnitude smaller (Fig. 3e, f). This in
ontrast to earlier studies (Chanut et al., 2008; Saenko et al., 2014;
awasaki and Hasumi, 2014; de Jong et al., 2016; Tagklis et al., 2020)
nd will be discussed later. As a consequence, the total advection (mean

eddy, Fig. 4) resembles the mean component. The heat supply and
emoval by the mean circulation is generally enforced by the eddy
luxes in the high-resolution setup (same sign). This is not the case in
he northern part of the LS interior as well as further downstream along
he 3 km isobath, where mean and eddy fluxes mostly compensate, in
greement with these studies. The low-resolution eddy fluxes occur in
roader spatial patterns compared to the high-resolution setup. Regions
f compensating (e.g. between 1 and 2 km isobaths, partly between
and 3 km isobaths) and enforcing (e.g. LS interior) mean and eddy

luxes exist, similarly as in the high-resolution run. The following
emporal perspective of the LS dynamics provides further information
n the role of the eddy temperature flux component.
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Fig. 3. Average (1948–2009) local temperature changes for low- (left) and high-resolution (right) FESOM setups in the Labrador Sea. (a, b) Surface flux (𝜌𝑐p)−1𝑄net, (c, d) mean
−𝛁h ⋅ 𝐮h𝑇 , and (e, f) eddy −𝛁h ⋅ 𝐮′h𝑇 ′ depth-integrated horizontal temperature advection convergence (positive values indicate temperature gain). In (a, b), dashed black lines show
the LS interior index region, solid and dashed blue lines the modeled and observed (satellite altimetry) isolines of the individual means plus two standard deviations of EKE, and
solid red and dashed magenta lines the modeled and observed (EN4, Good et al., 2013) 2 km MLD (March; 𝜎𝜃 threshold 0.125 kg m−3). Arrows show sea surface velocity direction
and magnitude greater or equal 5 cm s−1 and black contours the 1, 2 and 3 km isobaths.

Fig. 4. Average (1948–2009) local temperature changes for low- (left) and high-resolution (right) FESOM setups in the Labrador Sea due to depth-integrated total (mean + eddy)
horizontal temperature advection convergence −𝛁h ⋅ 𝐮h𝑇 (positive values indicate temperature gain; same colorbar as in Fig. 3). Dashed black lines show the index region of the
WGC and its separation from the coast (defined where high-resolution HRS and 𝑃𝑒𝐾𝑒 exhibit large values, Fig. 7d, f). Arrows show sea surface velocity direction and magnitude
greater or equal 5 cm s−1 and solid black the 1, 2 and 3 km isobaths.

4
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Fig. 5. (a) March MLD of low- (black) and high-resolution (red) FESOM setups (in km; 𝜎𝜃 threshold 0.125 kg m−3). (b) and (c) Low- and high-resolution total horizontal temperature
advection convergence −𝛁h ⋅ 𝐮h𝑇 (black lines) integrated over the LS interior (dashed black line in Fig. 3a, b) from the surface to the mixed layer depth (positive values indicate
temperature gain). Components: mean −𝛁h ⋅ 𝐮h𝑇 (blue), combined eddy and SGS −(𝛁h ⋅ 𝐮′h𝑇 ′ +𝛁h ⋅ 𝐮SGS,h𝑇 ) (red), SGS −𝛁h ⋅ 𝐮SGS,h𝑇 (dashed red). A 3-year running mean is applied
to all advection convergence time series. In (a), red (blue) bars in background indicate years with a positive (negative) PC-based NAO index (Hurrel, 2003).
In the LS interior, atmospheric forcing triggers deep convection
events throughout the observational period (Fig. 5a). In positive NAO
years (North Atlantic Oscillation, Hurrel, 2003), an increased oceanic
heat loss to the atmosphere yields a deep mixed layer depth (MLD),
here defined as the depth at which the potential density 𝜎𝜃 deviates
from its 10 m depth value by 0.125 kg m−3 (Danabasoglu et al., 2014),
of several km during winter (deepest in March in both model setups, not
shown). The decadal evolution of the March MLD reveals pronounced
differences between the low- and high-resolution model runs. While
the high-resolution MLD is in phase with the NAO, the low-resolution
model exhibits almost no temporal variability and remains at deep
depths (Fig. 5a; averaging area outlined by dashed black line Fig. 3a,
b). In addition, the average March low-resolution MLD spans a much
larger area compared to the high-resolution setup and observations
(EN4, Good et al., 2013). Other MLD thresholds do not change these
general differences between the model setups and observations (not
shown).

A similar picture emerges for the horizontal eddy temperature
advection convergence, volume-integrated from the surface to the re-
spective MLDs within the LS interior (index area shown by dashed black

line in Fig. 3a, b). While the large-scale circulation leads to heat loss

5

in the convection zone, high-resolution eddy fluxes temporarily become
active and reduce or even balance this heat loss during deep convection
events (red line in Fig. 5c). These dynamics are almost absent in the
low-resolution model, where the eddy contribution is much weaker and
hardly balances the heat loss due to the mean circulation (Fig. 5b).
Here, subgrid-scale (SGS) fluxes are strongly enhanced compared to
the negligible values of the high-resolution model (dashed red lines
in Fig. 5b, c). However, the total temperature advection convergence
including the SGS contribution remains negative in the low-resolution
mixed layer. Integration over the whole water column suggests an
important stabilizing contribution of the mean circulation below the
mixed layer (Fig. 6). Here, mean and eddy temperature advection
components compensate the heat loss from the atmospheric forcing,
yielding a dynamical equilibrium in the high-resolution run (close
agreement between left and right hand sides of Eq. (1); orange and
gray lines in Fig. 6 bottom). This equilibrium is not obtained in the low-
resolution run, where the eddy contribution is too weak and the mean
circulation does not work against the forcing (Fig. 6 top). The resulting
imbalance needs to be closed by horizontal and vertical diffusion

including the lon-local transport term from the KPP parameterization
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Fig. 6. Contributions to temperature changes volume-integrated over the Labrador Sea interior (dashed black line in Fig. 3a, b) in low- (top) and high-resolution (bottom) model
runs. Components (Eq. (1)): mean −𝛁h ⋅ 𝐮h𝑇 (blue), eddy −𝛁h ⋅ 𝐮′h𝑇 ′ (red), total −𝛁h ⋅ 𝐮h𝑇 (mean+eddy; black) and SGS −𝛁h ⋅ 𝐮SGS,h𝑇 (cyan) temperature advection convergence as
well as the area-integrated atmospheric forcing 𝐹 (magenta). The sum of the latter three is shown as RHS (gray) while the actual model solution of 𝜕𝑡𝑇 is shown as LHS (orange).
The difference LHS minus RHS is shown as Rest (dashed black). Positive values indicate temperature gain. A 3-year running mean is applied to all time series.
as well as the vertical component of advection and the parameterized
SGS flux (dashed black lines in Fig. 6).

3.2. EKE generation in the Labrador Sea

The spatial structure of the annual average surface Eddy Kinetic
Energy (EKE) follows the WGC and its separation from the coast as
shown by the blue isolines of the individual means plus two standard
deviations in Fig. 3a, b. Their numerical values are 124 and 257 cm2

−2 for the low- and high-resolution model runs (solid blue lines) and
9 cm2 s−2 for satellite altimetry (1993 to 2009; dashed blue line).
KE values are twice as large and reach far more into the LS interior
n the high- compared to the low-resolution run. The observed spatial
KE structure is more similar to the high-resolution setup. In addition,
nhanced EKE values are found south of the 3 km isobath, which is
ot the case in both model runs. Absolute values of EKE derived from
ltimetry are much lower than the modeled EKE due to the inference
rom geostrophic currents excluding the ageostrophic component based
n daily snapshots excluding variability on shorter time scales on
elatively coarse 0.25◦ horizontal resolution (Rieck et al., 2019). The
patial structure of the modeled depth-integrated EKE similarly follows
he WGC and its separation from the coast as shown by the solid and
ashed blue isolines in Fig. 7a, b (5 and 20 m3 s−2). The 5 m3 s−2 EKE
atch is much larger in the high- compared to the low-resolution model
un; higher values such as 20 m3 s−2 are not reached by the latter. On

average, the depth-integrated EKE peaks in March (Fig. 9e). Hence, EKE
generating processes will be analyzed for this month.

In March EKE is generated through turbulent wind work (𝐹𝑒𝐾𝑒 > 0)
t the sea surface with larger values in the eastern part of the LS
Fig. 7a, b). The rather homogeneous spatial pattern of EKE generation
hrough 𝐹𝑒𝐾𝑒 reflects that on average the wind stress and surface
urrent anomalies point into the same direction, in line with previous
tudies (von Storch et al., 2007; von Storch et al., 2012; Rimac et al.,
016). The depth-integrated barotropic HRS leads to eddy growth at
6

the expense of the mean flow on the offshore side of the WGC, before
and after separation from the Greenland coast (Fig. 7c, d). In a narrow
patch between the 1 and 2 km isobaths along the coasts of Greenland
and Canada, eddies transfer energy back the mean flow by horizontal
shear (HRS < 0). The high-resolution run exhibits much larger values
of this barotropic instability compared to the low-resolution setup.
These large HRS values drop by ∼2 magnitudes towards the LS interior.
Depth-integrated baroclinic instability 𝑃𝑒𝐾𝑒 is responsible for an EKE
increase almost everywhere in the LS (Fig. 7e, f). Its general pattern
resembles the barotropic one with enhanced values along the WGC and
the downstream circulation. As expected, the region of large depth-
integrated HRS and 𝑃𝑒𝐾𝑒 corresponds with the depth-integrated EKE
(blue isolines in Fig. 7a, b).

Wind forcing is a constant source of EKE (solid lines and left axis
in Fig. 8a) with decadal fluctuations smaller than the average sea-
sonal cycle (Fig. 9a). Area-integrated over the LS interior, both model
setups exhibit similar 𝐹𝑒𝐾𝑒 values with small differences probably
arising from faster surface currents in the high-resolution run. Volume-
integrated barotropic and baroclinic EKE conversion terms, in contrast,
differ greatly between low- and high-resolution runs (solid lines and
left axes in Fig. 8b, c). During deep convection events in the early
1970s, mid-1980s and early to mid-1990s, high-resolution barotropic
and baroclinic instabilities are strongly enhanced in the LS interior.
Negative HRS and VRS lead to a removal of EKE in the LS interior (note
the smaller order of magnitude for VRS; dashed lines and right axis
in Fig. 8b). However, eddy growth in the LS interior due to baroclinic
instabilities 𝑃𝑒𝐾𝑒 is one magnitude larger than the combined barotropic
instabilities 𝐾𝑚𝐾𝑒 (this is also the case in the area of the WGC and its
separation from the coast, Fig. 10). Hence, the evolution of the volume-
integrated EKE closely follows 𝑃𝑒𝐾𝑒 (dashed lines and right axis in
Fig. 8c). Similar proportions apply to the low-resolution run (although
much reduced in absolute numbers) and to the average seasonal cycle
(Fig. 9b-e). EKE is removed mainly by dissipation through vertical
momentum diffusion and, by a much smaller amount, bottom drag
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Fig. 7. Average (1948–2009, March) local EKE changes of low- (left) and high-resolution (right) FESOM setups in the Labrador Sea. (a, b) Eddy wind work at the sea surface 𝐹𝑒𝐾𝑒.
Solid red and dashed magenta contours show the modeled and observed (EN4, Good et al., 2013) 2 km MLD (𝜎𝜃 threshold 0.125 kg m−3), blue contours the depth-integrated 5 (solid)
and 20 (dashed) m3 s−2 EKE and thick dashed black lines the LS interior index region. (c, d) Horizontal barotropic HRS and (e, f) baroclinic 𝑃𝑒𝐾𝑒 instabilities (depth-integrated;
positive values indicate EKE generation). Arrows show sea surface velocity direction and magnitude greater or equal 5 cm s−1 and black contours the 1, 2 and 3 km isobaths.
(Fig. 11). The EKE contribution to the total kinetic energy 𝐮h
2∕2 does

not show pronounced peaks during deep water formation events but
rather stays around 25% in the low- and around 45% in the high-
resolution run (dashed lines and right axis in Fig. 8a). Their decadal
fluctuations are of similar magnitude as the average seasonal cycle
(Fig. 9f).

4. Discussion

The Labrador Sea as modeled with FESOM exhibits a vivid EKE
field with a pronounced decadal variability. At a local horizontal
resolution of ∼5 km, this turbulence is strong enough to induce small-
scale temperature fluxes that lead to an efficient MLD restratification
(Fig. 5). At a slightly decreased local resolution of ∼20 km, these
fluxes are too weak to increase stability (parameterized SGS fluxes
taken into account) and the resulting MLD is too deep and its extent
too large - a common problem of state-of-the-art ocean and climate
models (Danabasoglu et al., 2014; Heuzé, 2021; Koenigk et al., 2021).
7

In the LS interior, the modeled turbulence is mostly of baroclinic
origin induced through upward eddy buoyancy fluxes (Fig. 8). Our
results thus support the view that meso- to submesoscale baroclinic
instabilities are essential for restratifying the water column after con-
vection. Baroclinic instability induced through large ageostrophic ve-
locities (Lavender et al., 2002) transport heat upwards (Morrison et al.,
2013; Saenko, 2015) that draws turbulent potential energy from steep
isopycnals, which thereby flatten (Fox-Kemper et al., 2008). The large
interannual variability of this upward eddy buoyancy flux dominates
the temporal evolution of the volume-integrated EKE (Fig. 8c), indica-
tive of important subsurface EKE generation (Hu et al., 2020). Hence,
reported non-significant surface EKE trends of the highly baroclinic
and eddy-rich Gulf Stream and Kuroshio current derived from satellite
altimetry may be underestimated (Martínez-Moreno et al., 2021).

In the area of the WGC and its separation from the coast, barotropic
instability (mainly horizontal shear) additionally becomes important
for eddy growth (Eden and Böning, 2002) but turbulent buoyancy
fluxes remain the dominant EKE source (Fig. 10), in line with previous
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Fig. 8. Decadal evolution of low- (black) and high-resolution (red) EKE changes due to (a) area-integrated eddy wind work at the sea surface 𝐹𝑒𝐾𝑒, (b) horizontal barotropic HRS
and (c) baroclinic 𝑃𝑒𝐾𝑒 volume-integrated instabilities in the LS interior (dashed black line in Fig. 3a, b; left axes; positive values indicate EKE generation). Dashed lines (right
axes) show EKE contribution to total kinetic energy (a), volume-integrated vertical barotropic instabilitites VRS (two orders of magnitude smaller than the other EKE conversions;
b) and EKE (c). A 3-year running mean is applied to all time series. In (c), red (blue) bars in background indicate years with a positive (negative) PC-based NAO index (Hurrel,
2003).
studies (Saenko et al., 2014; Pacini and Pickart, 2022). Observations
indicate that eddies generated within and advected with the boundary
current transport heat and salt (or freshwater) into the LS interior
(Irminger Rings) (Jones and Marshall, 1997; Lilly et al., 2003; Straneo,
2006; Schmidt and Send, 2007; Rykova et al., 2009; de Jong et al.,
2014; Rykova et al., 2015). This implies that the seawater properties
of the boundary current set the restratification ability of the eddies.
We can confirm this since the efficient MLD restratification seen in our
high-resolution setup was only achieved when the boundary current
was not biased too dense and thus being able to provide buoyant water
masses (i.e. after some forcing cycles, Danek et al., 2019). Hence, if
no buoyant water is available in the interior or the boundary current,
upward turbulent buoyancy fluxes as well as eddies from the WBC
may not contribute to restratification (Thomas and Zhang, 2022). This
view is supported by observations (Luo et al., 2012; Pacini and Pickart,
2022) and model results where a suppressed turbulence in the WGC
led to an underestimation of transports of heat into the LS interior by
Irminger Rings and a deeper MLD (Gelderloos et al., 2011; Kawasaki
and Hasumi, 2014; Rieck et al., 2019; Pennelly and Myers, 2022).
8

Previous studies using realistic high-resolution ocean models found
that on the long-term average, mean and eddy temperature flux con-
vergence are of equal importance in the LS (Chanut et al., 2008;
Saenko et al., 2014; Kawasaki and Hasumi, 2014; de Jong et al., 2016;
Tagklis et al., 2020). Common to some of these studies is an eddy
definition that incorporates deviations from a relatively long period,
e.g. 5 (Chanut et al., 2008; Saenko et al., 2014), 7 (Tagklis et al.,
2020) or 14 years (de Jong et al., 2016). Our eddy component, in
contrast, represents fluctuations on much shorter time scales from the
model time step to a month (von Storch et al., 2012). We thereby
provide another perspective on the mean/eddy interplay: on the long-
term average (1948–2009), the eddy temperature fluxes are much
weaker than the mean component, also in the high-resolution setup,
whereby the total advection resembles the mean component (compare
Figs. 3c, d and 4). Triggered by strong forcing, however, the eddy
component greatly increases, playing a role equally important as the
mean circulation, as long as the spatial resolution is high enough
which is in accordance with the cited studies above (Figs. 5b, c and
6). Hence, together with the notion that a longer averaging period
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Fig. 9. Average (1948–2009) seasonal cycle of low- (black) and high-resolution (red) EKE changes due to (a) area-integrated eddy wind work at the sea surface 𝐹𝑒𝐾𝑒, (b) horizontal
HRS), (c) vertical barotropic (VRS) and (d) baroclinic 𝑃𝑒𝐾𝑒 volume-integrated instabilities in the LS interior (dashed black line in Fig. 3a, b; positive values indicate EKE generation;
ifferent y-axes). (e, f) show the volume-integrated EKE and its contribution to total kinetic energy.
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eads to larger deviations from that average (Rieck et al., 2015), this
hysically consistent picture was not documented earlier due to the
issing decadal temporal perspective. In Kawasaki and Hasumi (2014),
owever, the temporal average of mean and eddy heat flux components
re of similar magnitude although the same eddy definition as in this
tudy was used. In contrast to our 62 years of 6-h atmospheric forcing,
hey utilized a daily climatology representing the years 1979 to 1993 to
orce their ocean model. This time period is biased towards a positive
AO phase and thus enhanced heat loss in the LS (Röske, 2006). For

his period, our high-resolution run indeed shows a similar importance
f mean and eddy components of heat fluxes integrated over the mixed
ayer (Fig. 5b, c) and the whole water column (Fig. 6). Hence, it may
e that the heat flux composition presented by Kawasaki and Hasumi
2014) rather represent a positive NAO state and not a general temporal
verage.

The complex spatial structure of the high-resolution heat flux con-
ergence due to the construction via the divergence operator is difficult
o interpret and may require more averaging than applied in this study.
or example, spatial smoothing was used to obtain a more coherent
icture (Chanut et al., 2008; Saenko et al., 2014). On the other hand,
 s

9

mall-scale features may get lost due to smoothing, as for example
he heat loss patch on the onshore side of the WGC due to the mean
irculation (Kawasaki and Hasumi, 2014; Tagklis et al., 2020, this
tudy). Another example is the interplay between mean and eddy
emperature fluxes in the WGC, which were shown to generally work
gainst each other (opposite sign; Chanut et al., 2008; Saenko et al.,
014; Kawasaki and Hasumi, 2014; de Jong et al., 2016). Our high-
esolution eddy temperature fluxes, in contrast, tend to enforce the
ean WGC (same sign). This is also seen in Tagklis et al. (2020), where
higher model resolution seems to yield a larger agreement of the signs
f mean and eddy flux components over large parts of the WGC within
he 2 and 3 km isobaths. Hence, a general relationship between the type
f instability and effects of the resulting eddy fluxes, i.e. to enforce or
ppose mean fluxes, remains unclear.

Albeit the relatively high spatial resolution the eddy temperature
luxes are not strong enough to efficiently limit the spatial extent
f the MLD in the high-resolution setup, especially to the northeast
f the deep LS interior where the MLD patch is too large compared
o observations (irrespective of MLD threshold). Recent model results

uggest that too many vertical model levels (61 in our high-resolution
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Fig. 10. Decadal evolution of low- (black) and high-resolution (red) EKE changes due to depth-integrated barotropic (𝐾𝑚𝐾𝑒, top) and baroclinic (𝑃𝑒𝐾𝑒, bottom) instabilities averaged
over the area of the WGC and its separation from the coast (dashed black line in Fig. 4; positive values indicate an EKE generation). A 3-year running mean is applied to all time
series.
setup) and a thereby too smooth slope geometry reduces turbulence
and hence small-scale tracer fluxes (Gillard et al., 2022). Our low-
resolution model reveals further challenges. First, the usually utilized
SGS parameterization (Gent and McWilliams, 1990) of eddy fluxes is
too weak to mimic meaningful effects of turbulence. Second, in the
LS interior, where complicated ocean dynamics and steep topography
work in concert, large diapycnal buoyancy fluxes from the vertical
mixing scheme and dissipation seem necessary to obtain a dynamical
equilibrium (Rest term in Fig. 6). This points to the importance of mix-
ing and non-linearities in the LS interior (Morrison et al., 2013; Griffies
et al., 2015; Corre et al., 2020) but is beyond the scope of this study.

5. Concluding remarks

To conclude, eddy fluxes on spatio-temporal scales of a few km
from the model time step to a month significantly contribute to tracer
advection and facilitate mixed layer restratification in the LS after
deep convection events. These eddy fluxes are mainly of baroclinic
origin and their interannual variability is coupled to the atmospheric
forcing, i.e. turbulence is strongly enhanced during periods of large
oceanic heat loss and quiescent otherwise. Buoyant water from the
boundary current needs to be available to increase stratification in
the LS interior. A higher spatial model resolution clearly improves
the spatial–temporal structure of the LS deep convection. In addition,
future work should concentrate on the systematic improvement of eddy
and mixing parameterizations used in climate models, especially in
challenging regions like the Labrador Sea. Moreover, methodological
definitions of e.g. spatio-temporal flux decomposition and smoothing
techniques and their influence on the physical understanding should
be communicated in a clearer way.
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Fig. 11. Decadal evolution of low- (top) and high-resolution (bottom) EKE changes volume- or area-integrated in the LS interior (dashed black line in Fig. 3a, b; positive values
indicate EKE generation). Components (Eq. (3)): model solution of 𝜕𝑡 EKE (black), eddy wind work at the sea surface 𝐹𝑒𝐾𝑒 (red), barotropic 𝐾𝑚𝐾𝑒 (blue) and baroclinic 𝑃𝑒𝐾𝑒
(green) instabilities, bottom drag (orange) and dissipation (purple). A 3-year running mean is applied to all time series.
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