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Key Points:

« Eddy temperature fluxes through baroclinic instabilities yield mixed layer restrat-
ification in the Labrador Sea deep convection zone.

¢ In addition, buoyant waters must be provided by the boundary current to balance
the destabilizing forcing.

» At 20 km local horizontal resolution, modeled and parameterized fluxes are too

weak to increase stratification as seen in the 5 km case.
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Abstract

Oceanic mesoscale eddies play an important role in preconditioning and restratifying the
water column before and after mixing events, thereby affecting deep water formation vari-
ability. In the Labrador Sea, where deep convection occurs regularly, observations and
models indicate a complex interplay of turbulence and associated tracer fluxes. Results
from a realistic eddy-resolving (~5 km local horizontal resolution) ocean model in quasi-
equilibrium (~300 years integration) suggest that small-scale temperature fluxes due to
turbulent potential to kinetic energy conversion are the main driver of mixed layer re-
stratification during deep convection triggered through atmospheric forcing. In addition
to these baroclinic instabilities, buoyant water masses must be provided by the bound-
ary current, where barotropic turbulence is equally important. Only acting together, the
destabilizing forcing can be balanced. In a low-resolution control simulation (~20 km)
the modeled turbulence is strongly reduced and the associated modeled and parameter-

ized heat fluxes too weak to increase stratification.

Plain Language Summary

The ocean circulation includes many swirls. These ”eddies” are only a few tens km
wide and transport temperature and salt, both of which change the density of the wa-
ter and hence the circulation itself. Since these eddies are so small, they are not incluced
in climate models and their effects must be added by parameterizations. Here we use a
global ocean model with a locally refined resolution so that eddies are directly modeled.
We see that the influence of the eddies is very large, especially in restoring the stabil-
ity of the water column after deep convection events. Different turbulent instability pro-
cesses are the reason why eddies evolve. In a coarser model resolution, however, we find

that the parameterization of the eddy effects is too weak.

1 Introduction

Eddies are ubiquitous in the world ocean, particularly in vicinity of strong currents,
e.g. the Gulf Stream or North Atlantic Current (Chelton et al., 2011). On length scales
of the local baroclinic Rossby radius of deformation these vortices yield mesoscale tem-
perature and freshwater fluxes which modify sea water properties and thereby change

the ocean circulation. Similarly, biogeochemical nutrient fluxes such as chlorophyll con-
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centrations are altered, affecting phytoplankton and biomass production (Danabasoglu

et al., 1994; Z. Zhang et al., 2014; Frob et al., 2016).

The Labrador Sea (LS) basin is a region of frequent deep convection during win-
ter time, and thereby an important place of deep water formation (Rhein et al., 2015).
Here, eddies were observed to contribute to preconditioning before and restratification

after mixing events (e.g. Marshall & Schott, 1999; Lilly et al., 2003; Straneo, 2006; Pal-

ter et al., 2008; de Jong et al., 2014; Rykova et al., 2015; Yashayaev & Loder, 2016; W. Zhang

& Yan, 2018). However, the exact route of turbulence remains unclear due to sparsity
of available observations. Numerical model experiments suggest a complex interplay of
barotropic and baroclinic instabilities as the source of eddy kinetic energy (EKE) and
associated mesoscale tracer fluxes. During winter, Irminger Rings (IR) separate from the
West Greenland Current (WGC), eventually providing buoyant waters for the weakly
stratified LS interior. Additionally, convective eddies in the vicinity of the deep convec-
tion patch work to flatten steep isopycnals. However, due to complex geometry of the
LS basin and high computational costs of high-resolution models, experiments with a
realistic eddy resolving setup are rather short and focus on the mean state or the mean
annual cycle (Chanut et al., 2008; McGeehan & Maslowski, 2011; Kawasaki & Hasumi,
2014; Saenko et al., 2014; W. Zhang & Yan, 2014; Dukhovskoy et al., 2016; Rieck et al.,
2019).

In this study we use the global ocean model FESOM (Wang et al., 2014) with a
locally mesoscale-resolving horizontal resolution of ~5 km and provide a coherent pic-
ture of turbulence 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 reso-

lution) setup serves as control run to investigate the influence of the model resolution.

2 Methods
2.1 Ocean Model FESOM

We utilized the global Finite Element Sea ice-Ocean Model (FESOM) version 1.4
(Wang et al., 2014). To analyze the resolution-dependence of the involved dynamical pro-

cesses during MLD restratification, low- and high-resolution FESOM grids were designed.
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The details of the model grids and set ups are described in Danek et al. (2019) and are

shown in the supplement (Text S1 and Fig. S1).

2.2 Eddy Temperature Fluxes and Eeddy Kinetic Energy

The Boussinesq tendency equation for depth-integrated temperature 7" in flux form

(in °C m s™1) can be written as

Bt/sz:—/V-(u—|—uSGS)sz—|—F+Rest (1)

with 0; being the partial derivative with respect to time, V, u and uggg the three-dimensional

spatial derivative, velocity and sub-grid scale (SGS) velocity vectors, with the latter aris-
ing from the Redi and GM parameterizations (Redi, 1982; Gent & McWilliams, 1990).
The first term on the right hand side represents the temperature advection divergence.
As any vector transport may be separated (Helmholtz theorem) in a divergent and a ro-
tational component, uT = (uT)p+ (uT)r (e.g., Zdunkowski & Bott, 2003), using the
flux form here is advantageous since the rotational part of the vector field does not af-
fect the dynamics of the flow (Marshall & Shutts, 1981; Jayne & Marotzke, 2002; Fox-
Kemper et al., 2003), and, by definition, the rotational part is divergence-free (V-(uT)g =
0). The thermodynamic boundary condition at the sea surface F' = (pcp) ™! Qnet uses
the sea surface density p and the specific heat capacity of sea water at constant pressure
cp as well as the calculation of the net surface heat flux Qpet through the CORE-II forc-
ing (Large & Yeager, 2009). All other components are subsumed in the Rest term (e.g.
diffusion and non-local transports through the KPP vertical mixing scheme of Large et

al., 1994).

To distinguish between temperature fluxes from long and short time scales, Reynolds

averaging (e.g., Vallis, 2017) of the horizontal advection term yields
—Vh - (un + uscs’h)T =-Vy- (ﬁhT + u’hT’ + usgs7hT) , (2)

where the subscript h indicates the horizontal component of a vector, the overbar a tem-
poral mean and the prime a deviation from that mean. Following von Storch et al. (2012),
we derive the eddy temperature flux w7’ = uT—uT by calculating the total temper-
ature flux u7 in every model time step and save its monthly mean uZ’. As such, w7’
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.
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Fig. S2 confirms that similar monthly mean eddy fluxes are obtained with this method,

independent of the model output frequency choice.

To identify the sources and sinks of the eddy kinetic energy (EKE) u{lz /2 (neglect-
ing vertical velocity w due to hydrostatic approximation), the Lorenz Energy Cycle (Lorenz,
1955) can be applied (Boning & Budich, 1992; Marchesiello et al., 2003; von Storch et
al., 2012; Renault et al., 2016). The volume-integrated EKE tendency equation, derived

from the hydrostatic Boussinesq momentum balance (Olbers et al., 2012),

Oy / EKEdV = / (F. K, + bottom stress) dA + / (HRS+ VRS + P.K. +¢)dV, (3)
v A %

yields the individual energy conversion terms which change EKE during instability pro-

5 s*?’; signs do not represent

cesses and associated interactions with the mean flow (in m
physical direction). F.K, = po~* (W) represents eddy growth through work of wind
anomalies at the sea surface via wind stress 7 (in kg m~! s72) and can be understood

as a mechanical source of instability (vice versa, friction at the bottom leads to EKE re-
moval). The horizontal and vertical Reynolds stresses HRS = —u/29,a — u/v’' 9,7 —

u'v’ 0,7 — W@lﬁ and VRS = —v/w’ 0.7 — v/w’ 0,7 yield EKE from barotropic insta-
bilities of the mean flow due to horizontal and vertical shear. As such, VRS represents
Kelvin-Helmholtz instability. Their sum is the barotropic transfer from mean to eddy
kinetic energy K,, K, = HRS+ VRS. P.K, = w'l/ with buoyancy b = —gpy~! p is as-
sociated with baroclinic instability through the exchange between turbulent potential

and kinetic energy. e represents dissipation of EKE by small-scale turbulence implemented
in the model via viscosity. These energy conversions are defined such that if positive,
EKE is generated at the expense of the mean flow. In turn, if negative, EKE is trans-

ferred back to the mean flow (or dissipated) by turbulence.

3 Results
3.1 Temperature Flux Divergence

On average (1948-2009, the whole forcing period), the Labrador Sea (LS) looses
heat to the atmosphere through outgoing longwave radiation and sensible and latent heat
fluxes (F < 0; Fig. 1la,b). The average horizontal surface circulation is characterized
by the quiescent LS interior surrounded by the fast (>25 cm s~!) West Greenland Cur-
rent (WGC) along the southwest coast of Greenland in northwestward direction and fur-

ther downstream along the eastern coast of Canada as the Labrador Current (LC) in south-
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eastward direction (arrows in Fig. la,b). The boundary current in the high-resolution
model (~5 km local horizontal resolution) is narrower and faster compared to the low-
resolution control run (~20 km local horizontal resolution). The transition between the
WGC and LC is separated into two main branches in the high-resolution run, while be-
ing one broad structure in the low-resolution model. Similarly, vertical velocities are much
faster in the high-resolution LS (not shown). The average low-resolution March mixed
layer depth (MLD) extends to a large area deeper than ~2 km while being confined to

a small part of the ~3 km depth area in the high-resolution run (white contours show

the 1.5 and 2 km MLD). Here, MLD is defined as the depth at which the potential den-

sity og deviates from its 10 m depth value by 0.125 kg m~ (Danabasoglu et al., 2014).

The average depth-integrated mean horizontal temperature advection divergence

covers a broad range between 1074 to 107! °C m s™*

with the largest values along the
WGC between the 2 and 3 km isobaths (black lines in Fig. 1lc,d: positive values indi-

cate a temperature gain). In both model runs, the boundary current advects temper-
ature away from the coast towards the interior. This process is stronger and more con-
fined in the high-resolution run, similarly as the circulation pattern. In the LS interior,

the mean temperature advection is ~1 order of magnitude smaller compared to the bound-
ary currents. Here, divergent and convergent patches coexist next to each other. This

feature is much more heterogeneous in the high-resolution model with a large number

of divergent and convergent patches on spatial scales of a few hundreds of km.

The average depth-integrated eddy (i.e. fluctuations on temporal scales from the
model time step to a month) temperature advection divergence is generally smaller by
~1 order of magnitude compared to the mean component with largest values along the
WGC and LC in both model setups (Fig. le,f). In the broad low-resolution WGC, tem-
perature decreases by eddy advection in the region confined to the 2 and 3 km isobaths
and increases on- and offshore of this patch. This feature of enhanced eddy temperature
divergence/convergence is spatially limited to the WGC and weakens in magnitude di-
rectly after separation from the coast at ~53°W. In the LC, the low-resolution eddy fluxes
feature a similar dipole pattern as the mean component with convergence in the region
bounded by the 1-2 km isobaths and temperature loss in the region of 2-3 km depth. Hence,
mean and eddy components are of opposite sign in these areas (Fig. 1 c,e). In the LS
interior, similarly as for the mean, patches of convergent and divergent eddy tempera-

ture fluxes coexist in both the low- and high-resolution models with the latter being much
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more dynamic on small spatial scales. In addition, enhanced eddy fluxes in the WGC
persist long after the separation from the Greenland coast towards ~56°W (Fig. 1f). In
contrast to the low-resolution run, mean and eddy components along the WGC and LC
are of the same sign, especially along the 2 km isobath (Fig. 1d,f). The high-resolution
run exhibits a second branch of enhanced eddy temperature divergences downstream the

WGC at ~64°N, which is absent in the low-resolution control.

In the LS interior, atmospheric forcing triggers deep convection events through-
out the observational period (Fig. 2a). During positive NAO years (years with positive
phase of the North Atlantic Oscillation; Hurrel, 2003), an increased oceanic heat loss to
the atmosphere yields deep winter MLDs of several km depth in March (month with the
deepest MLD on average in both model runs, not shown). The decadal MLD evolution
reveals pronounced differences between the low- and high-resolution models. While the
high-resolution MLD is in phase with the NAO, the low-resolution model exhibits almost
no temporal variability and remains at deep MLDs throughout the forcing period (Fig.
2a). A similar picture emerges for the horizontal eddy temperature advection divergence,
volume-integrated over the respective MLD within the LS interior (index area shown in
Fig. 1la,b). While the large-scale circulation poses a temperature loss in the convection
zone, high-resolution eddy fluxes temporarily become active and reduce or even balance
this heat loss during deep convection events (Fig. 2c). These dynamics are almost ab-
sent in the low-resolution model, where the eddy contribution is much weaker and hardly
balances the heat loss due to the mean circulation (Fig. 2b). Here, SGS fluxes are strongly
enhanced compared to the near-zero values of the high-resolution model (red dashed lines
in Fig. 2b,c). However, the total temperature advection divergence including the SGS

contribution stays negative throughout the forcing period in the low-resolution run.

3.2 EKE Generation

During March, EKE is generated through turbulent wind work F. K. at the sea sur-
face with enhanced values in ice-free regions (Fig. 3a,b). Depth-integrated barotropic
HRS leads to eddy growth on the expanse of the mean flow on the offshore side of the
WGC, before and after separation from the Greenland coast (Fig. 3c,d). In a narrow patch
between the 1 and 2 km isobaths along the coasts of Greenland and Canada, eddies trans-
fer 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
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setup. These large HRS values drop by ~2 orders of magnitude towards the LS interior.
Depth-integrated baroclinic instability P.K, is responsible for an EKE increase almost
everywhere in the LS basin (Fig. 3e,f). Its general pattern resembles the barotropic one
with enhanced values along the WGC and the downstream circulation. The region of large
depth-integrated HRS and P.K, corresponds with the depth-integrated EKE which is

a multiple in the high- compared to the low-resolution run. Here, this area also marks

the approximate edge of the average March MLD patch (thick white contours in Fig. 3d,f

and b, respectively).

The wind forcing poses a constant source of EKE with decadal fluctuations of sim-
ilar magnitude as the average seasonal cycle (strongest during winter; Fig. S3a). Area-
integrated over the LS interior, both models exhibit similar F, K, values with small dif-
ferences probably arising from faster surface currents in the high-resolution run (solid
lines in Fig. 4a; left axis). Volume-integrated barotropic and baroclinic EKE conversion
terms, in contrast, differ greatly between low- and high-resolution runs (solid lines in Fig.
4b,c; left axes). 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 (much weaker; dashed lines in Fig. 4b; right
axis) lead to a removal of EKE in the LS interior. However, baroclinic instabilities P, K,
let eddies grow within the LS interior with an efficiency of one order of magnitude larger
than the combined barotropic instabilitites K, K.. Hence, the evolution of the volume-
integrated EKE closely follows P. K. (dashed lines in Fig. 4c; right axis). Similar pro-
portions apply, although much reduced in absolute numbers, to the low-resolution run
and to the average seasonal cycle (Fig. S3b-e). Throughout the forcing period, the EKE
contribution to the total kinetic energy u,?/2 does not show those pronounced peaks
during deep water formation events but stays rather around 25% in the low- and around
45% in the high-resolution run (dashed lines in Fig. 4a; right axis). Their decadal fluc-
tuations are of similar magnitude as the average seasonal cycle (largest during winter;

Fig. S3f).

4 Discussion

At a local horizontal resolution of ~5 km our high-resolution FESOM setup exhibits
turbulent temperature fluxes of baroclinic origin which lead to an efficient MLD restrat-

ification in the LS interior. At a slightly decreased local resolution of ~20 km, these fluxes
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are too weak to increase stability (parameterized SGS fluxes taken into account). Our
results support the view that meso- to submesoscale baroclinic mixed layer instabilities
are essential for restratifying the water column after convection. Baroclinic instability
induced through large ageostrophic velocities (Lavender et al., 2002) draws turbulent po-

tential energy from steep isopycnals, which thereby flatten (Fox-Kemper et al., 2008).

However, generating enough EKE within the convergence zone is only half of the
story. As seen in other high-resolution ocean modeling results, the temperature flux di-
vergence is enhanced along the fast boundary current (Chanut et al., 2008; Kawasaki &
Hasumi, 2014; Saenko et al., 2014; de Jong et al., 2016). In addition, observations in-
dicate that eddies generated within and advected with the boundary current transport
heat and salt (or freshwater) into the LS interior (Irminger Rings; Jones & Marshall, 1997;
Lilly et al., 2003; Straneo, 2006; Schmidt & Send, 2007; Rykova et al., 2009; de Jong et
al., 2014; Rykova et al., 2015). This implies that the seawater properties of the bound-
ary current set the restratification ability of the eddies, also reflected by large HRS in
the WGC in our high-resolution run. The efficient MLD restratification seen in our high-
resolution FESOM 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 adjust-
ment forcing cycles; Danek et al., 2019). Hence, if no buoyant water is available in the
interior, convective eddies induced through baroclinic instabilities may not contribute
to restratification. This view is supported by model results where a suppressed turbu-
lence 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 & Hasumi, 2014;
Rieck et al., 2019).

From the model perspective, our results imply several challenges. The energy bud-
get reveals an important role of EKE dissipation through bottom friction and turbulence
implemented via viscosity. Physical dissipation, however, was shown to be strongly af-
fected by spurious unphysical numerical dissipation on meso- to submesoscales in ocean
models (Soufflet et al., 2016). In addition, the vertical mixing scheme was shown to sig-
nificantly change water mass properties, especially the KPP non-local flux (Griffies et
al., 2015). A systematic analysis of different mixing parameterizations is missing so far.
Moreover, utilizing an ocean-only model configuration excludes important feedbacks be-
tween the ocean and the atmosphere. For example, a decreased storm activity as expected

through global warming leads to a decreased sea surface heat loss and drastically reduced
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formation rates of water masses associated with deep convection in the LS (Garcia-Quintana

et al., 2019).

5 Conclusions

We provide a comprehensive picture of the LS mixed layer variability, the associ-
ated instability processes and resulting eddy heat fluxes, including, for the first time, a
decadal time-scale perspective. On ~5 km local resolution, mixed layer restratification
is accomplished through baroclinic instabilities in the convective patch as well as the ad-
vection of buoyant waters from the boundary current by turbulent fluxes induced through
horizontal shear. On ~20 km local resolution, these dynamics are not well represented
and common eddy parameterizations are too weak. We conclude that high-resolution ocean
model studies should examine 1) the role of both lateral and vertical mixing parameter-
izations and 2) if the proposed mechanisms also apply in coupled model setups with ocean-

atmosphere feedbacks.

As a logical next step, we will apply our analysis in a coupled atmosphere-ocean-
sea ice framework using the ocean multi-scale approach as proposed here (e.g. Sidorenko
et al., 2019; Lohmann et al., 2020). Past climates provide a possibility to evaluate the
performance of general circulation models. Key findings are that the models do not cap-
ture the magnitude of the sea surface temperature anomalies derived from data (Lohmann
et al., 2013) and that they systematically underestimate the variability (Laepple & Huy-
bers, 2014). It might be that the question of underestimated climate variability is related
to our finding that the variability in key regions such as the Labrador Sea cannot be well
represented and parameterizations have difficulties to provide the underlying ocean dy-

namics.
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contribution to total kinetic energy (in %; 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 ¢), red (blue) bars in background indicate

years with a positive (negative) PC-based NAO index (Hurrel, 2003).
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