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a b s t r a c t

Recent realistic high resolution modeling studies show a net increase of submesoscale activity in fall and

winter when the mixed layer depth is at its maximum. This submesoscale activity increase is associated with

a reduced deepening of the mixed layer. Both phenomena can be related to the development of mixed layer

instabilities, which convert available potential energy into submesoscale eddy kinetic energy and contribute

to a fast restratification by slumping the horizontal density gradient in the mixed layer. In the present work,

the mixed layer formation and restratification were studied by uniformly cooling a fully turbulent zonal jet in

a periodic channel at different resolutions, from eddy resolving (10 km) to submesoscale permitting (2 km).

The effect of the submesoscale activity, highlighted by these different horizontal resolutions, was quantified

in terms of mixed layer depth, restratification rate and buoyancy fluxes. Contrary to many idealized studies

focusing on the restratification phase only, this study addresses a continuous event of mixed layer formation

followed by its complete restratification. The robustness of the present results was established by ensemble

simulations. The results show that, at higher resolution, when submesoscale starts to be resolved, the mixed

layer formed during the surface cooling is significantly shallower and the total restratification is almost three

times faster. Such differences between coarse and fine resolution models are consistent with the subme-

soscale upward buoyancy flux, which balances the convection during the formation phase and accelerates

the restratification once the surface cooling is stopped. This submesoscale buoyancy flux is active even be-

low the mixed layer. Our simulations show that mesoscale dynamics also cause restratification, but on longer

time scales. Finally, the spatial distribution of the mixed layer depth is highly heterogeneous in the presence

of submesoscale activity, prompting the question of whether it is possible to parameterize submesoscale

effects and their effects on the marine biology as a function of a spatially-averaged mixed layer depth.

© 2015 Elsevier Ltd. All rights reserved.
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. Introduction

Ubiquity of the submesoscale activity in the ocean surface layer

as been revealed by observations of high resolution satellite sea

urface temperature and chlorophyll images, such as those from

he space shuttle (Scully-Power, 1986; Munk et al., 2000). This last

ecade, an increase of the computational power, has seen numer-

us studies focusing on submesoscale dynamics in numerical mod-

ls based on two kinds of simulations; (i) using realistic coastline

nd bottom topography (Capet et al., 2008a, 2008b, 2008c, 2008d;

archesiello et al., 2011; Mensa et al., 2013; Sasaki et al., 2014), or (ii)

dealized, mainly based on baroclinic zonal jets in periodic channels
∗ Corresponding author at: DYNECO-PHYSED/IFREMER, Centre Ifremer de Brest,

louzané, France. Tel.: +33 665395734.
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Klein et al., 2008; Lévy et al., 2010; Klein et al., 2011; Haney et al.,

012; Ponte et al., 2013; Thomas et al., 2013).

Some idealized studies have shown that submesoscale dynamics

re strongly ageostrophic (Klein et al., 2008, 2011) leading to vertical

elocities of O(40 m day−1) (Ponte et al., 2013). Therefore, although

ubmesoscales have small spatial scales (O(few km)) and short time

cales (hours to days) the associated vertical velocities can bring nu-

rients from greater depth than in lower resolution models (Rosso

t al., 2014), which may contribute significantly to the closure of the

lobal nutrient budget (Klein and Lapeyre, 2009). They can also result

n modifications of the large scale circulation (Lévy et al., 2010) by al-

ering the position and the intensity of the subtropical and subpolar

yre.

Another impact of submesoscale activity is the restratification

f the mixed layer through mixed layer instabilities (MLIs) (Nurser

nd Zhang, 2000; Boccaletti et al., 2007; Fox-Kemper et al., 2008).

occaletti et al. (2007) studied the restratification of an idealized

https://domicile.ifremer.fr/10.1016/,DanaInfo=dx.doi.org+j.ocemod.2015.10.004
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mixed layer by destabilization of a density front by MLIs in a zonal

channel. They showed a complete restratification accomplished over

a few days after the MLIs reach finite amplitude. This finding is com-

plementary to previous results of Haine and Marshall (1998) who

studied the formation of a mixed layer front by applying a differ-

ential cooling on a homogeneous stratified fluid in a zonal channel.

They showed that baroclinic waves in the mixed layer are important

agents of buoyancy transport and can be so efficient that the convec-

tive process all but ceases, therefore limiting the deepening of the

mixed layer.

A correct representation of the mixed layer depth (MLD) in a nu-

merical model is a priority when considering ocean heat content and

heat exchange between ocean and atmosphere, either for the climate

(Romanou et al., 2013; Sallee et al., 2013; Liu and Wang, 2014) or

in the case of tropical cyclones (Lin et al., 2009; Shay and Brewster,

2010; Seo and Xie, 2013). As resolving the submesoscale is beyond

the scope of current climate, global and some regional models, Fox-

Kemper et al. (2008) proposed a parameterization of the restratifi-

cation induced by MLIs in coarse resolution models, which consists

of an overturning streamfunction confined to the mixed layer and

proportional to the strength of the horizontal surface density gra-

dient and the MLD. In a companion paper, Fox-Kemper and Ferrari

(2008) show that the equivalent MLI heat fluxes estimated from ob-

served surface eddy kinetic energy using the Fox-Kemper et al. (2008)

parameterization are of the same order of magnitude as the atmo-

spheric flux, suggesting that restratification by MLIs could be a lead-

ing order process for the mixed layer.

The predominance of MLIs for the submesoscale dynamics of

the mixed layer has been confirmed by recent realistic high resolu-

tion modeling studies from Capet et al. (2008d), Mensa et al. (2013)

and Sasaki et al. (2014), showing a net increase of submesoscale

activity in fall and winter associated with the deepest mixed lay-

ers. Such a seasonality in the submesoscale field has recently been

confirmed from observations by Callies et al. (2015). While Capet

et al. (2008d) could not see any submesoscale-induced restratifica-

tion in the shallow domain of the Argentinian shelf, Mensa et al.

(2013) found a mixed layer 25% shallower in a submesoscale per-

mitting high resolution nested domain (∼2 km) compared to its par-

ent eddy resolving (∼8.5 km) model of the Gulf Stream area. Since

mesoscale fronts are present all year long in this region, Mensa

et al. (2013) concluded that this fall/winter APE increase available

to MLIs is controlled by the MLD. Shallowing of the mixed layer by

MLIs is also reported by Marchesiello et al. (2011) in their numer-

ical study of tropical instability waves when the submesoscale is

resolved.

Among the studies cited above there exists a significant gap

between simulations using realistic coastline and topography and

highly idealized ones, most of those latter being initialized with a

preexisting mixed layer and front. Furthermore, results from ideal-

ized experiments are not in full agreement with each other. For in-

stance Fox-Kemper et al. (2008) noted that vertical heat fluxes from

MLIs are small compared to ocean-atmosphere heat fluxes during ac-

tive convection periods, while Haine and Marshall (1998) previously

showed that MLIs can be active during convective process and even

overtake them. It has been also shown by Taylor and Ferrari (2010)

that in the early stage of the mixed layer formation, Symmetric Insta-

bility (SI) can limit the deepening of the mixed layer. They also high-

light that such SI will arise when the Richardson number is beyond

unity.

Furthermore, while idealized studies focus on a single realization

of a restratification event, studies based on realistic models focus on

averaged MLD resulting from various atmospheric events. Moreover,

it has been demonstrated that oceanic convection due to atmospheric

cooling is preconditioned by the mesoscale activity (Legg et al., 1998),

suggesting that ensemble simulations are needed to robustly investi-

gate the effect of MLIs on the MLD.
In the present work we use an idealized domain wide enough to

llow fully developed mesoscale dynamics and fine enough to permit

ubmesoscale dynamics produced by destabilization of mesoscale

ronts, and we focus on the effect of the submesoscale on a single

ixed layer formation and restratification cycle forced by a buoyancy

ux. We aim to address the following questions: (i) Are MLIs able to

ounter balance the convection during mixed layer formation? (ii)

ow much do they speed up the restratification once convection is

topped? For statistical reliability of the results, the analyses were

ased on ensemble simulations.

The paper is organized as follows: Section 2 covers the model-

ng setup, describing the ensemble simulations and diagnostics used;

ection 3 presents results for a reference simulation and for the dif-

erent resolutions; the findings are then discussed in Section 4.

. Methods – modeling setup

Mixed layer formation and restratification were studied by cool-

ng a turbulent zonal jet in a periodic channel. The impact of

he submesoscale dynamics is highlighted through the compari-

on of different horizontal resolutions either allowing submesoscale

ctivity (2 km) or not (10 km), plus an intermediate resolution

5 km) and is quantified through MLD, restratification rate, buoyancy

uxes, and conversion of available potential energy into eddy kinetic

nergy.

.1. The numerical model

We use the numerical NEMO model (Madec, 2008), which solves

he three-dimensional primitive equations in spherical coordinates

iscretized on an Arakawa C-grid. Aiming to keep the configuration

s simple as possible, the vertical mixing coefficients are set constant

ith values of 1.2 · 10−4 and 1.2 · 10−5 m2 s−1 for momentum and

racers respectively and the convective processes are mimicked us-

ng an enhanced vertical diffusion parameterization which increases

ertical momentum viscosity and tracers diffusity to 100 m2 s−1,

here static instability occurs. This setup is similar to the config-

ration of Boccaletti et al. (2007). In our study, as the mixed layer

s forced exclusively by a surface buoyancy flux generating static

nstabilities, the use of the enhanced vertical diffusion with con-

tant background mixing coefficients instead of a turbulent closure

uch as TKE (Turbulent Kinetic Energy) or k-ε seems appropriate.

his was confirmed by experiments made with TKE instead of the

onstant background diffusivity (not shown), which do not display

arge qualitative differences. The linear equation of state depends on

emperature only and the model is set up with a z vertical coordi-

ate and a linearized free-surface formulation (Roullet and Madec,

000). A third order upwind biased (UBS) advection scheme, for

hich diffusivity is equal (in a one dimensional advection problem)

o 1
12 |U|�x3, where |U| is the absolute local velocity and �x the

rid spacing (Marchesiello et al., 2009), is used for both momen-

um and tracers. It has been recently shown by Mohammadi-Aragh

t al. (2015) that the spurious diapycnal mixing induced by such

iffusive schemes during the restratification phase of a baroclinic in-

tability, can lead to some change in the background potential en-

rgy. In the present study, the sensitivity to the choice of advec-

ion scheme is not considered, as we focus on the effect of spatial

esolution.

.2. The baroclinic jet

The Antarctic Circumpolar Current (ACC) has been often ideal-

zed as a zonally symmetric baroclinic jet (McWilliams and Chow,

981; Klein et al., 2008, 2011) to study the generation of baroclinic

nstability and associated mesoscale and submesoscale dynamics.

his idealized baroclinic jet (hereafter refereed as BJET) is simulated
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Fig. 1. (a) Meridional section of the initial density anomaly (kg m−3), with north on

the right. White contour represents the corresponding zonal velocity (contour spacing

is 2 cm s−1) and (b) initial surface density anomaly. The thick dark lines represent the

meridional extent of the box considered in the analysis.
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Fig. 2. Schematic view of the cooling event. The blue line represents the horizontally-

averaged (over the box delimited in Fig. 1b) mixed layer depth for the 2 km simulation

averaged over all the members. The gray patch represents the spread over the ensem-

ble. The dark line represents the horizontally-averaged (over the same domain) mixed

layer depth in the absence of turbulence. Vertical dotted lines represent the beginning

and the end of the cooling period. The mixed layer before the onset of the cooling is

not an actual mixed layer but an arbitrary depth picked up by the density criterion.

(For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article).
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n a 2000 km (North–South) ∗ 500 km (East–West) domain with

4000 m deep flat bottom on a beta plane ( f = 5.57 · 10−5 s−1,

= 2 · 10−11 s−1 m−1). The domain is periodic in the zonal direction

a zonal reentrant channel) and a free slip lateral boundary condi-

ion is applied to the north and south vertical walls. A linear bottom

riction relation is used with a coefficient r = 5 · 10−3 m2 s−1. All con-

gurations are built using 100 vertical levels keeping an almost con-

tant spacing of 5 m over the first 200 m of the water column and in-

reasing further down to a maximum layer thickness of 90 m. Initial

onal velocities (Fig. 1) are in geostrophic balance and the jet desta-

ilization is triggered by a very small random density perturbation.

he flow is maintained by nudging of the zonally-averaged velocity

nd density fields towards the initial state (without the perturbation),

ith a time scale of 50 days. The first baroclinic Rossby deformation

adius varies from 17 km to 37 km from the south to the north (25 km

n the middle of the jet). A full description of the initial baroclinic jet

s given in Appendix.

.3. The cooling event

To form the mixed layer of the BJET simulation (cf 2.2), the nudg-

ng is stopped and a net surface heat flux of 300 Wm−2 is uniformly

pplied over the baroclinic jet for a 20 day period. This net heat

ux is typical of winter conditions obtained from observations of the

orth Atlantic (Lavender and Davis, 2002; Straneo, 2005) and in the

ange of the values used by Haine and Marshall (1998). With such

heat flux, 20 days are enough to form a mixed layer a few hun-

red meters deep. After 20 days, the heat flux is turned off and the

odel runs freely (with nudging still off) for another 60 days, mak-

ng it possible to study the restratification phase. The nudging had

o be turned off during the convection phase, because it would oth-

rwise strongly interact with the mixed layer deepening. The time

cale of the experiments (80 days) is small compared with the spin-

own time of the unforced jet; this was verified by running some

imulations (not shown) without cooling or nudging, showing that

he BJET does not lose significant kinetic energy in 80 days. To ac-

ount for the full mixed layer formation/restratification cycle, the 20

ays prior to the cooling were extracted and considered in the anal-

ses (for those first 20 days when nudging was applied). Fig. 2 pro-

ides a schematic view of the cooling event by representing the time

eries of the MLD determined using a density based criterion, i.e.,

(z) − ρ(sur face) < 0.03 kg m−3 (de Boyer Montégut et al., 2004),

ontrasting the eddying simulations (blue curves) with the case of a

onal jet without eddies (black curve). Before the onset of the cool-

ng the mixed layer represented in Fig. 2 is not an actual mixed layer

ut simply an arbitrary depth picked up by the density criterion

sed.
.4. Description of the ensembles

Preliminary experiments have shown that, depending on the

tarting date of the cooling event, substantial differences in MLD can

e observed. To overcome this variability and to be able to estab-

ish robust comparisons between the different experiments, ensem-

le simulations were performed for each resolution. The shaded area

n Fig. 2 represents the spread of the MLD obtained from the different

ealizations of the cooling event. MLD differences of almost 40 m can

e found, which represent a variability of the order of 20%.

Ensembles were realized as follows: a 4 year-long simulation of

JET is run (3 years only at 2 km due to the computational cost). The

rst year is removed as it includes the spin-up time. After the first

ear, a restart file is saved every 3 months and used as the initial con-

ition for the cooling event for one ensemble member. Each member

s composed of 100 mean daily outputs, where cooling is applied be-

ween days 20 and 40 as described in Fig. 2. Eddy fields at 3 month

ntervals are not strongly correlated: surface velocities, surface den-

ity anomaly, and sea surface height anomaly between two subse-

uent restarts (90 days) show a maximum correlation of the order of

0–30%. Our ensemble averages (using 12 members at 5 and 10 km

esolution, and 8 members at 2 km) are thus statistically significant,

llowing robust comparisons of the simulations at different spatial

esolutions.

.5. Reference simulation

To provide a first description of the dynamics of the cooling exper-

ment, we make a detailed presentation of a single member obtained

t 2 km resolution. This single simulation is hereafter referred as the

eference simulation. To restrain the study to the most turbulent area,

he MLD calculation and the following analyses were performed over

box which has 400 km meridional extension centered in the middle

f the jet but extends all along the zonal extent of the domain (i.e.,

00 km∗500 km, thick black line in Fig. 1b). Some tests (not shown)

ere performed with larger and smaller meridional extents, without

ny qualitative change of the results.

Although the spatially-averaged MLD was considered in the anal-

ses and comparisons, it is important to keep in mind that in such

turbulent flow eddies induce a very high spatial variability of the

LD, which can vary from 50 m to more than 300 m as shown in Fig. 3

ut which leads to a spatially-averaged MLD of O(200 m) (Fig. 2).
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Fig. 3. Mixedlayer depth (in meters) in the middle box after 10 days of cooling.
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All the following analyses were made through the use of mean daily

model outputs.

2.6. Scale separation

It is useful to separate the mesoscale and large scale from the

submesoscale part of the flow field. This makes it possible to isolate

the effect of submesoscale and large scale on the mixed layer forma-

tion and restratification. For this purpose we used a spatio-temporal

low pass filter (Capet et al., 2008a; Marchesiello et al., 2011) remov-

ing any spatial scales greater than 40 km (twice the minimum Rd

inside the jet) and 3 days. Any variable v can therefore be decom-

posed as follows: v = v′ + v′′. Here, we keep the formalism used by

Capet et al. (2008a), except that v′ represents the averaged plus

mesoscale component of the flow. v′′ corresponds to the subme-

soscale component.

Fig. 4 shows the two components of the velocity field: i.e., from

left to right, the total velocity, the low pass filtered variable and the

residual (submesoscale), for surface velocities extracted from BJET.

Although submesoscale eddies are more intense along mesoscale
Fig. 4. Before cooling daily-averaged surface velocities (m s−1): full velocity (left panel), fi

(right panel).
tructures, as also pointed out by Fox-Kemper et al. (2008), Capet

t al. (2008a) and Mensa et al. (2013), they are present almost every-

here. Note that Fig. 4 shows the meridional extent of the turbulent

one, justifying the closed north and south boundaries, since turbu-

ence is almost totally absent 400 km from the boundary.

. Results

.1. Surface vorticity and kinetic energy of the reference simulation

Fig. 5 shows maps of the vertical component of relative surface

orticity (ζ = −→∇ × −→
u · −→

k ) just before (day 19), during (day 35), and

ollowing (days 45 and 90) the cooling event. Once the mixed layer

s formed, and during the first days of the restratification, a large in-

rease of the variance of ζ can be observed.This is characterized by

he emergence of smaller scales along the edges of mesoscale eddies

nd filaments. At day 90, the small scales have disappeared but, as

hown in Fig. 6, which represents the evolution of RMS ζ with time,

he RMS ζ increases by 23% between day 19 and day 90. Follow-

ng Boccaletti et al. (2007), this net ζ increase at small scale could

e consistent with the development of MLIs, which release subme-

oscale eddy kinetic energy (EKE) extracted from available poten-

ial energy (APE) by slumping of the isopycnals. Part of the subme-

oscale energy would be then transferred to mesoscale through an

nverse cascade and part of it would be dissipated by the diffusive

dvection scheme (Mohammadi-Aragh et al., 2015) and the tempo-

al Assellin filter (Soufflet et al., 2015; Lemarie et al., 2015) used in

EMO, resulting in the mesoscale eddy field observed at day 90. In-

eed, Fig. 7, which represents the kinetic energy spectra, computed

long the zonal direction and averaged meridionaly over the middle

ox for each panel of Fig. 5 shows an increase of kinetic energy at all

cales for days 35 and 45 which could be due to the APE-EKE con-

ersion and an associated inverse cascade. At day 35 (after 15 days of

ooling, red spectra), the energy is increased at scales between 9 and

00 km. At day 45 (5 days after the end of the cooling, green spectra),

he energy keep increasing up to scale of 800 km. This increase of en-

rgy at large scale between day 35 and 45 seems representative of an

nverse cascade. After restratification (day 90 – black spectra), while

he energy level at small scales is dissipated and identical to the level

f day 19 (blue spectra), the increased kinetic energy at large scale is
ltered velocity, i.e., large + mesoscale (middle panel) and residual, i.e., submesoscale
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Fig. 5. Mean daily surface ζ (relative to f): (a) before the mixed layer formation (day 19), (b) during the mixed layer formation (day 35), (c) during the restratification (day 45) and

(d) after the restratification (day 90).

Fig. 6. RMS ζ spatially averaged over the middle box. Vertical dotted line at days 20

and 40 delimits the cooling period.
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Fig. 7. Surface kinetic energy spectrum (averaged over the ensemble) corresponding

to the days of the snapshots of Fig. 5. blue: day 19, red: day 35, green: day 45, dark: day

90. Dotted and plain dark lines represent the k−3 and k−2 slopes.
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till well marked, confirming the visual impression from Fig. 5. This

s also consistent with the seasonal spectrum made by Sasaki et al.

2014).

.2. Mixed layer formation and restratification in the reference

imulation

The spatially-averaged MLD during the experiment is shown in

ig. 2. The blue line represents the mean MLD (average among all the

embers) and the shaded area its variability among the ensemble.

t day 20, when the cooling is applied a fast deepening of the MLD is
bserved during the first 7–8 days. Then the mixed layer stabilizes its

epth while surface cooling is still applied. When the cooling experi-

ent is reproduced over a laminar jet, i.e. over a jet having the same

nitial condition than the baroclinic jet (described in 2.2) but where

he baroclinic instability is not seeded by the perturbation, the mixed

ayer continues to deepen with time (cf. Fig. 2, black line). The arrest

f the mixed layer deepening is therefore associated with the turbu-

ent dynamics of the jet, especially its submesoscale component, as

e demonstrate in the following analysis.
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Fig. 8. Surface density anomaly (kg m−3) before (day 19) and during (day 35) the mixed layer formation, panel (a) and (b), respectively. Corresponding submesoscale upward

buoyancy flux at 100m (m2 s−3), (c) day 19 and (d) day 35.
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Fig. 8 shows the surface density and the associated submesoscale

component of the vertical buoyancy fluxes at 100 m depth before and

during the mixed layer formation. Fig. 8 (b) and (d) is taken after 15

days of cooling (day 35) when the mixed layer has already ceased

its deepening. While in the absence of a mixed layer we find sub-

mesoscale w′′b′′ patterns following mesoscale fronts (panels (a) and

(b)), at day 35, as a result of the fully developed MLIs, w′′b′′ develops

everywhere where there is spatial variability due to the variance of

the density fronts at submesoscale. Furthermore, a spatial average of

w′′b′′ indicates an increase by a factor of 30 compared with the ini-

tial condition. This submesoscale increase is also clearly noticeable on

the surface density in Fig. 8b where the smooth fronts of Fig. 8a are

ubiquitously disrupted by small scales structures. A snapshot of the

surface density at day 35 for a simulation made without cooling (not

shown) exhibits very smooth mesoscale fronts, confirming that even

for small time scale (few days) the emergence of submesoscale is di-

rectly linked with the generation of the mixed layer (and not with the

fact that we switched off the nudging before we started the cooling).

This result seems to be in agreement with Capet et al. (2008d), Mensa

et al. (2013) and Sasaki et al. (2014), who already highlighted the link

between MLD and submesoscale activity at the seasonal scale. This

increase of the buoyancy flux by submesoscale dynamics is, there-

fore, believed to be responsible for the arrest of the convection and

the deepening of the mixed layer as shown in Figs. 2 and 9, and con-

firms previous results obtained by Haine and Marshall (1998).

Although Brannigan et al. (2015) show in their simulation that a

significant proportion of the mixed layer can be favorable to Symmet-

ric Instability, the Richardson number Ri = N2

( ∂|U|
∂z

)2
during the cool-

ing event is comprise in the range [10 800] 80% of the time, with

a median value of 64, only 6% inferior to 10 and 0.01% inferior to

one. It is therefore very unlikely, although the Ertel potential vortic-

ity being negative in the mixed layer during the cooling phase, that

any SI or hybrid symmetric-baroclinic instability would exist in our
 m
onfiguration, even in the early stage of the cooling before the MLIs

et finite amplitude.

At day 40, when the surface heat flux is stopped, the competition

etween convection and submesoscale vertical buoyancy flux stops,

eading to the fast restratification observed in our simulation.

This hypothesis tends to be confirmed by the vertical structure

f the vertical buoyancy flux. A time-depth plot of the horizontally-

veraged vertical profile of the first 350 m has been built for 〈w′b′〉
nd 〈w′′b′′〉 (Fig. 9, panel (a) and (b), respectively) where 〈〉 de-

otes a horizontal average. The overlaid dark line represents the

orizontally-averaged MLD. While no obvious link can be seen be-

ween 〈w′b′〉 and the MLD, 〈w′′b′′〉 is highly correlated with the MLD

nd at least an order of magnitude greater than 〈w′b′〉. Indeed this

igure suggests that the mixed layer deepening is stopped when

w′′b′′〉 starts to be significant, while 〈w′′b′′〉 only vanishes after the

estratification is completed.

The penetration of 〈w′′b′′〉 under the mixed layer can be ex-

lained by many factors. As shown in Fig. 3, and later in Fig. 13, the

LD is highly heterogeneous, allowing locally a deep (up to 400 m)

enetration of 〈w′′b′′〉. Nevertheless it seems unlikely that 〈w′′b′′〉
ould not be contained inside the mixed layer in the spatial av-

rage. Another explanation could be the penetration of 〈w′′b′′〉 un-

er the mixed layer due to weak stratification at its base. Indeed,

ig. 9(c) representing the spatially averaged Brunt–Vasaila frequency

N2) shows that low values of N2 can be found under the MLD deter-

ined by the density criterion. Furthermore, a low stratification layer

ersists for a few days after the restratification. This might explain

he deep persisting < w′′b′′ > under the mixed layer after restratifi-

ation seen in Fig. 9(b). This deep < w′′b′′ > could also result from

nteractions between the submesoscale activity inside the mixed

ayer and mesoscale activity under the mixed layer, as shown by

amachandran et al. (2014).

The vertically-averaged (over 350 m) vertical mesoscale and sub-

esoscale buoyancy fluxes, which are equivalent to the conversion
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Fig. 9. (a) depth-time section of the spatially-averaged large scale buoyancy flux. (b) Depth-time section of the spatially-averaged submesoscale buoyancy flux. The black line

represents the spatially-averaged MLD and the vertical dotted line represents the beginning (day 20) and the end (day 40) of the cooling period. (c) Depth-time section of the

spatially-averaged N2, the red line represents the spatially-averaged MLD. The horizontal axis represents the 100 days of a cooling event (cf. 2.3). (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article).
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erm between APE and KE (Capet et al., 2008d; Fox-Kemper et al.,

008; Mensa et al., 2013), are represented in Fig. 10, converted into

he equivalent amount of heat flux Q necessary to change the equiv-

lent amount of buoyancy (Q = Cpρw′b′/gαT ) as in Boccaletti et al.

2007) and Fox-Kemper and Ferrari (2008). It has to be noted that

e did not use the MLD as determined by the density criterion,

ut an arbitrary depth of 350 m which encompasses all the vertical

uoyancy flux induced by the cooling. Fig. 10 shows that the sub-

esoscale flux represents up to 85% of the total flux when at its

aximum (day 40). It is also interesting to note that while the sub-

esoscale vertical buoyancy flux keeps increasing during the whole

ooling event, the MLD stays almost constant. The MLD stops deep-

ning around 30 days (Fig. 2) when the vertically-averaged 〈w′′b′′〉
eaches 50 W m−2, which is only 16% of the surface heat flux

300 W m−2).

.3. Sensitivity to the horizontal resolution

The horizontally-averaged MLD for the different resolutions is

epresented in Fig. 11a (symbols) overlaid with the MLD obtained for

laminar jet (black line). All curves represent the average of each en-

emble while the shaded area represents the envelope of each en-

emble. At 10 km, the MLD reached after 20 days of surface cooling

orresponds to the unperturbed MLD suggesting there is no influence

f the submesoscale dynamics on the formation of the mixed layer
s expected at such resolution since submesoscale cannot yet be re-

olved. At 5 km, although an arrest in the deepening of the mixed

ayer is unclear, a slowing in the rate of deepening is well marked

eading to a mixed layer 25 m shallower than at 10 km. At 2 km, we

an observe the full arrest previously described above and a mixed

ayer more than 100 m shallower than without turbulence.

Once the surface cooling has stopped, a clear increase in the re-

tratification rate can also be noticed (Fig. 11a), being faster with

he increased resolution, supporting the importance of submesoscale

ynamics in the restratification phase. The resolution dependence

uring the mixed layer formation and restratification is consis-

ent with the upward submesoscale buoyancy fluxes. The spatially-

nd vertically- (over 350 m) averaged submesoscale buoyancy flux

Fig. 11b) shows large differences between the 3 resolutions. Al-

hough the density-based criterion used to define the MLD indicates

mixed layer shallower than 350 m, it is clear from comparison with

ther experiments that all the vertical buoyancy flux is associated

ith the formation of the mixed layer. Therefore by averaging verti-

ally between 0 and 350 m all the variability is included. At 2 km res-

lution (red line) the flux is stronger but also starts to increase earlier

han at other resolutions, explaining the earlier arrest of the mixed

ayer deepening, while the increase starts later and with a smaller

mplitude at 5 km and is completely absent at 10 km. At 10 km reso-

ution, the submesoscale buoyancy flux is negligible during the cool-

ng period.
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Fig. 10. Vertically- (0–350 m)averaged vertical buoyancy flux corresponding to Fig. 9,

converted in equivalent heat flux. The green line is the total flux, the red line the

submesoscale flux, and the blue line the difference between the two (large scale and

mesoscale flux component). The vertical dotted line delimits the cooling period. (For

interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article).

Fig. 12. Maximum value of the two components of 〈w′b′〉 as a function of the model

resolution (red: large and mesoscale; blue: submesoscale). The ensemble mean is rep-

resented by a point and the vertical bars show the uncertainties as deduced from the

ensemble. While the large scale (LS) component tends to be constant among the differ-

ent resolutions, the submesoscale (SM) component increases almost linearly with the

decrease of the grid scale. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article).
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The spread of the evolution of the MLD over the ensemble at each

resolution (shaded area of Fig. 11a) is an interesting result. No vari-

ability can be seen during the convective phase at any of the reso-

lutions, all simulations displaying the exact same rate of deepening

following the one of the laminar jet. Nevertheless, when focusing on

the stabilization of the mixed layer depth and the following restrat-

ification phase, large differences can be seen. At 10 km, there is no

variability of the MLD during the cooling phase but a wide spread of

the solution during the restratification. At 5 km, the spread is reduced

during the restratification phase, but there is also some variability

among ensemble members during the cooling phase, while at 2 km

there is almost no variability during the restratification phase but an

important variability of the MLD during the cooling phase.

One remaining question concerns the convergence of our solu-

tions in term of horizontal resolution. Fig. 12 shows the maximum

values of large scale and submesoscale vertically-averaged vertical

buoyancy fluxes and their spread among the ensembles. Fig. 11b sug-

gests that the maximum is relevant enough to compare the different

resolutions in terms of vertically-averaged vertical buoyancy fluxes.

Although the large scale flux tends to be independent of the reso-

lution, being slightly more important at 10 km but almost equal at
Fig. 11. (a) Spatially averaged mixed layer depth as a function of time for the different res

averaged (0–350 m) submesoscale buoyancy flux for the different resolutions. For both pane

represent the spread over each ensemble. (For interpretation of the references to color in this
and 2 km, a quasi-linear growth of the submesoscale component

ith the increase of the resolution can be observed, suggesting that

igher horizontal resolution is needed to test the convergence of our

olutions.

.4. Sensitivity to initial conditions

To confirm that the differences in the MLD among the different

esolutions are not linked to the different initial conditions, three dif-

erent experiments were designed. Firstly the initial condition for one

f the members at 2 km was submitted to the cooling at each grid

oint independently, using a 1D-vertical configuration of the NEMO

odel. The spatially-averaged MLD obtained was similar to the one

btain at 10 km and with the laminar jet. Secondly, the same initial

ondition was interpolated on the 10 km grid and the cooling exper-

ment reproduced, resulting in a solution similar to the one obtained

ith the experiments made at 10 km. Thirdly a simulation at 2 km

esolution was re-run with its initial condition at 2 km, but with this

nitial condition smoothed (using the filter described in 2.6) to resem-

le the 10 km initial condition. After cooling, we obtained an arrest
olutions. Solid lines: without turbulence; symbols: fully turbulent jet.(b) vertically-

ls, 2 km resolution is given in red, 5 km in black and 10 km in blue. The shaded areas

figure legend, the reader is referred to the web version of this article).
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Fig. 13. Distribution of the number of grid points (normalized by the total) as a function of MLD for the central domain. Each curve represents a different day from day 23 to day

39. (a) 2 km, (b) 10 km. (c) and (d) represent snapshots of the MLD (in meters) after 10 days of cooling at 2 and 10 km respectively.
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f the mixed layer deepening equivalent to the one obtained with the

ther ensemble experiments made at 2 km. These three sensitivity

xperiments demonstrate the independence of our findings with re-

pect to the initial condition. They confirm that when submesoscales

tart to be resolved, this can counterbalance the vertical mixing re-

ardless of the presence of submesoscales in the initial condition.

. Discussions and conclusion

In this paper, the competition between convective mixing due to

urface cooling and the three-dimensional dynamics of the mixed

ayer was studied in an idealized baroclinic jet. Unlike idealized stud-

es such as Boccaletti et al. (2007), the configuration covers a large

omain allowing for submesoscale production by destabilization of

esoscale meanders and eddies into submesoscale eddies and fila-

ents. We have shown that, when permitted (i.e., 2 km resolution

n our case) submesoscale dynamics are able to counter balance the

ertical mixing, inhibiting the deepening of the MLD.

In the reference simulation the submesoscale variance of the den-

ity gradients and the buoyancy fluxes are considerably increased in

he presence of a deep mixed layer, due to APE-EKE conversion by

LIs following previous results of Capet et al. (2008d), Mensa et al.

2013) and Sasaki et al. (2014). While Fox-Kemper et al. (2008) noted

hat during active convection the effect of MLIs should be secondary,

he restratification induced by MLIs in our reference simulation leads

o an arrest of the mixed layer deepening at two thirds of the MLD ob-

ained in absence of turbulence, in agreement with previous results

rom Haine and Marshall (1998).
In their realistic configuration, Mensa et al. (2013) observe a re-

uction of 25% of the MLD when increasing the resolution. The reduc-

ion of the bias with climatology in a global model, when using the

ox-Kemper et al. (2008) parameterization, can be roughly estimated

o be 10% from Fox-Kemper et al. (2011). In our experiments, MLD

s found to be reduced from 29% up to 40% (compared to the MLD

btained for the laminar jet). This variability in MLD between mem-

ers of our ensemble simulations is not clearly linked to the initial

ddy kinetic energy or ζ , although it is necessarily related to the ini-

ial mesoscale field present at the beginning of the cooling phase for

ach ensemble member. Moreover, this suggests that in realistic sim-

lations MLIs might not only reduce the averaged MLD but also in-

rease the temporal variability of the spatially-averaged MLD. Indeed

n our lower resolution experiment (10 km), almost no MLD variabil-

ty can be seen between the different members while at 5 km the

hallowing of the mixed layer is between 8% and 19% (compared with

he laminar jet case). Since there is no seasonal cycle in our simula-

ions, this observed variability results directly from the submesoscale

ynamics.

Besides the variability of the spatially-averaged MLD, a close look

t the spatial organization of the MLD in the reference simulation (or

ny other member) shows that the MLD is highly heterogeneous and

hat its distribution evolves with time. While the spatially-averaged

LD remains almost constant over the last 10 days of the cooling

vent, the MLD distribution keeps evolving, increasing both its skew-

ess and kurtosis. As shown in Fig. 13a between days 23 and 27, the

ixed layer becomes increasingly deep on average and the MLD be-

omes increasingly heterogeneous. Once the MLIs become active at
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day 31, and the average MLD stops increasing, the number of occur-

rences of both deep and shallow MLDs continues to increase such that

the average stays constant. While the cooling keeps being applied the

MLD continues to take extreme values, i.e., deeper MLD are seen with

time but also are shallower MLD, leading to a constant MLD when

spatially-averaged. In comparison the evolution of the spatial distri-

bution of the MLD obtained at 10 km (Fig. 13b) is completely different.

At this resolution, the distribution is constantly shifted to deeper val-

ues while its shape does not evolve much with time. Two maps of the

MLD at 2 km and 10 km resolutions, taken after 10 days of cooling,

illustrate the spatial distribution. While Fig. 13c (2 km) reveals strong

gradients and heterogeneity in the MLD, Fig. 13d (10 km) shows very

smooth spatial differences in MLD corresponding to a more classical

view of the mixed layer. The MLD obtained at 2 km raises the ques-

tion of the physical meaning of an averaged MLD in high resolution

models and its more general physical meaning in areas of intense sub-

mesoscale activity.

The restratification rate, except for the highly idealized Boccaletti

et al. (2007) and the subsequent Fox-Kemper et al. (2008) parame-

terization, has not been quantified in previous studies. Fox-Kemper

et al. (2011), Marchesiello et al. (2011) and Mensa et al. (2013) found

a reduction of the MLD when resolving submesoscale or when using

Fox-Kemper et al. (2008) parameterization, but our experiments at

different resolutions also show large differences in the time over

which restratification occurs after the surface heat flux is stopped.

Indeed total restratification takes more than 40 days at 10 km, 20

days at 5 km, and less than 10 days at 2 km resolution (Fig. 11) with

an averaged MLD shallowing rate estimated at 7, 13 and 17 m per

day, respectively. A correct representation of the restratification can

strongly influence the biology of plankton, which develops on time

scales of the order of a day. Recent studies (Taylor and Ferrari, 2011;

Mahadevan et al., 2012; Swart et al., 2014) have shown that, in frontal

zones, restratification by MLIs reduces the turbulent flux of phyto-

plankton out of the euphotic zone, thereby increasing its mean light

exposure (Taylor and Ferrari, 2011). By potentially bringing nutrients

into the mixed layer (Swart et al., 2014), submesoscale vertical buoy-

ancy fluxes could allow an earlier phytoplankton spring bloom. Taylor

and Ferrari (2011) conjecture that the increase of primary production

induced by such an earlier start of spring bloom at high latitude fronts

likely increases the ocean uptake of carbon dioxide and plays an im-

portant role in the global carbon cycle.

In the absence of slumping of isopycnals by MLIs (as would be

the case in our experiments at 10 km resolution), the simulated

bloom only appears after the restratification is made by surface heat

fluxes, inducing a delay up to 30 days in the emergence of the bloom

(Mahadevan et al., 2012). This 30 day delay is also seen in our sim-

ulations between the 2 km and 10 km experiments considering the

mixed layer restratification, so we would expect the same 30 day de-

lay in the emergence of a bloom if we had a biogeochemical model

plugged into our model. Note that our experiments suggest that a

slow but complete restratification can be performed by the mesoscale

eddies only, even in the absence of any surface heating. Our simula-

tions confirm that accurate representation of the mixed layer depth

and its restratification rate, and therefore of the submesoscale dy-

namics, is needed in biochemical modeling studies. This confirms the

benefits of the grid coarsening method as proposed by Lévy et al.

(2012) or the benefit of accurate MLI parameterization (Fox-Kemper

et al., 2008). We suggest that the relevance of such parameteriza-

tion should be tested systematically during cooling phases, where

the competition between surface-cooling-induced convection and

submesoscale-induced restratification leads to a stabilization of the

MLD and, therefore, controls the depth from which nutrients can be

pulled into the mixed layer.

Although the parameterization of the vertical mixing is very sim-

ilar to what is classically used in NEMO, a generalization of these re-

sults could be made using other schemes such as k-ε, KPP, or GLS.
igher resolution would also be needed, by allowing to properly re-

olve SI at the early stage of the mixed layer formation (Hamlington

t al., 2014; Brannigan et al., 2015), but also resolve the forward cas-

ade of energy (Skyllingstad and Samelson, 2012)

In our model simulations, only the influence of cooling was con-

idered. Interactions between convection, MLIs and vertical mixing of

omentum induced by wind forcing should also be investigated. The

ffect of surface waves and Langmuir cells should also be considered

s they might change the results presented here by introducing more

ertical mixing. Hamlington et al. (2014) show for instance that in a

ixed layer favorable to restratification by SI, the MLD can be twice

s deep when Langmuir turbulence is included. While they focus on

he case of a mixed layer spindown, the effect of Langmuir turbulence

hould be tested during the formation of a deep mixed layer subject

o MLIs.
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ppendix

The initial density field is constructed as follows: a dense

nd a light profile ρN(z) and ρS(z) are defined that are made of

components:

(1) a small depth-independent background stratification that ap-

plies equally to the northern and southern profiles and guar-

antees static stability;

(2) an exponential density profile, which enhances near-surface

stratification equally in the North and South;

(3) a distorted hyperbolic tangent density profile to produce the

interior meridional density gradient but with no contribution

to the surface meridional density gradient (equal contribution

to the northern and southern surface profiles); this function

also provides a stratification asymmetry between the lower

and upper thermocline;

(4) a hyperbolic tangent density profile for the southern profile

only that has its inflection point close to the surface and is the

only responsible for surface meridional density gradients.

The water within 200 km from the northern (resp. southern)

oundary is homogeneous and has its density equal to the dense

resp., light) profile. In the center of the channel, density goes

moothly from light to dense over a length scale Ljet = 1600 km

ith the frontal zone being concentrated in a ∼1000 km wide central

egion.

N,S(z) = ρmax − Sb(z + hmax)

− 1

2
δρ int

N,S

[
1 + tanh

(
dN,S(z) − zint

N,S

δzN,S

)]

− 1

2 tanh(1)
δρsur f

N,S

[
1 + tanh

(
zsur f − z

zsur f

)]
(1)

here,

N,S(z) = zint
N,S +

(
z − zint

N,S

) [
1 + 0.5

(
z − zint

N,S + |z − zint
N,S|

1.3 δzN,S

)2
]0.5

,

(2)

https://domicile.ifremer.fr/10.13039/,DanaInfo=dx.doi.org+501100001665
https://domicile.ifremer.fr/10.13039/,DanaInfo=dx.doi.org+501100004794
https://domicile.ifremer.fr/10.13039/,DanaInfo=dx.doi.org+100009111
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S

[
1+tanh

(
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S

δzS

)]/[
1+tanh

(
dN(0) − zint

N

δzN

)]
,

(3)

z denotes depth, hmax is the ocean depth (4000 m), ρmax =
7.75 kg m−3, Sb = 9.8 10−6 kg m−4, δρ int

N/S
= 1.41/1.4 (the δρ int

N

alue in bold is computed with Eq. (2) so that the first hyperbolic

angent term does not contribute to the surface meridional density

ifference), zint
N/S

= −400/ − 1000, δzN,S = 300/700, δρsur f
N,S

= 0/1.5,

sur f = −300.
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