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e Mixed layer eddies (MLE) are sensitive to boundary layer turbulence

(BLT) schemes.

e Parameterized wind-driven BLT mostly affects MLEs before they are

fully developed.

e The competing effects of MLE and BLT on stratification should be

considered jointly.

e BLT affects Ekman-induced stratification by modulating submesoscale

vertical shear.
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Abstract

Submesoscale mixed layer eddies (MLE) and boundary layer turbulence (BLT)
are two predominant physical processes in the ocean surface mixed layer that
overlap in spatial and temporal scales. Their interaction may strongly mod-
ulate vertical mixing in the upper ocean, but has not yet been included in
ocean general circulation models (GCM), in which their effects are parame-
terized separately. In addition, as MLEs are progressively resolved in global
ocean GCMs with increasing computational resources, BLT will likely re-
main unresolved and require parameterizations in the foreseeable future. It
is therefore essential to quantify the impact of parameterized BLT on the de-
velopment and evolution of MLESs, in particular when BLT is actively driven

by surface winds. Here we compare simulated MLEs at an idealized sub-
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mesoscale front with down-front wind-driven BLT parameterized by KPP
and k-e. We found that a stronger parameterized BLT-induced vertical mix-
ing results in intensified submesoscale vertical motions, enhanced vertical
buoyancy transport, and increased MLE-induced restratification rates. This
close coupling between MLE-induced restratification and BLT-induced de-
stratification can be largely attributed to the increase of available potential
energy by BLT-induced vertical mixing in frontal regions, which is extracted
by MLEs through mixed layer instability. This suggests that uncertainties
in BLT parameterizations can lead to uncertainties in the simulated MLEs.
Therefore, their impact on vertical transport of heat and materials should
be assessed together. In addition, our results also suggest that parameteri-
zations of BLT and MLE in coarse-resolution GCMs should be implemented
jointly rather than separately.

Keywords:

Submesoscale Mixed Layer Eddy, Boundary Layer Turbulence,

Parameterizations, Stratification

1. Introduction

Ocean surface boundary layer turbulence (BLT) and submesoscale mixed
layer eddies (MLE) are two predominant physical processes in the ocean
mixed layer. Both processes play an important role in regulating the ex-
change of heat, momentum, and materials between the atmosphere and ocean
interior, and thus have important implications for the energy budget in the
ocean (e.g., Capet et al., 2008c; McWilliams, 2016; Hypolite et al., 2023)

and the marine ecosystem (e.g., Taylor and Ferrari, 2011; Mahadevan et al.,
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2012; Mahadevan, 2016). The BLT is characterized by nearly isotropic tur-
bulent flows that are minimally affected by Earth’s rotation (Rossby number
Ro > 1), with a spatial scale of 0.1-100 m and a time scale of hours. It is
primarily driven by surface forcing, such as wind, surface waves, and desta-
bilizing surface buoyancy flux, and contributes to turbulent mixing in the
upper ocean mainly in the vertical due to its small size in the horizontal,
eroding stratification by converting turbulent kinetic energy (TKE) into po-
tential energy (D’Asaro, 2014). The MLE exhibits significant anisotropy in
horizontal versus vertical directions due to Earth’s rotation (Ro ~ 1), with
a horizontal spatial scale of 0.1-10 km and a time scale of hours to days
(McWilliams, 2016; Taylor and Thompson, 2023). It arises from the mixed
layer instability (or submesoscale baroclinic instability), extracting available
potential energy from the tilted isopycnals in the mixed layer (Boccaletti
et al., 2007; Fox-Kemper et al., 2008). By converting potential energy into
kinetic energy that energizes themselves, MLEs contribute to the restratifi-
cation of the mixed layer. In this sense, BLT and MLE play a competing role
in affecting the stratification of the upper ocean and the depth of the mixed
layer. Indeed, when parameterized separately in large-scale ocean general cir-
culation models (GCM) in which both processes are not resolved, assuming
a scale separation (thus no interaction) between the two, the effect of MLE
is primarily a shoaling of the simulated mixed layer depth (e.g., Fox-Kemper
et al., 2011), opposite to the deepening effect of BLT (e.g., Li et al., 2016).
However, the interaction between BLT and MLE may not be ignored,
given that they generally coexist in the upper ocean and there is significant

overlap between their characteristic spatial and temporal scales. Great efforts
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have been made in recent years to elucidate the mechanisms and effects of
their interaction from different perspectives. For example, Callies and Ferrari
(2018) found that mixed layer instability is able to persistently grow under
moderate to strong convective forcing conditions and modify the convective
turbulence structures, even if its restratifying effect is outcompeted by the
destratifying effect of convective turbulence. The vertical buoyancy flux as-
sociated with these submesoscale MLEs can be significantly enhanced in the
presence of convective turbulence (Verma et al., 2022; Aparco-Lara et al.,
2023). In the presence of down-front winds, a destabilizing Ekman buoy-
ancy flux (Thomas and Lee, 2005) enhances frontogenesis and, combined
with destabilizing surface buoyancy flux, results in gravitational instability
and forced symmetric instability that affect turbulent mixing and bound-
ary layer growth (Taylor and Ferrari, 2010). In addition, Skyllingstad et al.
(2017) showed that the ageostrophic shear instability, modulated by inertial
oscillation, also contributes to coherent roll structures and turbulent mixing
in frontal regions. The presence of surface waves further complicates the
dynamics, promoting Langmuir turbulence that can either enhance or sup-
press frontogenesis depending on the alignment between surface waves and
fronts (Hamlington et al., 2014; Suzuki et al., 2016; Sullivan and McWilliams,
2019). It is now clear that turbulent mixing by BLT is strongly modified by
the presence of the horizontal buoyancy gradient induced by submesoscale
features such as MLEs (e.g., Yuan and Liang, 2021). On the other hand,
the life cycle of submesoscale fronts and the resulting MLEs are also affected
by BLT-induced vertical momentum flux through turbulent thermal wind

balance and vertical buoyancy flux that directly changes the frontal struc-
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ture (e.g., McWilliams et al., 2015; Sullivan and McWilliams, 2024; Dauhajre
et al., 2025). Consequently, conventional BLT-induced vertical mixing pa-
rameterizations often fail in frontal regions (Johnson and Fox-Kemper, 2024),
whereas the MLE parameterization by Fox-Kemper et al. (2008) also requires
modifications to account for the impact of BLT (Bodner et al., 2023).
High-resolution large eddy simulations (LES) in a sufficiently large do-
main that allows the development of submesoscale features have been shown
to be tremendously helpful in studying the interaction between BLT and
MLE (e.g., Hamlington et al., 2014; Sarkar et al., 2016; Skyllingstad et al.,
2017; Sullivan and McWilliams, 2019). However, the extremely high com-
putational cost of these LESs hinders a systematic exploration of the vast
parameter space. In addition, elucidating the complex interactions between
BLT and MLE in these simulations is not easy (Suzuki et al., 2016; Johnson
and Fox-Kemper, 2024). An alternative approach that examines the response
of simulated submesoscale MLE to parameterized BLT (e.g., Ramachandran
et al., 2013; Mukherjee et al., 2016; Wang et al., 2022) also sheds light on the
impact of BLT on MLE. We take this latter approach in this paper, studying
the impact of parameterized BLT on MLE in terms of its flow evolution, ver-
tical momentum and buoyancy fluxes, and the resulting stratification. Given
that there are still large uncertainties in the parameterization of BLT-induced
vertical mixing (Li et al., 2019), it is useful to examine the sensitivity of the
simulated MLE to different choices of BLT parameterizations. This is also of
practical use as submesoscale MLEs are routinely resolved in realistic regional
simulations (e.g., Capet et al., 2008a; Mahadevan et al., 2012) and gradually
permitted in global simulations (e.g., Rocha et al., 2016), whereas BLT will
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remain unresolved (thus require parameterizations) in these simulations in a
foreseeable future (Fox-Kemper et al., 2014).

We focus on the MLEs developed on a submesoscale front with uniform
destabilizing down-front winds and zero surface buoyancy flux in an ideal-
ized double-front configuration (similar to the configuration in Hamlington
et al., 2014), in a regime where the wind-driven currents are comparable
to the MLE-induced currents (see more details in Section 2.3). In particu-
lar, we directly simulate these idealized submesoscale MLEs using an ocean
GCM, MPAS-Ocean (Ringler et al., 2013), and compare their development
and evolution with BLT parameterized by either the K-Profile Parameteri-
zation (KPP, Large et al., 1994) or the k-¢ model (Rodi, 1987). KPP and
k-¢ represent two different classes of BLT parameterizations that are widely
used in the ocean modeling community and, to some extent, represent the
remaining uncertainty in parameterizing the BLT-induced vertical mixing
(Li et al., 2019). While the sensitivity of simulated submesoscale flows to
the choice of BLT parameterizations has been discussed in previous studies
(e.g., Ramachandran et al., 2013; Mukherjee et al., 2016; Wang et al., 2022),
here we focus on a different dynamic regime. Our double-front configuration
with uniform down-front wind stress differs from the single-front configura-
tion with cross-frontally varying wind stress in Ramachandran et al. (2013)
and Mukherjee et al. (2016). This allows us to avoid the unnecessary Ekman
pumping associated with spatially varying wind stress, which obscures the
impact of parameterized BLT-induced vertical mixing on the evolution of
MLEs. It also differs from the submesoscale MLEs generated at an idealized

mesoscale eddy with no surface wind forcing in Wang et al. (2022), in which
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the surface-forced BLT is not activated.

The goals of this study are to clarify the following three questions. (1)
Are the development and evolution of submesoscale MLESs sensitive to the
BLT parameterization? (2) How does the BLT parameterization affect the
MLE-induced vertical momentum and buoyancy fluxes? (3) How is MLE-
induced restratification modified by different parameterized destratification
rates due to BLT?

The remainder of this paper is organized as follows. Section 2 describes
the GCM and BLT parameterizations used in this study, as well as the ex-
perimental setup. Section 3 examines the impact of different BLT parame-
terizations on the evolution of MLEs at different stages. Section 4 discusses
the different BLT-induced vertical mixing given by these parameterizations.
The impact of different BLT parameterizations on MLEs is further analyzed
in Section 5 from the perspective of modulating the vertical shear, vertical
fluxes, and restratification rates. Finally, we summarize our main findings in

Section 6.

2. Methods

2.1. MPAS-Ocean

In this study, the Model for Prediction Across Scales-Ocean (MPAS-
Ocean, Ringler et al., 2013) is used to simulate MLEs on idealized sub-
mesoscale fronts. MPAS-Ocean solves the hydrostatic and incompressible
primitive equations with the Boussinesq approximation on an unstructured
mesh. It employs the finite-volume discretization using a C-grid staggering in

the horizontal, z* vertical coordinate, a split-explicit time stepping method,
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and a quasi 3rd-order monotone advection scheme for tracers. More details
on the numerics can be found in Ringler et al. (2010) and Ringler et al.
(2013).

MPAS-Ocean is the ocean component of the Energy Exascale Earth Sys-
tem Model (Golaz et al., 2019). It includes various parameterizations of
unresolved physics that can be individually enabled or disabled for realistic
global ocean simulations at different resolution. It can also be configured on
idealized domains for process studies (e.g., Li and Van Roekel, 2021). Since
submesoscale features are resolved in our idealized simulations, horizontal
mixing due to unresolved physics is disabled. Here, we focus on varying the
parameterization of BLT-induced vertical mixing. Modifications to the code
are based on MPAS-Ocean version 7.0. The modified source code and the
namelist for setting up the experiments in this study are archived in Jiang

and Li (2026).

2.2. Boundary Layer Turbulence Parameterizations

In the absence of surface buoyancy loss, the vertical mixing of a scalar
tracer A in the surface boundary layer is parameterized using a down-gradient
model,

TN = —K\0, (1)

where A\ can represent either a component of horizontal velocity uy, = [u, v]
or a tracer such as temperature 7' or salinity S, or, for simplicity in our
idealized simulations, the buoyancy b which is a function of T" and S. The

overline (+) denotes the mean quantity over a grid cell and a time step of

MPAS-Ocean (i.e., the resolved quantity), and the prime (-)" denotes the
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turbulent fluctuations that are at the sub-grid scale. The proportionality
coefficient K, represents the turbulent viscosity v; or turbulent diffusivity
ki, which are parameterized. Since all analyses in this study are based on
resolved fields in MPAS-Ocean, hereafter we drop the overline symbol for the
resolved quantity for clarity except when it is used in tandem with the prime

symbol to denote the sub-grid scale fluxes due to BLT.

2.2.1. KPP
KPP (Large et al., 1994) is the default parameterization scheme for BLT-
induced vertical mixing in MPAS-Ocean, implemented through the Com-
munity Ocean Vertical Mixing (CVMix, Griffies et al., 2015) package. Full
descriptions of the KPP formulation can be found in Large et al. (1994) and
Van Roekel et al. (2018). Also, see Appendix Al of Li et al. (2019) for a
summary of some recent updates to incorporate the effects of Langmuir tur-
bulence. We therefore exclude a detailed description of KPP here for brevity.
2

The essence of KPP is to assume a universal profile shape (G(0) = o(1—0)?,

with o = |z|/hy) for the turbulent viscosity v, in the boundary layer,
v = hywy(0)G(0), (2)

scaled by the boundary layer depth h; and a velocity scale w, that depends
on the surface forcing and varies with o according to the Monin-Obukhov
similarity theory. The turbulent diffusivity x; is parameterized in a similar
way with a different Monin-Obukhov similarity function. Here, we use default
values for the free parameters in KPP as recommended in CVMix. Note
that the modification of KPP by Thomas (2005) to account for the effects of

Ekman buoyancy flux is not included.

9
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To further investigate the sensitivity of the simulated MLE to the strength
of BLT-induced vertical mixing, an augmented KPP (denoted hereafter as
A-KPP) with v, and k; multiplied by a factor of £ = 1.2 is also tested.
This is motivated by a common practice to account for the enhanced verti-
cal mixing due to Langmuir turbulence by applying an enhancement factor
to the turbulent velocity scale (McWilliams and Sullivan, 2000; Li et al.,
2019). An enhancement factor of £ = 1.2 corresponds to its peak value in
the broader distribution (between ~ 0.8 and ~ 1.8) that represents typi-
cal conditions in the global ocean (see Fig. Al in Li et al., 2019). We also
tested different values of £. With sufficiently large values (e.g., € = 2.0), the
BLT-induced destratification dominates over the MLE-induced restratifica-
tion, while MLEs persistently grow and evolve, consistent with Callies and

Ferrari (2018).

2.2.2. k-

Additional options for parameterizing BLT-induced vertical mixing are
implemented in MPAS-Ocean through the General Ocean Turbulence Model
(GOTM, Umlauf and Burchard, 2005). Specifically, we use the generic
length-scale scheme (Umlauf and Burchard, 2003) in the k-¢ formulation
(Rodi, 1987). The k-¢ model parameterizes the turbulent viscosity v by

Ve =G (3)

where £ is the turbulent kinetic energy (TKE), ¢ is the dissipation rate of
TKE, and ¢, is a dimensionless stability function that can be obtained by
solving the simplified Reynolds stress equations in equilibrium (or quasi-

equilibrium) state (see more discussions in Umlauf and Burchard, 2005).

10
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Here we use the weak-equilibrium stability function with coefficients given
by Canuto et al. (2001). The turbulent diffusivity x; can be parameterized
similarly using a different stability function obtained by solving the simplified
turbulent buoyancy flux equation.

The k- model evolves prognostic equations for k and . It therefore
has memory of previous turbulence states, in contrast to KPP which only
depends on the instantaneous forcing and background states by assuming
that the BLT evolves into an equilibrium state quickly. In addition, by using
stratification N? = 0,b and velocity shear squared S? = (9,u)? + (0,v)? at
each vertical level as inputs, it also directly captures the transition between
the boundary layer and the interior with sufficiently high vertical resolution.
In contrast, KPP uses a bulk Richardson number to define the boundary
layer and parameterizes vertical mixing in the boundary layer and interior

differently.

2.3. Model Setup

The simulation is initialized with an idealized double-front configuration
in the mixed layer (as shown in Fig. 1), following the configurations in Ham-
lington et al. (2014) and Li and Van Roekel (2021). This contrasts with
similar previous research in which a single-front configuration was adopted
(e.g., Ramachandran et al., 2013; Mukherjee et al., 2016). The rationale for
using the double-front configuration is to avoid the impermeable wall bound-
ary conditions at lateral boundaries in the single-front configuration, which,
in conjunction with surface wind stress, leads to Ekman pumping that affects
the evolution of MLEs. Similar double-front configurations were also used

in other studies, especially when surface forcing is considered (e.g., Verma

11
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Figure 1: Initial conditions for the double-front configuration. (a) Horizontal distribu-
tion of the buoyancy b at the surface (color shading) with uniform along-front wind stress
7, = 0.1 N m~2 (white arrows). (b) Vertical distribution of the buoyancy (color shad-
ing, uniform in z-direction) and the along-front jets in a thermal wind balance with the
horizontal buoyancy gradient assuming zero flow at the base of the mixed layer (contours
with interval of 0.034 m s~!, solid and dashed lines for positive and negative values, re-

spectively). (c¢) Horizontal buoyancy gradient in the mixed layer.

et al., 2022; Sullivan and McWilliams, 2024).
As shown in Fig. 1, the double-front structure in the initial buoyancy field

12
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is expressed as

L;M? 2(y — 2y —
bo(w,y, ) = by + N*(z + H) + ! 2—tanhM+tanh <yL !
f f
(4)
4
V= (5)
Ni2nt7 le S _H,
\
(
M3, if 2 > —H,
M= (0
0, if 2z < —H,

\
where b, = 4.5 x 1073 is the buoyancy at the base of the mixed layer,
H = 100 m is the initial mixed layer depth, N2, = 1.68 x 1077 s~2 and
N2

2 = 1.68 x 107° s72 are the stratification within and below the mixed
layer. The front width is Ly = 20 km, with the horizontal buoyancy gra-
dient Mf = 1.35 x 107" s72. The initial front locations are y; = 0.25L,
and y, = 0.75L,, where L, is the domain size in the cross-front direction.
Small random perturbations (2 x 1077 m s72) are added to the initial buoy-
ancy field to promote the development of MLEs. The Coriolis parameter is
f =77x107° s7! corresponding to an inertial period Ty = 22.67 h. The
two fronts are initialized from along-front jets that are in thermal wind bal-
ance with the horizontal buoyancy gradients, with zero flow at the base of
the mixed layer.

Since we are interested in the impact of wind-driven BLT on the evolution
of MLE, the surface is forced by a uniform along-front wind stress of 7, =

0.1 N m~2. The choice of the wind stress magnitude is guided by a scaling

parameter measuring the relative importance of the wind forcing and MLE
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(Mahadevan et al., 2010),

wwind
, (7)

wmle

where ¥ying ~ —7./pof (with py = 1025.6 kg m~3 the seawater density) mea-

r =

sures the strength of the overturning stream function by Ekman transport,
and e ~ 0.06H*M7/f measures the strength of the overturning stream
function due to MLE (Fox-Kemper et al., 2008). The combination of param-
eters in this configuration results in r» ~ 1.20, suggesting comparable wind
forcing and MLE.

The computational domain is L, x L, x L, = 96 km x 384 km x 500 m
in the along-front (L,), cross-front (L,) and vertical (L,) directions, using
uniform hexagon cells in the horizontal and fixed vertical levels with surface
refinement. The horizontal grid spacing is 500 m. The vertical resolution
is 2 m near the surface and gradually coarsens to 10 m near the bottom.
The wavelength of the fastest growing mode of the mixed layer baroclinic
instability (Stone, 1966, 1970) is given by

;o _2U [1+Ri
Y 2

(8)

where U is the mean shear velocity scale and Ri is the Richardson number.
Using typical values of U = 0.1 m s~! and Ri = 0.5 in the mixed layer
in our simulations, Lyp; ~ 6 km. A horizontal grid spacing of 500 m is
sufficient to resolve this fastest growing mode. We also performed sensitivity
tests by varying the horizontal grid spacing between 300 m and 600 m and
found little changes in the results. Note that this computational domain is
significantly larger than previous studies in both the along-front and cross-

front directions, so that a sufficiently large number of MLESs could develop on
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the front for robust along-front statistics, and the two fronts are sufficiently
separated from each other throughout the simulations.

This double-front problem is solved using the three BLT parameteriza-
tions described in the previous section (specifically, KPP, A-KPP, and k-¢).
Although a relatively large along-front domain size L, is used here, significant
variations in the along-front MLE statistics were found during analyses of the
initial results, primarily due to the evolution of individual MLEs. Therefore,
eight ensemble simulations were conducted for each BLT parameterization,
with different random perturbations (by varying the random seeds) on the
initial buoyancy field to enhance the robustness of the statistical analysis.
The ensemble spread across eight ensemble members provides an estimate of
the uncertainty of the MLE statistics. Comparison of snapshots with differ-
ent BLT parameterizations is done using the first ensemble member with the
same initial random perturbation. Other ensemble members show similar
results. All simulations are run for 20 days (21.2 inertial periods) with a
time step of 2 minutes. The output are saved every 3 hours for analysis.

Due to Earth’s rotation, the along-front wind generates an Ekman trans-
port to the right of the wind. This results in an unstable front where denser
water is transported over lighter water, and a stable front where lighter water
is transported over denser water. Submesoscale MLEs form on the unsta-
ble front, which is the focus here. To assist in the analysis of MLE-induced

transport, we define an along-front average (-) of a quantity ¢ as

1 [Le
qu—x/O qdez, 9)

15
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so that the fluctuations on top of this mean,
¢ =q—q, (10)

represent variations due to MLEs. Note that this decomposition into the
along-front average and fluctuations is performed in each ensemble member,
and the mean and spread of the ensemble are computed subsequently.

As the submesoscale front is continuously evolving and moving with Ek-
man transport, we define a frontal region R, using the instantaneous along-
front averaged horizontal kinetic energy |T1:|/2 /2 at 10 m depth to assist in

the quantitative analysis of MLE statistics in the following sections. Us-

ing |uy|?/2 at a different depth in the mixed layer yields similar results. The
background kinetic energy is first estimated from regions sufficiently far from
the front, and then Ry is identified as the region where the kinetic energy
exceeds this background value by 1072 m? s=2. Using this definition on the
unstable front, R gradually widens as MLEs develop on the front. We fur-
ther restrict the analysis of MLE statistics within the mixed layer, whose
depth h,, is defined as the depth at which the density varies from its surface
value by 0.03 kg m™ (de Boyer Montégut et al., 2004). These definitions
identify a region where both MLE and BLT are actively occurring. Therefore,

a horizontal frontal average (-), of the quantity ¢ is defined as

(@)n = %//Rf q dA, (11)
A://R dA, (12)

where dA is a horizontal area element. And a three-dimensional (3D) frontal

16
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Figure 2: Horizontal (top panel) and vertical (bottom panel) distribution of the buoyancy
b in the KPP case, when MLEs are at an early stage of development (¢ = 6.47%). Black
dashed lines mark the locations of the horizontal and vertical slices. Red dashed lines
denote the boundaries of the unstable frontal region in the horizontal and vertical slices,
defined using an eddy kinetic energy criterion and constrained within the mixed layer (see

Section 2.3 for more details).

average (-) is defined by first taking an average over the mixed layer,

(q) = <%[qudz>h. (13)

An example is provided in Fig. 2, in which the frontal region is enclosed by
the dashed lines in red. Given the dependence of (13) on the mixed layer
depth h,,, whose definition can be ambiguous (e.g., Reichl et al., 2022), we
also tested an alternative 3D frontal average by using the initial mixed layer

depth h,, = H, which yielded qualitatively similar results.

3. Evolution of Flow Structures

We first examine the effect of different BLT parameterizations on the

evolution of flow structures in MLEs. Fig. 3 shows snapshots of the vertical
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Figure 3: Snapshots of normalized relative vorticity in three time instances (¢t =
[3.2,6.4,9.5]Tf) showing the evolution of submesoscale MLEs with different BLT parame-
terizations. Color shading shows the relative vorticity ({ = 0,v — dyu) normalized by the

Coriolis parameter f. Overlaid dashed lines show isopycnals with interval of 0.04 kg m—3.
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component of the relative vorticity (¢ = d,v—0,u) normalized by the Coriolis
parameter f in three time instances. In general, the three BLT parameteri-
zations result in a consistent evolution of MLESs. In all three cases, wave-like
structures appear around 37 and then rapidly develop into submesoscale
MLES, reaching a size of ~ 20 km after 977%.

Closer inspection shows slightly different flow structures in the early stage
of the MLE evolution (top panels in Fig. 3). The KPP case shows a very small
magnitude of vertical vorticity in the center of the front but remarkable wave-
like flow structures at both sides. These wave-like structures at two sides of
the front gradually develop and extend to the center of the front. Increased
turbulent viscosity and diffusivity in the A-KPP case results in a smaller
magnitude of vertical vorticity at two sides of the front than in the KPP case.
But similar to the KPP case, vertical vorticity at the center of the front is very
weak, indicating that the frontal jet has not been significantly influenced by
mixed layer instability in this stage. In contrast, the k-¢ case shows active
wave-like structures of strong vertical vorticity across the frontal regions.
This suggests that both the magnitude and the distribution of turbulent
viscosity (and diffusivity) impact the response of submesoscale frontal jet to
mixed layer instability in the early stage of the frontal evolution when the
mixed layer instability initiates. Note that these differences among the three
cases in the evolution of vertical vorticity depend on the background flow (i.e.,
MJ?), suggesting a competition between mixed layer instability that generates
wave-like structures and boundary layer turbulence that tends to homogenize
the flow. However, the differences among the three cases are much more

difficult to discern in the later stages when MLEs are fully developed. As a
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result, the resulting turbulence statistics are also similar in the later stages,
as will be shown next.

To quantify the impact of BLT parameterizations on MLE evolution,
Fig. 4 shows the time series of the frontal averaged and normalized strati-
fication, mixed layer depth, horizontal kinetic energy, vertical vorticity, lat-
eral buoyancy variation, and the frontogenesis rate. Following Capet et al.

(2008b), the horizontal strain-induced frontogenesis rate Fy is defined as
Fy=Q - Vb, (14)

where

Q = —(9,ud,b + D,00,b, Dyudyb + v, b). (15)

As shown in these plots, the evolution of MLEs can be divided into two
stages. During the early stage of MLE growth (approximately from ¢ =
5Ty to t = 10T%), the mixed layer instability extracts potential energy from
the front and converts it into kinetic energy. As a result, the stratification
(Fig. 4a) of the frontal region continues to increase as the mixed layer depth
shoals (Fig. 4b), consistent with the trend of kinetic energy in Fig. 4c. This
conversion from potential energy to kinetic energy is also strongly modulated
by the inertial oscillation. Approximately after ¢ = 107, both the kinetic
energy and the stratification plateau. This indicates that the MLEs are fully
developed in this later stage. The MLE-induced restratification and the BLT-
induced destratification are roughly in balance with each other, and thus the
stratification stabilizes.

With the evolution of MLEs, all MLE statistics in Fig. 4 exhibit pro-

gressively greater sensitivity to initial random perturbations. This is due to
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Figure 4: Time evolution of the frontal averaged (a) stratification (N?) normalized by
the initial stratification in the mixed layer N2, (b) mixed layer depth (h,,) defined by
a density criterion (see Section 2.3) and normalized by the initial mixed layer depth H,
(c) horizontal kinetic energy (|lus|?/2) normalized by the friction velocity w. = \/7./po,
(d) magnitude of the relative vorticity {(|¢|) normalized by the Coriolis parameter f, (e)
horizontal buoyancy gradient (|V,b|) = (1/(0:b)? + (9,b)?) normalized by the initial char-
acteristic horizontal buoyancy gradient M?, and (f) frontogenesis rate due to horizontal
strain (Fs) normalized by M}lu* /Ly. Colored shading represents the fluctuation range

among the eight ensemble members. Black dashed lines denote the three time instances
in Fig. 3. 21
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the impact of individual MLEs. As they grow bigger in size, fewer number
of MLEs is allowed in the limited domain, so that the MLE statistics are
increasingly skewed by the specific evolution of individual MLEs and reflect
less of an averaged state. Nevertheless, the ensemble averaged MLE statis-
tics (which are less prone to variations due to individual MLEs) show some
interesting differences among cases with different BLT parameterizations.
During the first stage of the evolution of MLEs, the k-¢ case shows the
fastest increase in kinetic energy, compared to the KPP and A-KPP cases
(Fig. 4c). A large part of this increase can be attributed to the development
of submesoscale vorticity (Fig. 4d). The rapid increase in kinetic energy may
be related to the increase in the frontogenesis rate and horizontal buoyancy
variation, which provide the available potential energy for the development of
mixed layer instability. As shown in Fig. 4e, f, the k-¢ case exhibits a slightly
higher horizontal buoyancy gradient than the A-KPP case and also a higher
frontogenesis rate than both KPP and A-KPP cases. The enhanced turbulent
viscosity and diffusivity in the A-KPP case results in slightly slower increase
of kinetic energy and stratification compared to the KPP case, as the hori-
zontal buoyancy gradient and frontogenesis rate in the A-KPP case are also
smaller (Fig. 4e, ). The resulting difference in the submesoscale vorticity is
more prominent (Fig. 4d). Although Sullivan and McWilliams (2024) showed
that BLT-induced vertical momentum mixing promotes frontogenesis and
causes convergence of horizontal flow by initiating submesoscale secondary
circulation, the ensemble averaged results in Fig. 4 suggest that the enhanced
turbulent viscosity and diffusivity (as in the A-KPP case) can also suppress

submesoscale frontogenesis. According to Dauhajre et al. (2025), BLT plays
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a dual role in submesoscale frontogenesis: the BLT-induced vertical mixing
of momentum favors frontogenesis, whereas the BLT-induced vertical mixing
of buoyancy promotes frontolysis. This complex role of BLT-induced verti-
cal mixing may contribute to the fluctuations between ensemble members in
both the horizontal buoyancy variation and the frontogenesis rate, which are
similar in magnitude in all three cases.

During the second stage, both the frontogenesis rate and the horizontal
buoyancy variation continue to decrease and gradually converge to a constant
value. This stage follows the arrest of frontogenesis. During this period, the
k-¢ case exhibits higher kinetic energy and stratification and shallower mixed
layer depth, but a similar horizontal buoyancy gradient and frontogenesis rate
compared to the KPP case. The A-KPP case shows nearly the same kinetic
energy and stratification as the k-¢ case, but a larger horizontal buoyancy
gradient than both the KPP and k-¢ cases. This indicates that both the mag-
nitude and distribution of the parameterized viscosity and diffusivity due to
BLT affect the evolution of MLEs. However, the fluctuation ranges of the
MLE statistics in Fig. 4 in the second stage overlap between different cases,
indicating that the influence of BLT on the evolution of these MLE statis-
tics is rather limited. It should be noted that, except for the stratification
and mixed layer depth, all the MLE statistics discussed here depend on the
horizontal velocity and its gradients. Since MLEs are fully developed in this
stage, having a maximum size of approximately 20 km, the differences in the
parameterized BLT-induced vertical mixing may not be large enough to cause
significant differences in the resolved submesoscale horizontal velocity and its

gradients. This also suggests that the evolution of these MLE statistics is
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Figure 5: Parameterized turbulent viscosity averaged in the along-front direction in three
arbitrarily chosen time instances before (¢t = [2.6,3.2]T) and after (¢t = 6.47) the emer-
gence of MLEs. Black dashed lines represent isopycnals with an interval of 0.021 kg m~3.

robust to BLT parameterizations when the MLEs are fully developed.

4. BLT-Induced Vertical Mixing

Before investigating in more detail the impact of BLT-induced vertical
mixing on MLEs;, it is helpful to examine the parameterized turbulent vis-
cosity and the resulting BLT-induced turbulent fluxes in the presence of
evolving MLEs. Fig. 5 shows the along-front averaged turbulent viscosity
parameterized by the three BLT parameterizations. Before the emergence of
MLEs (t = 2.67f and ¢t = 3.27%), the KPP and A-KPP cases show a nearly
horizontally homogeneous turbulent viscosity across the front, whereas the

k-e case displays a larger spatial heterogeneity across the front and varia-
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tions in time at the center of the front due to inertial oscillations (Fig. ba,d).
The turbulent viscosity patterns in the KPP and A-KPP cases are deter-
mined by the shape function G (o). As expected, the magnitude of turbulent

L at

viscosity in the A-KPP case (with a maximum value of 0.072 m? s~
t = 3.21%) is nearly 1.2 times that of the KPP case (with a maximum value
of 0.060 m? s~ at ¢ = 3.27}). The distribution of turbulent viscosity in the
k- case is governed by prognostic equations of the TKE and its dissipation
rate, which are nonlinear and closely related to the state of the submesoscale
flow. The fluctuations in the turbulent viscosity therefore arise from the flow
adjustment from the initial thermal wind balance to a turbulent thermal
wind balance (see more details in Section 5.1). After the emergence of MLEs
(t = 6.47%), the turbulent viscosity is significantly suppressed and confined
to a much thinner boundary layer (with a minimum depth of around 20 m)
in all three cases. The suppression of BLT-induced turbulent viscosity in
frontal regions by the presence of MLEs aligns with the results of turbu-
lence resolving LES on large horizontal domains presented in Johnson and
Fox-Kemper (2024). Interestingly, outside the front, k-¢ predicts higher tur-
bulent viscosity than KPP and A-KPP prior to the development of MLEs
(Fig. ba—c), but lower turbulent viscosity in later stages (Fig. 5g-i). This is
likely a result of its higher sensitivity to the evolving stratification by solving
prognostic equations of k and ¢, in contrast to KPP which depends only on
the bulk properties (e.g., the bulk Richardson number).

The resulting evolutions of frontal averaged and normalized BLT-induced
turbulent fluxes of horizontal momentum ({(wv’) and (w'v’)) and buoyancy

((w't')) are shown in Fig. 6. After MLEs emerge, the magnitude of along-
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Figure 6: Time evolution of the parameterized BLT-induced turbulent fluxes averaged over
the frontal region and normalized by the surface friction velocity u, and initial Ekman

buoyancy flux Bg = TIM]% /pof. Colored shading represents the fluctuation range among
eight ensemble members.
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front turbulent momentum flux (wv’) follows the order A-KPP > KPP >
k-e, consistent with the ordering of the viscosity shown in Fig. 5. However,
for the cross-front momentum flux (wv’), it exhibits an ordering of k- >
KPP > A-KPP. The BLT-induced turbulent fluxes are governed by both
submesoscale vertical shear and turbulent viscosity as they are parameterized
as the product of the two using the down-gradient assumption in Eq. (1).
So, the different ordering for along-front and cross-front momentum fluxes is
likely because the geostrophic shear is strong in the along-front direction, but
not in the cross-front direction. The turbulent buoyancy flux (w'd’) shows a
slightly complex trend among the three cases. In the first stage (¢t = 5T to
t = 107%), the turbulent buoyancy flux exhibits the order KPP > A-KPP
> k-¢. But in the second stage (after t = 107%), this ordering changes to
A-KPP > KPP > k-e.

As enhanced turbulent viscosity and diffusivity lead to a weakening of sub-
mesoscale vertical shear, the parameterized turbulent fluxes, which represent
the strength of BLT-induced vertical mixing, are less sensitive to variations
in the magnitudes of turbulent viscosity and diffusivity (as reflected by the
difference between KPP and A-KPP) when MLEs show up. However, the pa-
rameterized turbulent fluxes between the KPP and k-¢ cases exhibit greater
differences due to differences in the detailed vertical structures of the param-
eterized turbulent viscosity and diffusivity. This leads to larger differences
in the detailed spatial distribution and time evolution in the BLT-induced
turbulent fluxes between different BT parameterizations, even though their
along-front averages are similar. In the next section, we analyze how this

distinct performance of the parameterized BLT modifies submesoscale MLEs
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in terms of the resulting vertical shear, vertical transports, and stratification.

5. Impact of Parameterized BLT

5.1. Vertical Shear of the Horizontal Velocity

The vertical shear of the horizontal velocity at a front is described by the
thermal wind balance. In the presence of significant BLT-induced turbulent
mixing, a modified balance known as the turbulent thermal wind (TTW)

balance is reached (McWilliams et al., 2015),

Ou = —%ayb _%agm, (16)

——

azublt
1 1, ,—
f&gb +?822w’u’, (17)

——

02 Vbls

0,0 =

where the contributions of BLT to the velocity shear are denoted as 0,uy,; and
O, vp. Since the flow is statistically homogeneous in the along-front direc-
tion, the along-front buoyancy gradient 0,b remains weak and the associated
geostrophic velocity shear is much smaller than the BLT-induced shear term
O.vhie- In contrast, the cross-front buoyancy gradient 0,b, which is initially
set by the frontal buoyancy gradient M]%, induces a geostrophic velocity shear
that is comparable in magnitude to the BLT contribution 0, uyy.

Fig.7 shows the total vertical shear of the submesoscale flow averaged
over the frontal region ((0,u), and (0,v)p, solid lines) and the portion of
vertical shear induced by BLT ({(0,upy)n and (0,vpy)n, dashed lines). Three
time instances (¢t = 6.47%, t = 10.67y, and t = 14.87y) are selected, corre-

sponding, respectively, to the active restratification by MLEs, the onset of
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Figure 7: Vertical profiles of the total submesoscale vertical shear (solid lines) and the
BLT-induced vertical shear (dashed lines) in Eq. (16) and (17) in three time instances
(t =1[6.4,10.6,14.8]T}).
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stable stratification, and the establishment of stable stratification. The BLT-
induced vertical shear dominates the total shear throughout the evolution of
MLEs, especially near the surface and after the MLEs are fully developed.
In particular, the differences in the BLT portion with different BLT param-
eterizations dominate the differences in total shear. This suggests that the
frontal averaged buoyancy gradient and the horizontal advection due to the
evolution of the MLEs themselves are less affected by the choice of BLT pa-
rameterizations. This is consistent with the weak sensitivity of the mean
MLE statistics to the choice of BLT parameterizations in Section 3.

Closer inspection of Fig. 7 shows that the magnitude of the total vertical
shear near the surface (solid lines) can be ordered as k-¢ > KPP > A-KPP,
for both along-front and cross-front directions. This ordering is opposite to
that of the parameterized turbulent viscosity as discussed in Section 2.2. Al-
though the BLT-induced turbulent momentum flux is less sensitive to the
choice of BLT parameterizations due to the compensation between the tur-
bulent viscosity and vertical shear, the resulting differences in the vertical
shear (in particular the cross-front shear) have substantial consequences on
the evolution of stratification. The diverse vertical shear in the cross-front di-
rection as shown in Fig.7b,d,f is attributed to the wind-induced Ekman flow.
The total cross-front Ekman transport, and thus the Ekman buoyancy flux
(Bg = 1:0,b/pof), is essentially independent of the choice of BLT parame-
terizations. However, the destratification rate due to the Ekman flow does
depend on the vertical shear. This effect will be quantified in Section 5.4.

Apart from that, the different vertical shear may also influence the evolu-

tion of symmetrical instability (SI) (e.g., Taylor and Ferrari, 2010). While SI
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Figure 8: Vertical profiles of the frontal averaged potential vorticity (PV) at (a) t = 6.4T%,
(b) t = 10.6T%, and (c) t = 14.8Ty. Dashed lines denote the bottom of the layer with
negative PV. Dash-dotted lines denote the horizontal-averaged mixed layer depth in the
frontal region. In panel (c), the blue dashed and dash-dotted lines overlap with the green

lines.

is surely not resolved (at best partially-resolved) in the simulations described
here (Bachman and Taylor, 2014; Mukherjee et al., 2016), it may be useful
to examine the effects of BLT parameterizations on generating SI favorable
conditions. Fig. 8 compares the frontal averaged potential vorticity (PV)
in three time instances between cases with different BLT parameterizations.

The PV is defined as
PV = (fk+V xu) - Vb, (18)

where k is a unit vector in the vertical direction. Negative values of PV
(opposite sign of f) indicate favorable conditions for SI. In the frontal region
where the geostrophic shear is in thermal wind balance with the horizontal
buoyancy gradient and the stratification is weak in the mixed layer, PV is
negative. PV is further decreased by the along-front wind (Thomas, 2005)
before the emergence of MLEs.
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During this period, BLT modifies the magnitude of PV primarily through
its effects on vertical mixing, altering the stratification and vertical shear and
thereby modifying the slope of isopycnals at the front. As shown in Fig. 8, the
ordering of the layer depth with negative PV is consistent with the ordering
of the magnitude of turbulent vertical buoyancy flux shown in Fig. 6. The A-
KPP case exhibits the strongest vertical buoyancy mixing, leading to weaker
stratification and a deeper negative-PV layer, creating conditions that are
more favorable for the development of SI. However, in the absence of active
SI that would otherwise drive the PV toward zero, PV is increased by MLE-
induced restratification in our simulations.

As shown in Fig. 8, when MLEs have just emerged at ¢t = 6.47%, the
A-KPP case exhibits a slightly deeper layer with negative PV, whereas the
k- case shows the shallowest layer, with a depth difference of approximately
15 m. As the MLE-induced restratification progresses, the depth differences
among the three cases decrease to less than 5 m at ¢t = 14.87%. Throughout
the evolution of MLESs, the k- case consistently shows a shallower layer with
negative PV and a correspondingly shallower mixed layer compared to the
KPP case. This behavior reflects the fact that, in our idealized model setup,
MLE-induced restratification is the primary mechanism driving the shoaling

of both the mixed layer and the layer with negative PV.

5.2. Secondary Circulation

In frontal regions, secondary circulation (SC) forms to flatten the isopy-
cnals. The SC is important in modifying the frontogenesis process and also
the available potential energy in the mixed layer (Sullivan and McWilliams,

2024). This section aims to analyze the impacts of BLT parameterization on
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the SC. As MLEs dominate the flow when fully developed in the later stages,
we focus our analysis of the SC on the early stages when BLT has a greater
impact.

With steady down-front surface wind stress, the SC is affected by wind-
driven Ekman flow, which can lead to a cross-front velocity v, even stronger
than the SC itself. This cross-front velocity v, can be estimated from the
balance between the Coriolis force and the divergence of BLT-induced mo-

mentum flux,

frer = 0w (19)

The SC-induced cross-front velocity v,. can then be estimated from
VUse = U — Vek, <20>

assuming that other contributions are negligible. Note that in the presence
of inertial oscillations, v is not always equal to the resolved submesoscale
velocity v outside the front where v,, = 0. However, this discrepancy can
be greatly reduced by using the temporal average over an integer period, as
shown in Fig. 9a.

Fig. 9b shows the cross-front velocity profiles within the frontal region.
Solid lines represent the resolved submesoscale velocity, dashed lines repre-
sent the Ekman velocity calculated from (19), and dash-dotted lines denote
the cross-front velocity due to SC according to (20). Only one inertial period
is chosen for the temporal average because SC is not stable before t = 37}
and is soon strongly influenced by MLEs after t = 5T%. As shown in Fig. 9b,
a clockwise SC is formed in the frontal region, with similar magnitude of

cross-front velocity at the top and bottom of the mixed layer. The differ-
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Figure 9: Vertical profiles of the cross-front velocities (a) outside the unstable front and
(b) within the unstable front. Solid, dashed and dash-dotted lines denote the total cross-
front velocity v, the component due to Ekman flow v, and the component due to SC
Vge, Tespectively. All quantities are averaged along the front and over one inertial period
(from t = 3.3Tf to t = 4.3T%). The quantities in (b) are further averaged in the frontal
region defined in (12).
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Figure 10: Stream function of the SC. Solid lines denote counterclockwise circulation
while dashed lines represent clockwise circulation. The stream function is derived from

the along-front and temporal (3.37f ~ 4.3T) mean of vg..

ences in SC caused by the three BLT parameterizations are smaller compared
to the differences in the Ekman flow.

The stream function . can be defined from v, to describe the SC

Vse = Zwsc' (21)

Fig.10 shows the stream function of SC during the same inertial period as in
Fig.9. Although the cross-front velocities of the SC among the three cases
with different BLT parameterizations are similar, the patterns of the stream
function are different. The k-c¢ case shows a complete circulation across the
front, which is slightly stronger on the cold side. However, the KPP and A-
KPP cases show two separate circulations on two sides of the front, which are
further encircled by a larger circulation across the front. This is consistent
with the differences in the flow structure as indicated by the vertical vorticity

in Fig. 3a—c.
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5.8. Submesoscale Vertical Transport

Submesoscale frontogenesis and MLEs contribute significantly to the ver-
tical transport of materials within the mixed layer and subduction into the
thermocline. This section examines the impact of parameterized BLT on the
submesoscale vertical transport.

Fig. 11 compares the vertical profiles of the frontal averaged submesoscale
vertical velocity variance <;U\T_§>h in the three cases. The vertical velocity vari-
ance measures the magnitude of submesoscale vertical motions. In all cases,
submesoscale vertical motions consistently reach their maximum magnitude
in the middle of the mixed layer. Before the emergence of MLEs (Fig. 11a),
the vertical motions are mainly induced by the flow convergence of frontoge-
nesis. During this period, the profiles of </IE§>}L fluctuate over time, without
a consistent ordering among the three cases. This is because the flow is ef-
fectively adjusting itself from thermal wind balance to TTW balance. In the
early stage after the emergence of MLEs (Fig. 11b), the KPP and A-KPP
cases exhibit intensified submesoscale vertical motions with maximum hori-

—

zontally averaged values of (w'?)), being 3.16 x 107 m? s72 and 2.50 x 10~°

2, respectively. The maximum value of (wf?),, in the KPP case is about

m? s~
1.44 times the maximum value in the k-e case (2.20 x 107¢ m? s72). After
MLEs are fully developed at ¢t = 10.17} (Fig. 11c), the enhancement of ver-
tical motions in the KPP and A-KPP cases persists, with maximum values

of (wt?), reaching 2.01 x 107% m? s72 and 2.24 x 10-% m? s~2. In contrast,
the k- case shows smaller (wf?),, (a maximum value of 1.61 x 106 m? s~2).
This suggests that the submesoscale vertical motions in these simulations are

sensitive to the choice of BLT parameterizations.
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Figure 11: Vertical profiles of the submesoscale vertical velocity variance averaged over
the frontal region in three time instances (¢ = [3.0,5.0,10.1]T}). Colored shading denotes

fluctuation among eight ensemble members.

Fig. 12 shows the evolution of the submesoscale vertical velocity variance
(ﬁ} averaged in the frontal region in the three cases. After the emergence
of MLEs at around 57, consistently stronger vertical motions are shown in
the KPP case compared to the k-¢ case. The maximum value of the frontally
averaged vertical velocity variance in the KPP case is 1.92 x 107% m? s72,
about 1.18 times that in the k- case (1.63 x 107 m? s72). This pattern of
stronger submesoscale vertical motions in the KPP case is persistent until
around ¢ = 157, when the submesoscale horizontal buoyancy gradient stops
decreasing.

The frontal averaged and normalized vertical transport of horizontal mo-
mentum ((I/U?U/U and (JT\ET)) and the buoyancy ((z;?b/T)) due to MLEs are
illustrated in Fig. 13. With different BLT parameterizations, the differences

in the MLE-induced vertical transport of horizontal momentum are relatively

small, particularly after the emergence of MLEs. The differences in the MLE-
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Figure 12: Time evolution of the submesoscale vertical velocity variance scaled by the

friction velocity u, and averaged over the frontal region. Colored shading represents

fluctuation range among eight ensemble members. Dashed lines mark the three time

instances shown in Fig. 11.
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Figure 13: Same as Fig. 6, but for the vertical transport of horizontal momentum and
buoyancy due to MLEs.
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induced vertical buoyancy flux are also small, but exhibit some interesting
patterns. In the early stage from ¢t = 57 to t = 107}, the A-KPP case
shows slightly smaller (Jlﬁ) compared to both KPP and k-¢ cases. But in
the later stage after ¢ = 107}, the ordering is changed to A-KPP > KPP
> k-e. The time evolution of the MLE-induced vertical buoyancy flux and
the ordering among different BLT parameterizations are also similar to that
of the BLT-induced vertical buoyancy flux (Fig. 6¢) and submesoscale hor-
izontal buoyancy gradient (Fig. 4e). However, these differences are mostly
within the fluctuations between ensemble members, as shown by the colored
shading. This indicates that variations in turbulent viscosity (and diffusiv-
ity) have a small impact on the MLE-induced vertical fluxes of momentum

and buoyancy, especially once stratification ceases to increase.

5.4. Stratification

The evolution equation of the stratification can easily be derived by taking

the vertical derivative of the buoyancy equation and is expressed as
Oy N? + 0.0, (ub) + 0,0, (vb) + 92 (wb) = —d*w'l. (22)

Here, interest is in the competing effects of MLE-induced restratification and
BLT-induced destratification (parameterized) on the evolution of the along-

front mean stratification. Therefore, the along-front average () defined in

Eq. (9) is performed, so that

—_—

ON? = — 0.0, (T) + 02(@h) | — 00,001 + OZwlbl| — O2wF.  (23)

The terms in the first square bracket on the right-hand side represent the

contributions of the submesoscale mean flow, while the terms in the second
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square bracket denote the impact of submesoscale turbulence due to MLEs.
The last term denotes the impact of BLT-induced vertical mixing. Note that
the along-front average here is augmented by an ensemble average of all eight
ensemble members to enhance the robustness of these statistics.

Fig. 14 shows vertical profiles of different terms in Eq. (23) averaged
over the unstable frontal region (defined in a similar way as in Eq. (12)).
It highlights distinct roles of submesoscale mean flow, submesoscale turbu-
lence, and BLT-induced vertical mixing. The dominant contributors in the
mean stratification budget are the vertical buoyancy flux induced by MLEs
(—631% ) and BLT (—@U/TU), showing restratification (positive) and de-
stratification (negative) effects, respectively. The MLE-induced horizontal
cross-front buoyancy flux (—azaﬁzﬁ ) has negligible effects. The impact of
the submesoscale mean flow is also relatively small, exhibiting a weak de-
stratification effect through Ekman buoyancy advection (—8z8y(55)) and a
negligible effect from vertical buoyancy advection (—85(@~)). This Ekman-
induced destratification rate is ordered between different cases as k-¢ > KPP
> A-KPP. This ordering is consistent with the ordering of the cross-front
vertical shear shown in Fig. 7. In particular, the weaker the cross-front
vertical shear, the smaller the Ekman-induced destratification rate. This
demonstrates the indirect effect of BLT-induced vertical mixing on the mean
stratification by modifying the vertical structure of the Ekman flow.

As MLEs evolve, the BLT-induced destratification rate first increases
(t = 10.6T} versus t = 6.47) then gradually decreases (t = 14.81 ver-
sus t = 10.67) once stratification stabilizes (Fig. 4) in all three cases. This

BLT-induced destratification is confined mainly in the upper 25 m or so, with
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Figure 14: Vertical profiles of different terms in Eq. (23) in three time instances (¢t =

[6.4,10.6,14.8]T, top three rows), as well as the temporal mean between ¢t = 5.0Ty and t =

21.0T for the two dominant terms (last row). Colored shading represents the fluctuation

range during this time period. Black dashed lines denote the mean boundary layer depth

defined by the bulk Richardson number criterion as in KPP.
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a maximum at a depth around z = —10 m. Different BLT parameterizations
result in different BLT-induced destratification rates with substantial varia-
tion in time. In the early stage of MLE evolution (from ¢t = 5T to t = 1077),
the A-KPP case shows a smaller BLT-induced destratification rate compared
to the other two cases (k-¢ ~ KPP > A-KPP at t = 6.47%). In addition, the
maximum BLT-induced destratification rate occurs shallower in the k-¢ case
than the KPP and A-KPP cases. During the later stage (after t = 107%)
when the mean stratification reaches a quasi-equilibrium (Fig. 4), the de-
stratification rate in the k-¢ case decreases more rapidly than in the other
two cases (KPP > A-KPP ~ k-¢ at ¢t = 14.87y). The BLT-induced de-
stratification rate is influenced not only by the magnitude of the turbulent
viscosity and diffusivity but also by the state of the submesoscale flow. For
example, larger turbulent viscosity (and diffusivity) may lead to more verti-
cally homogenized submesoscale flow and buoyancy distribution, which may
contribute to a smaller BLT-induced destratification rate. This dependence
of the BLT-induced destratification rate on the evolution of MLEs may be
stronger when the direct feedback from MLEs to BLT is considered (Johnson
and Fox-Kemper, 2024).

Interestingly, there seems to be a good correlation between the BLT-
induced destratification and MLE-induced restratification in these simula-
tions. In other words, the MLE-induced restratification rate is consistently
larger (or smaller) when the BLT-induced destratification rate is larger (or
smaller), as is evident both in different time instances in a particular case
and across different cases. For example, the MLE-induced restratification

rate also increases in the early stage (t = 10.67 versus ¢t = 6.47%) and then
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decreases in the later stage (¢t = 14.87 versus t = 10.67%) as MLEs evolve.
In addition, MLE-induced restratification in the case of k-¢ is largest among
the three cases at t = 6.47y and t = 10.67, but decreases rapidly afterwards,
giving its position to KPP at t = 14.87;. All these patterns are consistent
with the BLT-induced destratification rate. Such a strong correlation be-
tween the BLT-induced destratification and MLE-induced restratification is
better illustrated in their temporal mean and fluctuations throughout the
entire evolution period of MLEs (Fig. 14d,h,1). This suggests that parame-
terizations of BLT-induced destratification and MLE-induced restratification
in a coarse resolution global ocean GCM, where both BLT and MLEs are un-
resolved, should probably be designed and implemented in tandem, rather
than separately as is commonly done (e.g., Fox-Kemper et al., 2011; Li et al.,
2016). This also aligns with the conclusions of Johnson and Fox-Kemper
(2024).

The modification of MLE-induced restratification by parameterized BLT
can be further illustrated by the spatial distribution of the restratification
rate. Fig. 15 shows the averaged restratification rates along the front in-
duced by MLEs and BLT at ¢ = 8.5T%, a time when stratification continues
to increase. A comparison among the three cases reveals that the regions
characterized by an enhanced rate of BLT-induced destratification are also
regions with amplified MLE-induced restratification. Specifically, the BLT-
induced destratification in the k-¢ case shows broader regions with relatively
higher magnitude compared to the other two cases, which is consistent with
the patterns of the MLE-induced restratification. Moreover, as indicated by
the black solid contours in Fig. 15, regions where the BLT-induced destrat-
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Figure 15: Along-front averaged restratification rate induced by MLEs (left panels) and
BLT (right panels) in the three cases at t = 8.5Ty when the stratification is increasing
rapidly. Black dashed lines are isopycnals with an interval of 0.025 kg m—3. Black solid
contours enclose regions where the restratification rate is greater than 4 x 10710 s73 (left

column) or smaller than —4 x 1071% s=3 (right column).
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Figure 16: Same as Fig. 15, but at ¢ = 14.87%. Black dashed lines are isopycnals with an
interval of 0.022 kg m~3.
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ification rate exceeds 4 x 107!? s73 are also roughly the regions with MLE-
induced restratification rates greater than 4 x 107!° s73. Since the regions
with strong MLE-induced restratification occupy a slightly larger spatial ex-
tent than the BLT-induced destratification, there is an overall increase in
stratification in this stage (Fig. 4a). Similar compensating patterns can also
be found when the MLEs are fully developed and the mean stratification
reached a quasi-equilibrium at ¢t = 14.87 (Fig. 16).

The relationship between the BLT-induced destratification rate and the
MLE-induced restratification rate aligns with the results of submesoscale ver-
tical buoyancy transport in Section 5.3. In the presence of down-front surface
wind forcing, the wind-driven BLT leads to the destratification of the mixed
layer and tilts isopycnals towards vertical through turbulent vertical mixing
of buoyancy. This process increases the potential energy at frontal region,
which supplies energy for mixed layer instability that promotes submesoscale
MLESs and the resulting restratification. This influence of parameterized BLT
on MLEs occurs almost instantaneously in our simulations.

While we focus on a forcing regime in which the wind forcing and MLEs
are comparable, we also run similar simulations under other forcing regimes
with different surface wind stress and initial horizontal buoyancy gradient.
A general conclusion from this practice is that submesoscale MLEs seem to
be robust to surface wind stress. Even in cases with strong surface wind
stress, when Ekman-induced destratification dominates, MLEs can still exist
and grow at a similar rate. However, this growth rate is sensitive to lat-
eral buoyancy variation, since available potential energy is required for the

growth of MLEs. In cases with a weaker initial horizontal buoyancy gradi-
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ent, it takes longer for the MLEs to develop fully. Thus, in conditions with
weaker initial horizontal buoyancy gradient but stronger surface wind stress,
the MLE-induced restratification may not be sufficiently strong to overcome
the Ekman-induced destratification, forming a surface layer with negative
stratification that is subject to gravitational instability. In these conditions,
the correlation between the effects of MLEs and BLT on stratification is dif-
ferent from the relation reported here. However, once MLEs have been fully
developed and MLE-induced restratification is sufficiently strong, the tight
coupling between MLE-induced restratification and BLT-induced destrati-
fication can be clearly seen. A comprehensive exploration of the relative
contribution of MLEs and BLT on stratification will likely require LESs on
large horizontal domains that resolve both processes, which is left for future
studies. Nevertheless, the results reported here may be helpful in guiding the

choice of parameters in these computationally expensive LESs.

6. Conclusions

In this study, we examine the impact of parameterized BLT on the devel-
opment and evolution of submesoscale MLEs in idealized double-front sim-
ulations under along-front surface wind forcing using MPAS-Ocean. Two
popular BLT parameterizations (KPP and k-¢), as well as a simply modified
version of KPP, are employed to demonstrate the impact of the BLT-induced
vertical mixing on the vertical shear, vertical transport, and restratification
induced by MLEs. The simulation configuration is chosen such that the ef-
fects of wind forcing and MLEs on the secondary overturning circulation are

comparable.
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Our results show that the evolution of MLEs can be divided into two
distinct stages: a growth stage (approximately from ¢ = 5T to t = 1077),
characterized by rapidly increasing kinetic energy and stratification; and a
mature stage (approximately after t = 107), when MLEs are fully developed
and the kinetic energy and stratification in frontal regions plateau. The three
different BLT parameterizations result in varying performances in vertical
mixing during these two stages.

Throughout the evolution of MLEs, the total stratification, submesoscale
kinetic energy and vertical vorticity, lateral buoyancy variation, and fronto-
genesis rate show limited sensitivity to the choice of BLT parameterizations,
particularly when MLEs are fully developed with sizes exceeding 20 km. This
insensitivity may be attributed to the dual roles of turbulent vertical mix-
ing in submesoscale frontogenesis. Specifically, vertical mixing of momentum
induces frontogenesis while vertical mixing of buoyancy inhibits it (Dauha-
jre et al., 2025). However, the magnitude of submesoscale vertical shear
exhibits more pronounced differences among the three cases with different
BLT parameterizations, primarily due to modifications in the turbulent mo-
mentum diffusion term in the TTW balance (McWilliams et al., 2015). In
a more realistic configuration of submesoscale front or filament, where the
upper ocean is influenced by diurnally varying atmospheric forcing as well as
mesoscale strain, differences in the BLT parameterizations may have a more
pronounced impact on the evolution of MLEs. In particular, variations in the
simulated mixed layer depth with different BLT parameterizations may play
a more important role than in the idealized configuration here. Exploring

these effects in realistic configurations is left for future work.
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In these idealized simulations, we show that submesoscale vertical mo-
tions, vertical buoyancy transports, and MLE-induced restratification rates
are sensitive to turbulent vertical mixing, particularly with respect to buoy-
ancy mixing. The ordering of the magnitude for vertical motions, buoyancy
transports, and restratification rates is aligned closely with that of turbulent
buoyancy flux. Furthermore, the vertical profiles of the MLE-induced restrat-
ification rates closely resemble those of the BLT-induced destratification rates
(Fig. 14), with regions exhibiting higher BLT-induced destratification rates
also showing intensified MLE-induced restratification rates (Fig. 15 and 16).

Additional sensitivity experiments are conducted to examine the robust-
ness of our conclusions by varying different physical parameters, including
the initial horizontal buoyancy gradients, the initial mixed layer depth, the
magnitude and direction of wind stress, and the Coriolis parameter. The
results suggest that the time required for MLEs to reach maturity varies
substantially with these parameters, particularly with the initial horizontal
buoyancy gradient. A stronger initial horizontal buoyancy gradient signifi-
cantly accelerates the growth of MLEs. A robust feature across the sensitivity
experiments is that the k-¢ case consistently exhibits the smallest magnitude
of the BLT-induced vertical fluxes of the along-front momentum and buoy-
ancy, accompanied by the strongest vertical shear and the smallest vertical
velocity variance in the unstable frontal region. However, the similarity be-
tween the vertical profiles of MLE-induced restratification and BLT-induced
destratification (Fig. 14) does not always hold when the wind direction differs
significantly. This is because the BLT-induced destratification rate is more

sensitive to the local buoyancy gradient, whereas the angle between the Ek-
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man transport and the horizontal buoyancy gradient can strongly modulate
the Ekman-induced horizontal buoyancy advection. Despite these differences,
a robust feature in all experiments is that the boundary layer consistently
exhibits a substantially higher MLE-induced restratification rate when the
BLT-induced destratification rate is higher. Moreover, regions with stronger
MLE-induced restratification rates generally coincide with regions of intensi-
fied BLT-induced destratification rates, consistent with the coupled relation-
ship between MLEs and BLT discussed in Section 5.4.

The tight coupling between MLEs and BLT in their contribution to ver-
tical buoyancy transports and stratification rates may result from the mod-
ulation of available potential energy in frontal regions due to BLT-induced
vertical mixing, which is extracted to promote MLEs through mixed layer
instability. The vertical mixing of buoyancy steepens the isopycnals in the
frontal region, thereby increasing the available potential energy. This process
may enhance the efficiency of energy extraction by mixed layer instability,
as evidenced by the larger submesoscale vertical buoyancy flux in cases with
higher turbulent vertical buoyancy flux. Part of this potential energy is con-
verted into submesoscale kinetic energy, promoting the growth of MLEs and
resulting in restratification. This likely explains why regions with higher
BLT-induced destratification rates also experience intensified MLE-induced
restratification rates. This tight coupling between the two processes suggests
that a quantitative assessment of the influence of submesoscale MLEs on
vertical transport of heat and materials (e.g., Su et al., 2018) may need to
consider the effect of parameterized BLT.

While we focus on the impact of parameterized BLT on simulated MLEs
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in this study, these two processes are known to interact with each other
(Hamlington et al., 2014; Sarkar et al., 2016; Skyllingstad et al., 2017; Sul-
livan and McWilliams, 2019). Parameterizations of one of them without
considering the influences of the other often fail in frontal regions (Bodner
et al., 2023; Johnson and Fox-Kemper, 2024). Recent work by Uchida et al.
(2025) further demonstrated the sensitivity of the MLE parameterizations
(e.g., Fox-Kemper et al., 2011; Bodner et al., 2023) to the choice of the BLT
parameterizations. Together, these results suggest that future parameteri-
zations may benefit from explicitly accounting for the joint effects of MLESs
and BLT on vertical buoyancy fluxes, rather than treating the two processes
separately. Our results support this perspective and point to the need for
a more unified treatment of the interaction between MLEs and BLT to im-
prove the representation of frontal stratification and vertical transport in

ocean models.
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