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Abstract. Upper-ocean mixing regulates the vertical transport of heat, momentum, and tracers in the ocean surface boundary

layer, yet its representation under sea ice remains highly uncertain. Langmuir turbulence (LT), generated by the interaction

of wind stress and wave-induced Stokes drift, is a dominant open-ocean mixing mechanism and has been observed in
::::::
mixing

:::::::::
mechanism

::
in

:::
the

:::::
open

:::::
ocean.

:::::::::::
Observations

::
of

:::
LT

::
in

:
leads, polynyas, and the marginal ice zone (MIZ)

::::::
confirm

::
its

::::::::
presence

::
in

:::::::::
ice-covered

:::::::
regions, but its Arctic-wide occurrence and modulation by sea ice and waves are poorly constrained

::::::
remain

::::::
limited5

::
in

:::::::::::::
characterization. Here we present the first pan-Arctic assessment of LT

::::::
mixing potential using a fully coupled sea ice–wave

modeling framework
:::::::
coupled

:::
sea

::::::::
ice–wave

:::::
model

:
integrating neXtSIM and WAVEWATCH III. Combining wind–wave forcing

metricswith mixed-layer–integrated dissipation and vertical kinetic energy diagnostics
:::::
Using

:::::::::
wind–wave

:::::::
forcing

::::::
metrics, we

show that LT-relevant forcing beneath sea ice is spatially confined and strongly
:::::
highly

:
intermittent. Conditions capable of

sustaining LT occur primarily
:::::::
favorable

:::
for

:::
LT

::::::
largely

:::::
occur

:
within the seasonal MIZ and arise episodicallyduring late melt10

and freeze-up, rather than as a persistent background state. Sea ice concentration regulates
:::
sets

:
the mean balance between wave-

and shear-driven turbulence, while ice mechanical state, wave properties, and wind–wave misalignment control the efficiency

of Langmuir-driven vertical motions without altering the underlying mixing regimes
::
but

:::::
does

:::
not

::::::::
uniquely

:::::::::
determine

:::
LT

:::::::::
variability.

:::
The

:::::::::
realization

::
of

::::::::::
wave-driven

::::::
mixing

:::::::
depends

::
on

:::::
wave

:::::::::
conditions

:::
and

:::
ice

::::::::
structure,

::::
while

::::::::::
wind–wave

:::::::::::
misalignment

::::
plays

::
a
:::::::::
secondary

::::
role. As a result, LT in the Arctic MIZ most often coexists with wind-driven shear in

:::::::
typically

::::::
occurs15

:::::
within

:
mixed-forcing regimes, highlighting the need for regime-aware representations of

:::::
where

::::::::::
wave-driven

:::
and

:::::::::::
shear-driven

::::::::
processes

::::::
coexist.

::::
Our

:::::::
findings

::::::::
highlight

:::
the

::::::::::
importance

::
of

::::::::
wave–ice

::::::::::
interactions

::::
and

:::::::::::
intermittency

::
in
:::::::

shaping
:
upper-ocean

mixing in climate models.
:::::
under

::::::
partial

::
ice

::::::
cover.

1 Introduction

The Arctic Ocean has traditionally been considered a region of weak upper-ocean mixing, primarily due to extensive sea ice20

cover that insulates the ocean from atmospheric forcing and dissipates wave energy (Morison et al., 1985; Pinkel, 2005). Under

these conditions, turbulent exchange in the ocean surface boundary layer (OSBL) remains strongly suppressed, and vertical

mixing occurs only during sporadic shear-driven and convective events. In recent decades, the rapid decline in
::
the

::::::
Arctic sea

ice, marked by the loss of multiyear ice, earlier seasonal melt onset, and expansion of open water area, has increasingly exposed

1



the Arctic Ocean to wind and wave forcing, fundamentally shifting the traditional view (Stopa et al., 2016; Armitage et al.,25

2017; Muilwijk et al., 2024). These changes have ampli�ed air–sea momentum transfer (Rainville et al., 2011; Dosser and

Rainville, 2016) and expanded the Marginal Ice Zone (MIZ), a transitional region characterized by discontinuous ice cover that

enables surface wave propagation and interaction with the �oe �eld (Collins et al., 2018; Boutin et al., 2020).

Within the MIZ, surface gravity waves play a central role in mediating air–sea interaction. They modulate sea ice breakup

and accelerate melt through enhanced mechanical stress and turbulent mixing (Thomson and Rogers, 2014; Thomson, 2022).30

Beyond direct wave breaking, surface waves alsogenerate
::::::
enhance

:
upper-ocean turbulence through Langmuir turbulence (LT),

that develops when wind-forced shear aligns with wave-induced Stokes drift (Craik and Leibovich, 1976; Leibovich, 1983;

McWilliams et al., 1997). LT forms coherent, counter-rotating Langmuir cells that vertically redistribute heat, momentum, and

tracers, (Skyllingstad and Denbo, 1995; Kukulka et al., 2013; D'Asaro, 2014; Gargett and Grosch, 2014), and it has emerged

as a key regulator of mixed layer dynamics in the open ocean(Belcher et al., 2012; Yang et al., 2014). The absenceof LT35

parameterizationsin
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Polton and Belcher, 2007; Belcher et al., 2012; Yang et al., 2014; Pearson et al., 2015)

:
.

::
In

:::
situ

::::::::::
observations

::::
show

::::
that

::::::
waves

:::
can

:::::::::
propagate

:::::
long

::::::::
distances

:::::::
beneath

:::
sea

:::
ice

::::
and

::::::::
in�uence

:::::::
mixing

::::
near

::::::
leads,

::::::::
polynyas,

::::
and

:::
the

:::::
MIZ

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Drucker et al., 2003; Kirillov et al., 2013; Horvat et al., 2020; Cooper et al., 2022)

:
.

:::
The

::::::::
presence

::
of

::::::::
Langmuir

::::
cells

::
in

:::
ice

:::::::
openings

:::::
further

::::::::
con�rms

:::
that

:::
LT

:::::::
remains

:::::
active

::
in

:::::::::
ice-covered

::::::
waters,

:::::
albeit

:::::::::::
intermittently

::::
and

::::
with

:::::::
modi�ed

:::::::
structure

::::::::::::::::::::::::::::::::::::::::::::
(Dethleff and Kempema, 2007; Voermans et al., 2019)

:
.

::::
Prior

::::::
studies

::
of

::::::::
wave–ice

::::::::::
interactions

::::
have

::::::
largely

:::::::
focused

::
on

::::::::::
mechanical

::::::::
processes

::::
such

::
as

:::
ice

::::::
breakup

::::
and

::::
wave

::::::::::
attenuation40

::::::::::::::::::::::::::::
(Collins et al., 2018; Squire, 2018),

:::::
while

:::
the

::::
role

::
of

:::
LT

::
in

:::::::::
modulating

::::::::
turbulent

::::::
mixing

:::::
under

:::
sea

:::
ice

:::::::
remains

:::::::::::
understudied.

:

::::::::::
Experiments

:::::
using

:
ocean general circulation modelscontributes,

:::::
show

::::
that

:::::::::
neglecting

:::
LT

:::::
leads

:
to systematic biases in

::::::::::
upper-ocean

::::::::
structure,

::::::::
including

:::::::::::::
underestimation

:::
of

::::::
summer

:
mixed layer depthand

::::::
(MLD)

::::
and

::::::::::::::
misrepresentation

::
of

::::::::
seasonal

::::::::::
strati�cation

:::::::::::::
(Li et al., 2019)

:
.

:::::::::::
Incorporating

:::
LT

:::::::
reduces

:::::
these

::::::
biases

:::
and

::::::::
improves

::::::::::
simulations

:::
of sea surface temperature,

particularlyin wind- andwave-activeregionssuchastheSouthernOcean(Belcher et al., 2012; Li et al., 2019).45

Large eddy
:::
and

:::::
ocean

::::
heat

:::::::
content

:::::::::::::::::::::::::::::::::
(Fan and Grif�es, 2014; Ali et al., 2019)

:
.

:::::::::::
Additionally,

::::::::::
Large-eddy

:
simulation (LES)

studiesshowthatLT deepens
::::
have

:::::::::::
demonstrated

::::
that

::
LT

:::::::::::
substantially

::::::::
enhances

::::::::::
upper-ocean

::::::
mixing,

:::::::::
deepening

:
the mixed layer

andenhances
::::::::
increasing

:
vertical entrainment �uxes by up to an order of magnitudecompared

::::::
relative to shear-driven turbulence

alone,while alsomoderatelyincreasing
::::
with

::::
more

::::::::
moderate

::::::::
increases

::
in momentum �uxes (McWilliams et al., 1997; Sullivan

et al., 2007).Enhancedverticalmixing leadsto elevatedturbulentkineticenergy(TKE) andstrongerentrainmentacrossdensity50

interfaces(Polton and Belcher, 2007; Pearson et al., 2015; Ali et al., 2019). Theseinsightshavemotivatedthedevelopmentof

new LT parameterizationsfor
:::::::::
Therefore,

::::::::::
representing

::::::::::
open-ocean

:::
LT

:::
in large-scalemodelsthat incorporatewave–current

interactionsandStokesproductionterms(Van Roekel et al., 2012; Harcourt, 2015; Li and Fox-Kemper, 2017). Despitethese

advances,existing
:::::
models

::
is

::::::::
essential,

:::
as

::
it

:::::
leads

::
to

:::::::::
signi�cant

:::::::
regional

::::
and

:::::
global

:::::::
climate

:::::::
impacts

::::::::::::::::::
(Li et al., 2016, 2017)

:
.

::::::::
Typically,

:::
LT

::::::::::::::
parameterizations

:::
are

:::::::::::
incorporated

::::
into

:::::
ocean

::::::
models

:::::::
through

:::::::::::
modi�cations

::
to

:::::::::
turbulence

::::::
closure

::::::::
schemes

::::
such55

::
as

:::
the

::::::::
K-pro�le

::::::::::::::
parameterization

:::::
(KPP)

:::::::::::::::::::::::
(Li and Fox-Kemper, 2017)

:
,

:::::::::
enhancing

::::::::::
upper-ocean

::::::
mixing

:::
by

:::::::::
increasing

::::::::
turbulent

::::::
velocity

::::::
scales

:::
and

:::::::::
promoting

:::::::::
entrainment

::
at

:::
the

::::
base

::
of

:::
the

:::::
mixed

:::::
layer

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Van Roekel et al., 2012; Harcourt, 2015; Reichl et al., 2016; Li and Fox-Kemper, 2017; Pearson et al., 2019; Reichl and Li, 2019)

:
.

:::::
These

:::::::
improve

:::
the

::::::::::::
representation

::
of

:::::
upper

:::::
ocean

:::::::
physics

:::
but

:::::
differ

::
in

::::
their

:::::
ability

::
to

::::::::
represent

:::
LT

::::::
across

::::::::
dynamical

::::::::
regimes,

::::::::::
highlighting

::::::::::
uncertainties

:::
in

::::
their

::::::::::
formulation

:::
and

:::::::::::
performance

::::::::::::::::::::::::::
(Li et al., 2019; Ali et al., 2019).

:
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::::::
Despite

:::
the

:::::::::::
demonstrated

:::::::::
importance

:::
of

::
LT

::
in

:::
the

::::
open

::::::
ocean,

::::
these

:
parameterizations have not been systematically evaluated60

in seaice-covered regions, where the physical environment deviates substantially from typical open-ocean conditionsdueto

theseaicedynamics(McWilliams and Sullivan, 2000; Smyth et al., 2002; Brenner and Horvat, 2024).

:
. In the Arctic, sea ice modi�esupperoceanmixing dynamicsin severalways.It limits

::::::::::
upper-ocean

::::::
mixing

:::
by

:::::::
limiting

wave fetch,alters the directionalspread
::::::
altering

:::
the

::::::::::
directional

::::::::::
distribution of wave energy, andattenuates

:::::::::::
preferentially

:::::::::
attenuating

:
short-wavelengthwavecomponents-all of which reduce

::::::::::
components,

:::::::
thereby

::::::::
reducing

::::
both

:
the magnitude and65

vertical extent of Stokes drift (Ardhuin et al., 2016, 2020; Li and Fox-Kemper, 2017).Meanwhile
::
At

:::
the

::::
same

::::
time, ice motion

and �oe interactions introduce additional sources ofsurfaceshear and turbulence (Skyllingstad and Denbo, 2001).Observations

showthat wavespropagatelong distancesunderseaice andsigni�cantly in�uence mixing nearleads,polynyas,andthe ice

edge(Drucker et al., 2003; Kirillov et al., 2013; Horvat et al., 2020; Cooper et al., 2022). The presenceof Langmuir cells in

seaiceopenings,con�rms thattheLT mechanismremainsactivein ice-coveredwaters,albeitwith intermittentoccurrenceand70

modi�ed structure(Dethleff and Kempema, 2007; Voermans et al., 2019). Although prior studieson wave - ice interactions

haveprimarily focusedonmechanicalbreakupof seaice(Collins et al., 2018; Squire, 2018), theturbulentmixing contributions

of LT in seaicecoveredregionsremainlargelyunexplored.Recent modeling studies haveincorporatedwave- ice interactions

to investigatelocalizedupper-oceanmixing (Horvat et al., 2016; Manucharyan and Thompson, 2017; Cooper et al., 2022; Brenner and Horvat, 2024; Lo Piccolo et al., 2024)

, but
:::::
begun

::
to

::::::
explore

::::::::
wave–ice

:::::::::
interactions

::::
and

:::::::
localized

::::::
mixing

::::::::
processes

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Horvat et al., 2016; Manucharyan and Thompson, 2017; Cooper et al., 2022; Brenner and Horvat, 2024; Lo Piccolo et al., 2024)75

:
.

::::::::
However,

::
to

:::
our

::::::::::
knowledge,

:
no study has yet conducted a basin-wide, systematic evaluation of LT

:::::
-drivenmixing potential

under realistic Arctic sea ice and wave conditions.

In this study, we use a coupled sea ice - wave model that combines the neXtSIM Lagrangian sea ice model (Rampal et al.,

2016) with the WAVEWATCH III (WW3) spectral wave model (Tolman et al., 2009). This modeling framework resolves

surface Stokes drift, wave energy, and wind stress under evolving sea ice conditions. Using this information, we conduct an80

Arctic-wide assessment of LT
::::::
mixing potential under realistic wave - sea ice interaction. LT

:::::
mixing

:
potential is de�ned as

the amplitude of Langmuir forcing inferred from surface shear (friction velocity, u� ) and surface wave-induced Stokes drift

:
at

::::
the

::::::
surface

:
(us(0) ), independent ofoceanicdynamicaladjustment

:::
the

::::::::
resulting

::::::
oceanic

::::::::
response. Our primary objective

is to identify when and whereLT mixing-supportingconditions
::::::::
conditions

::::::::
favorable

::::
for

:::
LT

::::::
mixing

:
emerge and persist,

particularly in
::
in

:::
the

::::::
Arctic

::
in

:
relation to seasonal sea ice advance and retreat.To quantify the role of

:::
We

:::::::
evaluate

::::
the85

::::::::::
applicability

::
of

::::::::::
open-ocean

:::
LT

:::::::::::::::
parameterizations

::
in

::::::::::
ice-covered

:::::::
regions,

::::::::
assessing

:::::
their

::::::::
sensitivity

:::
to

:::
sea

:::
ice

:::::::::
conditions.

:::
In

::::::::
particular,

:::
we

:::::::
examine

:::::
how wind–wavecoupling,we computeboth the standard(turbulent)LangmuirnumberLa t andthe

projectedLangmuirnumberLaproj , incorporatingtheorientationangle� LOW of Van Roekelet al. (2012),which represents

theempiricallyderivedrotationof LangmuircellstowardthecombinedEulerianandStokescontributions.Usingthesemetrics

, we map surfaceturbulentmixing regimesacrossspaceand time and estimatethe seasonalevolution of TKE dissipation90

andvertical kinetic energy(VKE) associatedwith LT
::::::::::::
misalignment,

:::
sea

:::
ice

::::::::::::
concentration,

:::
and

::::::::
seasonal

::::::::
evolution

::::::::
modulate

::
LT

:::::::
forcing,

::::
and

:::::::
whether

::::::::
projected

:::
LT

::::::
metrics

:::
are

:::::
more

::::::::
sensitive

::
to

::::::::::::
environmental

::::::
forcing

::::::::::
controlling

:::::::
mixing.

:::::::
Through

::::
this

:::::::
analysis,

:::
we

:::
aim

::
to

:::::::
provide

::::::::::::
process-based

:::::::::
constraints

::
on

:::
LT

:::::::::::::::
parameterizations in the Arctic.
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:
,

:::::
where

::::::::
wave–ice

::::::::::
interactions

::::::::::::
fundamentally

::::
alter

:::
the

::::::::
structure

:::
and

::::::::
ef�ciency

:::
of

::::::::::
upper-ocean

:::::::
mixing. Section 2 details the

coupled model con�guration, the formulation of LT-relevant parameters, andanevaluationof the model inputs underpinning95

the LT metrics. Section 3beginning
:::::
begins

:
with an assessment of LT-relevant wind and wave forcing in sea ice. We thenmap

::::::::::
characterize the spatial and temporal organization of upper-ocean mixingregimesandtheirvariability across the Arctic,before

examining
:::::::
followed

::
by

:::
an

:::::::
analysis

::
of seasonal and regional patterns inturbulentdissipationandnormalizedVKE

:::::::::::
mechanically

:::::
forced

:::::::::
dissipation

::::
and

:::
the

:::
the

:::::::::::::::::::
mixed-layer–averaged

::::::
vertical

::::::::
velocity

:::::::
variance. Finally, weassess

:::::::
examine

:
the in�uence of

wind-
:
–wave misalignment on LT energetics, highlighting whereprojectedLangmuir diagnosticsdivergefrom canonical100

estimates
:::
and

:::::::
mixing. Section 4 discusses the implications ofour

::::
these

:
�ndings for Arctic mixed layer dynamics and model

development
:
, and outlines key limitations of the study.

2 Data and Methods

2.1 The neXtSIM- WAVEWATCH III coupled model

We use a coupled sea ice-
:
–wave modeling framework that integrates the Lagrangian neXt-generation Sea Ice Model (neXtSIM)105

with the WAVEWATCH III (WW3) spectral wave modelusing
::::::
through

:
the OASIS-MCT coupler (Boutin et al., 2021).

NeXtSIM providesthe evolving sea ice concentration, thickness, and �oe-size distribution (FSD)that ,
::::::
which govern wave

attenuation and the directional �ltering of wave energy. Unlike Eulerian models, neXtSIM employs a moving triangular

mesh, undergoing
:::
that

:::::::::
undergoes periodic local remeshing toretain

:::::::
maintain

:
a nominal resolution equivalent to the 25 km

stereographic grid used by WW3.Althoughthetwo componentsdo not sharethesamemesh,�elds are
:::
The

::::
two

::::::::::
components110

::::::
operate

::
on

::::::::
different

:::::
grids,

::::
with

:::::
�elds

:
exchanged every 30 minutes via interpolation onto the WW3 exchange grid. NeXtSIM

receivesatmosphericforcing from
:
is

::::::
forced

::
by

:
the European Centre for Medium-Range Weather Forecasts (ECMWF) �fth

generation reanalysis (ERA5)andoceanicforcing from theGlobalOceanPhysics
:::::::::
atmospheric

:::::
�elds

::::
and

:::
the GLORYS12V1

reanalysis,but it doesnot employ
::::
ocean

::::::::::
reanalysis,

:::
and

::::
does

:::
not

:::::::
impose lateral boundary conditions for sea ice.Ice

:::::::
Instead,

:::
sea

:::
ice drifts freely acrossthe open boundaries, within�ow treatedasif externalice propertiesmatchthoseadjacentto the115

boundary(Ólason et al., 2025).

::::::::
in�owing

::
ice

::::::::
assumed

::
to

::::
have

::::::::
properties

:::::::::
consistent

::::
with

:::
the

:::::::
adjacent

::::::
interior

:::
ice

::::::::::::::::
(Ólason et al., 2025)

:
. WW3 simulates wave

propagation and attenuation in sea ice using the IS2+IC2 attenuation scheme, whichcombines
:::::::
accounts

:::
for scattering, inelastic

�exure, and under-ice friction (Boutin et al., 2018). The southern boundary of the regional WW3 domain isset
::::::
located at 54°N,

and
:::::
where

:
lateral wave spectra are prescribedalongthisopenboundaryusing the Ifremer global WW3 Modélisation et Analyse120

pour le Recherche Côtière (MARC) hindcast. WW3 is forced with the samehourly ERA5 windsusedto forceneXtSIM, but

asin standardWW3 con�gurations,no oceancurrentsareapplied
::
as

::::::::
neXtSIM

:::
and

:::::
does

:::
not

::::::
include

:::::
ocean

:::::::
currents, neglecting

wave–current interactions. This con�gurationhasbeenshownto reproducerealisticwave-in-icebehaviour
:::::::::
reproduces

:::::::
realistic

:::::::
wave–ice

::::::::::
interactions

:
in the Barents and Beaufort Seas (Ardhuin et al., 2018) and yields MIZ extents consistent with ICESat-2

altimeterobservations (Boutin et al., 2022).125
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Oursimulations
::::::::::
Simulations cover the pan-Arctic domain for 2018–2022, with three-hourly output from the coupledneXtSIM–WW3

model. This
::::::
system.

:::
At

:::::
25km

::::
grid

:::::::::
resolution,

:::
the

:::::::
marginal

:::
ice

::
is

:::::::::
represented

:::
as

:
a

:::::::::
mesoscale

::::::::
transition

::::
zone,

:::::::
without

::::::::
resolving

::::::::
individual

::::
�oes

::::
and

::::
small

::::::
leads.

:::::
Model

:::::::::::
con�guration

:::::::
follows

::::::::::::::::
Boutin et al. (2022)

:::
and

:::::
table

::
S1

::::
lists

::
all

::::::
model

::::::::
variables

::::
used

::
in

:::
this

:::::
study.

::::
The framework does not include a prognostic ocean mixed layer,

:
so

:
surface waves do not feed back on strati�cation

or vertical redistributionof turbulence.All
:::::::::
turbulence.

::::::
Ocean

:::::::::::
strati�cation

:::
and

::::::
MLD

:::
are

:::::::::
prescribed

:::::
from

:::::::::::::
GLORYS12V1130

::::::::
reanalysis.

:
Langmuir-related metrics presented herethereforerepresent the potential for mechanically forcedLangmuirturbulence

impliedby surfaceforcing , ratherthan
:::::
mixing

:::::::
inferred

:::::
from

::::::
surface

::::::
forcing

:::
and

:::
do

:::
not

::::::
capture

:
the fully realizedupper-ocean

response.The oceanicstrati�cation andmixed layer depth(MLD) usedin subsequentenergeticdiagnosticsareprescribed

independentlyfrom theGLORYS12V1reanalysis,ratherthanevolvingprognosticallywithin thecoupledsystem.Thisanalysis

thusquanti�es thespatialstructureof Langmuir-drivenmixing implied by surfaceforcing alone.This de�nition is analogous135

to theLangmuirforcing frameworkof Li et al. (2019)andcapturesrelativepatternsof Langmuiractivity evenwhenabsolute

dissipationratesarenotexplicitly resolved.
:::::
ocean

::::::::
response.

The coupledmodel
:::::::::
framework provides key advantages overmethodsthatonly

:::::::::
approaches

::::
that combine sea ice �elds with

ERA5wavesor rely on
::::::::
externally

::::::
derived

:::::
wave

:::::::
products

::
or empirical Stokes drift formulations (Webb and Fox-Kemper, 2011).

In neXtSIM–WW3, Stokes drift and wave radiation stress are computed directly from the ice-attenuated wave spectrum,rather140

thanassumingopenoceanconditions.Moreover,the prognosticFSD in neXtSIM
::::
while

:::
the

::::::::::
prognostic

:::::::
�oe-size

::::::::::
distribution

modulates wave attenuation in a physically consistent manner, allowingthewave�eld to respondto �oe fragmentationandthe

evolvingseasonalmorphologyof the ice cover.By .
::
In

:
contrast, ERA5 treats sea ice as land above a concentration threshold

andthereforecannotcapture
:::::
cannot

::::::::
represent

:::::
wave

:
attenuation, directional �ltering, orthe associatedmodulationof Stokes

drift, processesthat exertstrongcontrol on Langmuirforcing in the MIZ. Both modelsusethe samephysicalparametersas145

the referencecon�guration describedin Boutin et al. (2022). TableS1 in the SupplementaryMaterial lists the wave,wind,

seaice , and surfaceoceanvariablesusedin this study, either directly from model output or computedfrom established

physicalrelationships
::::
their

::::::::
in�uence

::
on

::::::
Stokes

:::::
drift.

:::::
These

::::::::
processes

:::
are

:::::::
essential

:::
for

::::::::
capturing

:::
LT

::::::
forcing

::
in

::::::::
dynamic

:::
sea

:::
ice

:::::::::
conditions,

:::
and

:::
for

::::::::
capturing

::::
how

::::::::
wave–ice

::::::::::
interactions

::::::
modify

::::::::::
Lagrangian

::::
shear

:::::::
relevant

::
to

:::
LT

:::::::::::::::
parameterizations.

2.2 Evaluation of model inputs relevant to LT metrics150

To assess the �delity of the neXtSIM–WW3 inputs most relevant for LT diagnostics, we evaluate the surface winds, surface

shear, Stokes drift, and the representation of heterogeneous sea ice and MIZ conditions. ERA5 winds, which force both

neXtSIM and WW3,exhibit
::::
show

:
increased uncertainty under strong wind and high-latitude conditions, particularly near

sharp ice–open-water transitions. Consistent with this, comparison against Cross-Calibrated Multi-Platform (CCMP) v3.1 data

shows that ERA5 winds are systematically weaker than satellite-derived winds, and that this bias propagates directly into155

the diagnosed friction velocity u� . Over 2018–2022, area-weighted Arctic mean 10-m windsexhibit
:::::
shows

:
a mean bias of

�1:46 m s �1 (ERA5–CCMP), an RMSE of 1.47 m s�1 , and a correlation of 0.99 (Fig. S1), indicating high �delity in synoptic

variability despite a low mean state bias. Because CCMP assimilates ERA5 as a background �eld, this comparison primarily

constrains mean state uncertainty.
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The �delity of neXtSIM sea ice concentration, ice-edge location, and deformation has been demonstrated in multiple studies.160

Ólason et al. (2025) report pan-Arctic sea ice extent RMSE of 0:76 � 106 km2 and show that neXtSIM reproduces observed

patterns of ice drift and deformation from OSI-SAF products, supporting its ability to represent heterogeneous ice �elds that

modulate wave penetration and Stokes drift pathways.

Accurate estimation of Stokes drift us(0) further depends on realistic representation of short-wave attenuation in ice. The

IS2+IC2 attenuation scheme implemented in WW3 has been shown to reproduce observed wave decay and spectral evolution in165

the Beaufort MIZ (Ardhuin et al., 2018), and to yield realistic pan-Arctic MIZ extents and wave-affected ice regimes consistent

with ICESat-2–derived freeboard variability and �oe-scale ice properties (Boutin et al., 2022). Based on sensitivity analyses

and independent observational constraints, prior studies indicate that residual uncertainty in the short-wave spectrum, and

hence in inferred Stokes drift, is dominated by uncertainties in wind forcing and sea ice concentration, with magnitude on the

order of tens of percent rather than order-unity errors (Ardhuin et al., 2018; Boutin et al., 2022).170

2.3 Surface stress partitioning and wind–wave forcing

To characterize momentum input into the ocean mixed layer under partial ice cover, we compute an effective surface stress

that partitions momentum between the ice–ocean and atmosphere–ocean interfaces. Following the framework of Brenner et al.

(2021), the net ocean surface stress is de�ned as an area-weighted combination of ice–ocean and atmosphere–ocean stresses,

scaled by the local sea ice concentration:175

� ocn = A� io + (1 � A) � ao (1)

where A is the sea ice concentration (0 = open ocean, 1 = fully ice covered), and the direct atmosphere–ocean stress is given

by:

� ao = � aCao ju a ju a (2)

with with � a as air density, ua the 10-m wind velocity, and Cao the air–sea drag coef�cient over open water. Subsequently,180

we de�ne an effective water-side friction velocity u� , which represents the shear strength associated with the net surface stress

transmitted to the ocean under partial ice cover:

u� =

s
j� ocn j

� o
: (3)

where �o is the density of seawater. It provides the fundamental scaling for wind-driven mixing processes. The net surface

stress �ao represents an upper bound on the momentum �ux available to drive mixed-layer shear during periods of active wave185

growth. This primarily affects the absolute magnitude of the diagnosed friction velocity u� , while its spatial structure and

relative variability remain more robust.

In addition to wind shear, surface wavescontribute
::::::
modify

::::::::::
upper-ocean momentum through Stokes drift, the net Lagrangian

transport of water particlesdueto
:::::
arising

::::
from

:
wave orbital motion. In WW3, the surface Stokes drift components (z = 0) are

computed from the two-dimensional wave energy spectrum F(k; �) as:190

6



Uz=0
sx = g

Z Z
k2 cos(�)

� 2 F(k; �)d� dk; (4)

and

Uz=0
sy = g

Z Z
k2 sin(�)

� 2 F(k; �)d� dk: (5)

Here, � is the wave frequency, k is the wave number and � the propagation direction. These expressions de�ne the eastward

and northward components of the surface Stokes drift vector us. The effective friction velocity and surface Stokes drift195

combined,providetwo primary dynamicalinputsrequiredto evaluatethe potential for LT
:::::::
together

::::::::::
characterize

:::
the

:::::::
surface

::::
shear

::::
and

::::
wave

:::::::
forcing

:::
that

::::::
govern

:::
the

::::::
mixing

::::::::
potential

::
for

:::
LT

:
under varying sea ice conditions.

2.4 Langmuir turbulence metrics in the Arctic

The Langmuir number (Lat ) is a widely used parameter for quantifying the relative contributions of wind stress and wave-

induced Stokes drift to upper ocean turbulence(McWilliams and Sullivan, 2000)
:::::::::::::::::::::
(McWilliams et al., 1997). It is de�ned as:200

La t =
r

u�

us(0)
; (6)

where u� is the friction velocity associated with the effective surface stress applied to the ocean, and us(0) is the surface

Stokes drift magnitude. In the open ocean, typical values of Lat range between 0.2 and 0.5 (Belcher et al., 2012), suggesting

strong wave in�uence and active Langmuir circulation development, although Lat can reach values near or above 1 when

wave effects are weak and wind-driven processes dominate (McWilliams et al., 1997; Belcher et al., 2012). These ranges are205

consistent with results from LES and �eld observations showing that stronger LT and deeper mixing are associated with lower

La t (Harcourt, 2015)
:::::::::::::::::::::::::
(Harcourt and D'Asaro, 2008). Lat is used in ocean modeling as a diagnostic of upper-ocean mixing

regimes and to inform turbulence parameterizations. However, the traditional formulation implicitly assumes that the wind

stress and Stokes drift are aligned. In realistic wave �elds, especially in the Arctic, where mixed swell, turning winds, and ice-

induced attenuation are common, misalignment can strongly reduce the effective Stokes shear that drives Langmuir circulations210

(Kukulka et al., 2010; Van Roekel et al., 2012; Li and Fox-Kemper, 2017).

To account for wind–wave misalignment, we adopt the projected Langmuir number of Van Roekel et al. (2012), which

incorporates the dynamic orientation of the dominant Langmuir cells. In this framework, Langmuir cells do not necessarily

align with the wind, but with the direction of maximum Lagrangian shear, set by a balance between Eulerian shear, Stokes

drift, strati�cation, and Coriolis rotation. Thedynamicorientation angle �L represents the direction of the dominant Langmuir215

cells relative to the wind. Incorporating this angle yields the generalized projected Langmuir number:

Laproj �
�

ju � j cos(� L )
jus(0) j cos(�ww � � L )

� 1=2

; (7)
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where �ww is the angle between the wind stress and Stokes drift vectors.Equation(7) capturestwo effects:(i) the reduced

wind-drivenshearalongtheLangmuircell axisvia cos(� L ), and(ii) theprojectedof Stokesforcing alongthatsameaxisvia

cos(�ww � � L ).220

Direct evaluationof � L requiresresolvingthe
:::
The

:::::::::
Langmuir

::::
cell

:::::::::
orientation

:::
� L :::::::

depends
:::
on

:::
the

:
vertical structure ofthe

Lagrangianshear, which is not feasibleat the � 25 km resolutionof our pan-Arcticmodel.We thereforeusethe low-order

wave(LOW)
:::::::::
Lagrangian

:::::
shear

::::
and

::::::
cannot

::
be

:::::::
directly

::::::::
evaluated

:::::
from

::::::
surface

::::::
forcing

::::::
alone.

:::
We

:::
use

:::
the

::::
bulk

:
approximation

� LOW proposed by Van Roekel et al. (2012), which provides anempiricalestimateof Langmuircell orientationby combining

Eulerianshearandsurface-layerStokesshear
:
a

:::::
priori

:::::::
estimate

::
of

:::
the

::::
cell

:::::::::
orientation

:::::
based

:::
on

:::::::::::::
depth-averaged

::::::::::
Lagrangian225

:::::
shear.

::::
This

:::::::
estimate

:::::::
assumes

::::
that

:::
the

:::::::
Eulerian

:::::
shear

::::::
follows

::
a

:::::::::::::
law-of-the-wall

::::::
pro�le,

:::
that

::::::::::
cross-wind

::::
shear

::
is

:::::::::
negligible,

::::
and

:::
that

::::::
Stokes

::::
shear

::
is

::::::
known

::::
from

:::::
wave

:::::
�elds.

:::
The

::::::::::
Lagrangian

::::
shear

::
is

::::::::
expressed

:::
as

::
the

::::
sum

::
of

:::::::
Eulerian

::::
and

:::::
Stokes

::::::::::::
contributions,

::::
with

::
the

::::::::
Eulerian

::::
shear

::::::::::
represented

:::::
using

:
a
:::::::::::::
law-of-the-wall

::::::
pro�le:

tan� LOW �
h@vs=@ziD L

h�u � =(�z) + @us=@ziD L

; (8)

where angle brackets denote a depth average over the Langmuir-affected layer DL , and � is the von Kármán constant.230

LES resultsshow that � LOW capturesthe orientationof Langmuir cells over a wide rangeof wind–wavemisalignment

angles,making it suitablefor large-scaleapplications
::::
This

::::::::::::
approximation

::::::::
provides

::
a

:::::::
practical

::::::::
estimate

::
of

:::::::::
Langmuir

::::
cell

:::::::::
orientation

:::::
across

::
a

:::::
range

:::
of

::::::::::
wind–wave

:::::::::::
misalignment

:::::::::
conditions

:::
in

::::
LES,

::::::::
although

::
it

:::::::
remains

:::
an

::::::::
idealized

::::::::::::
representation

::::::::::::::::::::
(Van Roekel et al., 2012).

:

In situationswith strongwind–wavemisalignment,� LOW typically reducestheeffectiveprojectionof theStokesdrift into235

theLangmuircell direction,partially counteractingthemutedLangmuirresponseobtainedwhenmisalignmentis represented

solelyby � ww . Hence,in ouranalysis,wewesubstitute� LOW for � L in Eq.(7), yielding

Laproj =
�

ju � j cos(� LOW )
jus(0) j cos(�ww � � LOW )

� 1=2

:

2.4.1 Surface forcing metrics and mixing regime classi�cation

We introduce two complementary metrics to evaluate thepotentialfor LT
:::
LT

::::::
mixing

:::::::
potential

:
under partial sea ice cover. The240

�rst evaluates how frequently surface forcing beneath sea ice resembles open-water conditions, based on exceedance metrics

for surface stress and wave forcing. The second classi�es near-surface ocean conditions into discrete mixing regimes based on

the Langmuir number Lat and tracks transitions between these regimes over space and time.

We de�ne exceedance metrics to quantify how often the near-surface wind and wave forcing in ice-covered regions approaches

values typical ofopenwater
:::
the

::::
ones

::
in

::::
open

:::::
ocean. The two primary LT drivers considered are the surface friction velocity (u� )245

and the surface Stokes drift velocity (us(0) ). For each season (s) and grid cell (x;y), we de�ne an open-water (OW) benchmark

by computing the median value of a given variable X over all ice-free conditions (SIC < 0:15
::::
SIC

::::::
< 0:15):

X (s)
OW = medianfX t (x;y) : SIC t (x;y) < 0:15; t 2 sg: (9)
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This benchmark represents the typical magnitude of atmosphere--ocean or wave-induced surface forcing under ice-free conditions

during a given season.250

At each ice-covered grid cell (SIC � 0:15), we compute the fraction of time steps for which the local value exceeds the

seasonal OW benchmark. For a single variable, the exceedance metric is de�ned as

Exceedance(s)
X (x;y) =

N t

h
SICt (x;y) � 0:15 ^ X t (x;y) � X (s)

OW

i

N t [SICt (x;y) � 0:15]
; (10)

where Nt [�] denotes the number of seasonal time steps satisfying the speci�ed condition. Seasons follow meteorological

de�nitions: winter (DJF), spring (MAM), summer (JJA), and fall (SON).
:::
Grid

:::::
cells

:::
are

::::::
de�ned

:::
on

:
a
::::::::::::
stereographic

::::
grid

::::
with255

::::::::::::
approximately

:::::::
uniform

:::::::
spacing

:::
(25

::::
km),

:::::
such

:::
that

:::::
their

:::::
areas

:::
are

:::::::::
effectively

:::::
equal

::::
and

:::::::
statistics

::::::
based

::
on

::::
grid

::::
cell

::::::
counts

::::::::::
approximate

::::::::::::
area-weighted

::::::::
statistics.

To isolate conditions most relevant forLangmuirturbulence
:::
LT, we further de�ne a joint exceedance metric that quanti�es

the fraction of ice-covered time during which both surface friction velocity and surface Stokes drift simultaneously exceed

their respective OW seasonal medians:260

JointExceedance(s) (x;y) =
N t

h
SICt (x;y) � 0:15 ^ u �;t (x;y) � u (s)

�;OW ^ u s(0);t (x;y) � u (s)
s(0);OW

i

N t [SICt (x;y) � 0:15]
: (11)

These exceedance metrics provide a physically interpretable measure of the frequency and persistence of LT-relevant surface

forcing in ice-covered regions, relative to open-ocean benchmarks.
::
As

:::
the

::::
OW

:::::::::
benchmark

:::::
varies

:::::::::
seasonally,

::::::::::
exceedance

::::::
re�ects

::::::
relative

::::::
forcing

::::::::
intensity

:::
and

::::::
should

::
be

:::::::::
interpreted

::
in

:::
the

:::::::
context

::
of

:::::::
seasonal

:::::::::
variability

::
in

::::
OW

:::::::::
conditions.

To characterize the evolving balance between wind-drivenand wave-driven mixing, we classify surface forcing into three265

distinct regimesbasedon
:::::::
regimes

:::::
using the turbulent Langmuir number Lat (Li et al., 2019).

::::
This

:::::::::::
classi�cation

:::::::::
represents

:
a

:::::::
reduced,

::::::::::::::
one-dimensional

:::::::::::::
approximation

::
of

:::::::::
LES-based

::::::
regime

:::::::::
diagrams,

:::::
which

:::
are

::::::::
formally

::::::
de�ned

::
in

::::::
terms

::
of

::::
both

::::
La t

:::
and

:
a
:::::::
stability

:::::::::
parameter

::::::
h=LL ,

:::::
where

::
h

::
is

:::
the

:::::
MLD

:::
and

:::
L L::

is
::
a

::::::::
Langmuir

:::::::
stability

::::::
length

::::
scale

::::
that

::::::::::
incorporates

:::::::::
buoyancy

::::::
forcing.

:::::::
Because

::::
our

:::::::::
framework

::::
does

:::
not

::::::::
explicitly

::::::
resolve

::::::::
buoyancy

::::::
forcing

:::
or

::::::::
prognostic

::::::
mixed

::::
layer

:::::::::
dynamics,

:::
we

:::::::
collapse

:::
this

::::::::::::
two-parameter

:::::
space

::::
onto

::::
La t ::::

alone
::::
and

:::::
adopt

:::::::::::
representative

:::::::::
thresholds

::
to

:::::::::
distinguish

::::::::::::::
wave-dominated,

:::::::::::::::
shear-dominated,270

:::
and

::::::::::
intermediate

::::::::::::
mixed-forcing

::::::::::
conditions. At each time step T and grid cell (x;y), the regime is de�ned as:

R(x;y;T ) =

8
>>>><

>>>>:

1 if La t (x;y;T ) > 0:94 (Shear-dominated)

2 if 0:43 < La t (x;y;T ) � 0:94 (Mixed-forcing)

3 if La t (x;y;T ) � 0:43 (Wave-dominated):

(12)

9



To relate mixing regimes to sea ice conditions, we de�ne spatial regions 
(T ) at each time step based on the local sea ice

concentrationSIC(x;y;T ):


 ice(T )= f(x;y) jSIC(x;y;T ) > 0:8g;275


 MIZ (T )= f(x;y) j0:15 � SIC(x;y;T ) � 0:8g;


 OW (T )= f(x;y) jSIC(x;y;T ) < 0:15g:


 ice(T ) = f(x;y) j SIC(x;y;T ) > 0:8g;


 MIZ (T ) = f(x;y) j 0:15 � SIC(x;y;T ) � 0:8g;


 OW (T ) = f(x;y) j SIC(x;y;T ) < 0:15g:
:::::::::::::::::::::::::::::::::::::::

(13)

For each region 
 and regime r 2 f1;2;3g, we compute the spatial fraction of grid cells occupying regime r at time T as280

f 

r (T ) =

1
j
(T )j

X

(x;y)2
(T )

�(R(x;y;T ) = r) ; (14)

where �(�) is the indicator function and j
(T )j is the number of valid grid cells in region 
(T ).

Beyond regime occupancy, we assess the temporal stability of the surface forcing balance by tracking transitions between

regimes. For each grid cell (x;y), we count transitions from regime rn to rm between successive time steps, restricted to

periods when the grid cell remains within the same ice regime 
:285

T 

r n !r m

(x;y) =
TmaxX

T =2

�(R(x;y;T � 1) = r n ) �(R(x;y;T ) = r m ) �((x;y) 2 
(T � 1) \ 
(T )) : (15)

Spatial differences in temporal sampling are evaluated using transition counts, normalized by the number of time steps a

grid cell resides within region 
,

�T 

r n !r m

(x;y) =
T 


r n !r m
(x;y)

N 
 (x;y)
; (16)

where N
 (x;y) denotes the total number of time steps satisfying the regional criterion. The resulting normalized transition290

frequency provides a measure of how often the dominant surface forcing balance reorganizes at a given location over the

analysis period.

2.4.2 Langmuir Turbulence Energetics

To examine how LT modi�es upper-ocean energetics, we evaluate two complementary metricsderivedfrom
:::::
based

:::
on the

vertically integrated turbulent kinetic energy (TKE) budget: (i) the mixed-layer–averaged vertical velocity variance, hw02i H ML ,295

and (ii) theTKE
:::::::::::
mechanically

:::::
driven

:
dissipation rate,"

:::::
"mech . Both arebasedon empiricallyderivedLES scalings,but they
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characterizedistinctaspectsof theturbulentresponse
::::::
derived

:::::
from

:::::::::
empirically

:::::
based

::::
LES

:::::::
scalings

:::
and

:::::::
provide

:::::::::::::
complementary

:::::::::
diagnostics

::
of

:::::::::
turbulence

:::::::
intensity

::::
and

::::::
energy

:::::::::
dissipation.

We compute hw02i H ML following the LES-based scaling of Van Roekel et al. (2012):

hw02i H ML = 0:6[u � cos(� LOW )]2 �
1 + (c 1Lax ) �2 + (c 2Lax ) �4 �

; (17)300

where u� is the friction velocity and Lax denotes the Langmuir number metric used in the scaling. The La�2
x and La�4

x terms

capture the nonlinear enhancement of vertical velocity variance by Langmuir forcing, with lower Langmuir numbers indicating

stronger turbulence. The projection factor cos(�LOW ) ensuresthatverticalvelocity is appropriatelyscaledalongtheLangmuir

cell axis
:::::::
accounts

:::
for

:::
the

:::::::::
orientation

::
of

:::::::::
Langmuir

::::
cells

::::::
relative

:::
to

:::
the

::::
wind. For theturbulentLangmuirnumber

:::::::::::
wind-aligned

:::
case, we set Lax = La t and � LOW = 0, correspondingto Langmuir cells alignedwith the wind

:
,
:::::
while

:::
for

:::
the

:::::::::
projected305

:::::::::
formulation

:::
we

::::
use

:::::::::::
Lax = La proj . We adopt (c1;c2) = (3:1;5:7) for La t and (c1;c2) = (3:1;5:4) for La proj , consistent with

the original LES �ts following Van Roekel et al. (2012).The scalingin Eq. (17) wasderivedunderconditionsof
:::::::
Because

:::
this

::::::
scaling

::
is

::::::
derived

::::::
under weak or destabilizingsurfacebuoyancy�ux in LES.BecauseArctic mixedlayersarefrequently

stabilizedby ice melt andfreshwaterinput, thediagnosed
::::::::
buoyancy

:::::::
forcing,

:::
the

::::::::
resulting values of hw02i H ML shouldbe

:::
are

interpreted as a measure of LTpotential,ratherthanas
::::::
mixing

:::::::
potential

:::::
rather

::::
than

:
a direct prediction of the realized turbulent310

state.

The contribution of LT to upper-ocean energy dissipation isquanti�ed usinga vertically integratedturbulentkinetic energy

(TKE) scalingframeworkfollowing
:::::::
estimated

:::::
using

::
a

::::::
reduced

:::::
form

::
of

:::
the

::::::
scaling

::::::::::
framework

::
of Belcher et al. (2012). In the

mixed-layer interior,awayfrom thenear-surfacewave-breakingregion,theturbulentdissipationrate
:::::::
turbulent

:::::::::
dissipation

:
can

be approximated as the sum of contributions fromwind-drivenshear, Stokes drift(Langmuir turbulence),andsurface,
::::
and315

buoyancy forcing. Factoring out the shear-based velocity scale yields:

" �
u3

�

HML

�
As + A L La �2

x + A c
BsHML

u3
�

�
; (18)

where HML is the mixed-layer depth, Lax is a Langmuirnumbermetriccharacterizing
:::::::::::
characterizes the relative importance

of wave forcingto shear, and Bs is the surface buoyancy �ux. Theconstants
:::::::::
coef�cients

:
As, AL , and Ac are empirical

coef�cients
:::::::
constants

:
of order unity that representthe ef�ciency of

::::::::::
representing

:
shear-, Langmuir-, and buoyancy-driven320

turbulence
:::::::::::
contributions, respectively.

The Langmuir contributionin Eq. (18) scales as La�2x , re�ecting
::::::::
consistent

::::
with

:
the ratio oftheStokesdrift velocity scale

to the friction velocity , us=u� . This scalingis consistentwith the Langmuirvelocity scalew�L = (u 2
� us)1=3

:::::
Stokes

:::::
drift

::
to

::::::
friction

:::::::
velocity

:
and with LES resultsdemonstratingenhancedinterior

::::::
showing

:::::::::
enhanced mixing under strongwind–wave

coupling(Belcher et al., 2012; Van Roekel et al., 2012)
:::::::::
wind–wave

:::::::
coupling.325

Consistent with thesurfaceforcing-only
:::::::::::::::::
surface-forcing-only framework described in Section 2.1, we omit the buoyancy-dependentcontribution

in Eq.(18)
:::
(19)

:
and adopt a reduced formulation that isolates mechanically driven turbulence. Wede�ne amechanicallyforced
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dissipationscaleas:
:
:

"mech =
u3

�

HML

�
1 + � ;La �2

x

�
; (19)

where the second term represents enhancement ofturbulentdissipation by wave-induced Stokes drift. The empirical coef�cient330

� parameterizes the ef�ciencywith which LT augmentsmechanicallydriven dissipation
:
of

::::
this

::::::::::::
enhancement,

::::
with

:::::
LES

:::::::::
suggesting

::::::::
� � 0:15 under weakly strati�ed conditions. LES in open-oceansettingssuggest� � 0:15. We emphasizethat

:::
The

::::::::
resulting

:
"mech is an energeticproxy ratherthana full representationof turbulentdissipation,as it neglectsbuoyancy

production,entrainment,and strati�cation-dependentsuppression.Its purposehereis to quantify the spatialand temporal

variabilityof
:::
used

::::
here

::
as

:
a
:::::::::
diagnostic

::
of

:
mechanically mediated energy input associated with windandwaveforcing, providing335

aphysicallyinterpretablemetricfor comparingmixing regimeswithin theMIZ
::::::
–wave

::::::
forcing

:::
and

::
is

:::::::::
interpreted

::
as

::
a

:::::
proxy

:::
for

::::::::
LT-driven

::::::
mixing

:::::::
potential.

Weadoptareanalysis-derived
:::
The

:
mixed-layer depth HML asaphysicallyconsistentbulk depthscaleratherthanareal-time

boundary-layerestimate.Speci�cally, we use
::
is

:::::
taken

::::
from

:
the GLORYS12 reanalysis(0.08� resolution),computeddaily

and remappedto the 25 km model grid
:
,

:::::
which

::::::::
provides

::
a

:::::::
spatially

::::
and

:::::::::
seasonally

:::::::
varying

:::::::
vertical

::::
scale

::::
for

::::::::::
interpreting340

:::::::::::
mechanically

::::::
forced

:::::::::
turbulence. Although GLORYS12 does not explicitly resolve ice-modi�ed boundary-layer processes,

its
:
it

:::::
offers

::
a

:::::::::
physically

:::::::::
consistent

::::
bulk

::::::::
estimate

::
of

:::
the

:
mixed-layerdepthprovidesa physically grounded,spatially and

seasonallyvaryingverticalscaleoverwhichmechanicallyforcedturbulencecanbeinterpretedin avertically integratedsense.

Equation(??) is thereforeinterpretedasaneffectivedissipationscalingratherthanaclosedTKE budget,andis usedhereasa

diagnosticof LT potentialunderwind–waveforcing
::::
depth

:::::::
suitable

:::
for

::::::::
vertically

::::::::
integrated

::::::::::
diagnostics.

:
345

:::
All

:::::
spatial

::::::::
statistics

:::
are

:::::::::
computed

::
on

:::
the

::::::
model

::::::::
exchange

::::
grid,

::::::
which

:::
has

:::
an

::::::::::::
approximately

:::::::
uniform

:::
25

:::
km

:::::::::
resolution

::
in

::
the

:::::
polar

::::::::::::
stereographic

:::::::::
projection.

::::
Grid

::::
cell

:::
area

::::::
varies

::::::
slightly

:::::
with

:::::::
latitude,

:::
but

::::::::::::
cosine-latitude

:::::::::
weighting

:::::
yields

:::::::::
negligible

:::::::::
differences,

:::::::::
indicating

:::
that

:::::::::::::
grid-cell-based

:::::::
statistics

:::
are

::::::::::::
representative

::
of

::::::::::::
area-weighted

:::::::
behavior.

3 Results

3.1 Spatiotemporal variability of surface forcing across the Arctic350

Figure 1 presentsthe seasonaldistribution of joint exceedanceof open-water(OW) -like surfaceforcingoverthe �ve-year

simulationperiod.Across

:::::
Figure

::
1

::::::::::
summarizes

:::
the

::::::::
seasonal

::::::::
variability

:::
of

::::::
surface

::::::
forcing

:::::::
through

::::::::::
open-water

:::::
(OW)

::::::::::
exceedance

::
of

:::::::
friction

:::::::
velocity

::::
(u� ),

::::::
Stokes

:::
drift

:::::::
(us(0) ),

:::
and

::::
their

::::
joint

:::::::::
occurrence

::::
(see

::::
Eqs.

:::::::
10–11).

:::
The

:::
top

::::::
panels

::::
show

:::::::::
probability

:::::::
density

::::::::
functions

::::::
(PDFs)

::
of

:::::::::
exceedance

::::::::
fractions

::::::
across

::
all

::::::::::
ice-covered

::::
grid

::::
cells

::::::::::::
(SIC � 0:15),

::::
and

:::
the

::::::
bottom

::::::
panels

::::
map

:::
the

::::::
spatial

:::::::::
distribution

:::
of355

::::
joint

:::::::::
exceedance

:::::::
relative

::
to

:::::::
seasonal

:::::::
median

:::
sea

::
ice

::::::::::::
concentration

:::::
(SIC)

::::::::
contours.

:::
The

:::::
PDFs

:::::
(Fig.

:::::
1a–c)

:::::
reveal

::
an

::::::::::
asymmetry

:::::::
between

::::::::::
atmospheric

:::
and

:::::
wave

::::::
forcing.

::::::::::
Exceedance

::
of

:::::
wind

:::::
stress

:::
(u� )

:::::
spans

:
a
:::::
broad

:::::
range

::::::
across all seasons,joint exceedance

is generallylow
::::::::
indicating

::::
that

::::::::::
atmospheric

:::::::
forcing

::
in

:::::::::
ice-covered

:::::::
regions

:::::::::
frequently

::::::
reaches

::::::::::
magnitudes

::::::::::
comparable

::
to

::::
OW

:::::::::
conditions.

::
In

:::::::
contrast,

::::::
Stokes

::::
drift

::::::
(us(0) )

:::::::::
exceedance

::
is

:::::::
strongly

:::::::
skewed

::::::
toward

:::
low

::::::
values,

::::
with

:
a
:::::
rapid

:::::
decay

::::::
toward

::::::
higher
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:::::::::
exceedance

::::::::
fractions,

::::::::
re�ecting

:::
the

:::::::::
attenuation

::
of

:::::
wave

:::::
energy

::::::
within

::::::::::
ice-covered

::::::
regions

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Liu and Mollo-Christensen, 1988; Ardhuin et al., 2016; Herman, 2017)360

:
.

::
As

::
a

:::::
result,

::::
joint

::::::::::
exceedance

::::::
closely

:::::::
follows

:::
the

::::::
Stokes

::::
drift

::::::::::
distribution,

:::::::::::
highlighting

:::
the

::::::::
dominant

:::
role

:::
of

::::
wave

:::::::
forcing

::
in

:::::
setting

::::::::::
LT-relevant

::::::
mixing

:::::::::
conditions.

:

:::::::
Spatially

:::::
(Fig.

:::::
1d–g),with valuesrarelyexceeding0.2, indicatingthat conditionscomparableto OW, wherestrongwinds

andwavesactsimultaneously,occuronly infrequentlyin seaice. Whereit doesoccur,joint exceedance isspatiallycon�ned

and predominantlyconcentrated along theseasonalseaice edge
::::
MIZ,

::::::
closely

:::::::
aligned

::::
with

::::
the

:::::::
15–80%

::::
SIC

:::::::
contours. The365

highestvaluesareconsistently
:::::::::
occurrence

::
is

:
found in the Barents, Greenland, and Chukchi Seas,regionswhereice coveris

thinner,moremobile,andmorefrequentlydisrupted.

Thespatialdistributionexhibitsclearseasonalcontrasts
:::::
where

::::::::::
fragmented,

::::::
mobile

:::
ice

::::::
reduces

:::::
wave

::::::::::
attenuation

:::
and

::::::
allows

:::::::::
intermittent

::::::::::
penetration

::
of

:::::
wave

::::::
energy

:::
into

:::
the

::::::::::
ice-covered

::::::
ocean.

:::::::
Because

:::
the

:::
OW

::::::::::
benchmark

::
is

::::::
de�ned

:::::::::
separately

:::
for

::::
each

::::::
season,

::::::::::
exceedance

::::::::
represents

::
a

:::::::
measure

::
of

::::::
relative

:::::::
forcing

:::::::
intensity

:::::
rather

::::
than

:::::::
absolute

::::::::::
magnitude.

::::::
Across

::
all

::::::::
seasons,

::::
joint370

:::::::::
exceedance

:::::::
remains

:::::::
limited,

:::::
rarely

::::::::
exceeding

::::
0.2,

::::::::
indicating

::::
that

:::::::::::
simultaneous

:::::
strong

::::
wind

::::
and

::::
wave

:::::::
forcing

::::::
beneath

:::
sea

:::
ice

::
is

::::::::::
uncommon.

:::::::
Seasonal

:::::::::
differences

::::::::
therefore

::::::
re�ect

::::
both

::::::::
variations

::
in

::::::
forcing

:::
and

:::::
shifts

::
in

:::
the

::::::::
reference

::::
state. During winter and

the transitional seasons (DJF, MAM, SON),joint exceedanceis strongerand
:::::::::
exceedance

::
is

:
more spatially continuous along

the MIZ, re�ecting the increasedlikelihood of
::::::::
consistent

::::
with

:::::::::
enhanced

::::::::
wave–ice

:::::::::
interaction

:::::
under

:
storm-drivenconditions

interactingwith looselyconsolidatedice .
:::::::::
conditions.

::::::::
However,

::::::
winter

:::::
shows

::::::::::::
comparatively

::::
low

::::::::::
exceedance

::::::
despite

::::::
strong375

:::::
winds

:::
and

:::::
wave

:::::::
heights,

::::::::
because

:::
the

:::::::::
open-water

:::::::::
reference

::::
state

::
is

::::
also

::::::::
elevated,

::::::
raising

:::
the

:::::::::
threshold

:::
for

::::::::::
exceedance.

:
In

contrast,summer(JJA
::
fall

:::::
(SON) shows theweakestjoint exceedanceoverall.However,exceedanceeventsin summeraremore

geographicallydispersed,suggestingthatwhile LT-relevantforcingis rarer,it canstill intermittentlyextendinto areasclassi�ed

aspackice.Thisscatteredsummersignalhighlightsthepotentialfor episodicLangmuirturbulencebeyondtheimmediateMIZ

duringthemeltseason.Seasonaljoint exceedanceof wind–wavesurfaceforcing beneathArctic seaice.Panels(a–d)show,380

for eachseason,thefractionof under-icetime(SIC � 0:15) duringwhichbothsurfacefriction velocityu� andsurfaceStokes

drift us(0) simultaneouslyexceedtheirrespectiveseasonalopen-watermedians(SIC < 0:15). Elevatedvalues(yellow–orange)

indicatelocationswherewind-drivenshearandresidualwave-drivendrift intermittently reachopen-water–likemagnitudes

despitethepresenceof seaice.A nonlinear(power-law)colorscalingisappliedtoenhancecontrastatlow exceedancefractions,

emphasizingspatialvariability in rarejoint exceedanceevents.Dashedandsolidcontoursdenotetheseasonalmean15% (teal)385

and80% (blue)seaiceconcentrationboundaries,respectively,providingcontextfor thetypicalextentof themarginalicezone

andthe transitionto theconsolidatedpack.Jointexceedanceis shownonly at grid cells thatexperienceseaice conditionsat

leastonceduringeachseason.

To provide additionalphysicalcontextfor this seasonalasymmetry,SupplementaryFigure
:::::
highest

:::::::::
frequency

::
of

::::::::
elevated

::::
joint

:::::::::
exceedance

:::::::
values,

::::
even

::::::
though

:::::
wave

::::::
heights

:::
are

:::::
more

::::::::
moderate

::::
than

::
in

::::::
winter

::::
(Fig. S2summarizesthedistributionof390

signi�cant waveheight(H s)within themarginalicezone(MIZ) acrossseasons.Winter (DJF)exhibitsboththehighestmedian

waveheightsandthe largestspread,consistentwith frequentstorm-drivenwaveeventscapableof penetratinginto partially

ice-coveredregions.In contrast,summer
:
).

::::
This

::::::
re�ects

:::
the

:::::::::::
combination

::
of

::
a

:::::
lower

:::::::::
open-water

::::::::
reference

::::
and

:::::
more

:::::::
ef�cient

::::
wave

::::::::::
penetration

::::
into

:::::::::
fragmented

:::
ice

::::::
cover,

:::::::
allowing

::::
sea

:::
ice

:::::::::
conditions

::
to

:::::
more

::::::::
frequently

::::::::
approach

::::
OW

:::::::
forcing.

::::::::
Summer
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(JJA)waveheightsarestronglysuppressed,with low medianvaluesandlimited variability, consistentwith reducedStokesdrift395

forcingevenwhereicecoveris fragmented.Thetransitionalseasons(MAM, SON)exhibit intermediatebehavior,characterized

by lower medianwaveheightsbut pronounceduppertails, re�ecting episodicwaveeventsratherthansustainedwaveforcing.

:::::
shows

::
a

:::::::
different

:::::::
regime.

::::::
Weaker

::::::::::
open-water

:::::
winds

::::
and

::::::
waves

::::::
reduce

:::
the

:::::::
seasonal

::::::::::
benchmark,

:::::
such

:::
that

::::::::
moderate

:::::::
forcing

::::
more

::::::
readily

:::::::
exceeds

:::
the

:::::::::
reference.

:::
As

:
a
::::::
result,

::::::::::
exceedance

::
is

:::::::
spatially

::::::::::
widespread.

::::::::
However,

::::
the

:::::::::
magnitude

::
of

::::::::::
exceedance

::::::
remains

::::
low,

:::::::::
indicating

:::
that

::::
this

:::::
broad

:::::
signal

::::::::::
corresponds

::
to

:::::
weak

:::::::::
LT-relevant

:::::::
forcing.

:
400

Consistentwith seasonalwaveclimate,thecon�nementof joint exceedanceto theMIZ acrossall seasonshighlightstherole

of seaice statein regulatingsurfaceforcing.Reducedjoint exceedanceduringsummerre�ects bothdiminishedstormactivity

andenhancedattenuationof wave-inducedStokesdrift within evenmoderatelyconcentratedice, in agreementwith theoretical

andobservationalstudiesdocumentingrapiddecayof Stokestransportunderpartialicecover(Ardhuin et al., 2016; Herman, 2017; Liu and Mollo-Christensen, 1988)

. In contrast,thepersistenceof joint exceedanceduringwinterandtransitionalseasonsindicatesthat
:::::
Based

::
on

:::
the

::::::::::
exceedance405

::::::
metrics,

::::::::::
LT-relevant

::::::
mixing

::
is

:::::::
primarily

:::::::::
controlled

::
by

:::
the

:::::::::
availability

::::
and

:::::::::::
intermittency

::
of

::::
wave

:::::::
forcing.

:::::::
Limited

::::
wave

::::::::::
penetration

::::::
beneath

:::
sea

:::
ice

::::::::::
suppresses

::::::
Stokes

::::
drift

:::
and

:::::::
inhibits

:::
LT,

::::::::
favoring

::::::::::::
predominantly

:::::::::::
shear-driven

::::::
mixing,

:::::
while

:
episodic storm-

driven eventscantemporarilyrestoreOW-like
::
in

:::
the

::::
MIZ

:::
can

::::::::::
temporarily

::::::::
establish

:::::::::::::
open-water-like

:
forcing beneath the ice,

evenwhenmeanconditionsremainicecovered.

3.2 Mapping upper-ocean mixing regime dynamics in the Arctic410

To further explore the controls on LT
:::::
mixing

:
potential, we examine the spatial and seasonal structure of the turbulent Langmuir

number (Lat ). All La t medians are computed over the full spatial domain shown in Figure 2, without restricting the analysis

based on sea ice concentration. The �ve-year climatological median (Figure 2a) reveals a persistent band of low Lat encircling

the perennial ice pack and closely following the climatological 15% SIC contour and consistent with patterns shown in Figure

1. Elevated median Lat values (> 1) dominate the central Arctic under compact ice cover, indicatingregimeswherewave415

in�uenceisweakandsurfacesheargovernsupper-oceanmixing
:
a

::::::::::::::
shear-dominated

::::::
mixing

::::::
regime

::::
with

::::::
limited

::::
wave

::::::::
in�uence.

In contrast, moderate to low median Lat values (< 0:45), whichindicatesomeLT
:::::
show

:::
LT

::::::
mixing

:
potential, are con�ned

to narrow, seasonally evolving bands along the ice edge.Under open-ocean
::
In

::::
OW

:
conditions (SIC < 0:15), median Lat

values are generally below 0:35, consistent with the range identi�ed by Belcher et al. (2012) as favorable for LTconditions.

This large-scalespatialstructurere�ects the progressivesuppressionof wave-inducedStokestransportwith increasingice420

concentration,asLT potentialdiminisheswhenStokesproductionweakensrelativeto shearproduction.
::::::
mixing.

::::
The

::::::
spatial

:::
and

:::::::
seasonal

:::::::
patterns

::
in

::::
La t ::::::

closely
::::::
re�ect

:::
the

::::::::::
exceedance

::::::::
statistics,

:::::::::
reinforcing

::::
that

::::::::::
wave-driven

::::::
mixing

::
is

::::::::::
intermittent

::::
and

:::::::
strongly

::::::::
modulated

:::
by

:::
the

:::
sea

:::
ice

:::::
cover.

:::
As

::
ice

::::::::::::
concentration

::::::::
increases,

:::::
wave

:::::::::
attenuation

:::::
limits

:::::::::::
Stokes-driven

:::::::
forcing,

:::::::
shifting

::
the

:::::::
balance

::::::
toward

::::::::::::::
shear-dominated

::::::
mixing

:::
and

::::::::
reducing

:::
LT

::::::
mixing

::::::::
potential.

Seasonal medians (Figures 2b–e) furtherillustrate
:::::
depict how transitions in ice state modulate the balance between wave and425

wind forcing. During winter and spring (Figures 2b–c), sharp gradients in Lat delineate the transition from wave-in�uenced

conditions near the ice edge to shear-dominated regimes within the consolidated ice.This abruptshift re�ects compactice
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Figure 1.
:::::::
Seasonal

:::::::::
exceedance

::
of

:::::::::
wind–wave

:::::::
surface

::::::
forcing

::::::
beneath

::::::
Arctic

:::
sea

:::
ice.

::::
(a–c)

::::::::
Probability

::::::
density

::::::::
functions

::::::
(PDFs)

::
of

::::::::
exceedance

:::::::
fractions

:::
for

::::::
surface

:::::
friction

:::::::
velocity

::::
(u� ),

::::::
surface

:::::
Stokes

::::
drift

::::::
(us(0) ),

:::
and

::::
their

::::
joint

::::::::
occurrence,

::::::::
computed

::::
over

:::::::::
ice-covered

::::::::
conditions

::::::::::
(SIC � 0:15)

::::::
relative

::
to

::::::
seasonal

:::::::::
open-water

::::::
medians

::::::::::::
(SIC < 0:15).

::::
(d–g)

:::::
Spatial

:::::::::
distribution

::
of

:::
the

::::
joint

::::::::
exceedance

:::::::
fraction,

:::::
de�ned

::
as

:::
the

::::::
fraction

::
of

:::::::
under-ice

:::
time

:::::
during

:::::
which

::::
both

::
u� :::

and
::::
us(0) :::::::::::

simultaneously
::::::
exceed

:::
their

::::::::
respective

::::::
seasonal

:::::::::
open-water

:::::::
medians.

::::::
Elevated

:::::
values

::::::::::::
(yellow–orange)

:::::::
indicate

:::::
regions

:::::
where

::::
wind

:::
and

::::
wave

::::::
forcing

::::::::::
intermittently

:::::
reach

::::::::::::
open-ocean–like

:::::::::
magnitudes

:::::
despite

:::
the

::::::
presence

::
of

:::
sea

:::
ice.

::::::
Dashed

:::
and

::::
solid

:::::::
contours

::::::
denote

::
the

:::::::
seasonal

::::::
median

::::
15%

:::::
(gold)

:::
and

::::
80%

::::
(blue)

:::
sea

::
ice

:::::::::::
concentration

:::::::::
boundaries,

:::::::::
respectively,

::::::::
providing

::::::
context

:::
for

::
the

::::::::
marginal

::
ice

:::::
zone

:::
and

::::::::::
consolidated

::::
pack

:::
ice.

::::
Joint

:::::::::
exceedance

::
is

::::::
shown

::::
only

::
at

:::
grid

::::
cells

::::
that

::::::::
experience

:::
sea

::
ice

::::::::
conditions

::
at

::::
least

:::
once

::::::
during

:::
each

::::::
season.
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