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Abstract. Upper ocean mixing governs
::::::::::
Upper-ocean

::::::
mixing

::::::::
regulates

:
the vertical transport of heat, momentum, and tracers in

the ocean surface boundary layer(OSBL), yet large-scale climate models often misrepresent its underlying processes, leading to

significant uncertainty in sea ice and ocean predictions
:
,
:::
yet

::
its

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

:::::
under

:::
sea

:::
ice

::::::
remains

::::::
highly

::::::::
uncertain. Langmuir

turbulence (LT)is one of the primary mechanisms of mixing in the open ocean and is
:
, generated by the interaction of wind

stress and wave-induced Stokes drift. Observations have confirmed LT activity
:
,
::
is

:
a
::::::::
dominant

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

::::::
mixing

::::::::::
mechanism5

:::
and

:::
has

::::
been

::::::::
observed in leads, polynyas, and the marginal ice zone (MIZ), however its spatial and seasonal variability remains

:::
but

::
its

::::::::::
Arctic-wide

:::::::::
occurrence

::::
and

:::::::::
modulation

:::
by

:::
sea

:::
ice

:::
and

::::::
waves

:::
are poorly constrained. In this study, we conduct the first

Arctic-wide
::::
Here

:::
we

::::::
present

:::
the

:::
first

:::::::::
pan-Arctic

:
assessment of LT potential using a coupled sea ice–wave model that integrates

neXtSIM and WAVEWATCH III. We analyze the spatiotemporal variability of LT by examining model-resolved turbulent
::::
fully

::::::
coupled

:::
sea

::::::::
ice–wave

::::::::
modeling

:::::::::
framework

:::::::::
integrating

::::::::
neXtSIM

:::
and

::::::::::::
WAVEWATCH

:::
III.

::::::::::
Combining

:::::::::
wind–wave

::::::
forcing

:::::::
metrics10

::::
with

:::::::::::::::::::
mixed-layer–integrated dissipation and vertical kinetic energy within the OSBL. Our analysis reveals that LT potential

is higher in the MIZ during
::::::::::
diagnostics,

:::
we

::::
show

::::
that

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

::::::
forcing

:::::::
beneath

:::
sea

:::
ice

::
is

::::::::
spatially

:::::::
confined

::::
and

:::::::
strongly

::::::::::
intermittent.

:::::::::
Conditions

:::::::
capable

::
of

:::::::::
sustaining

:::
LT

:::::
occur

::::::::
primarily

::::::
within

:::
the

:::::::
seasonal

::::
MIZ

::::
and

::::
arise

::::::::::
episodically

::::::
during

::::
late

melt and freeze-up, when partial sea ice cover allows intermittent wave propagation. Under these conditions, LT commonly

coexists with wind-driven shear, forming a mixed-forcing regime that shapes upper-ocean energetics in response to evolving15

sea ice and wave states
::::
rather

::::
than

:::
as

:
a
::::::::
persistent

::::::::::
background

:::::
state. Sea ice concentration and wind–wave alignment strongly

influence the intensity and distribution of LT-driven mixing . On average, LT contributes roughly 15% of the total upper-ocean

dissipation
:::::::
regulates

:::
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.

:::
As

:
a
::::::
result,

::
LT

:
in the Arctic MIZ , with episodic wave-driven events during transitional ice periods doubling20

local mixing rates compared to wind-only conditions. This analysis highlights the energetic role of wave-induced mixing in the

upper ocean, with potential implications for vertical momentum transport, mixed layer structure, and sea ice–ocean interactions

in the Arctic.

::::
most

::::
often

:::::::
coexists

::::
with

::::::::::
wind-driven

:::::
shear

::
in

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

:::::::
regimes,

::::::::::
highlighting

:::
the

::::
need

:::
for

:::::::::::
regime-aware

:::::::::::::
representations

::
of

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

::::::
mixing

::
in

:::::::
climate

::::::
models.

:
25
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1 Introduction

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

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 sea ice, marked30

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

Arctic Ocean to wind and wave forcing, fundamentally shifting the traditional view (Stopa et al., 2016; Armitage et al., 2017;

Muilwijk et al., 2024). These changes have amplified 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 floe field (Collins et al., 2018; Boutin et al., 2020).35

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).

Beyond direct wave breaking, surface waves also generate 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,40

(Skyllingstad and Denbo, 1995; D’Asaro, 2014; Kukulka et al., 2013; Gargett and Grosch, 2014)
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(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 absence of LT parameterizations in ocean general circulation models contributes to systematic biases in mixed layer depth

and sea surface temperature, particularly in wind- and wave-active regions such as the Southern Ocean (Belcher et al., 2012;

Li et al., 2019).45

Large eddy simulation (LES) studies show that LT deepens the mixed layer and enhances vertical entrainment fluxes by

up to an order of magnitude compared to shear-driven turbulence alone, while also moderately increasing momentum fluxes

(McWilliams et al., 1997; Sullivan et al., 2007). Enhanced vertical mixing leads to elevated turbulent kinetic energy (TKE) and

stronger entrainment across density interfaces (Polton and Belcher, 2007; Pearson et al., 2015; Ali et al., 2019). These insights

have motivated the development of new LT parameterizations for large-scale models that incorporate wave–current interactions50

and Stokes production terms (Van Roekel et al., 2012; Harcourt, 2015; Li and Fox-Kemper, 2017). Despite these advances,

existing parameterizations have not been systematically evaluated in sea ice-covered regions, where the physical environment

deviates substantially from typical open-ocean conditions due to the sea ice dynamics (McWilliams and Sullivan, 2000; Smyth

et al., 2002; Brenner and Horvat, 2024).

In the Arctic, sea ice modifies upper ocean mixing dynamics in several ways. It limits wave fetch, alters the directional spread55

of wave energy, and attenuates short-wavelength wave components - all of which reduce the magnitude and vertical extent of

Stokes drift (Ardhuin et al., 2016, 2020; Li and Fox-Kemper, 2017). Meanwhile, ice motion and floe interactions introduce

additional sources of surface shear and turbulence (Skyllingstad and Denbo, 2001). Observations show that waves propagate

long distances under sea ice and significantly influence mixing near leads, polynyas, and the ice edge (Drucker et al., 2003;
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Kirillov et al., 2013; Horvat et al., 2020; Cooper et al., 2022). The presence of Langmuir cells in sea ice openings, con�rms that60

the LT mechanism remains active in ice-covered waters, albeit with intermittent occurrence and modi�ed structure (Dethleff

and Kempema, 2007; Voermans et al., 2019). Although prior studies on wave - ice interactions have primarily focused on

mechanical breakup of sea ice (Collins et al., 2018; Squire, 2018), the turbulent mixing contributions of LT in sea ice covered

regions remain largely unexplored. Recent modeling studies have incorporated wave - ice interactions to investigate localized

upper-ocean mixing (Horvat et al., 2016; Manucharyan and Thompson, 2017; Cooper et al., 2022; Brenner and Horvat, 2024;65

Lo Piccolo et al., 2024), but no study has yet conducted a basin-wide, systematic evaluation of LT mixing 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 theWaveWatch
:::::::::::::
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, we70

conduct an Arctic-wide assessment of LT potential under realistic wave -ice interactions.
::
sea

:::
ice

::::::::::
interaction.

:::
LT

::::::::
potential

:
is

:::::::
de�ned

::
as

:::
the

:::::::::
amplitude

::
of

::::::::
Langmuir

:::::::
forcing

:::::::
inferred

::::
from

:::::::
surface

::::
shear

:::::::
(friction

::::::::
velocity,

:::
u� )

::::
and

::::::
surface

::::::::::::
wave-induced

:::::
Stokes

::::
drift

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

::::::::::
independent

:::
of

::::::
oceanic

:::::::::
dynamical

::::::::::
adjustment.

:
Our primary objective is to identify when and where LT

mixing -supporting
:::::::::::::::
mixing-supporting

:
conditions emerge and persist, particularly in relation to seasonal sea ice advance and

retreat. Tocapturethein�uenceof wind- wavedirectionalalignment
:::::::
quantify

:::
the

:::
role

::
of

::::::::::
wind–wave

:::::::
coupling, we compute both75

the standard (turbulent) Langmuir number Lat and the projected Langmuir number Laproj , which incorporatesthecosineof

thewind - Stokesdrift angleto accountfor directionalmisalignment
:::::::::::
incorporating

:::
the

:::::::::
orientation

:::::
angle

::::::
� LOW ::

of
::::
Van

::::::
Roekel

:
et

:::
al.

::::::
(2012),

::::::
which

:::::::::
represents

:::
the

::::::::::
empirically

::::::
derived

:::::::
rotation

::
of

:::::::::
Langmuir

::::
cells

::::::
toward

:::
the

:::::::::
combined

:::::::
Eulerian

::::
and

::::::
Stokes

:::::::::::
contributions. Using these metrics, we map surface turbulent mixing regimes across space and time and estimate the seasonal

evolution of TKE dissipation and vertical kinetic energy (VKE) associated with LTthroughout
::
in the Arctic.80

Section 2describes
:::::
details

:
the coupled model con�gurationand detailsthe computation,

:::
the

:::::::::::
formulation of LT-relevant

parameters,
::::
and

:::
an

:::::::::
evaluation

::
of

:::
the

::::::
model

::::::
inputs

:::::::::::
underpinning

:::
the

:::
LT

:::::::
metrics. Section 3presentsour results,beginning

with the spatiotemporalvariability of
:::::::
beginning

:::::
with

::
an

::::::::::
assessment

::
of

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

:
wind and wave forcing

:
in

::::
sea

:::
ice. We

then map theprevalenceof distinct turbulent
:::::
spatial

::::
and

:::::::
temporal

:::::::::::
organization

::
of

:::::::::::
upper-ocean mixing regimes andquantify

::::
their

::::::::
variability

::::::
across

:::
the

::::::
Arctic,

:::::
before

:::::::::
examining

:
seasonal and regional patterns indissipationand

:::::::
turbulent

:::::::::
dissipation

::::
and85

:::::::::
normalized VKE. Finally, we assess the in�uence of wind - wave misalignment on LT energetics, highlighting where projected

Langmuir diagnostics diverge from canonical estimates. Section 4 discusses the implications of our �ndings for Arctic mixed

layer dynamics and model development and outlines key limitations of the study.

1.1 TheneXtSIM-WaveWatch
::::::::
neXtSIM-

::::::::::::::
WAVEWATCH III CoupledModel

2 Model Con�guration90

We employa fully coupled
:::::::
coupled

:::::
model

:::
We

:::
use

::
a

:::::::
coupled

:::
sea

:::
ice

:
-
:
wave - seaice modeling framework that integrates

thespectralwavemodelWAVEWATCH III (WW3) with theLagrangian neXt-generation Sea Ice Model (neXtSIM)
::::
with

:::
the
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::::::::::::
WAVEWATCH

:::
III

:::::::
(WW3)

:::::::
spectral

::::
wave

::::::
model using the OASIS-MCT coupler (Boutin et al., 2021).WW3 simulateswave

attenuationdue to seaice using parameterizationsfor scattering,inelastic �exure, and under-icefriction. Theseprocesses

responddynamicallyto changesin seaice
::::::::
NeXtSIM

:::::::
provides

::::
the

:::::::
evolving

::::
sea

:::
ice concentration, thickness, and�oe size95

distribution(Boutin et al., 2021). Seaice morphologyactivelymodulatesStokesdrift pro�les in WW3 by governing
:::::::
�oe-size

:::::::::
distribution

::::::
(FSD)

::::
that

::::::
govern

:
wave attenuation andreshapingthe directional structureof the wave �eld (Squire, 2018).

The neXtSIM modelcapturesseaicethermodynamicsanddynamics.For this study,a key featureis its prognostic�oe size

distribution,whichprovides�oe sizeinformationto
::
the

:::::::::
directional

:::::::
�ltering

::
of

:::::
wave

::::::
energy.

::::::
Unlike

:::::::
Eulerian

:::::::
models,

::::::::
neXtSIM

:::::::
employs

:
a
:::::::
moving

::::::::
triangular

::::::
mesh,

:::::::::
undergoing

::::::::
periodic

::::
local

:::::::::
remeshing

::
to

::::::
retain

:
a

:::::::
nominal

:::::::::
resolution

:::::::::
equivalent

::
to

:::
the

:::
25100

:::
km

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

::::
grid

::::
used

::
by

:
WW3andin�uenceswaveattenuationalongsideseaice concentrationandthickness.Previous

studieshaveevaluatedthis couplingin idealizedandrealisticsettings(Boutin et al., 2018; Ardhuin et al., 2018), showingthat

the wave-affectedareamatches
:
.

::::::::
Although

:::
the

::::
two

::::::::::
components

:::
do

:::
not

:::::
share

:::
the

::::
same

::::::
mesh,

:::::
�elds

:::
are

:::::::::
exchanged

:::::
every

:::
30

::::::
minutes

:::
via

:::::::::::
interpolation

::::
onto

:::
the

:::::
WW3

::::::::
exchange

:::::
grid.

::::::::
NeXtSIM

:::::::
receives

::::::::::
atmospheric

:::::::
forcing

::::
from

:::
the

::::::::
European

::::::
Centre

:::
for

:::::::::::::
Medium-Range

:::::::
Weather

::::::::
Forecasts

:::::::::
(ECMWF)

::::
�fth

:::::::::
generation

::::::::
reanalysis

:::::::
(ERA5)

::::
and

::::::
oceanic

:::::::
forcing

::::
from

:::
the

::::::
Global

::::::
Ocean105

::::::
Physics

:::::::::::::
GLORYS12V1

:::::::::
reanalysis,

:::
but

::
it

::::
does

:::
not

:::::::
employ

:::::
lateral

:::::::::
boundary

:::::::::
conditions

::
for

::::
sea

:::
ice.

:::
Ice

:::::
drifts

:::::
freely

::::::
across

:::
the

::::
open

::::::::::
boundaries,

::::
with

:::::
in�ow

::::::
treated

::
as

::
if

:::::::
external

:::
ice

::::::::
properties

::::::
match

::::
those

::::::::
adjacent

::
to

:::
the

::::::::
boundary

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

:

:::::
WW3

::::::::
simulates

:::::
wave

:::::::::::
propagation

:::
and

::::::::::
attenuation

::
in

::::
sea

:::
ice

:::::
using

::::
the

:::::::
IS2+IC2

::::::::::
attenuation

:::::::
scheme,

::::::
which

:::::::::
combines

::::::::
scattering,

::::::::
inelastic

::::::
�exure,

::::
and

::::::::
under-ice

::::::
friction

:::::::::::::::::
(Boutin et al., 2018).

::::
The

:::::::
southern

:::::::::
boundary

::
of

:::
the

:::::::
regional

:::::
WW3

:::::::
domain

:
is

:::
set

::
at

:::::
54°N,

::::
and

:::::
lateral

:::::
wave

::::::
spectra

:::
are

:::::::::
prescribed

:::::
along

::::
this

::::
open

::::::::
boundary

:::::
using

:::
the

:::::::
Ifremer

:::::
global

::::::
WW3

:::::::::::
Modélisation110

:
et

::::::::
Analyse

::::
pour

::
le

:::::::::
Recherche

:::::::
Côtière

::::::::
(MARC)

::::::::
hindcast.

:::::
WW3

::
is

::::::
forced

::::
with

:::
the

:::::
same

::::::
hourly

::::::
ERA5

:::::
winds

:::::
used

::
to

:::::
force

::::::::
neXtSIM,

:::
but

::
as

:::
in

:::::::
standard

:::::
WW3

:::::::::::::
con�gurations,

::
no

::::::
ocean

:::::::
currents

:::
are

:::::::
applied,

:::::::::
neglecting

:::::::::::
wave–current

:::::::::::
interactions.

::::
This

:::::::::::
con�guration

:::
has

::::
been

:::::
shown

::
to

:::::::::
reproduce

::::::
realistic

::::::::::
wave-in-ice

:::::::::
behaviour

:
in

:::
the

:::::::
Barents

:::
and

:::::::
Beaufort

::::
Seas

:::::::::::::::::::
(Ardhuin et al., 2018)

:::
and

:::::
yields

:::::
MIZ

::::::
extents

:::::::::
consistent

::::
with

:
ICESat-2

:::::::
altimeter

:
observations (Boutin et al., 2022).Boutin et al. (2021)usedthis

coupledsystemtoinvestigatechangesin seaice dynamicsanddeformation,andwe extendits applicationto theupperocean115

mixing. Speci�cally, we quantify surfacefriction velocity andStokesdrift to deriveLT metricsundervarying seaice and

waveconditions.By resolvingboththemechanicalfeedbackfrom waveradiationstress(Longuet-Higgins and Stewart, 1962)

andthe impactof �oe fragmentationon waveenergydissipation,the modelprovidesa physicallyconsistentframeworkfor

estimatingLT mixing potentialacrosstheArctic (Van Roekel et al., 2012; Li et al., 2017, 2019).

Oursimulationspanstheperiod
:::
Our

:::::::::
simulations

:::::
cover

:::
the

:::::::::
pan-Arctic

::::::
domain

:::
for

:
2018-

:
–2022overapan-Arcticdomainwith120

25 km nominalresolution.Theseaice ,
:::::
with

::::::::::
three-hourly

::::::
output

::::
from

:::
the

:::::::
coupled

::::::::::::::
neXtSIM–WW3

::::::
model.

::::
This

::::::::::
framework

::::
does

:::
not

::::::
include

::
a

:::::::::
prognostic

:::::
ocean

:::::
mixed

:::::
layer,

:::::::
surface

:::::
waves

:::
do

:::
not

::::
feed

::::
back

:::
on

::::::::::
strati�cation

:::
or

::::::
vertical

:::::::::::
redistribution

:::
of

:::::::::
turbulence.

:::
All

:::::::::::::::
Langmuir-related

::::::
metrics

:::::::::
presented

::::
here

:::::::
therefore

::::::::
represent

::::
the

:::::::
potential

:::
for

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

::::::
forced

:::::::::
Langmuir

::::::::
turbulence

:::::::
implied

:::
by

:::::::
surface

:::::::
forcing,

:::::
rather

::::
than

::::
the

::::
fully

:::::::
realized

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

::::::::
response.

::::
The

:::::::
oceanic

:::::::::::
strati�cation

::::
and

:::::
mixed

:::::
layer

:::::
depth

::::::
(MLD)

:::::
used

::
in

::::::::::
subsequent

::::::::
energetic

::::::::::
diagnostics

:::
are

:::::::::
prescribed

::::::::::::
independently

::::
from

::::
the

:::::::::::::
GLORYS12V1125

::::::::
reanalysis,

::::::
rather

::::
than

:::::::
evolving

::::::::::::
prognostically

::::::
within

:::
the

:::::::
coupled

::::::
system.

::::
This

:::::::
analysis

::::
thus

::::::::
quanti�es

:::
the

::::::
spatial

::::::::
structure

::
of

::::::::::::::
Langmuir-driven

::::::
mixing

:::::::
implied

::
by

:::::::
surface

::::::
forcing

::::::
alone.

::::
This

::::::::
de�nition

::
is

:::::::::
analogous

::
to

:::
the

:::::::::
Langmuir

::::::
forcing

::::::::::
framework

4



::
of

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

:::
and

:::::::
captures

:::::::
relative

:::::::
patterns

::
of

::::::::
Langmuir

:::::::
activity

::::
even

:::::
when

::::::::
absolute

:::::::::
dissipation

::::
rates

:::
are

::::
not

::::::::
explicitly

:::::::
resolved.

:

:::
The

:::::::
coupled

::::::
model

::::::::
provides

:::
key

::::::::::
advantages

::::
over

::::::::
methods

::::
that

::::
only

::::::::
combine

:::
sea

:::
ice

:::::
�elds

:::::
with

::::::
ERA5

:::::
waves

:::
or

::::
rely130

::
on

::::::::
empirical

::::::
Stokes

:::::
drift

:::::::::::
formulations

::::::::::::::::::::::::::
(Webb and Fox-Kemper, 2011).

:::
In

::::::::::::::
neXtSIM–WW3,

::::::
Stokes

::::
drift

:
and wave models

exchangeinformationevery30minutes,andoutputis recordedevery3 hours.NeXtSIM receivesoceanicboundaryconditions

from theGLORYS12reanalysisanduses
::::
wave

::::::::
radiation

::::
stress

:::
are

:::::::::
computed

:::::::
directly

::::
from

:::
the

::::::::::::
ice-attenuated

::::
wave

:::::::::
spectrum,

:::::
rather

::::
than

::::::::
assuming

:::::
open

:::::
ocean

::::::::::
conditions.

:::::::::
Moreover,

:::
the

:::::::::
prognostic

:::::
FSD

::
in

::::::::
neXtSIM

:::::::::
modulates

:::::
wave

::::::::::
attenuation

::
in

::
a

::::::::
physically

:::::::::
consistent

:::::::
manner,

:::::::
allowing

:::
the

:::::
wave

::::
�eld

::
to

:::::::
respond

::
to

:::
�oe

::::::::::::
fragmentation

::::
and

:::
the

:::::::
evolving

:::::::
seasonal

:::::::::::
morphology135

::
of

:::
the

::
ice

::::::
cover.

:::
By

:::::::
contrast, ERA5for atmosphericforcing (Hersbach et al., 2020)

:::::
treats

:::
sea

:::
ice

::
as

::::
land

:::::
above

:
a
::::::::::::
concentration

:::::::
threshold

::::
and

::::::::
therefore

:::::
cannot

:::::::
capture

::::::::::
attenuation,

:::::::::
directional

:::::::
�ltering,

::
or

:::
the

:::::::::
associated

:::::::::
modulation

::
of

::::::
Stokes

:::::
drift,

::::::::
processes

:::
that

::::
exert

::::::
strong

::::::
control

:::
on

::::::::
Langmuir

::::::
forcing

::
in

:::
the

::::
MIZ. Both models use the same physical parameters as theREF

::::::::
reference

con�guration described in Boutin et al. (2022).AppendixA (TableA1)
:::::
Table

::
S1

::
in

:::
the

:::::::::::::
Supplementary

:::::::
Material lists the wave,

wind, sea ice, and surface ocean variables used in this study, either directly from model output or computed from established140

physical relationships.

1.1 SurfaceStressPartitioning and Wind–Wave Forcing
:::::::::
Evaluation

:::
of

:::::
model

::::::
inputs

::::::::
relevant

::
to

:::
LT

:::::::
metrics

::
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

:::::::::
increased

:::::::::
uncertainty

::::::
under

::::::
strong

::::
wind

::::
and

:::::::::::
high-latitude

:::::::::
conditions,

::::::::::
particularly

:::::
near

:::::
sharp145

::::::::::::
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

::::
into

::
the

:::::::::
diagnosed

::::::
friction

:::::::
velocity

:::
u� .

::::
Over

::::::::::
2018–2022,

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

:::::
Arctic

:::::
mean

::::
10-m

:::::
winds

::::::
exhibit

::
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.150

:::
The

::::::
�delity

::
of

::::::::
neXtSIM

:::
sea

:::
ice

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

:::::::
ice-edge

:::::::
location,

::::
and

::::::::::
deformation

:::
has

::::
been

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

::
in

:::::::
multiple

:::::::
studies.

::::::::::::::::
Ólason et al. (2025)

:::::
report

:::::::::
pan-Arctic

:::
sea

:::
ice

::::::
extent

::::::
RMSE

::
of

::::::::::
0:76 � 10 6

::::
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.

:
155

:::::::
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

::
in

::
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,

::::
and160
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:::::
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)

:
.

1.2
::::::
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

accountsfor both the stresstransmittedthroughboth seaiceandthe direct wind stressover openwater
::::::::
partitions

::::::::::
momentum165

:::::::
between

:::
the

::::::::
ice–ocean

:::
and

::::::::::::::::
atmosphere–ocean

::::::::
interfaces. Following thestresspartitioningframework 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:

� � ocn = A� � io + (1 � A)� � ao (1)

where A is the sea ice concentration (0 = open ocean, 1 = fullyice-covered
:::
ice

::::::
covered), and the directatmosphere-oceanstress170

, is :
:::::::::::::::
atmosphere–ocean

:::::
stress

::
is

::::
given

:::
by:

:

� � ao = � aCao j ju a jju a (2)

with � a :::
with

:::
� a :

as air density, ua the 10-m wind velocity, andCao :::
Cao the air–sea drag coef�cient over open water.In our

con�guration, the atmosphere–oceanstressis parameterizedusingEquation2, while the ice–oceanstress(� io ) is diagnosed

directlyfrom theneXtSIMseaicemodel,basedonthemomentumtransferbetweenseaiceandtheunderlyingocean.Although175

the neXtSIM-WW3 modelsetupdoesnot includeinteractiveoceandynamics,it capturesthe surfaceforcing of momentum

pathwayswhichdrivesturbulencein theOSBL.

Subsequently, we de�netheeffective
::
an

::::::::
effective

::::::::
water-side

:
friction velocity u� :, which represents the shear strengthat the

oceansurface
:::::::::
associated

::::
with

:::
the

:::
net

::::::
surface

:::::
stress

:::::::::
transmitted

::
to

:::
the

:::::
ocean

:::::
under

::::::
partial

:::
ice

:::::
cover:

u� =

s
j� ocn j

� o

s
j� ocn j

� o
:::::::

: (3)180

where� o ::
� 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

:::::
wave

::::::
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 waves contribute momentum through Stokes drift, the net Lagrangian transport of water185

particles due to wave orbital motion. In WW3, the surface Stokes drift components (z = 0) are computed from the two-

dimensional wave energy spectrum F(k; �) as:

Uz=0
sx = g

Z Z
k2 cos(�)

� 2 F(k; �)d� dk; (4)
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and

Uz=0
sy = g

Z Z
k2 sin(�)

� 2 F(k; �)d� dk: (5)190

where
:::::
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

drift combined, providethenecessaryinputsfor evaluatingandunderstandingLangmuir-relatedmixing
:::
two

:::::::
primary

:::::::::
dynamical

:::::
inputs

:::::::
required

::
to

:::::::
evaluate

:::
the

::::::::
potential

:::
for

::
LT under varying sea ice conditions.

1.3 Langmuir turbulence metrics in the Arctic195

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 et al., 1997)
:::::::::::::::::::::::::::
(McWilliams and Sullivan, 2000). It is de�ned as:

La t =
r

u�

us(0)
; (6)

where u� is the friction velocityderivedfrom wind stress, andus(0) ::::::::
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 0.5200

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

associated with lower Lat (Harcourt, 2015). Lat is thuswidely used in ocean modeling as a diagnostic of upper-ocean mixing

regimes and to inform turbulence parameterizations.DespiteLa t beingastandardmetricfor LT mixing potential,recentstudies205

haveproposedre�ned formulationsthat betterre�ect realistic oceanforcing conditions,particularly when wind and wave

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

betweentheStokesdrift andwindstresscansigni�cantly reducetheeffectivewavecontributiontoLangmuircirculations
::::::::
However,

::
the

::::::::::
traditional

::::::::::
formulation

:::::::::
implicitly

:::::::
assumes

::::
that

:::
the

:::::
wind

:::::
stress

::::
and

::::::
Stokes

:::::
drift

:::
are

:::::::
aligned.

:::
In

:::::::
realistic

:::::
wave

:::::
�elds,

especially in thepresenceof swell,variablewinds,or broaddirectionalwavespectra.
:::::
Arctic,

:::::
where

::::::
mixed

:::::
swell,

::::::
turning

::::::
winds,210

:::
and

::::::::::
ice-induced

:::::::::
attenuation

:::
are

:::::::::
common,

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

::::
can

:::::::
strongly

::::::
reduce

:::
the

:::::::
effective

::::::
Stokes

:::::
shear

::::
that

:::::
drives

:::::::::
Langmuir

:::::::::
circulations

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

:

To account forthis, we also computethe projectedLangmuir number(Laproj) as a supplementarydiagnosticfollowing

(Van Roekel et al., 2012):

:::::::::
wind–wave

::::::::::::
misalignment,

:::
we

:::::
adopt

::::
the

::::::::
projected

:::::::
Langmuir

:::::::
number

:::
of

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

::::::
which

:::::::::::
incorporates

:::
the215

:::::::
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.

::::
The

:::::::
dynamic

:::::::::
orientation

:::::
angle

::::
� L ::::::::

represents
::::
the

:::::::
direction

:::
of

:::
the

::::::::
dominant

::::::::
Langmuir

:::::
cells

::::::
relative

:::
to

:::
the
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:::::
wind.

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

:::
this

:::::
angle

:::::
yields

:::
the

::::::::::
generalized

::::::::
projected

::::::::
Langmuir

::::::::
number:

Laproj =

s
ju � j

ju s(0) j cos(�ww) proj �
::::

0

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

1

A 1=2
:: ; (7)220

where� ww :::::
where

::::
� ww is the angle between the wind stress and Stokes drift vectors.ThisformulationprojectstheStokesdrift

onto the wind direction,isolatingthe componentthat constructivelyinteractswith
::::::::
Equation

:::
(7)

:::::::
captures

::::
two

::::::
effects:

:::
(i)

:::
the

::::::
reduced

:
wind-drivenshearto generateLangmuircirculations.In theory,thisprojectionshouldideallyaccountfor thedynamic

orientationof Langmuircells(� L ), which hasbeenshownto vary betweenthewind andwavedirectionsdependingon wave

age,strati�cation, and Coriolis effects(Van Roekel et al., 2012; Li et al., 2017). However,given the spatial
::::
shear

::::::
along

:::
the225

::::::::
Langmuir

:::
cell

::::
axis

:::
via

::::::::
cos(� L ),

:::
and

:::
(ii)

:::
the

::::::::
projected

::
of

::::::
Stokes

::::::
forcing

:::::
along

::::
that

::::
same

::::
axis

:::
via

:::::::::::::
cos(�ww � � L ).

:

:::::
Direct

:::::::::
evaluation

::
of

:::
� L :::::::

requires
:::::::
resolving

:::
the

:::::::
vertical

:::::::
structure

::
of

:::
the

::::::::::
Lagrangian

:::::
shear,

:::::
which

::
is

:::
not

::::::
feasible

::
at

:::
the

::::::::
� 25 km

resolution of ourmodel(2̃5km) , wecannotresolvetheverticalshearstructurerequiredto estimate(� L ) reliably.Wetherefore

adoptthe simplifying assumption� L = 0, treating� ww(the wind–waveangle)as the effective misalignment. As a result,

evenLaproj may overestimatethe suppressionof LT in caseswherethe actualLangmuircell alignmentlies betweenwind230

andwavedirections.Thus,Laproj functionsasanupper-boundestimatefor directionalsuppressionof wavein�uence on LT,

providing valuableinsight into the sensitivityof LT potentialto wind–wavemisalignmentundermixed forcing conditions.

:::::::::
pan-Arctic

::::::
model.

:::
We

::::::::
therefore

:::
use

:::
the

::::::::
low-order

:::::
wave

:::::::
(LOW)

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

::::::
� LOW ::::::::

proposed
::
by

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

:
,

:::::
which

:::::::
provides

::
an

::::::::
empirical

::::::::
estimate

::
of

::::::::
Langmuir

:::
cell

:::::::::
orientation

:::
by

:::::::::
combining

:::::::
Eulerian

:::::
shear

:::
and

:::::::::::
surface-layer

::::::
Stokes

:::::
shear:

235

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.

::::
LES

:::::
results

:::::
show

::::
that

::::::
� LOW :::::::

captures
:::
the

::::::::::
orientation

::
of

:::::::::
Langmuir

::::
cells

::::
over

::
a

::::
wide

::::::
range

::
of

::::::::::
wind–wave

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

:::::::
angles,

::::::
making

:::
it

::::::
suitable

:::
for

:::::::::
large-scale

:::::::::::
applications.

1.3.1 Langmuir Turbulence Energeticsin the Arctic240

To evaluatethe impactof LT on upper-oceanenergetics,we computethreediagnostics:
::
In

::::::::
situations

::::
with

::::::
strong

::::::::::
wind–wave

:::::::::::
misalignment,

::::::
� LOW :::::::

typically
:::::::
reduces

:::
the

:::::::
effective

::::::::
projection

::
of

:
theenhancementfactorE , theturbulentdissipationrate", and

themixed-layer-averagedverticalvelocityvariance


w02

�
H ML

. TheLT enhancementfactorE(Lax ) quanti�estheampli�cation

of turbulencedueto Langmuircirculation.This factoris derivedasafunctionof theLangmuirnumberscalingsLax , following

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

::::
drift

::::
into

:::
the

::::::::
Langmuir

::::
cell

::::::::
direction,

:::::::
partially

::::::::::::
counteracting

:::
the

:::::
muted

:::::::::
Langmuir245

:::::::
response

:::::::
obtained

:::::
when

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

:
is

::::::::::
represented

::::::
solely

::
by

::::
� ww .

:::::::
Hence,

::
in

:::
our

:::::::
analysis,

:::
we

:::
we

::::::::
substitute

::::::
� LOW :::

for
:::
� L ::

in

:::
Eq.

:::
(7),

:::::::
yielding

:

Laproj =
�

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

� 1=2

:
:::::::::::::::::::::::::::::::::::

(9)
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1.3.1
:::::::
Surface

::::::
forcing

:::::::
metrics

::::
and

::::::
mixing

::::::
regime

::::::::::::
classi�cation250

:::
We

::::::::
introduce

:::
two

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

:::::::
metrics

::
to

:::::::
evaluate

:::
the

::::::::
potential

::
for

:::
LT

:::::
under

::::::
partial

:::
sea

:::
ice

:::::
cover.

::::
The

::::
�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

:::
La t ::::

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

::::::::::
approaches255

:::::
values

::::::
typical

:::
of

::::
open

::::::
water.

::::
The

:::
two

:::::::
primary

:::
LT

::::::
drivers

::::::::::
considered

:::
are

:::
the

:::::::
surface

::::::
friction

:::::::
velocity

::::
(u� )

::::
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):

X (s)
OW = medianfX t (x;y) : SIC t (x;y) < 0:15; t 2 sg:

::::::::::::::::::::::::::::::::::::::::::::
(10)

::::
This

:::::::::
benchmark

::::::::
represents

:::
the

::::::
typical

:::::::::
magnitude

::
of

:::::::::::::::
atmosphere–ocean

::
or

::::::::::::
wave-induced

::::::
surface

::::::
forcing

:::::
under

::::::
ice-free

:::::::::
conditions260

:::::
during

::
a

::::
given

:::::::
season.

::
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]
;

::::::::::::::::::::::::::::::::::::::::::::::::::::::::

(11)

:::::
where

:::::
N t [�] :::::::

denotes
:::
the

:::::::
number

::
of

::::::::
seasonal

::::
time

:::::
steps

:::::::::
satisfying

:::
the

::::::::
speci�ed

:::::::::
condition.

:::::::
Seasons

::::::
follow

:::::::::::::
meteorological265

:::::::::
de�nitions:

::::::
winter

:::::
(DJF),

::::::
spring

:::::::
(MAM),

:::::::
summer

:::::
(JJA),

::::
and

:::
fall

::::::
(SON).

:

::
To

::::::
isolate

:::::::::
conditions

::::
most

:::::::
relevant

:::
for

::::::::
Langmuir

::::::::::
turbulence,

:::
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:

EJointExceedance(s)
:::::::::::::::: (La x x;y

::
)� E = cos� ww

q
1 + (c 1Lax ) �2 + (c 2Lax ) �4

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]
:

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

(12)270

where� ww is the anglebetweenwind andStokesdrift directionsandc1 :::::
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.

::
To

::::::::::
characterize

:::
the

:::::::
evolving

:::::::
balance

:::::::
between

::::::::::
wind-driven andc2 areempiricalconstants.Following(Van Roekel et al., 2012)

, we adoptc1 = 3.1,c2 = 5.7,and� ww = 0 for La t , andc1 = 3.1,c2 = 5.4 for Laproj . Theenhancementfactoris usedto scale275
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theTKE dissipationrate,estimatedas
::::::::::
wave-driven

::::::
mixing,

:::
we

:::::::
classify

::::::
surface

::::::
forcing

::::
into

::::
three

:::::::
distinct

::::::
regimes

:::::
based

:::
on

:::
the

:::::::
turbulent

:::::::::
Langmuir

::::::
number

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

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

(13)

::
To

:::::
relate

::::::
mixing

:::::::
regimes

::
to

:::
sea

:::
ice

::::::::::
conditions,

:::
we

:::::
de�ne

::::::
spatial

::::::
regions

:::::

(T )

::
at

:::::
each

::::
time

::::
step

:::::
based

::
on

:::
the

:::::
local

:::
sea

:::
ice

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

::::::::::
SIC(x;y;T ):280


 ice(T )
::::::

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

(14)


 MIZ (T )
:::::::

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

(15)


 OW (T )
:::::::

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

(16)

:::
For

::::
each

:::::
region

::



::::
and

::::::
regime

:::::::::::
r 2 f1;2;3g,

::
we

::::::::
compute

:::
the

:::::
spatial

:::::::
fraction

::
of

::::
grid

::::
cells

:::::::::
occupying

::::::
regime

::
r

:
at

:::::
time

:
T

:::
as

" f 

r (T )

:::::
=

u3
�

h
E

1
j
(T )j

X

(x;y)2
(T )

�

:::::::::::::::

�
R: (La x x;y;T

:::::
)= r::

�
; (17)285

whereu� is thefriction velocity,h is theMLD, and" representstherateatwhichTKE is dissipated(W/kg).Thisformulationis

basedon empiricallyderivedscalingrelationshipsbetweenLangmuirnumberandturbulencedissipation,developedprimarily

throughLES studies(Van Roekel et al., 2012; Li et al., 2016, 2019). Theserelationshipsform the basisfor parameterizing

wave-driventurbulenceenhancementin oceanmodels,includingimplementationswithin theK-Pro�le Parameterization(KPP)

scheme(Li and Fox-Kemper, 2017). This frameworkaccountsfor surfacewavesproviding an additionalenergysourcefor290

turbulencein the upperoceanboundarylayer, therebyincreasingdissipationratesrelative to wind-only forcing
::::
�(�)

::
is

:::
the

:::::::
indicator

:::::::
function

::::
and

::::::
j
(T )j

::
is

::
the

:::::::
number

::
of

:::::
valid

:::
grid

:::::
cells

::
in

:::::
region

:::::

(T ).

Foradditionalcalculations,wedecomposetheTKE dissipationinto wind shear-andwave-drivencontributions.Shear-driven

dissipationis estimatedas:

" shear = u 3
� =MLD295

::::::
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

:::
r n ::

to
:::
rm::::::::

between
:::::::::
successive

::::
time

:::::
steps,

::::::::
restricted

:::
to

::::::
periods

:::::
when

:::
the

:::
grid

::::
cell

:::::::
remains

:::::
within

:::
the

:::::
same

:::
ice

::::::
regime

::

:

:

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 )) :

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

(18)
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representingturbulencegeneratedpurelyby wind-inducedsurfacestress.Wave-inducedeffectsareincorporatedusingE(Lax ).300

Thetotal dissipationis thereforegivenby:

" total = " shear � E(Lax )

andtheLangmuir-inducedcomponentis calculatedas:

"LT = " total � " shear = " shear (E(Lax )�1)

Thisformulationensuresthatwind-andwave-drivenmixingareexplicitly separated,with "LT capturingonly thewave-enhanced305

turbulencecomponent.Thus," shear re�ectsbaselinemixing fromwind forcingalone,while "LT isolatestheadditionalturbulent

energyinputattributabletowave–windinteractionsviaLT
::::::
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)
;

:::::::::::::::::::::::::

(19)

:::::
where

::::::::
N 
 (x;y)

:::::::
denotes

:::
the

::::
total

:::::::
number

::
of

::::
time

:::::
steps

::::::::
satisfying

:::
the

::::::::
regional

:::::::
criterion.

::::
The

::::::::
resulting

::::::::::
normalized

::::::::
transition310

::::::::
frequency

::::::::
provides

:
a

::::::::
measure

::
of

::::
how

:::::
often

:::
the

::::::::
dominant

:::::::
surface

::::::
forcing

:::::::
balance

::::::::::
reorganizes

::
at

::
a

:::::
given

:::::::
location

:::::
over

:::
the

::::::
analysis

::::::
period.

Toestimatetheverticalcomponentof turbulentmotions,weadoptedtheempiricalrelationshipdevelopedby (Van Roekel et al., 2012)

, which relatesmixed-layer-averagedverticalvelocity variance


w02

�
H ML

to thesurfacefriction velocity,wind

1.3.2
:::::::::
Langmuir

::::::::::
Turbulence

:::::::::
Energetics315

::
To

::::::::
examine

::::
how

:::
LT

:::::::
modi�es

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

:::::::::
energetics,

:::
we

::::::::
evaluate

:::
two

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

:::::::
metrics

:::::::
derived

::::
from

:::
the

:::::::::
vertically

::::::::
integrated

::::::::
turbulent

::::::
kinetic

::::::
energy

::::::
(TKE)

::::::
budget:

:::
(i)

:::
the

::::::::::
mixed-layer–wavealignment,andthe Langmuirnumber:

:::::::
averaged

::::::
vertical

:::::::
velocity

::::::::
variance,

:::::::::
hw02i H ML ,

:::
and

:::
(ii)

:::
the

::::
TKE

::::::::::
dissipation

::::
rate,

:
".

:::::
Both

:::
are

:::::
based

::
on

::::::::::
empirically

::::::
derived

::::
LES

::::::::
scalings,

:::
but

:::
they

:::::::::::
characterize

::::::
distinct

::::::
aspects

::
of

:::
the

::::::::
turbulent

::::::::
response.

:

:::
We

:::::::
compute

:::::::::
hw02i H ML ::::::::

following
:::
the

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

::::::
scaling

:::
of

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

:
320

hw02i H ML = 0:6
�
u� cos(�ww � LOW:::::

)
� 2 �

1 + (c 1Lax ) �2 + (c 2Lax ) �4 �
; (20)

:::::
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 )

:::::::
ensures

:::
that

:::::::
vertical

:::::::
velocity

:
is

:::::::::::
appropriately

::::::
scaled

:::::
along

:::
the

::::::::
Langmuir

:::
cell

:::::
axis.

:::
For

:::
the

::::::::
turbulent

::::::::
Langmuir

:::::::
number,

:::
we

:::
set

::::::::::
Lax = La t :::

and
::::::::::
� LOW = 0,

::::::::::::
corresponding

::
to

::::::::
Langmuir

:::::
cells325

::::::
aligned

::::
with

:::
the

:::::
wind.

:::
We

:::::
adopt

:::::::::::::::::
(c1;c2) = (3:1;5:7)

::
for

::::
La t ::::

and
::::::::::::::::
(c1;c2) = (3:1;5:4)

:::
for

::::::
Laproj ,

:::::::::
consistent

::::
with

:::
the

:::::::
original

::::
LES

:::
�ts

::::::::
following

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

:
.

::::
The

::::::
scaling

::
in

::::
Eq.

::::
(20)

:::
was

:::::::
derived

:::::
under

:::::::::
conditions

:::
of

::::
weak

:::
or

:::::::::::
destabilizing
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::::::
surface

::::::::
buoyancy

::::
�ux

::
in

:::::
LES.

:::::::
Because

::::::
Arctic

::::::
mixed

:::::
layers

:::
are

:::::::::
frequently

:::::::::
stabilized

::
by

:::
ice

:::::
melt

:::
and

:::::::::
freshwater

::::::
input,

:::
the

::::::::
diagnosed

::::::
values

::
of

:::::::::
hw02i H ML ::::::

should
:::
be

:::::::::
interpreted

::
as

::
a

:::::::
measure

:::
of

:::
LT

::::::::
potential,

:::::
rather

::::
than

:::
as

:
a

:::::
direct

:::::::::
prediction

:::
of

:::
the

::::::
realized

::::::::
turbulent

:::::
state.330

Here,


w02

�
H ML

is theverticalvelocityvarianceaveragedoverthemixedlayer,u� is
:::
The

:::::::::::
contribution

::
of

::
LT

::
to

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

:::::
energy

::::::::::
dissipation

::
is

:::::::::
quanti�ed

:::::
using

::
a

::::::::
vertically

:::::::::
integrated

::::::::
turbulent

::::::
kinetic

::::::
energy

::::::
(TKE)

:::::::
scaling

:::::::::
framework

:::::::::
following

::::::::::::::::
Belcher et al. (2012)

:
.
::
In

:::
the

::::::::::
mixed-layer

:::::::
interior,

:::::
away

::::
from

::::
the

::::::::::
near-surface

::::::::::::
wave-breaking

::::::
region,

:
the friction velocity, and

� ww is theanglebetweenwind andStokesdrift directions.Theparameter
:::::::
turbulent

:::::::::
dissipation

::::
rate

:::
can

::
be

::::::::::::
approximated

::
as

:::
the

:::
sum

::
of

:::::::::::
contributions

:::::
from

::::::::::
wind-driven

:::::
shear,

::::::
Stokes

::::
drift

:::::::::
(Langmuir

::::::::::
turbulence),

:::
and

:::::::
surface

::::::::
buoyancy

:::::::
forcing.

::::::::
Factoring

:::
out335

::
the

::::::::::
shear-based

:::::::
velocity

:::::
scale

::::::
yields:

" �
u3

�

HML::::::::

2

4As + A L La �2
x + A c

BsHML

u3
�:::::::::::::::::::::::

3

5 ; (21)

:::::
where

:::::
HML ::

is
:::
the

::::::::::
mixed-layer

::::::
depth, Lax is the Langmuirscaling,andc1 andc2 arethe sameempiricalconstantsusedin

Equation 8, following Van Roekel et al. (2012).This de�nition accountsfor the nonlinearampli�cation of vertical motions

associatedwith LT
:
a

:::::::::
Langmuir

::::::
number

::::::
metric

::::::::::::
characterizing

:::
the

:::::::
relative

:::::::::
importance

:::
of

::::
wave

:::::::
forcing

::
to

:::::
shear,

::::
and

:::
Bs ::

is
:::
the340

::::::
surface

::::::::
buoyancy

::::
�ux.

::::
The

::::::::
constants

:::
As, with enhancementincreasingasLax decreases.To assessthein�uence of wave–ice

interactionsandwave–wind directionalmisalignment,we computeall energeticestimatesusingboth La t andLaproj . To

estimatedissipationand VKE from LT
::::
AL ,

:::
and

:::
Ac:::

are
:::::::::

empirical
::::::::::
coef�cients

::
of

:::::
order

:::::
unity

::::
that

::::::::
represent

:::
the

::::::::
ef�ciency

:::
of

:::::
shear-,

:::::::::
Langmuir-,

:::
and

::::::::::::::
buoyancy-driven

::::::::::
turbulence,

::::::::::
respectively.

:::
The

:::::::::
Langmuir

::::::::::
contribution

::
in

:::
Eq.

::::
(21)

::::::
scales

::
as

::::::
La �2

x ,
::::::::
re�ecting

:::
the

::::
ratio

::
of

:::
the

::::::
Stokes

::::
drift

:::::::
velocity

:::::
scale

::
to

:::
the

:::::::
friction345

:::::::
velocity,

::::::
us=u� .

::::
This

::::::
scaling

:
is

:::::::::
consistent

::::
with

:::
the

::::::::
Langmuir

:::::::
velocity

::::
scale

::::::::::::::
w�L = (u 2

� us)1=3
::::
and

::::
with

::::
LES

:::::
results

::::::::::::
demonstrating

::::::::
enhanced

::::::
interior

::::::
mixing

:::::
under

::::::
strong

:::::::::
wind–wave

::::::::
coupling

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

:

::::::::
Consistent

::::
with

:::
the

:::::::
surface

::::::::::
forcing-only

:::::::::
framework

:::::::::
described

::
in

::::::
Section

::::
2.1,

::
we

:::::
omit

::
the

:::::::::::::::::
buoyancy-dependent

:::::::::::
contribution

::
in

:::
Eq.

::::
(21)

::::
and

:::::
adopt

:
a

:::::::
reduced

::::::::::
formulation

::::
that

:::::::
isolates

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

::::::
driven

:::::::::
turbulence.

::::
We

:::::
de�ne

::
a

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

::::::
forced

:::::::::
dissipation

::::
scale

:::
as:350

"mech =
u3

�

HML

�
1 + � La �2

x

�
;

::::::::::::::::::::::::

(22)

:::::
where

:::
the

::::::
second

::::
term

::::::::
represents

:::::::::::
enhancement

::
of

::::::::
turbulent

:::::::::
dissipation

:::
by

:::::::::::
wave-induced

::::::
Stokes

::::
drift.

::::
The

::::::::
empirical

:::::::::
coef�cient

:
�

::::::::::::
parameterizes

:::
the

:::::::::
ef�ciency

::::
with

:::::
which

:::
LT

:::::::::
augments

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

::::::
driven

:::::::::
dissipation

:::::
under

:::::::
weakly

:::::::
strati�ed

::::::::::
conditions.

::::
LES

::
in

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

:::::::
settings

:::::::
suggest

::::::::
� � 0:15.

:::
We

:::::::::
emphasize

:::
that

::::::
"mech ::

is
::
an

::::::::
energetic

:::::
proxy

:::::
rather

::::
than

::
a

:::
full

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

::
of

:::::::
turbulent

::::::::::
dissipation,

::
as

::
it

:::::::
neglects

::::::::
buoyancy

::::::::::
production,

::::::::::
entrainment,

::::
and

:::::::::::::::::::
strati�cation-dependent

::::::::::
suppression.

:::
Its

:::::::
purpose355

:::
here

::
is

::
to

::::::::
quantify

:::
the

:::::
spatial

::::
and

::::::::
temporal

::::::::
variability

::
of

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

::::::::
mediated

::::::
energy

::::
input

:::::::::
associated

::::
with

:::::
wind

:::
and

:::::
wave

::::::
forcing,

:::::::::
providing

:
a

:::::::::
physically

::::::::::
interpretable

::::::
metric

:::
for

:::::::::
comparing

::::::
mixing

:::::::
regimes

:::::
within

:::
the

:::::
MIZ.
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:::
We

:::::
adopt

:
a
:::::::::::::::
reanalysis-derived

:::::::::::
mixed-layer

:::::
depth

:::::
HML ::

as
::
a

::::::::
physically

:::::::::
consistent

::::
bulk

:::::
depth

:::::
scale

:::::
rather

::::
than

::
a

::::::::
real-time

::::::::::::
boundary-layer

::::::::
estimate.

::::::::::
Speci�cally,

:
we useMLD dataavailablefrom theGLORYS12V1reanalysis(producedby Mercator

Oceanfor CopernicusMarineService),whichprovidesdaily ,
::
the

:::::::::::
GLORYS12

::::::::
reanalysis

:
(0.08° resolutionglobalocean�elds.360

TheMLD isde�nedusingapotentialdensitythresholdcriterion(�� � = 0:03kgm�3 fromsurface)(Copernicus Marine Service, 2020)

, consistentwith standardpracticeandwell suitedfor capturingseasonalandregionalstrati�cation associatedwith freshwater

input in theArctic Ocean.However,this is not a prognosticvariablerespondingdynamicallyto surfacewaveor wind forcing

within our coupledmodel. Instead,it providesa diagnosticestimateof strati�cation depth,which we useto contextualize

LT-driven turbulenceunder realistic hydrographicconstraints.
:
�

::::::::::
resolution),

:::::::::
computed

::::
daily

::::
and

:::::::::
remapped

::
to

:::
the

:::
25

::::
km365

:::::
model

::::
grid.

:::::::::
Although

::::::::::
GLORYS12

::::
does

::::
not

::::::::
explicitly

::::::
resolve

:::::::::::
ice-modi�ed

:::::::::::::
boundary-layer

:::::::::
processes,

::
its

:::::::::::
mixed-layer

:::::
depth

:::::::
provides

:
a
:::::::::
physically

::::::::
grounded,

::::::::
spatially

:::
and

:::::::::
seasonally

:::::::
varying

::::::
vertical

::::
scale

::::
over

::::::
which

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

::::::
forced

::::::::
turbulence

::::
can

::
be

:::::::::
interpreted

::
in

::
a

::::::::
vertically

::::::::
integrated

::::::
sense.

::::::::
Equation

::::
(22)

::
is

:::::::
therefore

::::::::::
interpreted

::
as

::
an

::::::::
effective

:::::::::
dissipation

::::::
scaling

::::::
rather

:::
than

::
a

:::::
closed

:::::
TKE

::::::
budget,

::::
and

:
is

:::::
used

::::
here

::
as

:
a

:::::::::
diagnostic

::
of

:::
LT

:::::::
potential

:::::
under

::::::::::
wind–wave

:::::::
forcing.

Summaryof LangmuirTurbulenceDiagnosticsandScalings370

2 Results

2.1 Spatiotemporal variability of surface forcing across the Arctic

We introducea metric to assesshow often local conditionsunderice resemblethosein openwater
:::::
Figure

::
1

::::::::
presents

:::
the

:::::::
seasonal

::::::::::
distribution

::
of

::::
joint

::::::::::
exceedance

::
of

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

:
(OW), allowing usto evaluatetheoccurrenceandintensityof surface

forcing relevantto LT in ice-coveredregions.We focuson threekey variables:surfacefriction velocity (u� ), surfaceStokes375

drift velocity (us(0) ), andsigni�cant waveheight(hs). For eachgrid cell (x;y) andseason,we computethe fractionof time

stepsduring which a variableX (u� , us(0) , or hs) in ice-coveredconditions(SIC � 0:15) exceedsthe seasonalmedianof

thesamevariablecalculatedoverOW conditions(SIC < 0:15) acrosstheArctic domain.This resultsin a spatiallyresolved

indicatorof how often local forcing underseaice reachesor surpasseslevelstypically observedin openwater:
:::
-like

:::::::
surface

::::::
forcing

::::
over

:::
the

:::::::
�ve-year

:::::::::
simulation

::::::
period.

::::::
Across

::
all

:::::::
seasons,

:::::
joint

:::::::::
exceedance

::
is

::::::::
generally

::::
low,

::::
with

:::::
values

:::::
rarely

:::::::::
exceeding380

:::
0.2,

:::::::::
indicating

:::
that

:::::::::
conditions

::::::::::
comparable

::
to

::::
OW,

::::::
where

:::::
strong

:::::
winds

::::
and

:::::
waves

:::
act

:::::::::::::
simultaneously,

:::::
occur

::::
only

:::::::::::
infrequently

::
in

:::
sea

:::
ice.

::::::
Where

::
it

::::
does

:::::
occur,

::::
joint

::::::::::
exceedance

::
is

:::::::
spatially

::::::::
con�ned

:::
and

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

::::::::::
concentrated

:::::
along

:::
the

::::::::
seasonal

:::
sea

::
ice

:::::
edge.

::::
The

::::::
highest

::::::
values

:::
are

::::::::::
consistently

:::::
found

:::
in

:::
the

:::::::
Barents,

:::::::::
Greenland,

::::
and

:::::::
Chukchi

:::::
Seas,

::::::
regions

::::::
where

:::
ice

:::::
cover

::
is

::::::
thinner,

:::::
more

::::::
mobile,

::::
and

::::
more

:::::::::
frequently

::::::::
disrupted.

:

OW_Exceedanceice(x;y) =
N t

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

median-OW

i

N t [SICt (x;y) � 0:15]
385

whereX (s)
median-OW is the seasonalmediancomputedover all open-watergrid cells and N t [�] countsthe numberof time

stepssatisfyingthecondition.Seasonswerede�ned usingmeteorologicalgroupings:DJF(Dec–Feb),MAM(Mar–May), JJA
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(Jun–Aug),andSON (Sep–Nov),assignedbasedon the monthof eachtime point in
:::
The

::::::
spatial

::::::::::
distribution

:::::::
exhibits

:::::
clear

:::::::
seasonal

::::::::
contrasts.

::::::
During

::::::
winter

::::
and thedataset.

:::::::::
transitional

:::::::
seasons

:::::
(DJF,

::::::
MAM,

::::::
SON),

::::
joint

::::::::::
exceedance

::
is

:::::::
stronger

::::
and

::::
more

:::::::
spatially

:::::::::
continuous

:::::
along

:::
the

:::::
MIZ,

::::::::
re�ecting

:::
the

::::::::
increased

::::::::
likelihood

::
of

:::::::::::
storm-driven

:::::::::
conditions

:::::::::
interacting

::::
with

::::::
loosely390

::::::::::
consolidated

:::
ice.

::
In

::::::::
contrast,

::::::
summer

:::::
(JJA)

:::::
shows

:::
the

:::::::
weakest

::::
joint

::::::::::
exceedance

::::::
overall.

::::::::
However,

::::::::::
exceedance

:::::
events

::
in

:::::::
summer

::
are

:::::
more

::::::::::::
geographically

:::::::::
dispersed,

:::::::::
suggesting

:::
that

:::::
while

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

::::::
forcing

::
is

::::
rarer,

::
it

:::
can

::::
still

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

::::::
extend

:::
into

:::::
areas

:::::::
classi�ed

:::
as

::::
pack

::::
ice.

::::
This

::::::::
scattered

:::::::
summer

::::::
signal

:::::::::
highlights

:::
the

::::::::
potential

:::
for

:::::::
episodic

:::::::::
Langmuir

:::::::::
turbulence

:::::::
beyond

:::
the

::::::::
immediate

:::::
MIZ

:::::
during

:::
the

::::
melt

:::::::
season.

Thedistributionof u� is narrowlycenteredaround� 0:01 m=s, with minimal seasonalvariability (Figure1a) , suggesting395

relativelyconsistentwind-drivenshearstressacrosstheyearin theOW
::
To

:::::::
provide

::::::::
additional

:::::::
physical

::::::
context

:::
for

:::
this

::::::::
seasonal

:::::::::
asymmetry,

:::::::::::::
Supplementary

::::::
Figure

:::
S2

::::::::::
summarizes

:::
the

::::::::::
distribution

:::
of

:::::::::
signi�cant

:::::
wave

:::::
height

:::::
(H s)

::::::
within

:::
the

::::::::
marginal

:::
ice

::::
zone

:::::
(MIZ)

::::::
across

:::::::
seasons.

:::::::
Winter

:::::
(DJF)

:::::::
exhibits

::::
both

:::
the

:::::::
highest

:::::::
median

::::
wave

:::::::
heights

:::
and

::::
the

::::::
largest

::::::
spread,

:::::::::
consistent

::::
with

:::::::
frequent

:::::::::::
storm-driven

::::
wave

::::::
events

::::::
capable

:::
of

:::::::::
penetrating

::::
into

:::::::
partially

::::::::::
ice-covered regions. In contrast,us(0) is centered

around� 0:1 m=s andexhibitsstrongerseasonality(Figure1b) ,
::::::
summer

:::::
(JJA)

:::::
wave

::::::
heights

:::
are

::::::::
strongly

::::::::::
suppressed,

::::
with400

:::
low

::::::
median

::::::
values

:::
and

::::::
limited

:::::::::
variability,

:::::::::
consistent

::::
with

::::::
reduced

::::::
Stokes

::::
drift

::::::
forcing

::::
even

::::::
where

:::
ice

::::
cover

::
is

::::::::::
fragmented.

::::
The

:::::::::
transitional

:::::::
seasons

::::::
(MAM,

:::::
SON)

::::::
exhibit

:::::::::::
intermediate

::::::::
behavior,

:::::::::::
characterized

::
by

:::::
lower

:::::::
median

::::
wave

:::::::
heights

:::
but

::::::::::
pronounced

:::::
upper

::::
tails,

::::::::
re�ecting

:::::::
episodic

:::::
wave

:::::
events

:::::
rather

::::
than

::::::::
sustained

:::::
wave

:::::::
forcing.

::::::::
Consistent

:::::
with

::::::::
seasonal

::::
wave

::::::::
climate,

:::
the

:::::::::::
con�nement

::
of

:::::
joint

::::::::::
exceedance

::
to

::::
the

::::
MIZ

::::::
across

:::
all

:::::::
seasons

:::::::::
highlights

::
the

::::
role

:::
of

:::
sea

:::
ice

:::::
state

::
in

:::::::::
regulating

:::::::
surface

:::::::
forcing.

:::::::
Reduced

:::::
joint

::::::::::
exceedance

::::::
during

:::::::
summer

:::::::
re�ects

::::
both

::::::::::
diminished405

:::::
storm

::::::
activity

::::
and

::::::::
enhanced

:::::::::
attenuation

::
of

::::::::::::
wave-induced

::::::
Stokes

::::
drift

::::::
within

::::
even

:::::::::
moderately

:::::::::::
concentrated

::::
ice,

::
in

:::::::::
agreement

with elevatedvaluesduring winter monthsand reducedvaluesin summer.The hs distribution spansa broaderdynamic

range,with higherseasonalmeansandmediansin winter (Figure1c) , re�ecting increasedwaveactivity during this period.

Figures1d-f, showthe spatialdistributionof OW exceedancefrequencieswithin the ice-coveredArctic (SIC � 0:15) . The

exceedancemapfor u� revealswidespreadregions,extendingdeepinto theMIZ andcentralArctic, wherelocal shearoften410

matchesor exceedsOW medians.High exceedanceratesareparticularlypronouncedin the Barents,Laptev,andChukchi

Seasandin DavisStrait.This indicatesthatatmosphericmomentumcancontinueto penetrateef�ciently throughtheseaice

cover acrossextensiveareasof the Arctic. It supportsthe hypothesisproposedby Martin et al. (2014, 2016), who argued

that momentumtransmissionthroughseaice can be regionally and seasonallyenhancedwhen internal ice stressis low.

In loosely packed- mobile ice, wind coupling to the oceancan remain strong or even be enhancedrelative to OW. In415

contrast,exceedancefrequenciesfor us(0) areessentiallyzero,indicatingthatStokesdrift is heavily suppressedbeneathsea

icedueto wave attenuationand scatteringprocesses(Ardhuin et al., 2016). This suppressionis consistentwith theoretical

and observational studiesshowingthat the Stokestransportrapidly decaysundereven
::::::::::
documenting

:::::
rapid

:::::
decay

:::
of

::::::
Stokes

:::::::
transport

:::::
under

:
partial ice cover(Ardhuin et al., 2016; Herman, 2017; Liu and Mollo-Christensen, 1988). Despitethe lack of

us(0) exceedance
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Ardhuin et al., 2016; Herman, 2017; Liu and Mollo-Christensen, 1988).

:::
In

:::::::
contrast,

:::
the

:::::::::
persistence

:::
of

::::
joint420

:::::::::
exceedance

::::::
during

:::::
winter

::::
and

:::::::::
transitional

:::::::
seasons

::::::::
indicates

:::
that

:::::::
episodic

:::::::::::
storm-driven

:::::
events

::::
can

::::::::::
temporarily

:::::
restore

::::::::
OW-like

::::::
forcing

:::::::
beneath

:::
the

:::
ice, hs showsnotableexceedancefrequencies,primarily concentratedalongthe seasonaliceedge.This
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Figure 1.
:::::::
Seasonal

::::
joint

::::::::::
exceedance

::
of

:::::::::
wind–wave

::::::
surface

::::::
forcing

:::::::
beneath

:::::
Arctic

::::
sea

:::
ice.

:::::
Panels

:::::
(a–d)

::::
show,

:::
for

::::
each

::::::
season,

:::
the

::::::
fraction

::
of

:::::::
under-ice

:::
time

:::::
(SIC

::::::
� 0:15)

:::::
during

:::::
which

::::
both

:::::
surface

::::::
friction

::::::
velocity

:::
u� :::

and
:::::
surface

:::::
Stokes

::::
drift

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

simultaneously
::::::
exceed

:::
their

::::::::
respective

:::::::
seasonal

::::::::
open-water

:::::::
medians

:::::
(SIC

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

:::::::
Elevated

:::::
values

:::::::::::::
(yellow–orange)

::::::
indicate

:::::::
locations

:::::
where

:::::::::
wind-driven

:::::
shear

:::
and

::::::
residual

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

:::
drift

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

::::
reach

::::::::::::
open-water–like

::::::::
magnitudes

::::::
despite

:::
the

::::::
presence

::
of

:::
sea

:::
ice.

:
A

:::::::
nonlinear

::::::::::
(power-law)

::::
color

:::::
scaling

::
is

::::::
applied

::
to

::::::
enhance

::::::
contrast

::
at

:::
low

:::::::::
exceedance

:::::::
fractions,

::::::::::
emphasizing

:::::
spatial

::::::::
variability

::
in

::::
rare

:::
joint

:::::::::
exceedance

::::::
events.

::::::
Dashed

:::
and

::::
solid

::::::
contours

::::::
denote

::
the

:::::::
seasonal

:::::
mean

::::
15%

::::
(teal)

:::
and

::::
80%

::::
(blue)

:::
sea

:::
ice

::::::::::
concentration

:::::::::
boundaries,

:::::::::
respectively,

::::::::
providing

::::::
context

::
for

:::
the

:::::
typical

:::::
extent

::
of

:::
the

:::::::
marginal

::
ice

::::
zone

:::
and

:::
the

:::::::
transition

::
to

:::
the

::::::::::
consolidated

::::
pack.

::::
Joint

:::::::::
exceedance

::
is

:::::
shown

:::
only

::
at

::::
grid

::::
cells

:::
that

::::::::
experience

:::
sea

::
ice

::::::::
conditions

::
at

::::
least

:::
once

::::::
during

:::
each

::::::
season.
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suggeststhatsurfacewavesarecapableof penetratinginto partially ice-coveredareas,particularlyneardynamicor retreating

ice margins(Thomson et al., 2018). Localizedwave presence,highlights the spatially constrainedbut temporallyepisodic

natureof wave-drivenprocessesin theArctic MIZ. Thecontrastbetweenthewidespreadexceedanceof u� andthecon�ned425

natureof hs exceedance,illustratesakeyasymmetryin thesurfaceforcingregimeacrosstheseaicecoveredArctic.
::::
even

:::::
when

::::
mean

:::::::::
conditions

::::::
remain

:::
ice

:::::::
covered.

:

Seasonaldistribution and under-ice exceedanceof surface friction velocity (u� ), surface Stokesvelocity (us) and

signi�cant wave height (hs) in the Arctic. (a, b, c) Seasonalhistogramsof u� , us(0) , and hs over OW grid cells (SIC

< 0:15), with verticallinesmarkingthemedian(solid)andmean(dashed)for eachseason.(d,e,f) Fractionof timestepsunder430

ice-coveredconditions(SIC � 0:15) wherevaluesof u� , us(0) , andhs exceedtheseasonalmedianopenwaterthreshold.The

dashedcontourrepresentsthemedian80%SICboundary,indicatingthetypicalMIZ extent.Colorscaledenotesthefrequency

of exceedance(0 to 1), with highvaluesindicatingregionsof frequentopen-water-likebehaviorin seaicecoveredregions.

Thespatialdistributionandseasonalevolutionof themedianLangmuirnumber(La t ) characterizedominantupper-ocean

turbulentmixing regimesacrosstheArctic (Figure435

2.2
:::::::
Mapping

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

:::::::
mixing

::::::
regime

:::::::::
dynamics

::
in

:::
the

::::::
Arctic

::
To

::::::
further

::::::
explore

:::
the

:::::::
controls

::
on

:::
LT

::::::::
potential,

:::
we

:::::::
examine

:::
the

:::::
spatial

::::
and

:::::::
seasonal

:::::::
structure

::
of

:::
the

::::::::
turbulent

::::::::
Langmuir

:::::::
number

:::::
(La t ).:::All

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

medians
:::
are

:::::::::
computed

::::
over

:::
the

::::
full

::::::
spatial

::::::
domain

::::::
shown

::
in

::::::
Figure

:
2). In all seasons,elevatedmedianLa t

values(> 1:5,
:::::::
without

:::::::::
restricting

::
the

:::::::
analysis

:::::
based

:::
on

:::
sea

:::
ice

::::::::::::
concentration.

:::
The

::::::::
�ve-year

::::::::::::
climatological

::::::
median

:::::::
(Figure

:::
2a)

::::::
reveals

:
a

::::::::
persistent

::::
band

::
of

::::
low

:::
La t:::::::::encircling

:::
the

:::::::
perennial

:::
ice

::::
pack

::::
and

::::::
closely

::::::::
following

:::
the

::::::::::::
climatological

::::
15%

:::
SIC

:::::::
contour440

:::
and

:::::::::
consistent

::::
with

:::::::
patterns

:::::
shown

:::
in

:::::
Figure

:::
1.

:::::::
Elevated

:::::::
median

:::
La t::::::values

::::
(> 1) dominate the centralice-coveredArctic ,

indicatingconditions
:::::
Arctic

:::::
under

:::::::
compact

:::
ice

:::::
cover,

:::::::::
indicating

:::::::
regimes

:
where wave in�uenceremains

:
is

:
weak and surface

shearprimarily governs
::::::
governs

:::::::::::
upper-ocean mixing. In contrast,lower medianLa t values(< 0:45

:::::::
moderate

:::
to

:::
low

:::::::
median

:::
La t ::::::

values
:::::::
(< 0:45), which signaldynamicallysigni�cant LT , appearin

:::::::
indicate

:::::
some

::
LT

:::::::::
potential,

:::
are

:::::::
con�ned

::
to

:
narrow,

seasonally evolving bands along theMIZ. TheseLT-favorablezonestracktheclimatologicaliceedgeandexpandin latesummer445

andfall (Figure2e),whenopenwaterexposureandincreasedwaveactivity enhanceStokesdrift penetration.Springandwinter

patterns(Figures2b–c)exhibitsharptransitionsbetweenhigh andlow La t , showinghow compactice suppresseswave-driven

mixing. The5-yearclimatologicalmedian(Figure2a) revealsa persistentbandof low La t encirclingtheperennialice pack

andcloselytrackingthe15%SIC contour.This alignment,showsthatthereis LT potentialin theseasonalMIZ, andindicates

thecritical roleof seaicecoverin modulatingaccessto waveenergyand,consequently,shapingtheturbulentmixing regimes.450

::
ice

:::::
edge.

::::::
Under

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

:::::::::
conditions

::::
(SIC

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

:::::::
median

:::
La t::::::values

:::
are

::::::::
generally

:::::
below

::::
0:35,

:::::::::
consistent

::::
with

:::
the

:::::
range

::::::::
identi�ed

::
by

::::::::::::::::::
Belcher et al. (2012)

::
as

::::::::
favorable

:::
for

:::
LT

::::::::::
conditions.

::::
This

:::::::::
large-scale

::::::
spatial

::::::::
structure

:::::::
re�ects

:::
the

::::::::::
progressive

:::::::::
suppression

:::
of

::::::::::::
wave-induced

::::::
Stokes

::::::::
transport

::::
with

:::::::::
increasing

:::
ice

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

::
as

:::
LT

::::::::
potential

:::::::::
diminishes

::::::
when

::::::
Stokes

:::::::::
production

:::::::
weakens

::::::
relative

:::
to

::::
shear

::::::::::
production.
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