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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:

ﬁgmﬁeafﬁ—uﬁeeffamty—ﬁﬁea—tee—aﬂd—eee&ﬂ—pfedieﬁeﬁ% et its representation under sea ice remains highly uncertain. Langmuir
turbulence (LT)i

is-, generated by the interaction of wind
stress and wave-induced Stokes drlftﬁbsefvaﬁeﬂs—}w&eeﬁﬁfmeekg—aeﬁwfyb -, is a dominant open-ocean mixing mechanism
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. Hn-this study;-we-conduct thefirst
Me&e-md&ﬁggwm%gﬁg@%g&assessmem of LT potentlal using a eeup}ed—sea—kee—wavefnedel—tha{—ﬂﬁegfafes

coupled sea ice-wave modeling framework integrating neXtSIM and WAVEWATCH I11. Combining wind-wave forcing metrics
with mixed-layer—integrated dissipation and vertical kinetic energy within-the-OSBE—Our-anatysisreveals-that Fpetentiat
is-higherin-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, w

dissipationregulates the mean balance between wave- and shear-driven turbulence, while ice mechanical state, wave properties
and wind—wave misalienment control the efficiency of Langmuir-driven vertical motions without altering the underlyin
mixing regimes. As a result, LT in the Arctic MIZ —wi isodi i i iti i i i

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.
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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, marked
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).

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,

Skyllingstad and Denbo, 1995; Kukulka

, 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;
Lietal., 2019).

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 interactions
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 spread
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 that
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;
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.,

is de ned asthe amplitudeof L angmuirforcing inferredfrom surfacesheai(friction velocity, u ) andsurfacewave-induced

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-WaveWateh-neXtSIM- WAVEWATCH Il CeupledMeodel

2 Medel-Con-guration-

the speetralwave modetWAVEWATCH-H-(WAA3)-with-the Lagrangian neXt-generation Sea Ice Model (neXtSith the
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from-the GLORY S 2reanalysisandusesyav

135 physicallyconsistenmannerallowing thewave eld to respondo._oe fragmentatiorandthe evolving seasonamorphology

140 wind, sea ice, and surface ocean variables used in this study, either directly from model output or computed from established
physical relationships.

145

150 statebias.Becaus€ CMPassimilateRAS

155 modulatewavepenetratiorandStokesdrift pathways.

160 andindependenbhservationakonstraintsprior_studiesindicate that residualuncertaintyin the short-wavespectrum,and
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the net ocean surface stress is de ned as an area-weighted combination of ice—ocean and atmosphere—ocean stresses, scalec

the local sea ice concentration:

oon =A_ 0 +(1 A) _ a0 1)

_ a0 = aCaoijUaijua 2

with —-with_ 5 as air density, 4 the 10-m wind velocity, an€5-Cao the air—sea drag coef cient over open watereur
. . . . . . . L osed

S

S
J ocnl ] oenl 3)

growth, This primarily affectsthe absolutemagnitudeof the diagnosedriction velocity u , while its spatial structureand

In addition to wind shear, surface waves contribute momentum through Stokes drift, the net Lagrangian transport of water
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:

ZZ
k2 cos()
2

Us°=g F(k; )d dk; 4
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and

z2z k?sin()

>——F(k; )d dk: (5)

U5°=g

1.3 Langmuir turbulence metrics in the Arctic

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

r
La; =

u

Us(0) '

(Belcher et al., 2012), suggesting strong wave in uence and active Langmuir circulation development, althoaogh tesach

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 La(Harcourt, 2015). Lais thuswidehrused in ocean modeling as a diagnostic of upper-ocean mixing

regimes and to inform turbulence parameterizati®respiteLarbeingastandardnetricfo mixingpotentialrecentstudie
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juj ju jeos( ) 1=2.
La = " Dproj n " A oy 7
prel JUs(0) jcos( ww) Pl JUs(0) | COS( ww L) %

h@y=@3z
tan Low FED, (8)
................................ hu =(2)+@us=@%
whereanglebracketsdenotea depthaverageover the Langmuir-affectedayer D, and _is the von KarmanconstantLES
resultsshowthat ow Captureshe orientationof Langmuircells over a::yvldg::(:angepf:yy:l:pd—wave::rp:@al|gnmeqjqqngIes
makingit suitablefor large-scalepplications.
131 . | _ .

ju jcos( Low ) =2

- : : 9
JUs(o) J €OS( ww Low ) ®)
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valuestypical of openwater. The two_primary LT drivers considerechre the surfacefriction velocity (u ) andthe surface
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h i
N SICi(xy) 0:15 2 X ((xy) X &

) (- v) = '
ExceedaaniS (xy) N¢ [SICi(x;y) 0:15] ’

265 whereN¢[] denotesthe numberof seasonatime stepssatisfyingthe speci ed condition. Seasongollow meteorological

h
Eloi dancd (L e q PSPNY o Ni SIC(xy) 0:15 2 u 4 (6Y) U Dy~ ugop (%
: - N .
Flomipreeedanee (R.oo) £ =08, Ar(Ckad H(Ea) N, [SIC:(<y) 0:15]
270 12)

interpretablemeasureof the frequencyand persistenceof_LT-relevant surfaceforcing in_ice-coveredregions,relative to

To characteriz¢heevolvingbalancéyetweerwind-driven ands-areempiricaleonstants-eliewing(Van-Reeketet-al;2012)
275 W 4 fo i heenhancemerdaetor edto-scale
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§1 if La,(x;y;T)>0:94 (Shear-dominated)

Ry;T)= _2 if0:43<La(x;y;T) 0:94 (Mixed-forcing) (13)

- 3 ifLai(x;y;T) 0:43 (Wave-dominated):

(14)
(15)

(16)

R(Laxxy;T)=r 17)

regimes.For eachgrid cell (x;y), we counttransitionsfrom regimer, to.rm

periodswhenthegrid cell remainswithin the sameice regime. -
Toor o, (GY)= (REGY;T 1)=r ) RKY;T)=r m) ((y)2 (T D\ (T)): (18)
T=2
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"total =" shear E(Lax)

T =" total " shear =" shear(E(Lax) 1)

T . (XY)

T y) = : 19
rn|rm(x y) N (X, y) ( )
whereN_ (x;y) denoteghe total numberof time stepssatisfyingthe regionalcriterion. The resultingnormalizedfransition

2
w4y, =06 u cos(ww tow) 1+(cilay)? +(colay)? ; (20)
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shouldbe interpretedas a measureof LT potential,ratherthanasa direct predictionof the

330 realizedturbulentstate.

335

340

345

350

355

12



370 Summaryef—kangmw#urbu#ene@a%esﬂes&nd%e&lmgs‘ i i i

2 Results

2.1 Spatiotemporal variability of surface forcing across the Arctic

375

380 forcmg overthe ve- year S|mulat|onper|od Acrossall seasons;omt exceedancis, generallylow with values_r_arelyexceedmg
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Figure 1. Seasonal

ljoint. exceedanceof wind-wave surface forcing. beneath Arctic_seaice. Panels(a—d) show, for eachseasonthe
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