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

layer:

in. Langmuir turbulence (LT), generated by the interaction
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-constrainedremain limited

of wind stress and wave-induced Stokes drift, is a dominant

in characterization. Here we present the first pan-Arctic assessment of LT mixing potential using a fully-coupled-seaice—wave
medelmg—ffameweﬂecou led sea ice—wave model integrating neXtSIM and WAVEWATCH I11. Combining-wind—wave-foreing

tesUsing wind—wave forcing metrics, we
show that LT-relevant forcing beneath sea ice is spatially confined and strengly-highly intermittent. Conditions eapable-of

sustaining ET-oceur-primartty-favorable for LT largely occur within the seasonal MIZ and arise episodicallyduringtate-melt
aﬁd—ﬁfeeze-upﬁmeﬁhaﬁ—a%—a—pems{eﬂt—baekgmtmd—%&e Sea ice concentration fegquafe%sets the mean balance between wave-

and shear-driven turbulence, w

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 mest-often—eoexists—with-wind-driven—shear—in-typically occurs
within mixed-forcing regimes, hightighting-the-need-for regime-aware representations-ef-where wave-driven and shear-driven

rocesses coexist. Our findings highlight the importance of wave—ice interactions and intermittency in shaping upper-ocean
mixing in-elimate-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 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 the Arctic sea

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

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 o¢Baticheretal2012:Yang-etal201dhe-absencedtLF
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in seaice-covered regions, where the physical environment deviates substantially from typical open-ocean conelitions
J eWill i ’ : —2024)
. In the Arctic, sea ice modi estpperoceanmixing-dynamicsin-severatways-t-imits-Upper-oceamixing by limiting

vertical extent of Stokes drift (Ardhuin et al., 2016, 2020; Li and Fox-Kemper, 284&avwhileAt the sametime, ice motion
and oe interactions introduce additional sourceswiffaceshear and turbulence (Skyllingstad and Denbo, 20B&¥ervations

L ions

Recent modeling studies
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. However,to our knowledge,no study has yet conducted a basin-wide, systematic evaluation-gfitdhmixing 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 1l (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 an




95 coupled model con guration, the formulatlon of LT-reIevant parameters aarwaluatreﬂe#the model inputs underpinning

the LT metrics. Section Begmemgbegmswﬁh an assessment of LT-relevant wind and wave forcmg in sea ice. Wertbpn

100

developmer)tand outlines key limitations of the study.

2 Data and Methods
2.1 The neXtSIM- WAVEWATCH Il coupled model

105 We use a coupled sea icevave modeling framework that integrates the Lagrangian neXt-generation Sea Ice Model (neXtSIM)
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125Htrmeterobservatrons (Boutin et al., 2022).
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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 showincreased 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
155 shows that ERA5 winds are systematically weaker than satellite-derived winds, and that this bias propagates directly into

1:46 ms ! (ERA5-CCMP), an RMSE of 1.47 mls, and a correlation of 0.99 (Fig. S1), indicating hlgh 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.
Olason et al. (2025) report pan-Arctic sea ice extent RMSE of 0:76° kv 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 driftg 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 i
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, anc
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).

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 stress
1&caled by the local sea ice concentration:

ocn =A o +(1 A) ao (1)
where A is the sea ice concentration (O = open ocean, 1 = fully ice covered), and the direct atmosphere—ocean stress is givel
by:

a0 = aCaojUajUua (2
with with 5 as air density, 4 the 10-m wind velocity, and & the air—sea drag coef cient over open water. Subsequently,

we de ne an effective water-side friction velocity pwhich represents the shear strength associated with the net surface stress
transmitted to the ocean under partial ice cover:

S

u = J oan

: ®)

)
where , is the density of seawater. It provides the fundamental scaling for wind-driven mixing processes. The net surface
stress 4o 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 velocitwhile its spatial structure and
relative variability remain more robust.

computed from the two-dimensional wave energy spectrum F(k; ) as:
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k2 cos()

Us°=g >—F(k; )d dk; (4)
and

z27 ,.
UZ0=g ﬂp(k; )d dk: )

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 veciorThe effective friction velocity and surface Stokes drift

2.4 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-

induced Stokes drift to upper ocean turbulefide\Wittiams-and-Sultivan; 2004

illiams et al., 1997). Itis de ned as:

r
La; =

u

(6)

Us(o)

where u is the friction velocity associated with the effective surface stress applied to the oceangnd the surface
Stokes drift magnitude. In the open ocean, typical values @fraage between 0.2 and 0.5 (Belcher et al., 2012), suggesting
strong wave in uence and active Langmuir circulation development, althoughcha 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
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 circulations
(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. Théynarmicorientation angle | represents the direction of the dominant Langmuir
cells relative to the wind. Incorporating this angle yields the generalized projected Langmuir number:

ju jcos( L) 1=2

Laproi - - ;
prel JUs(0) J COS( ww L)

@)
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where  is the angle between the wind stress and Stokes drift ve&msaﬂen@eaptu%e&weeﬁeet&@%%hﬁedueed

%S(WL_)-‘

tan h@gz:@z['gL
Low hu =( Z)+@u5:@2£'5|_

where angle brackets denote a depth average over the Langmuir-affected layend is the von Karman constant.

®

ju jcos( Low )

Lapo = - .
prel jusoyjcos(ww  Low )

2.4.1 Surface forcing metrics and mixing regime classi cation

rst evaluates how frequently surface forcing beneath sea ice resembles open-water condltlons, based on exceedance metric
for surface stress and wave forcing. The second classi es near-surface ocean conditions into discrete mixing regimes based ol
the Langmuir number Laand 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 approache
values typical obpeﬂwa{e{theonesn openocean. The two primary LT drivers considered are the surface friction veloci}y (u

X&), =medianfX ((x;y) : SIC((x;y)<0:15; t2sg: ©)



This benchmark represents the typical magnitude of atmospheean or wave-induced surface forcing under ice-free conditions

250during 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
h i
N¢ SICi(x;y) 0:15 7 X ((x;y) X g\a\,

N [SICi(x;y) 0:15] (10)

Exceedancés) xy) =

where N[] denotes the number of seasonal time steps satisfying the speci ed condition. Seasons follow meteorological
255 de nitions: winter (DJF), spring (MAM), summer (JJA), and fall (SONgrid cells arede ned on a stereographigrid with

To isolate conditions most relevant feangmuirturbulenetT, 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

2a@beir respective OW seasonal medians:
h i
N¢ SIC(x;y) 0:152u 4 (Xy) u (%w N Ugpoyt (Xy) U S(%);ow

N¢ [SICi(x;y) 0:15] (11)

JointExceedancé® (x;y) =

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

265

270

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

R(y;T)= _2 if0:43<La(x;y;T) 0:94 (Mixed-forcing) 12)
- 3 ifLai(x;y;T) 0:43 (Wave-dominated):



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

275 ice(T)=1(x;y)jSIC(x;y; T) > 0:8¢;

miz (T)=1(x;y)j0:15 SIC(x;y;T) 0:8g;

ow (T)=1(x;y)jSIC(x;y;T) < 0:15g:

ice (T) =f(x;y) j SIC(x;y; T) > 0:8g;
miz (T) =f(xy)j0:15 SIC(x;y;T) 0:8g; (13)

(M= f(X'__y)j SIC(x;y;T) <0:15g:

280 For each region and regime r 2 f1;2; 3g, we compute the spatial fraction of grid cells occupying regime r attime T as

1 X
fo (M= (ROy;T)=1); (14)
imi
¥)2(T)
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 regimeta r,, between successive time steps, restricted to

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

ax

T o (Gy)= RY;T D=r ) RXY:T)=r m) (xy)2 (T 1)\ (T)): (15)
T=2

Spatial differences in temporal sampling are evaluated using transition counts, normalized by the number of time steps a
grid cell resides within region ,
Teow o (5Y)

N (xy)

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

Teow o (6Y)= (16)

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

295 vertically integrated turbulent kinetic energy (TKE) budget: (i) the mixed-layer—averaged vertical velocity varidifog, hw

10



We compute hi{iy,,, followrng the LES-based scaling of Van Roekel et al. (2012):
300 hw3y,, =0:6[u cos( Low )]® 1+(cilay)? +(colay)? ; (17)

where u is the friction velocity and La denotes the Langmuir number metric used in the scaling. Tkfe lamd La? terms

capture the nonlinear enhancement of vertical velocity variance by Langmurr forcrng with lower Langmuir numbers indicating

305 case, we set L,a Lat and ow =0, eerrespendmge—k&ngnwweeﬂeahgnedwrh%hemnd"whrle for, the__p_rOJected

310 interpreted as a measure of b‘é{enﬂalra%heﬁhanasmlxmg potentlalratherthana direct prediction of the realized turbulent

state.

The contribution of LT to upper—ocean energy dissipatim%%%%' i i icallyintegratedurbulentkinet

mixed-layer interioraw
315 be approximated as the sum of contributions framed-drivershear, Stokes drﬂ&angmuir%&rburenee)ﬁnel—surfaee,:::end
buoyancy forcing. Factoring out the shear-based velocity scale yields:

3
" u 2 BsHwm .
Ho— AstALlal +Ac—F— | (18)

where Hy, is the mixed-layer depth Laisetangmu#numbermemeeharaeteriﬂn@.haracterizes the relative importance

320 eee#eren%&_c_gnstantsof order unltyHeaHepresemrheeﬁereneyLeHep_resentmgﬁhear— Langmurr— and buoyancy-driven

325 eeuphng(BereheFe%al—zeﬁ—VaereekeFePal—szﬁ—wavecouphng

in Eq.{+8)(19)and adopt a reduced formulation that isolates mechanically driven turbuWe«;Mreameeh&nmaHyereed

11
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o1+ a2 (19)

"mech_ = _
Hm

where the second term represents enhancemémtiflentdissipation by wave-induced Stokes drift. The empirical coef cient

its-it _offers a physically consistentbulk estimateof the mixed-layerdepthprovidesaphysically grounded spatialy-and

a ad a' anecaq Nnhamnternretedn a atda¥a a anse
chHyro ctutiou ccaro v, v iy grd Co

3 Results

3.1 Spatiotemporal variability of surface forcing across the Arctic

12
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andwavesactsimultaneoushoceuronh-infreguentlyin-seaice-Wherei br;joint exceedance ispatiallreonned
365 andpredominantlyconcentrated along thecasenakeaice-edgdliZ, closely alignedwith the 15-80%SIC contours. The
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ice-coveredegionsineontrastsummer). This re ects the combinationof a lower open-watereferenceandmoreef cient
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number (La). All La; medians are computed over the full spatial domain shown in Figure 2, without restricting the analysis
based on seaice concentration. The ve-year climatological median (Figure 2a) reveals a persistent band oétmirtlang

the perennial ice pack and closely following the climatological 15% SIC contour and consistent with patterns shown in Figure
1. Elevated median Lavalues (> 1) dominate the central Arctic under compact ice cover, indicatggneswherewave

wind forcing. During winter and spring (Figures 2b—c), sharp gradients indedineate the transition from wave-in uenced
conditions near the ice edge to shear-dominated regimes within the consolidatédiscebruptshiftre-ects-compactice
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