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Abstract12

Marginal ice zones are composed of discrete sea-ice floes, whose dynamics are not13

well captured by the continuum representation of sea ice in most climate models. This14

study makes use of an ocean Large Eddy Simulation (LES) model, coupled to cylindri-15

cal sea-ice floes, to investigate thermal and mechanical interactions between melt-induced16

submesoscale features and sea-ice floes, during summer conditions. We explore the sen-17

sitivity of sea-ice melt rates and upper-ocean turbulence properties to floe size, ice-ocean18

drag and surface winds. Under low wind conditions, upper ocean turbulence transports19

warm cyclonic filaments from the open ocean toward the center of the floes and enhance20

their basal melt. This heat transport is partially suppressed by trapping of ice within21

cold anticyclonic features. When winds are stronger, melt rates are enhanced by the de-22

coupling of floes from the cold, melt-induced lens underneath sea ice. Distinct dynam-23

ical regimes emerge in which the influence of warm filaments on sea-ice melt is mitigated24

by the strength of ice-ocean coupling and eddy size relative to floe size. Simple scaling25

laws, which may help parameterize these processes in coarse continuum-based sea-ice mod-26

els, successfully capture floe melt rates under these limiting regimes.27

Plain Language Summary28

At high latitudes, the ocean is often covered by a thin layer of sea ice, which forms29

in the winter due to the freezing of seawater. Sea ice is typically characterized by a col-30

lection of distinct pieces, known as ice floes, which range in size between several meters31

to tens of kilometers. In the summer, floes melt due to a warm atmosphere above, as well32

as a warm ocean below. The melting of sea-ice floes often generates small-scale (1 - 10 km)33

ocean currents at the surface, which in turn affect sea-ice motion and melt. Here, we study34

these ice-ocean interactions, using an idealized sea-ice model coupled to a regional ocean35

model that resolves these fine-scale dynamics. We find that small-scale oceanic currents36

and surface winds accelerate the sea-ice melt rate by allowing warm waters to move into37

colder regions under the ice floes. Simple relationships, or scalings, involving the floe size,38

wind speed and ice-ocean friction, are able to explain these varying ice floe melt rates39

across a range of environmental conditions. These scalings, when included in global cli-40

mate models, may help to improve future predictions of sea-ice changes by accounting41

for the impact of small-scale ocean currents.42
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1 Introduction43

Polar oceans are are often covered by sea ice, a thin reflective surface that insu-44

lates the ocean from atmospheric influences. At high latitudes, sea-ice cover plays an im-45

portant role in regulating the Earth’s climate, through outsized influences on the global46

radiative budget (Flanner et al., 2011; Riihelä et al., 2021), the ocean’s overturning cir-47

culation (Nadeau et al., 2019; Liu et al., 2019) and atmospheric weather patterns (Vihma,48

2014; Screen et al., 2018). As a direct consequence of polar-amplified anthropogenic cli-49

mate change, Arctic sea ice has rapidly evolved toward a thinner, younger and less con-50

centrated pack that is more vulnerable to the influences of the ocean and the atmosphere51

(Comiso et al., 2008; Onarheim et al., 2018; Stroeve et al., 2012; Notz & Stroeve, 2018).52

Characterizing the dynamics of this “new Arctic” system represents a major challenge,53

but is required to accurately predict future changes in polar climate, ecology and inter-54

basin shipping routes (Aksenov et al., 2017). In the Antarctic, while total sea-ice extent55

shows a weakly positive trend over the last decades (Parkinson, 2019), significant neg-56

ative trends have been recorded in the Amundsen and Bellingshausen Seas over the past57

two decades, highlighting their vulnerability to warmer climatic conditions (Maksym,58

2019).59

Current climate models display substantial spread in their sea-ice projections over60

both poles, and consistently underestimate the response of the summer Arctic sea-ice61

extent to warming (Polyakov et al., 2017; Rosenblum & Eisenman, 2017; Notz & Com-62

munity, 2020; Roach et al., 2020). Discrepancies in sea-ice trends can be attributed to63

biased climatic background states (Rosenblum & Eisenman, 2017), inappropriate sea-64

ice representations (Blockley et al., 2020), and missing interactions between sea ice, ocean65

and the atmosphere (Maksym, 2019; Manucharyan & Thompson, 2022). The accuracy66

of sea-ice predictions are particularly limited at the boundary between the open ocean67

and the aggregate ice pack, namely the marginal ice zone (MIZ) (Meier et al., 2014; Hor-68

vat, 2021), where positive feedbacks in the ice-ocean system lead to stochastic sea-ice be-69

havior (Agarwal et al., 2012). In these MIZs, the importance of ice-ocean heat exchange70

is enhanced, due to the significant absorption of solar heat from the dark surface ocean71

(Perovich et al., 2007) and large vertical velocities at the base of the oceanic mixed layer72

(Manucharyan & Thompson, 2017). As the width of MIZs continues to increase (Strong73

& Rigor, 2013), these coupled ice-ocean interactions are likely to gain more prominence74

in the decades to come.75
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Within the MIZ, surface ocean waves and winds fracture sea ice into a mosaic of76

floes, whose size ranges between several meters and tens of kilometers (Stern et al., 2018;77

Denton & Timmermans, 2022). The size distribution of these floes plays a significant role78

in sea-ice rheology (Feltham, 2008; Herman, 2016), sea-ice melt (Steele, 1992; Horvat et79

al., 2016), the propagation of ocean surface waves (Dumont et al., 2011; Bennetts & Williams,80

2015), and the exchange of buoyancy and momentum in the ocean and atmospheric bound-81

ary layers (Lüpkes & Birnbaum, 2005; Tsamados et al., 2014). In the spring to summer82

transition, as the sea-ice pack begins to melt and break up, the MIZ transitions from a83

tightly packed network of floes to a weakly concentrated field of sea ice (see Fig. 1), in84

which floes interact strongly with surface waves, winds and oceanic eddies. Satellite im-85

agery suggests that these floes can travel several kilometers in a day, and have rotational86

motion that is consistent with the presence of oceanic eddies at their base (Manucharyan87

et al., 2022).88

Eddying currents in the ocean have a significant influence on the mechanical and89

thermodynamic behavior of sea-ice, at mesoscales and smaller. Within the marginal ice90

zones, fresh water deposition due to sea-ice melt generates sharp surface buoyancy gra-91

dients that provide an energetic source for the development of mixed-layer instabilities92

(Boccaletti et al., 2007; Fox-Kemper et al., 2008; Shrestha & Manucharyan, 2022). Sub-93

mesoscale turbulence may develop at the edge of an individual sea-ice floe, which helps94

carry heat from the warm surrounding ocean toward the base of the floe (Horvat et al.,95

2016). Conversely, at the MIZ boundary, submesoscale filaments and eddies can trap sea-96

ice within their core and enable the transport of ice toward the open ocean, where it can97

melt more readily (Manucharyan & Thompson, 2017). Within the aggregated sea-ice pack,98

frictional interactions between mesoscale eddies and sea-ice can enhance vertical veloc-99

ities in the ocean, and help transport heat vertically from the thermocline up toward the100

ice (Gupta et al., 2020). Enhanced vertical heat transport in regions of weakly concen-101

trated and more mobile sea ice, attributed to mesoscale and submesoscale motions, may102

also provide a positive feedback by enhancing melt rates and further reducing sea ice con-103

centration (Manucharyan & Thompson, 2022).104

Owing to the continuum-based representation of sea-ice in most climate models,105

the interactions between discrete sea-ice floes and ocean turbulence remains poorly un-106

derstood. Horvat et al. (2016) argue that for stationary floes, the sea-ice melt rate de-107

creases with the floe size, due to reduced lateral heat transfer as the distance between108

the open ocean and the floe center is increased. Here, using a simple disk-shaped sea-109
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ice model coupled to an ocean LES model, we extend the results of Horvat et al. (2016)110

to consider both mechanical and thermodynamic ice-ocean interactions at the subme-111

soscales, by allowing sea-ice floes to move in response to oceanic currents and winds. Based112

on a series of numerical experiments, we also construct simple scaling laws for the floe113

melt rates, which depend notably on the floe size, the ice-ocean drag coefficent, and the114

wind speed. We find that increased mechanical ice-ocean coupling can partially shield115

sea-ice floes from the effects of warm filaments, and that large wind speeds can effectively116

advect floes into areas with warmer surface waters, thus increasing their melt rates. We117

distinguish different melt regimes, and introduce non-dimensional parameters, which char-118

acterize these limiting behaviors and depend largely on observable quantities. The scal-119

ing laws are successful at predicting floe melt rates, and may help in developing param-120

eterizations of these unresolved processes within continuum-based sea-ice models.121

The paper is structured as follows: Section 2 introduces the coupled ice-ocean sim-122

ulations. Section 3 describes key dynamics for mechanically coupled and uncoupled floes,123

with and without wind forcing. Section 4 establishes scaling laws for sea-ice melt rates124

and introduces non-dimensional parameters that help delineate the different regimes of125

sea-ice melt. Section 5 contains a discussion and conclusions.126

Figure 1. Aqua/Modis corrected reflectance images in Baffin Bay (73°N, 68°E) from the end

of May to the beginning of July, 2019. The images span a domain of size 250 x 250 km, and show

the evolution of sea-ice floes during the summer melt season.
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2 Model description127

2.1 Ocean Model128

This study makes use of a Large Eddy Simulations (LES) model named ‘Oceanani-129

gans.jl’ (Ramadhan et al., 2020), which solves the 3D Boussinesq equations using a fi-130

nite volume algorithm based on the MITgcm (Marshall et al., 1997a, 1997b). The model131

achieves faster execution by leveraging a pseudo-spectral pressure solver and paralleliza-132

tion over Graphical Processing Units (GPUs), in the Julia programming language. The133

domain is a box on an f -plane at 70◦N latitude, with 250 m horizontal and 2.5 m ver-134

tical grid resolutions. The lateral and vertical extents of the domain are 32 km and 160 m,135

respectively. The boundary conditions are doubly periodic in the horizontal, rigid sur-136

face at the top, and no-flux at the bottom. Turbulence closure is achieved by means of137

a constant biharmonic diffusion in the horizontal (νh = 105 m4 s−1) and constant har-138

monic diffusion in the vertical (νv = 5·10−5 m2 s−1). For simplicity, the Prandtl num-139

ber is set to 1, such that diffusivity and viscosity have equal magnitudes for all tracers.140

Initial conditions are quiescent, apart for small amplitude Gaussian noise to aid the141

transition to turbulence. The starting vertical profiles are based on Arctic MIZ obser-142

vations in the summer (Zhao et al., 2014). They include a mixed layer of 35 m, a halo-143

cline between 35 to 70 m, and a weakly stratified region from 70 to 160 m, which results144

in an N2 peak around 50 m depth (see Fig. 2). The equation of state is non-linear and145

based on the TEOS10 formulation (McDougall & Barker, 2011). We limit the duration146

of our simulations to 80 days, which is approximately the duration of the Arctic melt147

season.148

2.2 A disk-based model of sea-ice floes149

The sea-ice model is an idealized representation of the motion and melt of sea-ice150

floes under summer conditions. A floe is represented as a circular slab with constant ra-151

dius Rf and variable thickness hi(t). At every time step, the model calculates the sea-152

ice fraction for surface grid cells by projecting the shape distribution of sea-ice floes onto153

the Eulerian grid. Surface exchanges to and from the ocean are achieved through a linearly-154

weighted fraction of atmospheric and sea-ice forcings (heat, salinity and momentum),155

based on the sea-ice fraction at each grid cell. The sea ice is kept at the freezing tem-156

perature (Tf ) at all times, as ice is assumed to be thin enough for heat conduction to157

be small (Thorndike, 1992). The thermodynamic sea-ice equation is then given by :158
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−ρiLi
dhi
dt

= S(1− αi)︸ ︷︷ ︸
Shortwave

− (A+BTf )︸ ︷︷ ︸
Longwave

+ qio(T − Tf )︸ ︷︷ ︸
Ocean heat

, (1)

where Li is the latent heat of fusion, S is the incoming constant solar flux, αi is the sea-159

ice albedo, (A + BTf ) is a linearized outgoing longwave flux, and qio is the ice-ocean160

heat exchange coefficient based on the local surface ocean temperature T (x, y, z = 0, t).161

For simplicity, the atmospheric sensible and latent heat fluxes are not explicitly repre-162

sented. Melting of ice produces a fresh water forcing that is distributed uniformly in the163

horizontal under the floe, and the ice is assumed to be entirely fresh.164

The translational motion of a sea-ice floe is described by the following momentum165

equation:166

ρihi
dui

dt
= ρoCio(uo − ui)|uo − ui|︸ ︷︷ ︸

Oceanic stress

+ ρaCiaua|ua|︸ ︷︷ ︸
Atmospheric stress

− ρihif k̂ × ui︸ ︷︷ ︸
Coriolis stress

+ τcol︸︷︷︸
Collision stress

, (2)

where ui is the sea-ice drift velocity, uo is the surface ocean velocity, ua is the wind ve-167

locity, and Cio and Cia are the ice-ocean and ice-atmosphere drag coefficients, respec-168

tively. Eq. 2 includes atmospheric and ocean stresses, effects from the Coriolis force and169

collisions between floes. Sea-ice motion due to floes sliding along sea surface height anoma-170

lies is generally weak, and is ignored in this model.171

The rotational motion of floes is described by the following equation:172

I
dζi
dt

= ρoCio

∫ 2π

0

∫ Rf

0

(uθo − ζir)|uθo − ζir|r2 dr dθ︸ ︷︷ ︸
Oceanic torque

+

ρaCia

∫ 2π

0

∫ Rf

0

uθa|uθa|r2 dr dθ︸ ︷︷ ︸
Atmospheric torque

+ Qcol︸︷︷︸
Collision torque

,

(3)

where I = 1
2ρiπhiR

4
f is the principal moment of inertia of a solid disk, ζi(t) is the an-173

gular velocity of the floe, and (r,θ) represents a cylindrical coordinate system originat-174

ing from the center of the floe. In this frame, uθo and uθa are surface ocean and atmosphere175

velocities resolved in the tangential direction.176

Collisions between floes are frictional and inelastic, and imply loss of both trans-177

lational and rotational momentum according to Herman (2016). The relevant constants178
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applied to the model are summarized in Table S1 and rheological equations are supplied179

in section S1. The starting sea-ice concentration is 20% and the starting ice thickness180

is 1.5 m in all simulations.181

3 Effects of floe size and ice-ocean coupling on sea-ice melt rates182

3.1 Near-surface dynamics of melting floes183

To begin exploring the interactions between oceanic submesoscale dynamics and184

sea-ice floes, it is instructive to consider a single floe that is mechanically uncoupled to185

the underlying ocean (Cio = 0), as in Horvat et al. (2016). In this scenario, the ice floe186

is essentially a spatially-fixed source of fresh water and cooling that only interacts ther-187

modynamically with the ocean underneath. Shortwave heating starts melting sea ice and188

warming the ocean surface around the floe, which creates a thin, cold and fresh water189

lens underneath the ice. In this salinity-stratified ocean, the fresh water front at the edge190

of the floe eventually becomes baroclinically unstable and leads to the formation of ed-191

dies in the vicinity of the floe (Fig. 2). The fresh water lens deepens isopycnals under-192

neath the floe, consistent with the development of an anticyclonic circulation in these193

cold and fresh waters, and conversely, cyclonic circulation in the warmer and saltier wa-194

ters of the open ocean (Fig. 2a-c). The vertical velocities associated with these eddy-195

ing filaments are on the order of 5 m day−1 and extend down to the mixed layer base196

(Fig. 2d). This behavior is consistent with the results of Horvat et al. (2016).197

Horizontally-averaged temperatures near the surface increase with time, principally198

due to solar heating, but also through the exchange with warmer thermocline waters by199

vertical diffusive and advective processes. Surface temperature underneath the ice re-200

mains significantly colder than the horizontal mean surface temperature throughout the201

simulation, due to heat loss to the ice (Fig. 2e). Fresh water forcing from the floe tends202

to decrease surface salinity, but this is counteracted by diffusion of saline waters from203

the halocline into the mixed layer, resulting in overall modest salinity variations (Fig.204

2f). Changes in the salinity profile lead to an increase in the buoyancy frequency over205

time within the mixed layer, reaching values of around N2 = 2·10−4 s−2 (Fig. 2g). Us-206

ing a characteristic mixed layer depth of Hm = 35 m and a Coriolis parameter f = 1.3·10−4 s−1
207

gives a mixed layer Rossby radius of deformation of Rd = NHm

f = 3.8 km, consistent208

with the size of eddies that form around the floe in the initial phases of the simulation.209

As turbulence develops further, the submesoscale eddies stretch into thin filaments with210

length scales comparable to the floe radius Rf and stir quantities laterally within the211
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mixed layer. In particular, as warm cyclonic filaments access the underside of the floe,212

they transfer heat toward its center and accelerate its basal melt.213

Figure 2. Simulation of a stationary (mechanically-uncoupled) floe of radius Rf = 8 km. (a)

Surface temperature and (b) surface salinity snapshots at t = 50 days, with normalized vorticity

contours (ζ/f = 0.1) delimiting regions of cyclonic (red) and anticyclonic (blue) vorticity. (c)

Surface temperature (blue) and salinity (orange) anomalies from horizontal-mean values, binned

and plotted against ζ/f , for the mean (solid line) and one standard deviation (shading). (d)

Potential density profile (filled contours) and vertical velocity (dashed lines negative, solid lines

positive, 1 m day−1 contours) across the domain center at t = 50 days. (e) Temperature, (f)

salinity, and (g) buoyancy frequency profiles horizontally averaged over the entire domain (full

lines) and below the ice only (dotted lines), at t = 0, 30 and 60 days. The red horizontal lines in

panels (d) to (g) depict the mixed layer depth.

The influence of floe size on ice-ocean dynamics is assessed from experiments con-214

taining 1, 16 and 64 floes with correspondingly smaller radii, Rf = 8, 2 and 1 km, re-215

spectively, such that all simulations have the same initial sea-ice area. The size of ed-216

dies and filaments within these simulations decreases as the floe size reduces (Fig. 3).217

When Rf > Rd (1 floe case), the eddies that first emerge in the simulation have length218

scales comparable to Rd, and then stretch into thin filaments with length scales of ap-219

–9–
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proximately Rf . On the other hand, when Rf < Rd (16 and 64 floes), the eddies that220

first emerge in the simulation have length scales comparable to Rf , as they are constrained221

by the scale of the buoyancy forcing. As long as these relatively small floes occupy the222

domain, eddies and filaments cannot grow significantly beyond Rf without being influ-223

enced by adjacent floes. After floes have melted, eddies merge, increasing the overall eddy224

size beyond Rf , and surface temperature and salinity fields become progressively more225

uniform (see Movies S1 to S3).226

Figure 3. Snapshots of normalized vorticity (ζ/f) for simulations featuring (from left to

right) 1, 16 and 64 floes and with radii Rf = 8, 2 and 1 km, respectively, such that the total

amount of sea ice in each simulation is constant. The snapshots are taken at t = 55, 45 and 30

days for the 1, 16 and 64 floe simulations, respectively. (top row) Uncoupled floes and (bottom

row) coupled floes are depicted by the shaded grey disks. The color of the lines in the floe reflects

the sign of the rotation direction, either green (anticyclonic) or red (cyclonic).

Across all experiments, the time taken to completely melt the ice increases with227

the floe size, though the instantaneous melt rates vary significantly over the course of228

the simulations (Fig. 4). Melt rates start at the same value for all floe sizes, and then229

initially decreases as underlying waters cool due to ice-ocean heat exchange. As the sur-230
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rounding ocean warms from solar heating and as eddies develop around the floes, the melt231

rate increases due to submesoscale filaments transporting heat laterally toward the ice.232

The onset of instability occurs faster for smaller floes, which reduces their total melt time233

and generally increases peak melt rates.234

Figure 4. Evolution of (a) mean floe thickness and (b) melt rate for simulations with 1 (blue),

16 (orange) and 64 (green) floes, and for mechanically coupled (full lines) and uncoupled floes

(dotted lines). The shadings in panel (a) represent the minimum and maximum range of ice

thicknesses for individual floes within the simulations. The data in panel (b) is smoothed by a

Gaussian filter with a window length of 2 days.

3.2 Mechanical ice-ocean coupling235

Introducing mechanical coupling between ice floes and upper ocean currents leads236

to a more complex relationship between floe size and ice melt rate. We explore these dy-237

namics with further experiments using a non-zero ice-ocean drag coefficient (Cio = 5.5238

·10−3) and with floes whose radii range between Rf = 0.5 and 20 km. In these simula-239

tions, submesoscale filaments advect the sea-ice floes and impart them with angular ve-240

locity (Fig. 3d-f). For Rf > Rd, velocities weaken with increasing floe size, since larger241

floes integrate the dynamical effects of counteracting filaments and eddies (Fig. 5). For242

Rf < Rd, velocity magnitudes diminish with smaller Rf , due to weaker values of eddy243

kinetic energy (EKE) and possibly higher energy losses through floe-floe interactions.244

–11–
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Figure 5. (a) Horizontal velocity magnitude for sea-ice floes (purple), surface current under-

neath coupled floes (green) and surface current underneath uncoupled floes (blue), averaged in

time and over all floes for simulations with Rf ranging from 0 to 20 km. (b) As in (a) but for

ocean and sea-ice vorticity normalized by f . (c) Corresponding floe melt rates for coupled (green)

and uncoupled (blue) floes. Note that the variability in these quantities across all floes in a given

simulation is negligible.

In all simulations, the majority of sea-ice floes maintain an anticyclonic angular ve-245

locity with a magnitude comparable to the mean surface ocean vorticity underneath the246

floes (Fig. 5b). When floes are mechanically coupled to the ocean, they preferentially247

remain within anticyclonic filaments formed at their base, as evidenced by the histogram248

of vorticity under ice being shifted toward anticyclonic values, compared to the more uni-249

form distribution obtained in the uncoupled case (Fig. 6). Mechanically coupled floes250

encounter fewer extreme values of both positive and negative vorticity, and tend to re-251

main within weakly anticyclonic features, which are cold and fresh due to sea-ice melt.252

–12–
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The mechanisms that couple the sea-ice floes to submesoscale features differ be-253

tween small and large floes. When Rf < Rd, the ice is fully embedded within anticy-254

clonic filaments, and floes track the translational motion of these features, as they fold255

and stretch across the domain (Movie S4 and S5). When Rf > Rd, the ice-ocean torque256

at the edge of the floes sweeps filaments tangentially away from the center of the floe in257

a ‘windshield wiper’ motion (Fig. S2, Movie S6), which shields the ice from the influ-258

ence of warm cyclonic filaments.259

Mechanical ice-ocean coupling reduces sea-ice melt rates, as eddies trap the floes260

within cold and fresh features. This mechanism can reduce melt rates by up to 33% (Fig.261

5), and affects floes with radii greater than 2 km. In simulations containing smaller floes,262

the shielding mechanism is weaker, as surface temperature anomalies are more uniformly263

distributed.264

Figure 6. (a) Surface temperature anomaly (solid lines) and surface salinity anomaly (dotted

lines) for coupled (green) and uncoupled (purple) simulations containing a single floe with Rf =

8 km. Both temperature and salinity were binned over surface ζ/f values (with a 0.01 bin size),

and the plot shows the mean over these bins. (b) Fraction of the total sea-ice area contained

within a given ζ/f bin.
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3.3 Wind-forced sea-ice floe dynamics265

Surface winds modify ocean-ice coupling and the generation of submesoscale fil-266

aments. In single-floe simulations, we impose a wind forcing with a 20-day period, di-267

rected along the NE-SW axis, and with peak magnitudes ranging between 2 and 10 m s−1.268

The surface ocean current speed is well approximated by an Ekman layer scaling (Fig.269

7a, section S2):270

uo ≈
ρaCaou

2
a

ρofHek
, (4)

where ua is the wind speed and Hek is the Ekman layer depth. Fitting Hek in Eq. 4 to271

match diagnosed values of uo gives Hek = 3.8 m, broadly consistent with the diagnosed272

horizontal velocity profile (Fig. 8), which suggests an Ekman layer of 5-7 m. The small273

discrepancy between our estimate and the velocity profiles may be expected, given the274

model’s vertical resolution of 2.5 m, which cannot accurately capture the Ekman spiral.275

As winds accelerate a floe, the system eventually reaches a steady state where the276

ice-ocean drag balances the atmospheric stress, such that the ice-ocean velocity differ-277

ence ∆u ≡ |ui − uo| becomes:278

∆u = Na ua, (5)

where Na ≡ (ρaCia/ρoCio)
1/2 is the Nansen number, typically on the order of 0.02 (Leppäranta,279

2011). The relationship described by Eq. 5 holds reasonably well in our experiments (Fig.280

7b), though it slightly overestimates ∆u at high wind speeds, likely due to floes not reach-281

ing the steady state speed within the 10-day half-period of the forcing. Nevertheless, ∆u282

increases roughly uniformly with wind speed, demonstrating the effect of winds in de-283

coupling the motion of ice floes from that of upper ocean currents (McPhee, 1980; Manucharyan284

et al., 2022).285
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Figure 7. Single-floe experiments forced by spatially uniform, temporally oscillating winds

applied in the NE-SW direction with a period of 20 days. (a) Velocity magnitude of the surface

current (blue dots) and the sea-ice floe (red triangles), along with the Ekman scaling for surface

speed (Eq. 4, dotted black line). (b) Magnitude of ∆u ≡ ui − uo, as diagnosed in the model (blue

dots) and predicted by theory (Eq. 5, dotted black line). Averages are calculated over a 10-day

half period.

As the wind magnitude increases, floes decouple from underlying cold and fresh wa-286

ters and move toward warmer surrounding waters, which increases their melt rate (Fig.287

8). Stronger winds also spread melt-induced buoyancy anomalies more uniformly across288

the domain, reducing the characteristic horizontal buoyancy gradient |∇hb|. In high-wind289

simulations, submesoscale filaments do not develop, and the surface temperature is in-290

stead characterized by wave-like patterns with a wavelength of 3 - 4 km, oriented per-291

pendicular to the wind velocity vector. These waves help mix the upper ocean, though292

their effect on the mixed layer heat content is small relative to the solar heat flux. Af-293

ter the ice has completely melted, 10-day fluctuations in |∇hb| are still present, and re-294

flect the periodic destruction and subsequent re-formation of submesoscale filaments, as295

wind speeds increase and decrease, respectively (see Movie S7).296
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Figure 8. Wind-ice-ocean interactions in mechanically coupled simulations forced by periodic

NE-SW winds, with a period of 20 days. (a) Snapshot of surface temperature in a simulation

with 7 m s−1 peak wind magnitude, taken at t = 30 days, with the floe perimeter highlighted in

black. Arrows indicate the orientation of the wind velocity ua, the floe velocity uf and the mean

Ekman layer velocity uek, diagnosed at that time step. (b) Mean horizontal velocity magnitude

(lines) and floe velocity (scatter point) for single-floe simulations with ua = 0 (black), 2 (yellow),

7 (red), and 10 (purple) m s−1. (c) Wind speed, (d) spatial-mean magnitude of the surface hor-

izontal buoyancy gradient, and (e) melt rate for the same simulations. The dotted vertical lines

in panels (c) to (e) indicate the time at which the floe has completely melted in each simulation

with the corresponding color.

4 Scaling laws for floe melt rates297

The relative importance of floe size, ice-ocean coupling and winds on sea-ice melt298

rate is assessed by considering an analytical model for the temperature of a shallow oceanic299

layer underneath a floe:300
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dTo
dt︸︷︷︸

Tendency

= − qio
ρocpH

(To − Tf )︸ ︷︷ ︸
I/O exchange

+κe
∂2T

∂r2︸ ︷︷ ︸
Stirring

+ ∆u
∂T

∂r︸ ︷︷ ︸
Advection

, (6)

where To is the ocean slab layer temperature, H is the slab layer depth, κe is a lateral301

eddy diffusivity due to stirring, ∆u is the ice minus ocean velocity, and r is the radial302

direction originating from the center of the floe. The terms on the right hand side of Eq.303

6 describe, in order: (1) the vertical heat exchange with ice, (2) the turbulent stirring304

of temperature by submesoscale eddies and filaments, and (3) the advection of heat to-305

ward the floes due to relative ice-ocean velocities. Vertical heat fluxes at the base of the306

slab layer are negligible compared to the lateral heat fluxes at the periphery of the floe.307

The sea-ice melt rate due to ice-ocean heat exchange is given by the thermodynamic308

relationship (adapted from Eq. 1):309

dhi
dt

=
qio
ρiLi

(Tf − To), (7)

where the contribution to sea-ice melt due to solar heating is not considered.310

4.1 Floe size scaling311

When floes are mechanically uncoupled to the ocean and under no wind forcing,312

their melt rate is controlled by the transport of warm cyclonic eddies toward the colder,313

anticylonic center of floes. Assuming a steady state layer temperature (dTo

dt = 0) in Eq.314

6 and combining with Eq. 7 gives the following expression for the floe melt rate:315

dhi
dt

= −ρocpH
ρiLi

(
κe
∂2T

∂r2
+ ∆u

∂T

∂r

)
. (8)

A scaling for the melt rate as a function of floe size is derived by dropping the ad-316

vective heat flux term in Eq. 8, for simplicity, which is equivalent to attributing the to-317

tal lateral heat flux underneath the floes to stirring contributions. In Section 4.2, we re-318

visit this assumption, and separate the effects of advection versus stirring. We further319

assume ∂2T
∂r2 ≈

∆T
R2

f
, where ∆T represents the temperature difference between the thin320

layer underneath the floe To and the surface waters in the open ocean T∞. Since To re-321

mains close to the freezing temperature throughout the simulations, we approximate ∆T ≈322

T∞ − Tf . We then represent the turbulent diffusivity as κe ≈ `mixve, where `mix is a323
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characteristic mixing length and ve ≡
√
EKE is the magnitude of eddy velocity fluc-324

tuations. This gives the following expression for the floe melt rate:325

∣∣∣∣dhidt
∣∣∣∣ ≈ ρocpH∆T

ρiLi

ve`mix
R2
f

, (9)

where `mix can be approximated by a measure of the length scale of the submesoscale326

filaments that develop in the domain. The size of these features is mostly limited by the327

spacing between floes (Section 3.1), which in our simulations is approximately equal to328

the floe radius, such that `mix ≈ Rf . The diagnosed ve initially increases with floe size329

(between Rf = 0.5 - 8 km), but then decreases slightly (between Rf = 8 - 20 km), due330

to larger scale eddies and filaments not being fully developed in the large-floe simula-331

tions (Fig. 9a).332

We assess the performance of the scaling (9) over the later part of the simulations,333

defined by the last 20 days before ice has completely melted or the last 20 days if ice per-334

sists beyond 80 days. During this averaging period, the submesoscale filaments (and hence335

`mix) stretch across length scales comparable to Rf , and To does not vary significantly336

in time. The inferred turbulent diffusivity (κt ≈ Rfve) is then found to range between337

2 - 640 m2 s−1 for Rf = 0.5 - 20 km (Fig. 9a).338

The diagnosed melt rates decrease approximately linearly with Rf , and are well339

approximated by Eq. 9, for diagnosed values of ve. The scaling tends to overestimate340

the melt rate for small floes, possibly due to the steady To assumption being less appro-341

priate for fast-melting floes. Larger floes require submesoscale filaments to travel a greater342

distance before reaching their center (Horvat et al., 2016), but also generate more en-343

ergetic submesoscales, which increases the efficiency of lateral stirring. The near-linear344

decrease in melt rate is the net result of these two competing effects.345
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Figure 9. (a) Turbulent diffusivity κe (black) and RMS velocity ve (blue) for mechanically-

uncoupled simulations with floe radii ranging between 0.5 to 20 km. (b) Ocean-induced melt

rates diagnosed from the corresponding simulations (blue), and predictions obtained from Eq.

9 (red). All quantities are evaluated over the last 20 days before all the ice has melted in the

domain or the last 20 days of the simulation if the ice has not completely melted. Simulations

with Rf = 0.5 to 8 km contain between 256 and 1 floes, respectively, and are run in a domain

spanning 32 x 32 km2. Simulations with Rf = 12, 16 and 20 km contain a single floe, but are

run over correspondingly larger domains, such that the area-fraction of ice is the same in all

simulations.

4.2 Drag scaling346

Mechanical ice-ocean coupling tends to trap floes within cold anticyclonic features347

and reduces their melt rate (Section 3.2, Fig 10). To quantify this effect, we conduct ad-348

ditional simulations where we vary the ice-ocean drag coefficient Cio over a realistic range349

(Lu et al., 2011), separately for small (Rf = 2 km < Rd) and large floes (Rf = 8 km350

> Rd). For small floes, as Cio increases the melt rate decreases by up to 22% relative351

to uncoupled simulations, and the melt rate eventually plateaus around Cio = 2 ·10−3.352

For large floes, the melt rate decreases by up to 80% as Cio increases, and the melt rate353

plateaus around 12 ·10−3 (Fig. 11).354
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Figure 10. Schematic representation of the mechanical coupling between sea-ice floes and

ocean submesoscale eddies, which shields the ice from warm cyclonic features in the case of (a)

floes smaller than the eddy size, and (b) floes significantly larger than the eddy size. (a) The

translational motion of small floes allows them to remain embedded within cold anticylonic

features. (b) The anticyclonic rotation of the large floe imparts tangential momentum to sub-

mesoscale filaments under the ice, which redirects the motion of these features, notably warm

cyclonic filaments, away from the center of the floe.

The effects of ice-ocean coupling are captured in Eq. 6 by the advective heat flux355

term. As ∆u decreases, floes become more strongly coupled to underlying cold anticy-356

clonic features, which reduces the advective contribution to the To tendency. In the limit357

of perfect coupling (∆u = 0), the heat flux to the ice is achieved solely by lateral stir-358

ring, which is controlled by the diffusivity κe. In steady state (dTo

dt = 0), using Eq. 8359

gives the following scaling for the ocean-induced melt rate:360

∣∣∣∣dhidt
∣∣∣∣ ≈ ρocpH∆T

ρiLiRf

(
κe
Rf

+ ∆u

)
, (10)

where we assume ∂T
∂r ≈

∆T
Rf

. For small floes, ∆u represents the difference between the361

translational ice velocity and the average ocean velocity underneath the floe (Fig. 10 a).362

For large floes, the decoupling velocity is better described by the difference between the363

solid body rotational velocity at the edge of the floe (ζiRf ) and a characteristic eddy ve-364

locity Ue, such that ∆u = ζiRf − Ue (Fig. 10b).365
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We fit Eq. 10 to the measured melt rates in Fig. 11, using diagnosed values of ∆u,366

and setting κe as the independent variable, for small and large floes respectively. Here,367

the time for eddies to develop in the domain does not vary significantly between exper-368

iments, so we consider the entire simulation as the averaging period. The steady state369

assumption is addressed by choosing the mean value of ∆T during that period. The pre-370

dicted melt rates closely match those recorded from the simulation for κe = 54 m2 s−1
371

(small floes) and κe = 184 m2 s−1 (large floes). The quantity ∆uRfκ
−1
e represents the372

relative importance of advective versus stirring contributions of mixing to the lateral heat373

flux to the ice, and peaks at 0.3 for small floes and 2.2 for large floes. Advection can there-374

fore significantly augment the effect of stirring in transporting heat to the ice.375

We next derive “critical” drag coefficient values that represent the threshold at which376

ice-ocean coupling stops having an important effect on the melt rate. We consider the377

ratio between the ice-ocean coupling time scale and the eddy time scale, given by (see378

Section S3):379

µS =
ρihi

ρoCioRf
and µL =

5

4

ρihiUe
ρoRfζoRdCio

, (11)

for small (µS) and large (µL) floes, respectively. Floes can be considered decoupled from380

the motion of underlying eddies when the non-dimensional parameters µS and µL are381

significantly greater than 1. This corresponds to the following critical drag coefficients:382

CSio =
ρihi
ρoRf

µ∗S and CLio =
5

4

ρihiUe
ρoRfζoRd

µ∗L. (12)

We empirically select µ∗S = µ∗L = 5, which gives CSio = 2.5 · 10−3 and CLio = 10 · 10−3,383

consistent with the threshold values inferred from Fig. 11, where stronger coupling (i.e.384

Cio > CS,Lio ) does not further modify the melt rate.385
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Figure 11. Ocean-induced melt rate for simulations with varying ice-ocean drag coefficient

Cio. The black scatter points represent simulations that contain floes with Rf = 2 km (small

circles) and Rf = 8 km (large circles), respectively. The orange points correspond to the scaling

law derived in Eq. (10) with diagnosed values of ∆u for small (small squares) and large (large

squares) floes, respectively. Dotted vertical lines represent the critical drag values CS
io and CS

io,

Eqn. (12), beyond which increasing the drag coefficient does not result in significant melt rate

changes for Rf = 2 km and Rf = 8 km, respectively.

4.3 Wind scaling386

Under strong wind scenarios, the basal melt rate is controlled by the advection of387

the floe into warmer waters by the action of winds – a temperature advection in the ref-388

erence frame of a floe. In this regime, the temperature under the floe To cannot be as-389

sumed constant, as it may increase significantly above Tf in high wind scenarios. As-390

suming steady state and ignoring the lateral diffusion of temperature in Eq. 6 gives:391

qio
ρocpH

(To − Tf ) =
∆u

Rf
(T∞ − To), (13)

where we take ∂T
∂r ≈

T∞−To

Rf
. Solving for To and combining with Eq. 5 and Eq. 7 gives392

a scaling for the ocean-induced floe melt rate in the presence of winds:393

∣∣∣∣dhidt
∣∣∣∣ ≈ µW qio(T∞ − Tf )

ρiLi(1 + µW )
. (14)
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In this expression,394

µW ≡
ρocpHekNaua

qioRf
(15)

is a non-dimensional measure of the relative size of the advective heat flux to the heat395

transfer between ocean and ice.396

The scaling in Eq. 14 accurately describes the melt rate in experiments where we397

vary a combination of ua, Rf and Cio (Fig. 12). Larger wind speeds, ua, lead to higher398

melt rates, particularly for smaller floes and weak ice-ocean coupling. The scaling also399

captures an upper limit to the melt rate, which occurs for large values of µW , when floes400

travel fast enough for the effective ocean thermal boundary condition to be the open ocean401

temperature at all times (To ≈ T∞). We define a critical wind speed (at µW = µ∗W )402

above which the floes are strongly decoupled from their underlying cold water lens:403

ucrita = µ∗W
qioRf

ρocpHekNa
. (16)

Empirically selecting µ∗W = 5 ensures that the melt rate does not significantly depend404

on ua for µW > µ∗W (Fig. 12). This corresponds to ucrita = 1 - 12 m s−1 for Rf = 0.5405

- 8 km. For very small µW values, the simulations diverge from the scaling, which pre-406

dicts that the melt rate should fall to zero as ua (or µW ) also approaches zero. In these407

low-wind regimes, the melt rate is instead augmented by the impact of submesoscale ed-408

dies carrying heat toward the ice.409
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Figure 12. Time-averaged quantities for simulations forced by winds of 20-day period. The

size of the scatter symbols represent the size of the floes, ranging between 1 to 8 km, and their

color represents the magnitude of the wind speed, with darker shades indicating stronger wind

forcing. (a) Ocean-induced melt rate as a function of wind speed. The square scatter points rep-

resent simulations with Cio = 4 ·10−3, instead of Cio = 5.5 ·10−3 used in all other simulations.

(b) As in (a) but plotted against the wind coupling parameter µW , Eqn. (15). The dotted line

is obtained from the scaling presented in Eq. 14 and the vertical dashed line shows the critical

threshold µ∗
W above which the floes are effectively decoupled from the ocean.

4.4 Regimes of ice floe melt410

The dynamics experienced by sea-ice floes in our simulations can be summarized411

in three distinct regimes of melt (Fig. 13): (I) no winds and small floes, (II) no winds412

and large floes, (III) wind-forced. In all three of these regimes, the melt rates tend to413

increase as the floe size decreases and the coupling between sea-ice floes and underly-414

ing cold waters weakens.415

In low wind conditions, submesoscale eddies are prominent at the surface, and stronger416

ice-ocean coupling allows the ice to remain trapped within cold anticyclonic filaments.417

When floes are small relative to the eddy size (Rf < Rd, regime I), this coupling is achieved418

through the translational velocity of floes, which follows the motion of anticyclonic ed-419

dies and filaments in the domain. When floes are large relative to the eddy size (Rf >420

Rd, regime II), the rotation of floes shields the ice from the influence of warm, cyclonc421

eddies. When Rf ≈ Rd, both of these mechanisms may be active.422

For regimes I and II, the simulations located above the critical drag lines CSio and423

CLio in the regime diagram of Fig. 13a can be considered well-coupled to cold anticyclonic424
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eddies, such that melt rates are largely insensitive to further increases in Cio. Eq 12 pre-425

dicts that larger floes require smaller values of Cio to decouple them from the ocean, as426

the ratio between the ice-ocean coupling and eddy time scales decreases with Rf . While427

CLio also depends upon the eddy velocity scale Ue and mean ocean vorticity under ice ζo,428

these quantities (and their ratio) only vary weakly with Rf in the large floe regime (see429

Fig. 5b and Fig. 9a), such that we assume them to be constant in Fig. 13.430

In stronger wind scenarios, submesoscale eddies play a weaker role in controlling431

the floe melt. Instead, winds are effective in decoupling floes from cold waters and ac-432

celerating their melt rate (regime III). Below the critical wind speed ucrita , floes can be433

considered decoupled from their cold melt water lens, and further increases in wind speed434

do not increase the melt rate significantly. As wind speeds increase, smaller floes decou-435

ple from the underlying ocean circulation before larger floes. This is also reflected in a436

wind-induced advective heat flux to the ice being inversely proportional to the floe ra-437

dius (Eq. 15).438
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Figure 13. Regimes of sea-ice floe melt: (I) No wind and small floes, (II) no wind and large

floes, and (III) wind-forced. Each simulation is represented by a scatter point whose color depicts

the sea-ice melt rate. (a) Simulations with no wind forcing plotted as a function of Rf and Cio.

The vertical dotted line at Rf = Rd delimits small versus large floe regimes. The critical drag

coefficients CS
io and CL

io, Eq. 12, are shown in the curved dotted lines. (b) Simulations with wind

forcing (20-day period) plotted as a function of Rf and ua (reversed y-axis). The critical wind

speed ucrit
a , Eq. 16, is shown in the dotted line. Across all panels, decoupling the ice from the

ocean (smaller Cio or larger ua) and decreasing Rf favors higher melt rates.

5 Discussion and conclusions439

The coupled interactions between ocean eddies, winds and sea ice can strongly in-440

fluence the dynamics of seasonal ice zones. Polar regions in both hemispheres have ex-441

perienced an expansion in marginal ice zones and a more fractured ice pack, suggesting442

that eddy-sea ice floe interactions will play a more prominent role in the large-scale and443

long-term evolution of sea ice. Horvat et al. (2016) highlighted the role of submesoscale444

eddies on the thermodynamic melt of sea-ice floes, while Manucharyan and Thompson445

(2017) focused on mechanical ice-eddy coupling at the sea-ice edge. In this study, we con-446

sider both thermodynamic and mechanical ice-ocean interactions at the submesoscale,447
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and develop scaling laws for the melt rate of sea-ice floes during typical Arctic summer448

conditions.449

Sea-ice floe melt rates are characterized by distinct melt regimes governed by the450

relative size of ice floes and eddies, as well as by the strength of ice-ocean coupling. Sub-451

mesoscale features accelerate melt by laterally advecting heat toward the floes (Horvat452

et al., 2016), while mechanical ice-ocean coupling mitigates this process by trapping sea453

ice within cold anticylonic filaments. This trapping mechanism is distinct from Ekman-454

induced convergent flow within cyclonic eddies and filaments, related to differential mo-455

tion between sea ice and underlying ocean currents that may occur in the absence of sea-456

ice melt (Manucharyan & Thompson, 2017). Here, melting sea-ice floes instead provide457

their own source of anticyclonic vorticity under ice, and remain mechanically coupled458

to this anticyclonic circulation due to both their translational and rotational motions.459

We find that the sea-ice melt rate decreases with increasing floe size, though larger460

floes also generate bigger and more energetic submesoscale features. Surface winds sup-461

press the development of submesoscale eddies, consistent with the observed destruction462

of submesoscale activity after the passage of storms in the Southern Ocean MIZ (Swart463

et al., 2020). Wind forcing also facilitates sea-ice melt by transporting floes into the warmer464

open ocean. Simple scaling laws capture the simulated melt rates over a range of lim-465

iting cases, and critically, depend upon large-scale, observable quantities, such as the floe466

size distribution, wind speed and open ocean temperature.467

The ocean turbulence in our simulations is exclusively generated by shallow melt468

fronts established in between individual sea-floes, while the ocean below the mixed layer469

is mostly quiescent. However, mesoscale eddies in the ocean interior are ubiquitous over470

the Arctic basin (Dmitrenko et al., 2008; Zhao et al., 2014; von Appen et al., 2022), and471

have radii ranging between 10-60 km, comparable to the size of the largest sea-ice floes.472

The surface velocity expression of these mesoscale eddies has the potential to interact473

with sea-ice floes and associated melt fronts, and generate submesoscale instabilities through474

mesoscale-driven surface frontogenesis (Lapeyre & Klein, 2006; Callies et al., 2016). These475

interactions may sharpen surface fronts and generate larger vertical velocities than those476

found in these experiments, with potential effects on the distribution of heat, salinity and477

biogeochemical quantities in the upper ocean. The influence of interior mesoscale eddies478

on the behavior of sea-ice may also be particularly significant in the Southern Ocean,479

where the stratification at the base of the mixed layer is generally weaker than in the480

Arctic ocean (Martinson & Iannuzzi, 1998; Gupta et al., 2020). High-resolution obser-481
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vations in the Antarctic MIZ indeed suggest the presence of fine-scale lateral fronts aris-482

ing from both mesoscale and submesoscale stirring of sea-ice meltwater anomalies, as well483

as an enhanced submesoscale regime during early summer, associated with sea-ice melt484

(Giddy et al., 2021). Moreover, Antarctic sea ice tends to melt at lower latitudes, away485

from the coast, and close to the Antarctic Circumpolar Current, where the radius of de-486

formation, mixing length, turbulent velocities, Ekman depth, ice-ocean heat exchange487

and open ocean temperature may differ significantly from the Arctic, and lead to differ-488

ent balances in the scalings of Eq. 9, 10, 12 and 14. The applicability of these relation-489

ships should therefore be studied in the presence of larger-scale features, such as mesoscale490

eddies, mean ocean currents and synoptic variability in surface winds, over both hemi-491

spheres.492

While this study focused on the melt regimes of low-concentration (20%) sea ice493

in the summer MIZ, more compact sea ice may affect these dynamics, by providing greater494

opportunities for floe-floe interactions. This may lead to significant momentum loss from495

ocean and sea-ice motion (Meneghello et al., 2018; Zhao et al., 2018; Gupta et al., 2020),496

providing energy for sea-ice deformation and fractures. The breaking of floes through497

collisions and wave-induced flexural stresses are likely an important mechanism control-498

ling the evolution of summer marginal ice zones, since large floes typically first break into499

smaller pieces before completely melting away. Larger sea-ice concentrations and non-500

uniform floe size distributions could also affect the distribution and magnitude of melt501

fronts, and thus modulate the eddy characteristics of the upper ocean. In pack ice, the502

formulation of sea-ice rheology, breakage laws and floe shapes may play a more signif-503

icant role than emphasized here. The relative importance of these coupled fine scale pro-504

cesses, and their relation to the melt regimes discussed in this work should therefore be505

assessed under a broader set of environmental conditions.506

The majority of global-scale climate models do not resolve floe-scale dynamics and507

submesoscale turbulence, which potentially contributes to significant biases in their rep-508

resentation of the MIZ (Meier et al., 2014). While some sea-ice models parameterize the509

effects of floe size and thickness distributions on sea-ice thermodynamics, these schemes510

typically do not incorporate detailed interactions with ocean turbulence and winds (Horvat511

& Tziperman, 2015; Roach et al., 2018; Bateson et al., 2020). The success of the sim-512

ple scaling laws developed in this work offers a promising outlook on parameterizing these513

dynamics in coarse models, though such an implementation should be treated with care.514

More realistic sea-ice floe models and high-resolution observations within the MIZ will515

–28–
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be required to assess the validity of the scaling laws developed here, as well as the most516

appropriate ways to incorporate these dynamics in coarse, continuum-based weather and517

climate models.518
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