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S1. Floe collisions

According to Herman (2016), the contact forces between two indeformable interacting

sea-ice floes can be represented by:

Fn = knδn − γn
dδn
dt

, (1)

Ft = ktδt − γt
dδt
dt
, (2)

where the subscripts n and t represent the normal and tangential directions from the

line of contact, respectively, δ is the displacement of each floe during the period of contact,

and the parameters kn, kt, δn and δn depend on the collision model, the shape of floes,

their size and their material properties.

Eq. 1 and Eq. 2 are used to calculate the collision stress τcol and the collision torque

Qcol in Eq. (1) and Eq. (2) of the main paper, by summing over all collisions at a given

time step, as follows:

τcol =
1

πR2
f

ncol∑
i=1

(F (i)
n + F

(i)
t ) (3)

Qcol = Rf

ncol∑
i=1

F
(i)
t , (4)

For two disk-shaped floes i and j made of the same material, we define the effective

radius rc and effective mass mc as:

rc =
rirj
ri + rj

, and mc =
mimj

mi +mj

. (5)

August 7, 2022, 9:52pm



: X - 3

The effective contact modulus Ec and shear modulus Gc are then:

Ec =
E

2(1− ν2)
and Gc =

E

4(2 + ν)(1− ν)
, (6)

where E is the Young’s modulus and ν is the Poisson ratio.

The damping ratio βc is obtained as follows:

βc =
ln(er)√

ln2(er) + π2
, (7)

where er is the coefficient of restitution. Smaller values of er imply more energy loss

through collisions for both translational and rotational motion.

The parameters kn, kt, γn and γn are then obtained as follows:

kn =
π

4
hmEc (8)

kt = 6
Gc

Ec
kn (9)

γn = −βc
√

5knmc (10)

γt = −2βc

√
5
Gc

Ec
knmc, (11)

where hm = min(hi, hj) is the minimum thickness between the two floes.
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S2. Wind-induced ocean and sea-ice motions

We consider a field of low-concentration sea-ice floes forced by winds, and aim to evalu-

ate the degree of mechanical coupling between sea-ice and the surface ocean. We assume

that mechanical floe-floe interactions are weak, such that no energy is lost through sea-ice

rheological effects.

According to Ekman theory, the frictional boundary layer depth induced by winds

blowing over the ocean surface is given by:

H =

√
Az
f
, (12)

where Az is a vertical momentum diffusivity and f is the Coriolis parameter. The

surface ocean velocity magnitude is given by:

|uo| =
ρaCao|ua|2

ρo
√
fAz

, (13)

where ρo is a reference ocean density, ρa is a reference atmosphere density, Cao is the

atmosphere/ocean drag coefficient and |ua| is the wind velocity magnitude.

Combining Eq. 12 and Eq. 13 to eliminate the diffusion coeffient Az gives:

|uo| =
ρaCao|ua|2

ρofH
. (14)

To determine the coupling between sea-ice and the surface ocean, we consider the x-

and y-momentum equations for an ice floe under the influence of wind forcing:

ρihi
dui
dt

= ρaCia|ua|ua + ρoCio|uo − ui|(uo − ui), (15)
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ρihi
dvi
dt

= ρaCia|va|va + ρoCio|vo − vi|(vo − vi). (16)

Uniform winds blowing over the surface first accelerate the ice floe, which in turn ac-

celerates the underlying ocean. The ice floe may eventually reach a steady state, where

the ice/ocean stress balances the ice/atmosphere drag, as follows:

ρaCiau
2
a = ρoCio(uo − ui)2, (17)

ρaCiav
2
a = ρoCio(vo − vi)2. (18)

Combining Eq. 17 and Eq. 18 gives the magnitude of the ice/ocean velocity difference:

|∆u| =
√

(ui − uo)2 + (vi − vo)2 = Na|ua|. (19)

where Na =
√

ρaCia

ρoCio
is the Nansen number. Eq. 19 indicates that higher wind speeds

lead to a greater ice/ocean velocity difference, which contributes to decoupling the ice

from the influence of oceanic currents.
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S3. Critical ice/ocean drag coefficients

For small floes, ice/ocean coupling is achieved by translational motion of floes tracking

the path of anticyclonic eddies. An expression for the ice velocity can be obtained by

considering the dynamics of a floe advected by a constant eddy velocity Ue, as follows:

ρihi
dui
dt

= ρoCio(Ue − ui)2. (20)

From a resting initial condition (ui = 0), the floe velocity evolves as:

ui(t) = Ue

(
1− 1

t/τS + 1

)
, (21)

where the ice/ocean coupling time scale for small floes is given by:

τS =
ρihi

ρoCioUe
. (22)

For large floes, the ice/ocean coupling is better described by the rotation rate of the

floe. We thus consider the dynamics of a floe forced by a constant oceanic vorticity ζo

and resting initial condition (ζi = 0), as follows:

I
dζi
dt

= ρoCio

∫ 2π

0

∫ Rf

0

(ζo − ζi)2r4 dr dθ, (23)

which gives

ζi(t) = ζo

(
1− 1

t/τL + 1

)
, (24)

where the rotational ice/ocean coupling time scale for large floes is:
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τL =
5

4

ρihi
ρoCioRfζo

. (25)

The coupling time scales derived in Eq. 22 and 25 can be compared to an eddy time

scale τe, defined by a characteristic length scale Rf for small floes and Rd for large floes.

The coupling between floes and underlying eddies can be measured by the ratios:

µS =
τSRf

Ue
=

ρihi
ρoCioRf

, (26)

and

µL =
τLRd

Ue
=

5

4

ρihiUe
ρoRfζoRdCio

, (27)

for small and large floes, respectively, where smaller values of µS and µL imply greater

coupling. We define corresponding threshold values µ∗S and µ∗L below which floes are well

coupled to the ocean, producing the following critical drag parameters:

CS
io =

ρihi
ρoRf

µ∗S (28)

and

CL
io =

5

4

ρihiUe
ρoRfζoRd

µ∗L, (29)

for small and large floes, respectively.
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S4. Energetics of the upper ocean layer

Here we consider the energetics of the upper ocean turbulence that develops due to

the heterogenous melting of sea-ice floes. Following (Huang, 2005), the ocean available

potential energy (APE) can estimated as:

APE = −g
∫∫∫

V

[ρ− ρ(z)]

2dρ/dz
dx dy dz, (30)

and the eddy kinetic energy (EKE) as:

EKE =
1

2
ρ0

∫∫∫
V

(u′2 + v′2) dx dy dz. (31)

We evaluate the APE and the EKE within the top 35 m of the domain (the mixed

layer depth) using Eq. 30 and Eq. 31. In all numerical experiments, the APE grows

over the first 5-20 days of the simulations before equilibrating to approximately constant

values for the remainder of the 80-year simulation period (Fig. S1 (a)). Experiments

with smaller floes produce a more homogeneous distribution of density anomalies over the

domain, which reduces APE and thus EKE values (Fig. S1 (b)), consistent with Horvat,

Tziperman, and Campin (2016).

The growth rate of baroclinic instabilities is inversely proportional to the Richardson

number Ri, defined as:

Ri =
N2

(∂u/∂z)2
, (32)

where N is the buoyancy frequency. Applying the thermal wind relation in the radial

direction r from the center of the floe, uz = f−1br, where subscripts indicate partial

derivatives, we can evaluate Ri in the mixed layer column directly underneath a floe as,
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Ri = f 2 db/dz

(db/dr)2
. (33)

In these simulations, Ri tends to increase with the floe size. This occurs because the

density anomaly across floes is largely independent of floe size, but the magnitude of the

gradient decreases due to the increased lengthscale when Rf is larger (Fig. S1 (c)). Larger

values of Ri lead to a smaller growth rate, which explains why EKE increases more slowly

for simulations with larger floes.
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Movies S1-S7 (a) Surface temperature, (b) surface salinity, (c) ζo/f , and (d) near-surface

vertical velocity. The blue disks represent the floes, and their transparency reflects their

thickness. The colored line inside the floes indicates the rotation angle, with the color

showing the sign of rotation: green (anticyclonic) and red (cyclonic). [S1-S3] mechanically

uncoupled simulations for 1, 16 and 64 floes, respectively. [S4-S6] mechanically coupled

simulations (Cio = 5.5 ·10−3) for 1, 16 and 64 floes, respectively. [S7] Wind-forced simu-

lation (ua = 7 m/s) for 1 floe.
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Figure S1. (a) Available potential energy, (b) eddy kinetic energy, and (c) Richardson number

following ice floes for simulations with 1 (blue), 16 (orange) and 64 (green) floes, and dynamically

coupled (solid lines) versus uncoupled (dotted lines) floes. All quantities are evaluated within

the mixed layer (top 35 m) of the domain.
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Figure S2. Effect of floe rotation on sea-ice melt rates. Surface ζo/f for single-floe simulations

that are (a) uncoupled, (b) coupled with rotation, and (c) coupled without rotation. For the

experiment in panel (c), the sea-ice floe is constrained to not rotate by forcing the floe with

the mean ice/ocean stress, averaged over all grid points underneath the floe. (d) Sea-ice melt

rate for the simulations presented in (a) to (c). The floe rotation provides a torque that pushes

submesoscale features away from the floe. When the floe cannot rotate (panels (a) and (c)),

warm cyclonic filaments (red) can easily penetrate underneath the sea-ice floe and accelerate its

melt.
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Table S1. Model parameters

Quantity Definition Value Units
αo Ocean albedo 0.4 -
αi Ice albedo 0.7 -
Tf Freezing temperature -1.8 ◦C
S Shortwave forcing 300 W m−2

A Longwave forcing constant 90 W m−2

B Longwave forcing coefficient 15 W m−2 K−1

Li Latent heat of freezing 3.34 ×105 J kg−1

qio Ice/ocean heat exchange coefficient 100 W m−2 K−1

µf Dynamic coefficient of friction 0.3 -
ε Coefficient of restitution 0.6 -
Cio Ice/ocean drag coefficient 0.0055 -
Cdao Atmosphere/ocean drag coefficient 0.00125 -
Cdia Atmosphere/ice drag coefficient 0.00125 -
ρi Ice density 1000 kg m−3

ρo Reference ocean density 1027 kg m−3

hi Ice thickness 1.5 (initial) m
E Ice elastic modulus 5.0 ×105 Pa
er Ice coefficient of restitution 0.5 −
ν Ice Poisson’s ratio 0.33 −
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