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A Physical Model of Wave Attenuation in Pancake Ice
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A physical model is discussed that mimics the interaction between ocean waves and a multitude of loose pancake ice floes,
which form the outer edge of the Arctic and Antarctic marginal ice zones during winter sea ice formation. The pancakes
were modeled by using ice cubes with different concentrations, while waves were generated mechanically. The ice cubes had
a dimension of a few centimeters, which was two orders of magnitude smaller than the dominant wavelength. Experiments
consisted of tracking the propagation of regular and irregular wave fields along the flume as they crossed the ice cover to
measure the rate of ice-induced wave attenuation. Results indicate that wave attenuation increases with ice concentration
with only 30% of energy allowed to pass through high-density covers. Wave energy is attenuated across the entire spectral
domain and is strongest at high frequencies. This results in a downshift of the spectral peak.

INTRODUCTION

Antarctic sea ice is exposed to intense storm waves generated
all the year round in the Southern Ocean (e.g., Derkani et al.,
2020; Vichi et al., 2019). These waves penetrate deep into the
sea ice-covered ocean and impact the ice cover (e.g., Kohout
et al., 2014, 2016; Dolatshah et al., 2017, 2018; Passerotti et al.,
2020). Concomitantly, the ice cover attenuates the wave energy
over distance, so that wave impacts eventually die out. (Recent
field observations show a power law dependence on frequency;
Meylan et al., 2018.) The region in which wave impacts remain
significant is known as the marginal ice zone (MIZ).

In summer, the MIZ is composed of large ice floes (with sizes
ranging from tens to hundreds of meters; e.g., Toyota et al., 2011)
formed by the breakup of the ice pack. During its winter expan-
sion, on the other hand, the Antarctic MIZ is formed by millions
of pancake ice floes (with sizes ranging from a few to tens of
meters; Alberello, Onorato, et al., 2019), which grow from frazil
ice under the continuous action of waves and thermodynamic
freezing processes (Roach et al., 2019). This mixture of pancake
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ice floes and frazil ice (Fig. 1) extends for hundreds of kilometers
(e.g., Alberello et al., 2020). Note that the general sea ice retreat
in the Arctic is causing wave height growth because fetches over
which winds can blow are longer (Thomson and Rogers, 2014).
Such changes in the marine environment may cause pancake ice
to become more common in the Arctic MIZ, too (Smith et al.,
2018; Roach et al., 2019).

Interaction between waves and individual ice floes of char-
acteristic dimensions comparable with the wavelength (i.e., bro-
ken ice floes) results in reflection of a proportion of the incident
wave energy, dissipation of part of it, and transmission of the
remaining fraction (e.g., Bennetts et al., 2015; Skene et al., 2015;
Toffoli et al., 2015; Nelli et al., 2017, 2020; Dolatshah et al.,
2017, 2018). Consequently, wave energy attenuates exponentially
as waves propagate deeper into the MIZ (Meylan et al., 2014).
Theoretical and numerical methods based on thin elastic theory
have been developed to predict the rate at which wave energy
reduces in a large field of floes by combining transmission prop-
erties of individual floes (e.g., Masson and LeBlond, 1989; Mey-
lan et al., 1997, 2015; Bennetts et al., 2010; Bennetts and Squire,
2011; Montiel et al., 2016). The models have recently been used
to parameterize wave propagation in the MIZ in large-scale ocean
wave and sea ice models (e.g., Doble and Bidlot, 2013; Williams
et al., 2013a, 2013b; Roach et al., 2019; Meylan et al., 2020).

In the case of pancake ice, however, waves perceive a field of
floes with diameters much smaller than their wavelength as an
effective medium. In this regime, it is often assumed that wave
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