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Abstract A laboratory experimental model of an incident ocean wave interacting with an ice floe is used
to validate the canonical, solitary floe version of contemporary theoretical models of wave attenuation

in the ice-covered ocean. Amplitudes of waves transmitted by the floe are presented as functions of
incident wave steepness for different incident wavelengths. The model is shown to predict the transmitted
amplitudes accurately for low incident steepness but to overpredict the amplitudes by an increasing
amount, as the incident wave becomes steeper. The proportion of incident wave energy dissipated by

the floe in the experiments is shown to correlate with the agreement between the theoretical model and
the experimental data, thus implying that wave-floe interactions increasingly dissipate wave energy as the
incident wave becomes steeper.

1. Introduction

Arctic sea ice is retreating in response to climate change [e.g., Stroeve et al., 2014]. The emerging regions
of open water, for example, in the Beaufort and Chukchi Seas, provide fetch for winds to generate
large-amplitude ocean surface waves [Francis et al., 2011; Thomson and Rogers, 2014; Khon et al., 2014]. The
waves penetrate deep into the ice-covered ocean and impact the ice cover [e.g., Liu and Mollo-Christensen,
1988]. Concomitantly, the ice cover attenuates the wave energy over distance, so that wave impacts eventu-
ally die out [e.g., Wadham:s et al., 1988]. The region in which waves impacts remain significant is known as the
marginal ice zone (MIZ).

The most heralded impact is the ability of waves to break up large floes into floes with diameters comparable
to the prevailing wavelengths. For example, Collins et al. [2015] report a breakup event observed from a vessel
in the Barents Sea in 2010, with wave motion inferred from an onboard GPS. Further, Prinsenberg and Peterson
[2011]and Asplin et al. [2012] report wave-induced breakup 250 km into the Beaufort Sea in 2009. The smaller
floes melt more rapidly than larger floes, which has led to the hypothesis that waves are accelerating Arctic
ice retreat [e.g., Squire, 2011; Thomson and Rogers, 2014].

Antarctic sea ice is exposed to intense storm waves generated in the Southern Ocean. Consequently, the
Antarctic ice pack is encircled by a MIZ up to hundreds of kilometers in width. Kohout et al. [2014] provide evi-
dence that trends in the contraction and expansion of the Antarctic sea ice edge are correlated to trends in
the increase and decrease of the local significant wave height, respectively, over the 1997-2009 period. They
conjecture that wave-induced breakup is responsible for this relationship and report a breakup event over
300km into the Antarctic MIZ during the Sea Ice Physics and Ecosystem Experiment 2012 (SIPEX-II), which
Kohout et al. [2015] analyze.

The changes to the Arctic and the new findings are driving integration of wave-ice interactions into large-scale
numerical forecasting and climate models. Theoretical models of wave attenuation in the ice-covered ocean
undergird the integration. Following numerous findings that ice cover acts as a low-pass filter, i.e., it attenuates
short-period waves more rapidly than long-period waves [e.g., Squire and Moore, 1980], the models predict
attenuation rates as a function of wave period.

Attenuation models are conventionally based on wave scattering theory and linearization with respect to
wave steepness (see the review of Squire [2007]). Scattering redistributes wave energy across the directional
spectrum without net energy loss. Each floe reflects a proportion of the incident wave energy, and the
cumulative effect is attenuation over distance.
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Linear attenuation models based on dissipation have also been proposed, i.e, wave energy is removed
from the wave-ice system to produce attenuation, as opposed to scattering of wave energy producing the
attenuation. The dissipative mechanisms modeled include hysteresis [Wadhams, 1973], floe-floe collisions
[Shen and Squire, 1998], drag at the ice-ocean interface [Kohout et al., 2011], and viscosity of unspecified source
[Keller, 1998; Wang and Shen, 2010; Mosig et al., 2015].

Doble and Bidlot [2013] integrated the scattering attenuation model of Kohout and Meylan [2008] and drag
dissipation model of Kohout et al. [2011] into the WAM wave model. They show that model predictions of sig-
nificant wave heights and wave periods are generally consistent with measurements provided by a wave buoy
deployed in the Antarctic MIZ. However, they show that the model consistently underpredicts attenuation of
the slightly shorter period components of the wave spectrum (with respect to the peak).

In a series of papers, Dumontet al. [2011] and Williams et al. [2012, 20133, 2013b] developed a coupled attenu-
ation and breakup model and integrated it into a regional version of the HYCOM ice/ocean model. They used
the combined scattering attenuation and parameterized dissipation attenuation model of Bennetts and Squire
[2012]. They show that model predictions of breakup are most sensitive to the attenuation rate. Therefore,
accurate predictions of breakup require further development of attenuation models.

More recently, first Zhang et al. [2015] and subsequently Horvat and Tziperman [2015] proposed theoretical/
numerical models of the evolution of the MIZ ice floe distribution in response to oceanic and atmospheric
forcing. They identify attenuation and wave-induced breakup as key model components and incorporate
these processes using the theories outlined in Dumont et al. [2011] and Williams et al. [2013a, 2013b].

Meylan et al. [2014] calculated attenuation rates from measurements provided by an array of five wave sensors
in the Antarctic MIZ during SIPEX-II. They show that attenuation rates increase as wave amplitudes increase for
short-period components of the wave spectrum. The linear scattering attenuation model cannot predict this
behavior and therefore underpredicts attenuation of large-amplitude waves. The sources of the amplitude
dependence are not yet known.

In situ measurements of attenuation rates provide some validation of attenuation models [e.g., Kohout
and Meylan, 2008; Bennetts et al., 2010]. However, they do not indicate the processes responsible for
disagreements, due to the coarse spatial resolution of the measurements and the lack of accompanying infor-
mation on the properties of the ice cover. Methods to measure attenuation via satellite images are only now
being developed [Ardhuin et al., 2015].

To complement the field measurements, laboratory experimental models are now being used to gain
insight into the attenuation process. Bennetts et al. [2015] analyzed wave fields transmitted by solitary floes,
modeled by thin square plastic plates, in a large wave basin. Two different plastics were tested, with differ-
ent densities and Young's moduli and three different thicknesses. The model floes were subjected to regular
incident waves for a range of wave periods and steepnesses below the wave-breaking limit. They showed, in
particular, that the transmitted wave fields are regular for low-steepness incident waves but become highly
irregular for steeper incident waves. This implies that both the linear scattering and viscous models will be
inaccurate beyond a certain steepness limit. However, their measurements were unable to show whether the
wave-floe interactions dissipated wave energy, due to the three-dimensional nature of the tests, i.e., waves
being scattered across the directional spectrum.

In this letter, an essentially two-dimensional experimental model of a regular incident wave interacting with
a floe is used to validate the canonical, solitary floe version of the scattering attenuation model for low inci-
dent steepnesses and indicate its limit of validity with respect to steepness. Attenuation is inferred from the
transmitted wave field. Dissipation is inferred from the sum of the reflected and transmitted energies.

2, Experimental Model

The experimental model was implemented in the Extreme Wind-Wave Flume, University of Melbourne,
Australia. Figure 1 (left) shows a schematic plan view of the flume and experimental setup. The flume is 60m
long and 1.8m wide and was filled with fresh water of density p ~ 1000 kgm~3, up to a depth of H = 0.8 m.
Itis equipped with a wave maker at its right-hand end and a beach at its left-hand end.

The wave maker generated plane (regular) incident waves. Three incident wave periods were tested:
T=0.8s5,09s and 1 s, which correspond to wavelengths 1 =1.00 m, 1.26 m, and 1.56 m, respectively.
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Figure 1. (left) A schematic plan view of experimental setup (not to scale). Dots represent wave gauge locations.
(right) Photo of model floe during a test, facing toward the beach.

Six target incident amplitudes, a;,., were tested for each period. The amplitudes were selected to produce
target wave steepnesses ka;,. = 0.04, 0.06, 0.08, 0.1, 0.12, and 0.14, where k = 27/ 1 is the wave number. This
steepness range covers gently sloping to storm-like waves but does not reach the breaking onset (ka > 0.33)

[Babanin et al., 2007].

Side bands were not applied to the input plane waves. Therefore, even if background noise can act as a
perturbation, the flume is not long enough for modulational (Benjamin-Feir) instability to develop [see, e.g.,
Tulin and Waseda, 1999; Toffoli et al., 2013]. Nonlinear wave dynamics and consequent generation of wave
breaking is excluded.

A rectangular, polypropylene plastic plate was used as a model floe. It was | =1 m long, 1.7 m wide, and
h =10 mm thick. Figure 1 (right) shows a photo of the model floe during a test. The polypropylene plate has
manufacturer-specified Young’s modulus £ = 1.6 GPa and density p; = 905 kg m~3. The model floe has density
and, hence, freeboard, comparable to sea ice. The Young’s modulus is multiplied by the geometric scaling
factor to obtain its equivalent field value. Measurements of the Young’s modulus of sea ice are between 1 GPa
and 10 GPa [Timco and Weeks, 2010]. Therefore, the model floe is more rigid than field scale floes for scaling
factors greater than approximately 6.25.

The floe was deployed 19.2 m from the wave maker. It oscillates in response to the waves, in surge, heave,
and pitch, along with some elastic responses. No mooring was applied to the floe. Therefore, it was free to
drift in response to the incident wave except for occasional collisions with the side walls. No anomalies were
detected in the measurements due to the collisions. The drift velocity was calculated using videos of the floe
during the tests and markers on the flume walls. It depended on the incident wave period and steepness. Its
smallest value was 0.04 m s~', which occurred for the shortest period and lowest steepness, T = 0.8 s and
ka = 0.04.Its largest value was 0.20 m s~!, which occurred for the longest period and highest steepness, T=1.0
sand ka = 0.14. In all cases, the drift velocity was greater than Stokes drift velocity, which is consistent with
the findings of Huang and Law [2013]. (See also Christensen and Weber [2005], who show that Weber's [1987]
theoretical model of drift of a body much longer than the waves accurately predicts Law’s [1999] laboratory
experimental measurements of the drift velocities of thin, rectangular polypropylene sheets twice as long as
the incident wavelength or greater and that these velocities are several times greater than the corresponding
Stokes drift velocities.)

A line of three capacitance wave gauges on the beach side of the floe recorded the surface elevation of the
transmitted wave field, #,,, at a frequency of 1000 Hz. The gauges were deployed far enough from the initial
location of the floe not to disrupt its free drift and far enough from the beach to maximize the recording
duration before they were contaminated by waves reflected by the beach. A corresponding line of gauges on
the wave maker side of the floe recorded the surface elevation of the incident plus the reflected wave field,
incsref- The schematic in Figure 1 shows the gauge locations.

For each test, the wave maker ran from t = 0 to t = 90 s. The surface elevation time series were restricted
to a sufficiently small time frame to exclude contamination of residual reflection from the beach. The time
windowsweret < 64s,t < 57s,andt < 51s,forwave periodsof T = 0.85, T = 0.9s,and T=1.05s, respectively.
Records were only analyzed after the initial transients in the wave field had passed, which was after 215,195,
and 18 s for the probes on the wave maker side and 37 s, 34 s, and 31 s for the probes on the beach side, for the
wave periods T = 0.8s, T = 0.9s,and T = 1.0 s, respectively. Each test was repeated three times to increase
the statistical significance of the results. Further, each test was conducted once without the floe to provide
benchmark surface elevation measurements of the incident waves, #;,., at each gauge location.
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3. Theoretical Scattering Model

The two-dimensional version of the scattering model is used to model the experiments. It considers motions
in a cross section parallel to the side walls of the tank and away from the walls, assuming that interactions
between adjacent cross sections are negligible. The Cartesian coordinate (x, z) denotes locations in a given
cross section. Here x defines the horizontal location, which points in the direction of the incident wave and has
its origin set to coincide with the front edge of the floe at rest. The coordinate z defines the vertical location.
It points upward and has its origin set to coincide with the water surface at rest.

The model is based on combined potential flow and thin-plate theories. It has been the cornerstone of
wave-ice interaction models for over three decades, e.g., from Wadhams et al. [1988] to Kohout and Meylan
[2008]. Potential flow theory assumes that the water is homogeneous, inviscid, incompressible, and in irro-
tational motion. It follows that the water velocity field can be defined as the gradient of a scalar velocity
potential, denoted ®(x, z,t). The surface elevation is calculated from the velocity potential via n(x,t) =
®,(x,z = 5,t)/g, where g ~ 9.81 ms~2 is gravitational acceleration. Thin-plate theory defines the deforma-
tion of the floe in terms of the vertical displacements of its lower surface, denoted z = —d + w(x, t), where
d = pth/pis the Archimedean draft of the floe. The horizontal location of the floe’s center of mass is denoted

by u(t).

Wave steepnesses are assumed to be sufficiently small that linear theory is valid. Thus, the water-floe system
oscillates at the frequency of the incident wave. The velocity potential, displacement function, and lateral
motion are expressed as

®(x,z,1) = Re {(g/iw)p(x,2)e™ " } , w(x, t) = Re {¢(x)e™'“"} (1
and u(t) = Re {&e™'“'}, (2)

where w = 2z /T is angular frequency and ¢, { and & are complex valued.

The (reduced) velocity potential, ¢, satisfies Laplace’s equation in the water domain, an impermeable floor
condition, and the linearized free-surface condition at points not covered by the floe, i.e.,

b+ d,=0 for x,2) € Q, ¢,=0 for z=—-H, (3)

and ¢, =0¢ for x&(©0,) and z=0, (4)

respectively, where ¢ = w?/g is a frequency parameter. The water and floe motions are coupled by dynamic
and kinematic conditions applied at the wetted surface of the floe at rest. The conditions in the horizontal
direction are

¢, =0c& for x=0,] and z € (—d,0), and —chlE= [ [¢]_ dz (5)

The conditions in the vertical direction are
¢, =0l and (1—cd),+F" =¢ for xe€(0,/) and z=-d, (6)

where F = Eh*/ {12pg(1 — v?)} is a scaled flexural rigidity of the floe and v = 0.4 is a representative value
of Poisson'’s ratio for polypropylene. An eigenfunction matching method, similar to that outlined by Montiel
etal. [2012], is used to solve the above boundary value problem for ¢, £, and &.

On the incident wave side of the floe, far enough away from the floe that the exponentially decaying local
motions have died out, the wave field is the sum of the incident wave plus a reflected wave. On the opposite
side of the floe, far enough away from the floe, the wave field is composed of a transmitted wave only. The
incident, reflected, and transmitted wave elevations for the linear problem are defined as

Tline = Jinc COS(kx — wt), Trof = Oyef COS(KX — Ot + @ o), (7)
and Nira = Oira COS(KX — 0 + @ypn), (8)

respectively, where a,s and a,,, are the reflected and transmitted amplitudes and ¢, and ¢,,, are phases.
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Figure 2. Experimental measurements of transmitted amplitudes,
represented as box-and-whisker plots of nondimensional transmitted
amplitudes as functions of incident steepness. The three panels
represent results for different incident wavelengths, 4, which are
nondimensionalized with respect to the floe length, /. Green squares
denote median nondimensional transmitted amplitudes from the
benchmark (no floe) tests. Broken lines show theoretical model
predictions. Black lines use the Young’s modulus of the polypropylene
plastic, and grey lines use the Young's modulus of sea ice at basin scale.

The model conserves wave energy. Thus,
the proportion of incident wave energy
dissipatedis D =1 - R — 7 = 0, where
R = |aref/ainc|2 and 7 = |atra/ainc|2 are
the proportions of reflected and transmit-
ted energies, respectively.

4. Results and Analysis

Individual transmitted wave heights were
calculated by applying a zero-crossing
analysis to time series provided by the
three wave gauges on the beach side of
the floe [e.g., Emery and Thomson, 2001].
Both down-crossing and up-crossing
heights were calculated. The series were
first low- and high-pass filtered to remove
contaminating components greater than
5.5 times and smaller than 0.35 times the
dominant frequency. The filtered com-
ponents contribute less than 0.1% to the
total transmitted energy. Transmitted
amplitudes, a,,, were calculated as half
of their corresponding wave heights.

Figure 2 shows box-and-whisker plots of
the nondimensional transmitted ampli-
tudes, ka,,,, as functions of incident steep-
ness, kay,., where the incident amplitude,
Jinc, represents the mean amplitude mea-
sured by the three gauges closest to the
wave maker in the benchmark tests. The
limits of the boxes represent the 25th
and 75th percentiles of the samples. The
horizontal red lines represent the medi-
ans. The whiskers extend to the most
extreme data points not more than 1.5
times the height of the box away from the
box. Observations beyond the whiskers
are represented by pluses and are con-
sidered outliers. The different panels rep-
resent the results for different incident
wavelengths, nondimensionalized with
respect to the floe length.

The green squares in the plots denote the nondimensional amplitudes on the beach side from the benchmark
tests (nofloe). They show that the amplitudes on the beach side (transmitted fields) are approximately equal to
the amplitudes on the wave maker side (incident fields). The test using the shortest incident wavelength and
highest steepness is the only notable exception. Here the transmitted amplitude is slightly less than incident
amplitude, which is attributed to viscous losses in the water. The benchmark test results confirm that it is the
presence of the floe that causes transmitted wave amplitudes to be smaller than the incident amplitudes.

Theoretical model predictions are overlaid on the plots, as black broken lines. The model predicts the linear
relationship ka,,, = T X ka;,.. The value of 7 changes between the panels. It increases monotonically from

Inc*

0.81 for /1 = 1.00 to 0.97 for 1// = 1.56, which is approximately full transmission. For reference, the model
predictions for a Young's modulus E = 6/40 GPa are shown as grey lines. Here 6 GPa is the standard value
of Young's modulus used in wave-ice interaction models [Squire, 2007], and 40 is the appropriate geometric
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Similar trends occur for the two shorter
incident waves. The deviation of the data
from the predictions is strongest for
A/l = 1.26 but only occurs for the three highest steepnesses. The data for the highest steepness indicate a
tendency for transmitted steepnesses to decrease with increasing steepness. However, the data are widely
spread. For example, the box covers over 19% of the nondimensional amplitude range displayed. This implies
highly irregular transmitted wave fields, which a single amplitude is unable to quantify. For A/l = 1.00 the
model prediction does not lie within the box or whiskers for any incident steepnesses tested. Nevertheless,
the model is reasonably close to the experimental measurements for the two lowest incident steepnesses.

Figure 2 suggests that wave-floe interactions dissipate an increasing proportion of the incident wave energy,
as the incident waves become steeper and, hence, the model becomes less accurate. Figure 3 validates
this inference. It shows the model-data agreement versus the proportion of wave energy dissipated in the
experiments, D™t = 1 — Rt — 7 The reflected and transmitted energy proportions are calculated from
the experimental data via

REXt — < |m0[’7inc+ref] — mo[”inc]l > and Text — <m0[’7tra] > , Q)
mo[ninc] mo[ninc]
where myln] = / E(f)df (10)
0

is the spectral variance and the angled brackets denote the mean with respect to the reflected or transmit-
ted wave gauges, as appropriate. The model-data agreement is represented by the qutient ateét/a:'ay,
a! is the median experimental measurement of the transmitted amplitude and a:ray is the corresponding
theoretical model prediction.

where

A subset of the data points are clustered close to (D®, ateét/a:ay) = (0, 1). This indicates that energy is con-
served when the model and data agree, i.e., when the incident waves have low steepness. Although some
scatter is evident, the data show a negative correlation between the model-data agreement and the dissi-
pated energy. This indicates that the overpredictions of the transmitted amplitudes are predominantly due

to unmodeled dissipative processes.

The clearest source of wave energy dissipation during the experiments was due to waves becoming turbu-
lent and breaking on the upper surface of the floe, noting that waves were not steep enough to break in the
water surrounding the floe. Incident waves wash over the upper surface of the floe, due to its small freeboard.
Overwash was negligible for low-steepness incident waves. However, for steep incident waves, the overwash
became deep and energetic. Turbulent bores were generated at the floe’s front and rear edges. When these
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bores collided, the surface profile became steep enough to break. Theoretical models of wave energy dissi-
pation due to overwash do not yet exist, although Skene et al. [2015] recently modeled the onset and depth
of overwash.

5. Summary

An experimental model of ocean wave interactions with an ice floe was used to validate the solitary floe ver-
sion of the quintessential theoretical model of wave attenuation in the ice-covered ocean. The experimental
model was implemented in a wave flume, using a thin plastic plate to model the floe. Wave gauges recorded
the incident, reflected, and transmitted wave fields.

The theoretical model was shown to predict transmitted wave amplitudes accurately for gently sloping inci-
dent waves. However, it increasingly overpredicted transmitted amplitudes, as the incident waves became
steeper and increasingly storm-like. The loss of agreement was shown to correlate with wave energy being
dissipated by the wave-floe interactions in the experiments.
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