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A B S T R A C T

A laboratory experimental study conducted in a freshwater wave flume installed in a refrigerated room char-
acterized the modifications of wave propagation along on-site manufactured ice covers. Monochromatic surface
waves of various amplitudes and frequencies were generated and propagated through three types of ice covers:
sheet ice, broken ice floes, and grease ice. This study characterized the spatial evolutions of wave height at-
tenuation and phase speed changes. Wave phase speed increased significantly in sheet ice relative to open water
values while no significant changes in phase speed were present with other ice covers. The modifications by
sheet ice are consistent with thin plate model predictions based on the elasticity of ice, using measured me-
chanical properties of sheet ice. Attenuation was strongest for shorter waves in sheet ice followed by grease ice
and ice floes. Attenuation under grease ice is shown to be related to the surface wave orbital velocity, similar to
dissipation by bottom friction and swell dissipation. The attenuation coefficient of grease ice normalized by
wavenumber is proportional to wave steepness with a coefficient varying with ice properties. This laboratory
experimental study examined and characterized wave dispersion and attenuation under these different ice
properties and wave characteristics, which could be useful in understanding and modeling wave-ice interaction
processes in open waters.

1. Introduction

The dynamic region at the edge of the ice-covered sea is known as
the Marginal Ice Zone (MIZ), and spans from the open water to the
interior continuous ice cover (Wadhams et al., 1988). The MIZ is in-
creasingly important because of an accelerated ice retreat caused by
climate changes, which leads to larger areas of open water where waves
can develop (Comiso et al., 2008; Thomson and Rogers, 2014). The MIZ
consist of mixed ice, from frazil ice to ice floes and larger sheets that
cover the edge zone, the transition zone, and the interior zone, re-
spectively (Squire and Moore, 1980; Wadhams et al., 1988; Webber,
1987). The extent of the MIZ depends on the wave and ice conditions,
where stronger wave action in the open ocean expands the length of the
MIZ relative to calmer wave conditions. Wave-ice interactions in the
MIZ are complex. Frazil ice is a slurry of newly formed ice crystals that

aggregate near the water surface and it is often referred to as grease ice
when it clusters together. Ice evolves from grease to pancake ice under
the influence of waves. Waves travel from the open water to the ice
interior through a range of ice types, with smaller pancake or frazil ice
on the outside that transition to larger ice floes or pancakes and finally
to large ice floes and solid ice in the interior (Squire, 2007; Squire et al.,
1995). Ice floes are broken fragments of the solid sheet ice and can
range between a few meters to hundreds of meters in diameter. Under
calm water conditions with low temperatures, frazil ice becomes sheet
ice.

Wave-forecast models have to be modified to account for the pre-
sence of ice. In deep water without ice, the evolution of wind-generated
ocean waves can be described by the radiative transfer equation (RTE,
e.g., Komen et al., 1994; Young, 1999):
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where N(k,θ,x, t) = F(k,θ,x, t)/ω is the wave action density spectrum, F
(k,θ,x, t) is the two-dimensional wavenumber spectrum, ω is the in-
trinsic (radian) frequency, k is the wavenumber, and.

θ is the direction of wave energy propagation. The intrinsic fre-
quency is related to the wavenumber through the dispersion relation,

= gk kHtanh( )2 (2)

where g is gravitational acceleration and H is the water depth. The RTE
(Eq. (1)) represents different physical processes changing the wave
energy on the right-hand side, including the wind input term Sin, wave
breaking term Sds, nonlinear wave-wave interaction Snl, and swell
decay Sswl, among others (Cavaleri et al., 2007; Holthuijsen, 2007).
Dynamics of the wave-interactions bring changes of the RTE both on
the right-hand side because of extra dissipation, and on the left-hand
side, because of changes in the dispersion relation (Eq. (2)) as in Collins
et al. (2016), and hence wave group velocity changes.

To improve understanding and modeling of wave-ice interactions
inside the MIZ, field experimental studies of wave-ice interaction under
various wave and ice conditions were carried out (Collins et al., 2015;
Frankenstein et al., 2001; Marchenko et al., 2017; Meylan et al., 2014;
Rabault et al., 2017; Rogers et al., 2016; Sutherland and Rabault, 2016;
Wadhams et al., 1988). In general, their results show that wave am-
plitude attenuations increased with increasing wave frequency, even
though there is significant data scatter. Due to the high cost to conduct
field experiments in unpredictable environmental conditions, experi-
ment of wave-ice interactions under controlled ice and wave conditions
in laboratories is a practical and necessary alternative. A few experi-
mental studies on wave-ice interaction have used on-site manufactured
ice covers in temperature-controlled rooms. Experiments using grease
ice (Martin and Kauffman, 1981; Newyear and Martin, 1999; Newyear
and Martin, 1997) and grease-pancake ice (Wang and Shen, 2010)
found wave damping within ice fields. Newyear and Martin (1997)
measured an increase in wavelength of up to 30% within the grease ice
as compared to open water. Zhao and Shen (2015) compared wave
propagation into frazil/pancake, pancake, and fragmented ice cover,
with the largest wave attenuations observed under frazil/pancake ice
and smallest with the fragmented ice cover (floes). However, few stu-
dies have quantified the mechanical properties of the ice; instead,
material properties were inferred through inverse calculations in most
cases. A summary of wave-ice studies and corresponding details for
selected experiments is listed in Table 1.

Although laboratory experiments are invaluable in furthering our
understanding of wave-ice interactions under controllable and re-
peatable wave and ice conditions, no temperature-controlled facility
can replicate field sizes of ice and wave (Squire, 2020). There is a large
discrepancy of wave attenuation results between field and laboratory
experiments. Scaling parameters based on wave dynamics and ice
properties to reconcile results from both field observations and la-
boratory experiments is still an ongoing and challenging task (Yu et al.,

2019).
This study investigates wave-ice interactions and aims to para-

meterize the changes in wave dispersion and dissipation in terms of
wavelength, wave particle motions, and ice types. In the present study,
we conducted laboratory experiments to characterize the modification
of wave propagation under three types of ice covers: sheet ice, ice floes,
and grease ice (Fig. 1). These represented a wide range of ice cover
characteristics from long sheets of solid ice to viscous greasy ice. Me-
chanical and physical properties of the ice were quantified. The paper
starts with the experimental setup of the ice manufacturing process,
with details on the quantification of ice mechanical and physical
properties. This is followed by data collection and analysis for the ex-
periments. The results and discussion include an analysis of wave phase
speed and attenuation for different wave characteristics and ice covers,
a comparison against models, and a scaling of amplitude attenuation.
Finally, major findings are summarized in the conclusion section.

2. Experimental setup

The wave experiments were conducted at the Sea-Ice-Wind-Wave
Interaction Facility (SIWWI) at the University of Melbourne, where the
14 m long wave flume is housed within a refrigerated room. The
14 × 0.75 × 0.6 m (length x width x depth) flume is made of 12 mm
thick transparent glass panels supported with a structural, marine-
treated laminated-veneer-lumber wooden framework (Fig. 2). Glass
panels allow full optical access throughout the flume length, and wood
limits thermal expansion of the frame under a wide range of tempera-
tures and allows the use of saline water in the flume. The present ex-
periment used freshwater.

The flume is equipped on one end with a custom-built rotating-cam
type wave maker driven by an electro-mechanical linear actuator that
can generate a range of monochromatic waves of up to 2 Hz frequency.
Monochromatic waves can range from ~0.5 to 2 s periods and up to
~3 cm in amplitude (allowing waves up to steepness, ak, of approxi-
mately 0.35, where a is wave amplitude and k is wavenumber for open
water). At the opposite end of the flume is an adjustable inclined beach
made of PVC coil mat backed by stainless steel mesh. The beach is set to
an angle of 7°, although it is not reflection-free. The room temperature
could be set within a range from approximately −12 °C to ambient
laboratory temperatures, enabling the growing and melting of ice. The
water depth for the present experiments was maintained at 45 cm. The
wave frequencies (f) and amplitudes employed for the experiments
were f = 1.5, 1.0, 0.8, 0.5 Hz, and a = 1.0, 1.5, 2.0 cm (Table 2 shows
the amplitude and frequency combinations used).

Seven ultrasound (US) sensors were used to record the vertical
displacement of the water/ice surface at various locations along the
length of the flume (Fig. 2). The sensors (US 325 and ULS 40 D, General
Acoustics, Germany) were identical to those used in Sree et al. (2017).
They had a vertical resolution of 0.18 mm with a sampling frequency of
50 Hz. Data from the seven sensors was synchronized using a data ac-
quisition system (NI 9215, National Instruments, Texas) and it was

Table 1
Details of published wave-ice laboratory experiments.

Publications Ice covers Water Flume dimension (L x W x D) m

Martin and Kauffman (1981); Newyear and Martin (1999, 1997) Grease ice Saltwater 33 psu 3.5 × 1 × 0.5
Ogasawara et al. (2013) Frazil/grease, pancake Saltwater 3.5 psu 17 × 0.5 × 0.8
Wang and Shen (2010) Grease-pancake ice Saltwater 35 psu 15 × 3 × 0.95
Zhao and Shen (2015) Frazil/pancake, pancake, floes Saltwater 34 psu 15 × 3 × 0.95
Cheng et al. (2019) Ice floes Saltwater 3.73, 4.07 psu 72 × 10 × 2.5
Marchenko et al. (2019) Ice sheet, and floes Saltwater

1.6–3.2 psu
72 × 10 × 2.5

Rabault et al. (2019) Grease ice Freshwater 3.5 × 0.3 × 0.5
Yiew et al. (2019) Ice sheet and floes, pancake and grease ice Freshwater 14 × 0.75 × 0.6
Herein Grease ice, long sheet ice, and floes Freshwater 14 × 0.75 × 0.6

S.M. Parra, et al. Cold Regions Science and Technology 174 (2020) 103042

2



recorded using the LABVIEW software. During the sheet ice and ice floe
experiments, three sensors were positioned over the open water region
and the remaining four sensors were located over the ice-covered region
as shown in Fig. 2a. For experiments performed with grease ice, two
sensors were located over open water and three over the grease ice as
shown in Fig. 2b. The sensors were named US1-US7, numbers in-
creasing downstream.

2.1. Ice covers and manufacturing process

As mentioned before, three types of ice covers (Fig. 1) were man-
ufactured in the flume for the present experiment: a) sheet ice, b) ice
floes, and c) grease ice. These different ice covers were chosen for this
experiment to represent a wide range of ice types common in and near
the MIZ. Sheet ice represents a solid and brittle cover with a length
much longer than the wavelength, while ice floes represent a similar
solid cover but with a length shorter than the wavelength. Grease ice
forms near the edge of the MIZ and acts more like a viscous layer. The
three ice types would presumably interact with waves in different ways
according to their respective properties. A schematic diagram of the
sensor locations for the experiments is shown in Fig. 2, with one setup
of sensors for sheet ice and ice floes, and another for grease ice. Prior to
the wave-ice experiments, open water experiments were done as a
benchmark. The relation between wave period and wavelength for the
open water case matched well with the linear wave theory, demon-
strating the wave measurement setup and synchronization. Ice covers
included sheet ice and floes of 0.5 cm thickness, and grease ice covers of

25% and 60% volume concentrations. The processes employed to create
each ice cover are described below.

2.1.1. Long sheet ice
A long (5 m) sheet of ice of 0.5 cm thickness (ranging from 0.3 to

0.7 cm) was fabricated. The sheet ice was created by setting the air
temperature inside the freezer to −6 °C for 15 h overnight, starting
with near-freezing water temperatures.

2.1.2. Sheet ice material testing: young's modulus
Mechanical properties of ice are important in understanding and

modeling wave-ice interactions. One measured mechanical property
was the Young's modulus, Y, which represents the stiffness of the ice.
Young's modulus was determined by performing a three-point bending
test on sheet ice sample strips. Testing was performed with narrow ice

Fig. 1. Types of manufactured ice for the experiments: a) sheet ice, b) ice floes, and c) grease ice.

Fig. 2. Flume schematic including experimental setup for a) sheet ice and ice floes, and b) grease ice.

Table 2
Setup of monochromatic wave amplitude (a) and frequency (f)
used during the experiments.

a (cm)

1 1.5 2

f (Hz) 1.5 1.5 1.5
1.0 1.0 1.0
0.8 0.8 0.8
0.5 – –

S.M. Parra, et al. Cold Regions Science and Technology 174 (2020) 103042

3



strips cut out of the sheet ice. All the strips were kept in refrigeration at
−8 °C and were taken out at the time of the bending test, which on
average took 2–5 min to complete at room temperature of ~27 °C. The
warm ambient temperature would result in conservative estimates of
Young's modulus, although the average test time was relatively short
and likely had a small effect on the ice properties. The strip was held
horizontal with the help of supports on either side for a length of
0.503 m, and was loaded at the center with weight (~ 4 cm diameter)
applied in 50 g increments until failure. A panel with a marked preci-
sion grid was held behind the experimental setup (as shown in Fig. 3) to
determine the deflection from each weight increment. The distance
between the adjacent markings in the panel was 5 mm. The experiment
was recorded using a high-resolution video camera. The videos were
converted to images and the pixel distances between the known
markings were used to obtain the deflection. Six strips were tested to
average over variability in the ice samples, the dimensions of which are
provided in Table 3.

Fig. 4a shows the plot for a load F applied at the centre of the beam
producing a deflection of δice. F varies linearly with δice within the

elastic limit, the ice being a brittle material breaks easily once it reaches
the yield stress (Hobbs, 1974). The slope of the line is defined by

=dF
d

YI
l

48
ice 3 where =I bh

12
3

is the moment of inertia, b is the ice strip
width, h is the ice strip thickness, and l is the ice distance between
supports (0.503 m). The average ice strip thickness from the six ice
strips was 15.9 ± 2.2 mm and the average Young's modulus was
2.8 ± 0.4 GPa (Fig. 4b). The ice thickness used in this test was thicker
(1.5 cm) than the ice thickness of our results (0.5 cm); we assumed the
calculated Young's modulus is representative of both ice thicknesses.
Similar results were obtained for freshwater ice in this wave tank
(Dolatshah et al., 2017). Field measurements of Young's modulus in
fresh water ice vary from 1.0 GPa to 10.0 GPa depending on the grain
type (Gold, 1977). Young's modulus estimates for saltwater ice done by
Langleben (1962) showed that it decreases with increasing brine con-
tent. In situ measurements of sea ice by Haskell et al. (1996),
Marchenko et al. (2017) and Karulina et al. (2019) found elastic
modulus values within the same order of magnitude as our findings and
decreasing as brine concentrations increased.

2.1.3. Ice floes
Ice floe cover was made from the long sheet ice by gently tapping

the ice sheet with a rubber mallet. Care was taken to make the pieces
roughly the same size. Ice was broken manually to control floe size. The
average area for the floes of thickness 0.5 cm was 97.0 ± 15.6 cm2. The
location of the sensors for ice floes tests was the same as for sheet ice
tests (Fig. 2a).

2.1.4. Grease ice
Grease ice was prepared from ice-free water of ~0.5 °C by lowering

the temperature of the refrigeration room and running waves for an
extended period. The duration of wave action and wave parameters
controlled the concentration of grease ice, resulting in the preparation
of two volume concentrations: 25% and 60% (estimation of ice con-
centration is explained in Section 2.1.5). Grease ice of 60% con-
centration was made with waves of amplitude 1.5 cm and frequency of

Fig. 3. Ice strip deflections. Ice strips subjected to a three-point bending test, without (left) and with (right) loading. The beige-colored rectangle was a wooden block
used to separate and insulate the ice from the weights. The distance between two adjacent dots in the background is 5 mm. The deflection of the ice on the right is
0.8 mm.

Table 3
Young's modulus, Y, along with dimensions and moment of inertia, I, for the tested ice strips. The length, l, width, b, and thickness, h, of each ice strip used to
calculate I are described below.

Ice number b (mm) h (mm) l (mm) = ×I 10bh3
12

4 mm4 Y (GPa)

(min) (max) (min) (max)

1 54.4 57.3 12.0 15.3 503 1.19 3.0
2 50/0 50.2 13.5 16.2 503 1.37 2.6
3 46.0 48.4 16.9 16.9 503 1.90 3.1
4 44.5 53.0 14.0 15.0 503 1.24 2.8
5 31.0 31.0 17.0 18.7 503 1.46 2.1
6 17.2 18.6 15.3 19.9 503 0.81 3.1

1 2 3 4 5 6
0
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Fig. 4. Determination of Young's modulus, Y. a) Deflection of the ice strips with
force applied for strips of average width 47.2 mm and average thickness
16.9 mm (ice #3 in Table 3), and b) Young's modulus for the six strips con-
sidered (see Table 3 for details).
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1.0 Hz, and by setting the air temperature to −5.0 °C for 5 h. For the ice
of lower concentration (25%), a reduced wave amplitude of 1.0 cm was
used while the frequency was maintained at 1.0 Hz, and air tempera-
ture set at −5 °C for 3 h. The thickness of the ice cover increased
gradually from the leading ice edge towards the trailing edge, with an
average thickness of ~5 cm. After each wave experiment, the portions
of grease ice that drifted to the open water were moved back to the ice-
covered region to maintain a similar ice edge for all experiments. The
25% grease ice concentration is within the 20–40% range used in la-
boratory experiments by Martin and Kauffman (1981), and it is also
consistent with the 25% grease ice concentrations found in the field by
Smedsrud and Skogseth (2006).

2.1.5. Grease ice concentration
Physical properties of grease ice concentrations were measured

before the test runs in a similar way to Newyear and Martin (1997). The
volume concentration was estimated by collecting the ice slurry in a
container filled to its brim and measuring the mass. Next, water was
removed from the mix and mass of the remaining ice was measured.
The volume concentration was calculated as × 100m

mi
s where mi is the

ice mass and msis the mass of the ice slurry. This test was performed
multiple times using ice collected from different sections in the wave
flume to improve confidence.

2.2. Measurements of wave phase speed and amplitude attenuation

Each test run began under calm conditions to reduce contamination,
resulting in 1–3 min between runs depending on ice and wave condi-
tions. Additionally, temperature control was turned off because the
refrigerator fans generated small oscillations on the water surface. The
time series of surface wave vertical displacement was recorded in an
absolute reference frame at 50 Hz and detrended. Surface wave eleva-
tions through the ice covers were represented by measurements of the
vertical displacement. A moving average filter was applied to the ice-
cover time series data to delineate the wave profiles from the rough
surface of ice floes and grease ice. Wave amplitude was calculated as
half the wave height, which was obtained as the mean difference be-
tween crest and trough defined as the local maxima and minima of the
first five fully developed waves (Fig. 5). This practice allows a de-
termination of wave amplitude from wave elevation acquisition over a
relatively short acquisition time to avoid any possible effects from re-
flected waves in small tanks. Similar techniques of computing wave
amplitude have been employed in laboratory experiments by Sree et al.
(2018, 2017), and Yiew et al. (2019). Sutherland et al. (2017) and
Rabault et al. (2019) computed wave amplitude by integrating wave
elevation spectrum around the peak frequency with a narrow integra-
tion domain. This spectrum-integration method requires time series of

wave elevation measurements over a longer duration than our ob-
servations.

For multiple peaks within one wave period, only the maximum
value among the peaks was selected. Each experiment was repeated
three times to check repeatability and only the first five fully developed
waves were analyzed to reduce the effects of reflection from the beach.

The open water phase speed applicable to our experimental results
was calculated as c0 = 2πf/k0, using

=f gk k d(2 ) tanh( )2
0 0 (3)

where k0 is the open-water wavenumber, and d is the flume water
depth. The measured phase speed, c, within the ice cover was estimated
using the sensor vertical displacement time series from the first two
sensors within the ice. Phase speed was calculated as the distance be-
tween the two sensors divided by the time taken for a wave crest to
travel (Sree et al., 2018; Sree et al., 2017). The wavenumber within the
ice cover, kr, was then calculated as c = 2πf/kr. This methodology is
similar to what was presented in Sutherland and Rabault (2016), Sree
et al. (2018, 2017), Yiew et al. (2019) and Rabault et al. (2019). Wave
amplitude modification was quantified using the wave attenuation
coefficient, obtained by fitting the wave amplitude spatial variation
between two adjacent wave sensor in an ice-covered field with an ex-
ponential curve expressed as (Newyear and Martin, 1997; Wang and
Shen, 2010; Zhao and Shen, 2015):

=+a a ei i
qx

1 (4)

where, ai and ai+1 are the wave amplitudes at sensors i and i + 1, x is
the distance between the two sensors considered, and q is the at-
tenuation coefficient.

3. Results

The evolution of wave phase speed and amplitudes were calculated
from the sensors placed across the flume to observe changes in wave
characteristics under four different ice covers: sheet ice and ice floes of
0.5 cm thickness, and 25% and 60% grease ice concentrations.

3.1. Modification of wave dispersion

Modifications of the dispersion relation under different ice covers
are shown in Fig. 6. Phase speed data within the ice covers were cal-
culated for incident plane waves of the four frequencies (Table 4). The
phase speed under ice covers of grease ice and ice floes was not sig-
nificantly changed as it followed the open-water dispersion relation
(dashed black line in Fig. 6a). The dispersion relation under the long
sheet ice, however, was significantly modified, where kr becomes much
smaller than the open-water wavenumber ko as frequency increases
(Fig. 6b). The rather large data scatter of wave dispersion changes by
the ice sheet can be partially attributed to the wave sensor's limitation
on measurements in heavily attenuated waves.

The modifications of the dispersion relation can be modelled as:

= Qgk tanh kd( ),2 (5)

where Q is a non-dimensional parameter for characterizing the effects
of ice on the dispersion relation, where Q = 1 for ice-free open-water
conditions. The dispersion relation is derived from the boundary con-
ditions that require kinematic velocity and dynamic pressure continuity
at the interface of waves and ice. The dynamic pressure of ice consists of
inertial and elastic responses from wave motions (Meylan et al., 2018).
By neglecting the elastic response, the mass loading model (ML) treats
ice cover as added mass at the ice-water interface:

=Q M1 ( ) ,2 (6)

where M = (ρiceγh/ρg)0.5, γ is the volumetric fraction of ice, h is the ice
thickness, and the densities of ice and water are ρice and ρ, respectively.
By only focusing on the elastic response, the pure elastic (PE) model

10 12 14 16 18
-2

-1

0

1

2

 t (s)

 y
)

mc(

A = 1.5cm, f = 1.5Hz

Fig. 5. The time series from US1 (sensor in open water) for waves of 1.5 Hz and
1.5 cm using 0.5 cm thick ice floes with three repetitions (thin solid black,
thicker dashed dark gray, and thickest light gray). The five fully developed
waves within the rectangle were used for analysis.
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treats ice cover as an isotropic, homogenous elastic plate and derives:

= +Q Lk1 ( ) ,4 (7)

where L is a characteristic length related to ice rigidity and thickness,

= ( )L Yh
g12(1 )

1/43
2 (Sakai and Hanai, 2002), and ν is Poisson's ratio for

the ice. Here, L is about 0.25 m, derived from ν = 0.3, Y = 2.8 GPa, and
h = 0.5 cm. The ML model is suitable for representing the ice covers
made of ice floes with sizes much shorter than the wavelength such that
there is no elastic response from the ice floes (L = 0). The PE model
represents the effects from ice lengths much larger than the wavelength
(Collins et al., 2017; Squire, 2007). In this study, the sheet ice thickness
of 0.5 cm was used in the PE model. For the ML model, ice thickness of
0.5 cm was used for ice floe and 5.5 cm for grease ice.

Comparison between observed and modelled dispersion relations
were examined by the normalized wavenumber kr/ko with respect to

frequency for the four ice covers and the two models (Fig. 6b). The ML
model predicts a small increase kr/kowith increasing frequency, which
is generally consistent with data from grease ice and ice floes for in-
cident waves of 0.5, 0.8 and 1 Hz. The PE model predicts that kr/ko will
decrease from unity at 0.5 Hz to about 0.5 at 1.5 Hz. This trend is
consistent with that under the long sheet ice.

3.2. Wave amplitude attenuation

Spatial attenuation of surface waves under ice covers is quantified
by the attenuation coefficient, q. Fig. 7 show q with respect to frequency
for the four types of ice cover. In general, shorter waves are attenuated
the most as q becomes larger at higher wave frequencies. The at-
tenuation coefficients of sheet ice are on average largest although
substantially scattered, followed by those of grease ice and ice floes. As

Fig. 6. (a) Phase speed with respect to frequency and ice types. (b) Normalized wavenumber with respect to frequency, compared with the mass loading model (ML;
blue dashed line) and pure elastic model (PE; red dashed line). Symbols are the same in both plots: sheet ice (red squares), ice floes (green crosses), grease ice of 25%
(black triangles) and 60% (blue circles) concentrations, and open water (black dashed line). The three symbol sizes (small, medium, and large) represent the three
wave amplitudes of 1, 1.5, and 2 cm, respectively. Gray crosses and circles in (b) are for data from Newyear and Martin (1997) and Wang and Shen (2010),
respectively. The error bar represents the standard deviation of repeated test runs from the mean values of each wave condition. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Phase speed, c, and amplitude attenuation coefficient, q, for the different ice covers and wave conditions. The missing values in the table represent runs with
unreliable values, thus not used in the subsequent analysis.

Wave conditions Long sheet ice Ice floes Grease ice Grease ice

0.5 cm thick 0.5 cm thick 25% 60%

a(cm) f(Hz) c (m/s) q (1/m) c (m/s) q (1/m) c (m/s) q (1/m) c (m/s) q (1/m)
1 0.5 – 0.20 1.85 0.11 1.85 0.06 – 0.03

0.8 2.35 1.02 1.57 – 1.56 0.08 1.65 0.09
1.0 2.87 1.08 1.43 – 1.42 0.16 1.38 0.13
1.5 1.63 1.22 1.01 0.58 0.96 0.31 0.94 0.65

1.5 0.8 1.83 0.15 1.67 – 1.54 0.10 1.54 0.10
1.0 3.33 0.99 1.45 0.01 1.47 0.04 1.34 0.06
1.5 1.56 0.99 1.00 0.31 0.96 0.50 0.91 0.93

2.0 0.8 1.90 0.12 1.69 – 1.65 0.06 1.56 0.12
1.0 1.64 0.76 1.49 – 1.49 0.12 1.39 0.15
1.5 2.71 1.00 1.03 0.12 0.98 0.40 0.94 0.86
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an example, the averaged q of 1 Hz waves are about 1.00, 0.10, and
0.01 for ice covers of sheet ice (red squares), grease ice of 60% (blue
circles), and ice floe (green cross), respectively. We note that the largest
average damping by sheet ice contradicted by results from Yiew et al.
(2019) using the same facility. The substantial scattering observed in
our results can be attributed to damping caused by sidewall friction and
overwash at the leading edge of the ice covers.

Analytically-derived models predict that wave attenuation coeffi-
cients follow a power-law dependence of wave frequency as α~fn, the
coefficient n ranges from 2 to 11 (Meylan et al., 2018). Field data
analyses show that the frequency-dependence can be approximated
with a binomial function (Rogers et al., 2018a),

= +q c f c f ,R 2
2

4
4 (8)

where c2 and c4 are the empirically-fitted coefficients for seven datasets
(Table 3 in Rogers et al., 2018a) for wave frequency up to 0.5 Hz and
under a wide range of ice types with ice fractions > 0.3. By using a two-
layer structure to represent ice covers, Sutherland et al. (2019) show
that the spatial wave decay rate can be modelled as a function of wa-
venumber expressed as

=q hk0.5 ,S
2 (9)

where ϵ is a non-dimensional coefficient with a value less than unity
representing the dissipation effect of ice concentration. For comparison
with our experiment data, we calculated qR using coefficient values of
c2 = 1.06 ∗ 10−3 and c4 = 2.3 ∗ 10−2 from fitting the field mea-
surements of Meylan et al. (2014) and extended the frequency range to
2 Hz. We also computed qS using ϵ = 0.5 and h = 0.055 m, the average
ice thickness for grease ice cover. Additionally, attenuation data from
the laboratory experiments of Newyear and Martin (1997) and Wang
and Shen (2010) are plotted for comparison. Overall, all attenuation
coefficients from this experiments, Newyear and Martin (1997), and
Wang and Shen (2010) increase with increasing frequency from 0.5 Hz

to 1.6 Hz and are consistent with the trend as predicted by qR (8) and qS
(9). Although qS is closer to the laboratory data, the magnitude of at-
tenuation coefficients from the laboratory experiments are larger than
qR and qS by one to two order of magnitude.

3.3. Phase speed increases in long sheet ice

During the experiments, as waves entered the sheet ice covered
region, phase speed increased significantly relative to that in ice-free
open water (Fig. 6a). However, no significant increase in phase speed
was observed in waves propagated through the smaller ice floes. Both
the long sheet ice and fragmented ice floes had the same elasticity and
ice thickness, but the difference in length played a key role on the
modification of the wave dispersion relation through ice elasticity. For
long ice sheets, wave-induced ice bending results in an increase in wave
speed through an increase in the wavelength (Boutin et al., 2018;
Marchenko and Chumakov, 2017). As floe sizes are reduced, ice floes
become more similar to a rigid body in response to wave action and,
therefore, wave-induced ice bending diminishes significantly. Changes
in the dispersion relation induced by ice elasticity is characterized by a
non-dimensional parameter using the relative scales of ice thickness, h,
and characteristic length, L (Sakai and Hanai, 2002),

= h
L

l
L

ln ,i

(10)

where li is the length of the sheet ice or individual ice floes. Sakai and
Hanai (2002) showed that a threshold value β = 0.145 is needed for ice
elasticity to start having an impact on the dispersion relation. For
0.15 < β < 0.60, the ratio of effective elasticity to ice elasticity in-
crease from 0 to 1 with increasing β. For floes with β > 0.60, ice
elasticity fully influences changes in the dispersion relation. In our
experiments, for an ice sheet of 5 m length and 0.5 cm thickness,
β = 0.44, which is near 0.60. For the smaller ice floes, we estimated

Fig. 7. Wave attenuation coefficients, q, for the four types of ice cover with respect to wave frequency. The three symbol sizes (small, medium, and large) represent
three wave amplitudes of 1, 1.5 and 2 cm, respectively. Gray crosses and circles are for data from Newyear and Martin (1997) and Wang and Shen (2010),
respectively. The black dotted line is for the bionomial functions of Rogers et al. (2018a). The red dashed line is the two-layer model by Sutherland et al. (2019). The
error bars represent the standard deviation of repeated test runs from the mean values of each wave condition. Same symbol convention as in Fig. 6. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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β = −0.10, which is well below the threshold value of 0.15. Waves
propagating through solid sheet ice close to the ice edge likely crack the
ice sheets into smaller floes to significantly reduce the ice elasticity
effects (Marchenko et al., 2017; Sutherland and Rabault, 2016). This
floe size change due to ice cracking could affect the validity of modeling
wave propagation near the ice edge using a solid ice sheet.

3.4. Scaling the amplitude attenuation rate with wave properties

Wave energy dissipation by ice Sice can be estimated from the at-
tenuation coefficient, q, as (Rogers et al., 2018b):

=S c qE2ice g (11)

where E is wave energy, and =c 0.5g k is group velocity. Here, wave
energy is estimated from wave amplitude as =E ga1

2
2. The total energy

dissipation by ice covers was computed as Sice = gqcga2 and plotted
against surface wave orbital velocity uorb = aω for grease ice, (Fig. 8a)
and sheet ice and ice floe covers (Fig. 8b). For grease ice of both con-
centrations, Sice are correlated well with uorb. The relationship can be
approximated by Sice = 0.25uorb3. Similar correlation with uorb was also
shown in Voermans et al. (2019). They analyzed collocated field mea-
surements of under-ice turbulence dissipation rate and surface wave
energy, showing that the total energy dissipation is related to surface
wave orbital speed as Sice = αuorb3, where the non-dimensional coeffi-
cient α varies from ~10−4 to ~10−1 with increasing ice concentration.

Based on this correlation from both laboratory and field measure-
ments, we can show that the wave amplitude attenuation coefficient
normalized by wavenumber is proportional to the wave steepness with
a proportionality coefficient related to ice properties as:

=q k ak/ 2 ( ). (12)

The non-dimensional coefficient α has a mean value of 0.25 from
fitting attenuation data of grease ice covers in this experiment and of

~10−4 to ~10−1 from field measurements (Voermans et al., 2019).
Dumont et al. (2011) and Herman et al. (2019) derived a very similar
expression for amplitude attenuation caused by ice bottom roughness.
Dumont et al. (2011) showed q/k = 2Cd(ak), where Cd is a drag coef-
ficient representing ice bottom roughness with values of 0.001, 0.01
and 0.035 from fitting field measurements of wave attenuations.

There is no discernible correlation between wave orbital velocities
and Sice from amplitude attenuation of sheet ice and ice floe covers,
which are substantially scattered (Fig. 8b). This implies that the dy-
namic process causing wave attenuation in these ice covers is different
from that of grease ice covers. Attenuations for sheet ice and ice floes
might have been affected by additional damping from sidewall friction
and leading edge overwash. Sidewall derived energy attenuation was
estimated using equation 13 in Sutherland et al. (2017), resulting in
values that were two orders of magnitude smaller than results in
Table 4; this suggests that additional damping could be related to
leading edge overwash.

3.5. Measurement of wave properties

Surface wave properties were not directly measured in the presence
of the ice covers. Instead, results presented are the vertical motions of
the ice covers generated by the propagating waves as measured by the
above-ice wave sensors. The vertical displacement at the ice cover
surface may not be the same as that of the wave, according to the two-
layer system (Zhao and Shen, 2015). Future studies should carefully
examine the wave characteristics under the ice as well as the vertical
displacement as observed by the sensors.

The observed wave attenuations resulted from multiple factors.
Factors responsible for the observed attenuation included overwash,
reflection, refraction, scattering, and ice floe collision and rafting (when
applicable), in addition to the physical and material properties of the
ice covers. Attenuation of the waves could also be attributed to

Fig. 8. Wave energy dissipation Sice versus wave orbital velocity at the surface, uorb, for (a) grease ice of two concentrations, and (b) sheet ice and ice floe covers.
Same symbol convention as in Fig. 6.
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boundary layer turbulence under the ice covers, which future studies
should investigate. Effects from these factors were not separately
identified in this study.

3.6. Characterization and quantification of ice properties

This laboratory experiment used real ice to examine the effects of
different ice covers on wave properties such as phase speed and at-
tenuation. It is beneficial to use real ice in these studies, as ice rheo-
logical properties (such as grease ice concentrations) are difficult to
recreate in synthetic versions. In this study we estimated and quantified
two different grease ice concentrations, estimated ice parameters such
as Young's modulus, thicknesses and average floe area. However, it is
difficult to quantify other ice material properties for different types of
ice. Therefore, both types of laboratory experiments are useful in the
continued understanding of wave-ice interactions.

Another factor to consider is the water salinity. Here we used
freshwater ice instead of saltwater ice. Saltwater ice traps brine in small
pockets that changes the mechanical and physical properties of the ice,
relative to freshwater ice. Freshwater ice is stronger than sea ice, and
possesses different grain structures that make it more brittle than sea
ice (Timco and O'Brien, 1994).

4. Conclusions

The present study examined and quantified the modification of ice
covers on wave properties under different wave conditions and ice
covers. The ice covers tested were long sheet ice, broken ice floes, and
grease ice of two different concentrations. The long sheet ice cover
resulted in increased phase speed, while covers of ice floes and grease
ice did not show appreciable changes in phase speed. Wave amplitude
attenuations were largest for higher frequencies, with the long sheet ice
presenting the largest values, although substantially scattered. This
suggests that changes in phase speed and wave amplitude attenuation
are associated with the dimensions of the ice, in addition to other ice
properties.

Wave amplitudes changed as waves propagated into the different
ice covers. Different degrees of wave attenuation were shown for dif-
ferent ice covers, with the largest average attenuation from the long
sheet ice cover. Grease ice of both concentrations presented some at-
tenuations, while ice floes showed the least attenuation at most fre-
quencies. Attenuation under grease ice can be related to the surface
wave orbital velocity, similar to dissipation by bottom friction and swell
dissipation. This was not clearly observed in the long sheet ice cover,
where sidewall friction and overwash might have created additional
damping.

These results show the effects of wave propagation into different ice
covers under the same wave conditions, which allow a direct compar-
ison between them. To connect these small-scale laboratory results to
field conditions, proper scaling is necessary using extensive direct
measurements of different ice covers with different wave scales. These
results expand the collective knowledge of wave-ice interactions, which
will be fundamental to understanding the mechanisms involved.
Consistency between wave flume experiments and theoretical models
with respect to wave frequency-dependence on the modification of
wave dispersion and attenuation by ice covers shows that laboratory
experiments provide the necessary fundamental knowledge to bridge
the gap.
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