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A Two-Part Model for Wave-Sea Ice Interaction: Attenuation
and Break-Up

J. Kousal! 2, J. J. Voermans' ©/, Q. Liu'? 2/, P. Heil® 2, and A. V. Babanin!

'Department of Infrastructure Engineering, University of Melbourne, Melbourne, Australia, ?Physical Oceanography
Laboratory, Ocean University of China, Qingdao, China, Australian Antarctic Division, Hobart, Australia

Abstract Waves and sea ice form a closely coupled system: waves govern sea ice through stress, floe
break-up, and wave-induced currents, while sea ice affects waves through attenuation and reflection. Wave-
induced sea ice break-up is particularly important as it can regulate air-sea interaction and consequently also
regulate the growth and melt of sea ice. This coupled nature is complex and generally, especially at the large
scale, neglected in modeling of the polar climate system. Here, we explore a novel way of coupling through
wave-induced ice break-up, and conduct a case study for the Antarctic summer of 2019/2020. Our modeling
approach builds upon previous investigations as follows: (a) sea ice takes a binary form, either “broken” or
“unbroken,” (b) waves may break sea ice, transitioning it from unbroken to broken, (c) a threshold separating
breaking and nonbreaking wave fields is used to identify when this occurs, (c) two modes of attenuation for
waves in ice (dependent upon the ice state), representing the observed on/off switch in wave attenuation. By
characterizing wave attenuation and sea ice break-up as described above, we achieve two-way wave-sea ice
coupling, thereby allowing wave-sea ice feedbacks. This model is limited to the ice-melt season as refreeze
is not represented here. We demonstrate that our model can simulate both the wavefield in and the evolution
of the Marginal Ice Zone. Our results show the validity of empirically derived wave-induced sea ice break-up
threshold, and substantiate that waves have a critical influence on the morphology of the Marginal Ice Zone.

Plain Language Summary The interactions between waves and sea ice are complex and, when
represented in numerical models, often over-simplified or even neglected. For example, waves act very
differently in regions covered by small ice floes or broken ice compared to those covered by an unbroken cover
of very large ice floes. Wave dissipation can differ by orders of magnitude, but wave-forecast models usually
try to find some “effective” parameters for their attenuation modules valid on average in both environments.
Even more, sufficiently large waves can break the ice, thereby changing the behavior of waves in this region.
Sea ice forms a crucial barrier between air and sea, and understanding when and how it breaks is crucial to
understanding polar regions. Here, we introduce and test a simple yet effective model of wave-ice interaction.
Our results show that waves have a critical influence on evolution of sea ice, and are essential to understanding
polar regions.

1. Introduction

Waves influence the shape and size of ice floes through ice break-up (Langhorne et al., 1998) and govern the state
of initial sea-ice congelation (frazil vs. nilas) and influence its evolution (i.e., pancake ice; Shen & Ackley, 1991).
Waves also impart momentum to the ice as they are attenuated (Longuet-Higgins, 1977; Longuet-Higgins & Stew-
art, 1962), pushing the ice in the direction of wave propagation and affect ice drift (Feltham, 2005; McPhee, 1980;
Williams et al., 2017). Stopa et al. (2018) show wave action to be the dominant control of sea-ice translation drift
along the outer edge of the Southern Ocean sea-ice area, the Antarctic Marginal Ice Zone (MIZ). There are also
numerous indirect effects of waves on ice, such as modified air-sea heat fluxes and enhanced lateral melt associ-
ated with break-up of sea ice (Steele, 1992).

Sea ice also governs the wave evolution. Sea ice-induced wave attenuation may be broadly classed into two cate-
gories: scattering and dissipation. The former is described by a partial reflection of waves at the boundaries of ice
floes, broadening the distribution of wave direction. Scattering by multiple ice edges directly contributes to the
exponential decay of the forward-going wave energy. The latter category, dissipation, describes processes which
result in loss of energy from the waves. This includes, but is not limited to, internal friction due to ice viscosity, ice
fracture (e.g., Squire, 2020), overwash (Toffoli et al., 2015), and under-ice turbulence (e.g., Rabault et al., 2019;
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Voermans et al., 2019). The relevance and even more the dominance of each of these processes and catego-
ries are essentially unknown. The case studies of Kohout and Meylan (2008) and Montiel et al. (2016, 2018)
suggest dissipation to be the more important attenuation mechanism. Within the dissipation framework, Rogers
et al. (2021) identified at least three theoretical models consistent with the attenuation observed across a range
of conditions. Other studies suggest that dissipation only dominates for long waves, with scattering the dominant
attenuative process for short waves (Sutherland & Gascard, 2016; Wadhams et al., 1986).

It is clear that more research is needed on which processes dominate under any given circumstances. In the
meantime, we need a workable solution. Many previous solutions have attempted to include all possible physical
processes (despite questions regarding their relevance; each often introducing new unknown parameters), with
the consequence that our wave-sea ice interaction models have become burdened with increasing complexity and
more unknowns. These unknowns are often used as tuning parameters, meaning such empirical models will need
to be re-run each time the wave or ice conditions change, thereby limiting their broader relevance.

Many previous solutions also neglect two-way coupling between waves and sea ice. As soon as we have both
waves and sea ice evolving together, it is insufficient to only consider the effect of waves on ice, or of ice on
waves. The case studies of Collins et al. (2015) and Ardhuin et al. (2020) both show a rapid evolution of waves
and sea ice over the period of a few hours, with the sea ice breaking in response to the waves, and the waves within
the sea ice rapidly growing in response to this changed ice state. Both report two distinct phases in attenuation
of waves by sea ice: strong attenuation under unbroken ice conditions, and unimpeded propagation under broken
ice conditions. Wave attenuation reduces by at least an order of magnitude once the ice is broken (Voermans
et al., 2021), hence the waves can propagate further and break more sea ice.

Interactions between waves and sea ice carry implications for many other aspects of the polar climate. For exam-
ple, when the sea ice breaks there is a direct connection between ocean and atmosphere, meaning heat fluxes can
transfer between the two. In the ice melt season (typically warm air), sea ice break-up leads to a warming of the
ocean surface and a consequent acceleration of ice melt, including lateral melting (Bateson et al., 2020; Boutin
et al., 2020). This melting is further accelerated by the decrease in albedo (and resultant increase in solar radiation
absorbed) due to the exposure of dark ocean below the ice (Curry et al., 1995). As a result, there is more open
water, waves can have longer fetches and grow higher, and further break the weakened ice in MIZ (Thomson &
Rogers, 2014). Li et al. (2021) shows that this wave-induced sea ice break-up can accelerate melting in this
season. In the ice growth season (typically cool air), sea ice break-up leads to a rapid cooling of the ocean surface,
enabling the surface to refreeze during calm periods after the ice floes spread to larger areas, thereby suppressing
wave generation and attenuating incoming waves. Li et al. (2021) shows that this wave-induced sea ice break-up
can lead to increases in sea ice concentration and thickness in this season.

Insufficient knowledge regarding the underlying physics (as well as the additional complications brought by
high-complexity solutions) act as motivation for a relatively simple solution to this issue, but one that still
addresses the coupled nature of waves and sea ice. Here, we introduce and test such a solution: a new simple
coupled model which treats sea ice mechanical integrity as binary—either “unbroken” or “broken.” This binary
approach is motivated by the aforementioned two-phase attenuation reported by Collins et al. (2015) and Ardhuin
et al. (2020). We represent this two-phase attenuation by introducing a partition into the simple two-layer dissi-
pative attenuation model of Sutherland et al. (2019). The binary switch in our model is given by the critical
threshold of the ice-breakup parameter of Voermans et al. (2020). Although simple, we show in this study that our
model can capture the coupled nature of the wave-sea ice system through characterization of the critical feedback
between ice-induced wave damping and the wave-induced sea ice break-up.

2. Methods

A nested version of the third-generation spectral wave model, WAVEWATCH-III, is used (hereafter WW3;
WW3DG, 2019). Wave information is passed from the global coarse-resolution grid (0.5° or approximately
50 km) to the Davis Sea (East Antarctica) regional high-resolution grid (0.1° or approximately 10 km; Figure 1).
The global grid domain is unbounded in longitude (with circular boundary conditions) and bounded by 80°S—
80°N, while the Davis Sea grid domain is bounded by 60°—80°E and 70°-60°S. The default coastlines database
in WW3 is the Global Self-consistent, Hierarchical, High-resolution Geography Database (GSHHG; Wessel
& Smith, 1996). GSHHG is used for the global grid, whilst the Scientific Committee on Antarctic Research
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Figure 1. A nested set-up of WAVEWATCH-III. Wave information is passed from a global coarse-resolution grid (0.5°) to a Davis Sea regional high-resolution grid

(0.1°). Snapshot of significant wave height (Hy) at 00:00, 9 January, 2020.

Antarctic Digital Database (SCAR ADD; Scientific Committee on Antarctic Research, 2000) coastlines are used
for the Davis Sea grid. This latter database is used for its higher accuracy in Antarctic regions. The global model
is forced with 0.5° sea ice concentration and 10 m-wind fields from ECMWF's ERAS reanalysis. The Davis Sea
model is forced with 0.1° wind fields from ECMWF's archived forecasts, and high-resolution (3.125 km) AMSR2
satellite data for ice concentration (Beitsch et al., 2013 updated). For both grids, frequency resolution increases by
factor 1.1, with the first frequency at 0.045 Hz, and 30 frequency bins. There are 36 directional bins (each 10°).
Time step information is summarized in Table 1.

:;:::eS:ep Information for the Davis Sea and Global WW3 Grids

Grid DTMAX DTXY DTKTH DTMIN
DAVIS SEA 450s 225s 225s 10s
GLOBAL 1800s 900s 900s 10s

Note. DTMAX is the maximum global time step, DTXY is the maximum
Courant—Friedrichs—Lewy (CFL) time step for x-y, DTKTH is the maximum
CFL time step for spectral advection, and DTMIN is the minimum source
term time step.

For representation of sources and sinks of wave energy, we use the source
term package ST6 (Liu et al., 2019). This source-term package represents the
physical processes of wind-wave interaction, whitecapping (dissipation due
to breaking) and wave-turbulence interaction (swell dissipation), and has its
roots in field and laboratory observations and experiments. CDFAC, the ST6
parameter to account for wind field biases, is set to CDFAC = 1.08 as in Liu
et al. (2021).

The global grid is run from 22 November 2019 to 14 February 2020, and the
Davis Sea grid is run from 13 December 2019 to 14 February 2020. Both
grids are initialized with the JONSWAP spectrum (Hasselmann et al., 1973).
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Table 2 The first month of data is discarded for the global grid, as are the first 2 weeks
Model Simulations for the Davis Sea grid to ensure adequate model spin up time.
Young's Flexural Ice Attenuation To describe wave attenuation through the sea ice, we use the relatively simple
s mo(dcl}l}l)l;s)’ u Str(f;\r/l[% :)’ o thiCk(Ig)SS’ hy r?(;iruggﬁg(;igi;ifr;t twc.)-la_lyer aFteIlluat.ion model .of SuTherland et al. (2919; herea_fter SEAI?).
This is a dissipative model in which wave energy is lost to internal fric-
A 9 0.1 0.55 0.01 tion within the sea ice. The attenuation through the sea ice for SEA19 is
B 9 0.1 1.1 0.01 described by
C 6.0 0.55 1.1 0.05 1
D 0.2 0.7 11 0.1 asats = 5 Aoehik? @
E 0.2 0.7 2.2 0.1

Note. All simulations begin 27 December 2019 and finish 14 February 2020.
Attenuation increases in strength from simulation A through E.

where A determines the boundary condition at height — (1 — €)h;, h; is sea
ice thickness, k is wave number, Ay = 1 (no-slip condition), and 0 < e < 1
(relative thickness of the high-viscosity layer). Note, attenuation here follows
a power dependence on frequency of n = 4 (k ~ f2), in fitting with the range
reported by Rogers et al. (2021) of n =2 to 4.

To account for the binary nature of wave-sea ice interaction, we distinguish two regimes in the SEA19 model:

IBT ‘a
IBT i unbrokenice® *SEAI9
k™" = )

kIBT .

i brokenice” ﬂaSEAl‘)

where kBT is the imaginary part of the wave number representing wave growth/decay, § represents the attenu-
ation reduction for broken sea ice (relative to unbroken sea ice cover), with 0 < f# < 1. The model is initialized

with all sea ice as unbroken, meaning we are in the ;"7 attenuation regime. To determine when the sea

unbroken ice
ice breaks, we use the non-dimensional sea ice-breakup parameter of Voermans et al. (2020; hereafter VEA20)

ah,-Y

Ipe = o2

3

where a is wave amplitude (approximately equal to half of the significant wave height), A, is sea ice thickness, Y
is Young's modulus, o is flexural strength and 4 is wave length. The sea ice at any point is classed as “broken”
when 1, exceeds its critical threshold,

Ibr;cril =0.014 (4)

thereby resulting in a transition to the “broken ice” attenuation regime, kBT, . . Assuming that the ice does
not refreeze (a valid assumption for this time of year), this point then remains in the “broken ice” attenuation
regime for the remainder of the simulation.

Built upon these, we have run five simulations with our new model. A conservative range for ¥ and ¢ was chosen
to describe the full range of sea ice material properties, with o€[0.1, 0.7] MPa and Y€[0.2, 9] GPa (Karulina
etal., 2019; Timco & Weeks, 2010). The range for the attenuation reduction coefficient for broken ice is f€[0.01,
0.1] (Voermans et al., 2021). Here, we choose f = 0.05 as being the median value. The simulations, detailed in
Table 2, are based on the combinations that result in the largest range of physical behavior. The range of model
behavior between the “outer upper bound” (A) and “outer lower bound: (E) is referred to as the model's outer
physical range, while the range between the “inner upper bound” (B) and “inner lower bound” (D) simulations
we refer to as the model's inner physical range. The ice thickness for the inner physical range is based on a field
measurement performed at the time of instrument deployment (Voermans et al., 2020). The outer physical range
includes a modification to this to account for the possibility of thicker/thinner sea ice throughout other regions
of the domain. The upper (lower) bounds refer to behavior of significant wave height (H), and correspond with
lower (higher) wave attenuation and less (more) unbroken ice. Simulation C is our baseline simulation, with the
sea ice parameters used being approximately in the middle of their physical ranges.

To calibrate and verify WW3, we use the data described in VEA20: two ice motion loggers (Rabault et al., 2020;
hereafter denoted IB) and two wave buoys (Spotter buoys from Sofar Ocean Technologies; hereafter denoted
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Figure 2. Domains and buoy tracks of the model domain (a), and a close-up of the buoy tracks (b). Crosses and text indicate position and date of last transmission.
Dashed and solid black lines mark 15% and 85% sea ice concentration (SIC) contours respectively from the AMSR?2 satellite SIC product (average between 1 January
and 14 February). Light blue indicates <15% SIC, medium blue indicates 15% to 85% SIC and dark blue indicates >85% SIC.

WB). Both IB and WB transmit integrated wave parameters (e.g., Hq and f) and wave energy density. The
accuracy of the observed significant wave height is of the order of a centimeter, but varies with wave frequency
(the reader is referred to Rabault et al., 2020 and Voermans et al., 2020 for more details). The instruments were
deployed on landfast ice in the Davis Sea in December 2019, along a transect perpendicular to the landfast ice
edge. The first instrument was deployed about 100-200 m from the edge, and subsequent instruments were
deployed a few kilometers apart. Instruments started to drift after a breakout event on the second of January.
The instrument tracks are shown in Figure 2, with the text denoting the times of their last transmissions. Note that
IB1810 continued to transmit beyond 14 February 2020, the end of our study period.

3. Results

Wave and wind climate in the Davis Sea is dominated by passing low-pressure systems in the nearby Southern
Ocean, with a storm passing by approximately once every week. The first significant storm in this study is on
January 8. Using the 2 day period over which all buoys show significant wave activity (8—10 January), we cali-
brate the model to observations of Hg within the MIZ. This is achieved through the adjustment of e (relative thick-
ness of the highly viscous ice layer; see Equation 1). e = 1.2e — 2 is determined as the optimal value (see Text
S1 in Supporting Information S1 for details). Using this value, our model is then able to simulate wave behavior
throughout the MIZ over the complete simulation period (27 December 2019-14 February 2020).

Our baseline simulation (C) captures the timing of wave events well, with peaks in H occurring at the same time as
those observed by the buoys (Figure 3). Its ability to accurately capture the magnitude of these peaks differs vastly
between wave events, and sometimes even between different buoys for the same event. For the small wave activity
on January 5, simulation C closely matches the observations for all buoys. For January 7, we see an increase in
wave size at WB0161 and WB0173, but not IB0820 and IB1810. Simulation C well represents the wave activity
of these latter two buoys, but under-represents the wave activity of the former two. For the large event on January
9, we see accurate representation for buoys IB1810 and WB0161, but a slight over-representation for IB0§20, and
a considerable under-representation for WB0173. For the observed peak on January 29, simulation C captures
the wave activity at WB0161, but under-represents wave size at buoys IB1810 and WB0173. From January 29
on-wards, we observe a marked increase in wave activity (this is due to a loss of sea ice to the north of the Davis
Sea not shown here). For the large wave activity observed on February 1 to February 3, simulation C accurately
captures the wave activity at IB1810 and WBO0161 (apart from a brief under-representation on January 1). From
February 5 to February 9, simulation C accurately follows the observations at buoy IB1810 with the exception of
two short spikes (February 6, February 8). These short-lived spikes are due to model discretization: the buoy is
close to the border of the adjacent cell here (which is one cell less deep into the MIZ and therefore the waves here
have been less heavily attenuated) and briefly enters it twice causing spikes in wave size tracking the buoy. There
is then another peak in observed waves at IB1810 which simulation C under-represents (January 10), after which
the simulation shows similar wave activity as observed by IB1810 (January 11-14).
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Figure 3. Modelled and observed significant wave height (Hy) following the buoys. Black markers indicate quality controlled onboard buoy Hg calculations. The inner
(outer) physical range is defined as the range between the inner (outer) upper and lower bounds (see Table 2 for simulation details).
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The difficulty for our baseline simulation (C) in consistently matching the observations is partly rooted in the
highly heterogeneous nature of the ice field. The range in wave behavior spanned by the additional simulations
account for this heterogeneity (Table 2). The H range spanned by our inner physical range (simulations B and D)
captures the vast majority of observed H values. The H  range spanned by our outer physical range (simulations
A and E) captures the remainder, with one exception: January 29. The observations at buoys IB1810 and WB0173
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observations shown by crosses. Buoy location for 01 February can be seen
in Figure 2. The inner (outer) physical range is defined as the range between
the inner (outer) upper and lower bounds (see Table 2 for simulation details).
Buoy: WBO0173; time: 2020-01-30T06:48.

on this day exceed the maximum of the outer physical range by approximately
0.1 m (approximately 20% of the peak). This is most likely due to weaker/
thinner sea ice in the path from the ocean to the buoy than accounted for in
the outer physical range. Note that this exceedance is not seen at the other
buoy still active at this time (WB0161). Figure 4 shows the energy-frequency
spectrum for WBO0173 on January 30 (modeled and observed). We see that
simulation C captures the distribution of this energy very well, and that all
observations fall entirely within the inner physical range. Thus, our results
show confidence that the developed model can replicate the field observa-
tions within reasonable accuracy using the inner physical range.

3.1. Davis

Figure 5a shows the number of grid points with unbroken ice in the Davis Sea
throughout the study period (equivalent to total area coverage of unbroken
ice), consisting of long periods of stability punctuated by short periods of
rapid decline. Note that there are no increases in unbroken ice area due to the
“no refreeze” assumption. Recalling that the study period is characterized by
sea ice retreat, this downwards trend in unbroken ice is logical. There is an
inverse relationship between unbroken ice area and system stability, with the
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Figure 5. (a) Modelled number of unbroken ice grid points for the Davis Sea region. The inner (outer) physical range is defined as the range between the inner (outer)
upper and lower bounds. See Table 2 for simulation details. (b—d) Model simulations of unbroken sea ice for the Davis Sea region. Blue dots mark modelled solid ice
for the inner upper physical bound (simulation D; see Table 2 for simulation details). Dashed and solid black contours mark lines of 15% and 85% sea ice concentration
respectively. Buoy locations are shown by the coloured crosses. Corrected Reflectance satellite imagery from the MODIS satellites are shown (https://worldview.
earthdata.nasa.gov). The colour of the “F-numbers” refers to the lines of the same colour and are to be discussed in the text.

upper bounds for unbroken ice (simulations D and E) showing more frequent and larger break-up than the lower
(simulations A and B), which remain virtually constant, with approximately 20 cells of unbroken ice. Simulations
D and E evolve from approximately 300 cells to just 40 by the end of the study period. This enhanced stability
for the simulations A and B may be explained by a large barrier of broken ice (weakly attenuating the waves)
shielding the unbroken ice from wave-induced break-up.

Figures 5b—5d show the geographic distribution of the simulated unbroken ice for January 10, January 29 and
February 11. Simulation D is the upper bound of the inner physical range with respect to unbroken ice. This
simulated unbroken ice is superimposed onto satellite imagery (MODIS) for the corresponding days. The dates
are selected to understand the spatial nature of the ice loss observed in Figure 5a and to verify the simulated ice
break-up. This verification relies on MODIS to differentiate between unbroken and broken ice. The MODIS
satellite operates on the visible part of the electromagnetic spectrum, from which it can be difficult to determine
features of the unbroken ice, such as sheet boundaries, unless bordered by ocean (the dark color provides a strong
contrast). Figure 5¢ shows an example of a sheet boundary bordered by ocean, where the boundary between ocean
and the land-fast sea ice is clearly visible in MODIS (F1 in Figure 5). We assume that boundaries like this mark
the extent of the unbroken ice. Simulation D shows unbroken ice extending to this edge (F2). We can also use
MODIS to distinguish (e.g., F3).

The unbroken ice edge in simulation D has retreated by January 29, particularly on the north-west face of the sheet
(F4), with this ice loss being attributed to the aforementioned January 23 break-up event (Figure 5a). MODIS
corroborates this loss of unbroken ice in this region, with the MODIS ice fragmented where before it was contin-
uous (between F2 and F4). The unbroken ice in simulation D continues to follow the boundary of MODIS closely
(F4), with the exception of a slight high bias at 74.5°E, 69°S (F5). It is worth drawing to the reader's attention the
“unbroken” ice stretch at 74°E, 69°S (F6). This is not unbroken sea ice, but rather part of the ice shelf. This is a
study focused on sea ice, and this shelf ice is therefore not represented within our model.

The unbroken ice in simulation D has retreated further by February 11, most evident at 75°E, 69.5°S (F7). The
aforementioned high bias at 74.5°E, 69°S has disappeared. These ice losses can be attributed to the February
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Figure 6. (a, b) Modelled number of unbroken ice grid points for the western and central sheets. The inner (outer) physical range is defined as the range between the
inner (outer) upper and lower bounds. See Table 2 for simulation details. (c—e) Model simulations of unbroken sea ice for the western and central sheets. Blue and
magenta dots mark modelled solid ice for the upper physical bounds (simulations D and E; see Table 2 for simulation details). Dashed and solid black contours mark
lines of 15% and 85% sea ice concentration respectively. Buoy locations are shown by the colored crosses. Corrected Reflectance satellite imagery from the MODIS
satellites are shown (https://worldview.earthdata.nasa.gov). The color of the “F-numbers” refers to the lines of the same colour and are to be discussed in the text.

1 break-up event (Figure 5a). MODIS corroborates this loss of unbroken ice at 75°E, 69.5°S, with this part of
the ocean now ice free (between F4 and F7). Again, the unbroken ice in simulation D follows the boundary of
MODIS closely (F7).

3.2. Western and Central Sheets

The time series of the unbroken ice amount for the western and central sheets show similar features to that of
the Davis Sea, namely prolonged periods of relative stability punctuated by short periods of rapid decline, and
a greater stability for the lower bound simulations with respect to unbroken ice, with the upper bounds slowly
converging toward them (Figures 6a, 6b). There is more unbroken ice in the western and central sheets relative
to the Davis Sea, with the upper bounds beginning respectively at 1,000 and 600 cells of unbroken ice, compared
to the 300 of the Davis Sea. Note that the lower bounds for these regions consist of virtually no unbroken ice.
For the central sheet, this happens instantly, whereas we see a few remnant cells of unbroken ice persist in the
western sheet. The Davis Sea region was probably able to maintain more unbroken ice in the lower bound due
to geographical (and ice field) wave protection. Also note that the ice loss in the central sheet consists of highly
frequent but small break-up events, whilst it is less frequent but larger for the western sheet. This is also likely a
due to protective difference resulting from a combination of the surrounding geography and ice field. The ice loss
in the Davis Sea region is more similar to the western sheet in terms of frequency versus magnitude.

Figures 6¢c—6e show the geographic distribution of the simulated unbroken ice for January 10, January 24 and
February 8 (simulation D; the upper bound of the inner physical range) overlaid onto MODIS. The dates are
slightly different to those of the Davis Sea analysis due to cloud cover interference. Beginning with January 10,
we see a clear boundary in MODIS for much of the western and central ice sheets (e.g., F8). There is additional
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ice attached to these sheets which can be identified as broken ice (e.g., F9). It is somewhat ambiguous in some
regions where the unbroken ice stops and the broken ice begins (e.g., F11). Here, we use supplementary MODIS
images to help determine the likely extent of the unbroken ice. In Figure S2 in Supporting Information S1, we
highlight cracks/fragmentation in the ice that are not as clearly visible in Figure 6 for the western sheet (F12 and
F13 in Figure S2 in Supporting Information S1), allowing us to determine the likely extent of unbroken ice (F16
in Figure 6). The unbroken ice in simulation D (the blue dots) follows this boundary from MODIS very well
(F17). The central sheet appears to consist entirely of tightly packed broken ice (F14 in Figure S2 in Supporting
Information S1) with the exception of one large ice floe (which may be an ice berg calved from the ice shelf rather
than being sea ice; F15). Note that this violates the initial assumption of the model that all sea ice is initially
unbroken. The analysis of the central sheet will therefore proceed with the acknowledgment that this is tightly
packed broken ice and not unbroken sea ice.

It is important to stress that the ice thickness used for the inner physical range simulations was only measured at
the deployment site of the instruments (Davis Sea) and is therefore unlikely to be representative for the Western
and Central Sheets. We therefore also show the results of simulation E in Figure 6 (unbroken ice market by the
magenta dots), which considers an ice thickness double that of simulation D. With respect to simulation D, an
increased ice thickness increases the extent of unbroken ice for both the central and western sheets. This increase
of unbroken ice present an interesting contradiction to the employed ice break-up threshold (Equation 3), which
states that the ice break-up, /, , increases with ice thickness. As ice thickness increases however, so too does atten-
uation (Equation 1), thereby decreasing the wave energy passing through the MIZ and subsequently available for
the potential break-up of sea ice.

Although simulation D shows a significant contraction of the north eastern edge of the western ice sheet from
January 10 to January 24 (F18), the unbroken ice in MODIS appears to maintain relatively stable over this period,
essentially following the same contour as previously (F16; Figure 6d). This model ice loss (F18), largely occur-
ring on January 18 (Figure 6a), has resulted in another low bias, now in the western sheet. Simulation E, with
its thicker ice and reduced ice retreat, reduces this bias, but does result in a slight high bias in northerly extent
of this ice sheet for January 10, however (F19), not yet registering the northern part of this sheet yet as broken.
Considering that we used images from January 12 and 13 (Figures S2a, S2b in Supporting Information S1) to
diagnose the extent of the unbroken ice here (due to cloud cover), it is also possible that this ice in reality has not
yet broken, and that the model is accurately representing the extent of unbroken ice here. We also see a retreat of
the tightly packed broken ice in the central sheet on the southern border (MODIS; F20). The model shows similar
ice loss on the southern boundary, as well as additional ice loss on the eastern boundary (F21).

Over the next 2 weeks (January 24-February 8), we see further contraction of the western sheet in both MODIS
and model (F22). By February 24, simulation E closely follows the MODIS unbroken ice here, while simulation
D maintains a low bias. MODIS shows significant losses incurred by the tightly packed broken ice in central
sheet over this period. This consists of a large region detaching in the north, as well as some further losses to the
southern boundary (Figure 6f; F23). Similar to the losses seen in MODIS (F23), the model shows ice retreat for
the northern and southern boundaries, as well as some additional losses incurred to the eastern boundary (F24).

3.3. Polynya Barrier

The fourth region is the polynya barrier. For the time series of unbroken ice, we see the same model characteristic
features as previously (Figure 7a): prolonged periods of relative stability punctuated by short, rapid declines, and
greater stability for the lower bounds with respect to unbroken ice, with the upper bounds converging toward
them. The lower bounds fall to zero cells of unbroken ice instantly; the upper bounds begin with 500-600. The
ice loss here is more similar to the Davis Sea and western sheet in terms of frequency versus magnitude of ice loss
(less frequent, larger losses). Different here, however, is that all simulations have converged to zero unbroken ice
by January 29, indicating very high confidence that the wave energy is sufficiently large to break all ice.

Figures 7b, 7c shows the geographic distribution of the simulated unbroken ice for January 10 and January 24
(simulation D) overlaid onto MODIS. MODIS shows ice across the entirety of this region as broken. Simulation
D, however, still shows some unbroken ice remaining here in the center of the ice pack (F25). This unbroken ice
is consumed by January 23 (Figure 7a,c).
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4. Discussion

Here, we present a novel wave-sea ice interaction model applied to an Antarctic case study. We verify the model's
performance first with respect to wave properties, and second with respect to the two-phase ice field (unbroken
and broken). The model performs reasonably well in replicating the observations of waves in sea ice in the
Davis Sea. Discrepancies between model and observations are largely caused by the highly spatial heterogeneous
composition of the sea ice (i.e., Figures 5-7). Specifically, the distance of the instruments to the landfast ice edge
(and notably, the ice edge is adjacent to the polynya) is similar in magnitude as the grid resolution of the model,
causing properties to vary greatly between neighboring cells. This ultimately means that the calibration and vali-
dation of wave properties is very sensitive to the definition and discretization of the model grid and model input,
and the exact position at which the instrumentation is located with respect to the grid. The impact of the strong
spatial variability of the ice cover can be observed in the model output and in situ observations in up to January
10, where the instruments are within close proximity of each other, nevertheless, present a substantially different
significant wave height (Figure 3). Given the major challenges in the modeling of waves in ice in this specific
study, the comparison of the simulated wavefield against the in situ observations is very positive (Figures 3
and 4).

There are four assumptions made in this study which require some discussion with respect to their justification
and/or implications: (a) ice thickness, strength and elasticity are homogeneous in space and time. While this is
typical practice in the current state of the field due to difficulty of obtaining information of sea ice properties at
vast scales, it is a limitation which hinders the reliability of the simulation across large geophysical scales and
long time duration. We see a substantial difference in results for both wave attenuation and ice break-up when
the complete physical range of the ice properties are considered; (b) sea ice cannot transition from its “broken”
state to a “unbroken” state (i.e., no refreezing is allowed). We consider this a reasonable assumption considering
the season of the simulations but note that such assumption is likely invalid when temperatures become lower;
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(c) unbroken ice is geographically anchored (i.e., does not drift). The unbroken sea ice identified by our model
appears to be primarily land-fast sea ice and, according to MODIS, does not appear to be drifting. The unbroken
sea ice in the polynya barrier, however, is not land-fast, but breaks up so rapidly that this is not a concern; (d)
dissipation is the dominant mechanism for attenuation of waves in ice. This is a valid assumption for the long
waves characteristic of this region, but may be invalid where shorter waves are more dominant (e.g., some regions
of the Arctic) as scattering may dominate (Sutherland & Gascard, 2016; Wadhams et al., 1986).

We believe this model to be of general interest to the field of wave-sea ice interaction for the following reasons:
(a) the threshold used here for sea ice break-up was developed across a diverse variety of ice scales, meaning that
the model is not limited to a specific location/scale, (b) the attenuation model within our model can effectively
be considered a generic dissipative model with a power-4 frequency dependence (k ~ f?) and a single calibra-
tion coefficient, meaning we are not carrying any assumptions about the dominant relevant physical attenuative
processes (apart from attenuation following a power-4 frequency dependence in fitting with the range reported
by Rogers et al., 2021).

The proposed model has significant potential to be embed coupled wave-ice processes in polar modeling more
generally. While the MIZ evolution can be modeled satisfactorily by wave-sea ice interaction alone as shown
in the presented case study, this model could be extended to scenarios in which winds and currents may play a
more significant role, provided that a model for sea ice propagation/drift is coupled to the existing model. This
drift model must have two separate regimes: one for unbroken sea ice where the ice is one continuous sheet and
not subject to divergence, and one for broken sea ice in which divergence is allowed. Furthermore, if we choose
a coupled sea-ice model such as CICE for this purpose, we could then use information from this model to relax
assumptions (a) and (b) outlined above: thickness, strength and elasticity could be calculated from ice model
(a), and broken sea ice could refreeze according to the sea-ice model thermodynamics (b).

There is no straightforward method available to validate the simulated two-phase ice field and we had to resort
to visual analysis using MODIS satellite imagery. Despite the subjectivity of this approach and the simplicity
and limitations of the model, the performance of our model in identifying regions of broken and unbroken ice is
satisfactory. A major source of error between the simulations and the observations is that the wave-ice coupled
model only considers break-up induced by waves while other processes, including wind and currents, have the
capacity to break the ice as well. Aside from the uncertainty in sea ice material and physical properties, the exclu-
sion of these break-up mechanisms can, in part, explain why sections of the sea ice are considered unbroken by
the model, but appear as broken in the satellite images. Additionally, parts of the ice cover may have been broken
prior to the study period, and remain so, potentially causing a bias later in the simulations if the waves are not
strong enough to break this ice at a later stage in the simulation. We see this bias manifestation for the central
sheet, where there remains a considerable amount of unbroken ice in the model, despite the region consisting
of broken ice from the beginning (as shown by MODIS). The polynya barrier region shows the opposite case:
despite the discrepancy between the model assumption (all ice initially unbroken) and reality (all sea ice broken
as shown by MODIS), the model is able to provide a realistic representation of sea ice for the study period.

The strong correspondence between the simulated two-phase ice cover and satellite imagery substantiates the
capacity of waves to influence the sea ice morphology in the MIZ and at very short time scales. This identifies
the importance of two-way coupling of waves and sea ice for accurate prediction in forecasting models. Further
studies are, however, required to assess model performance at different sites, preferably at sites where more
details are available on the mechanical properties of the ice and ice thickness.

5. Conclusions

This study presents a new simple wave-sea ice coupled model, and applies it to a case study in the Antarctic
over the summer of 2019/2020. Our model can be summarized as follows: (a) sea ice takes a binary form, either
“broken” or “unbroken,” (b) waves can break sea ice, transitioning it from unbroken to broken, (c) the threshold of
Voermans et al. (2020) is used to identify when this occurs, (d) there are two modes of attenuation for waves in ice
(dependent upon the ice state), representing the on/off attenuation reported in Collins et al. (2015) and Ardhuin
et al. (2020), (e) through the attenuation and ice break-up described above, we achieve two way wave-sea ice
coupling, thereby allowing wave-sea ice feedbacks. We note here that this study is the first to implement obser-
vation-based features (c) and (d) within a numerical wave model. We use in situ buoy observations to validate
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the modeled waves, and satellite imagery to validate the modeled sea ice. The model is run for a variety of ice
properties to understand the range of possible physical behavior of the system.

The baseline simulation (C) captures the timing of wave events but, due to the spatial heterogeneity of the ice
field, has some trouble in accurately capturing the magnitude of the waves at each buoy. We account for this
spatial heterogeneity here by varying the mechanical properties of the ice within a likely physical range, allowing
us to capture the full range of wave behavior observed by the buoys. This accuracy of the model holds true not
just for significant wave height, but also for the spectral distribution of wave energy.

We note an inverse relationship between quantity of unbroken ice and system stability, with systems with more
ice being prone to more frequent and larger break-up events. This is likely due to the shielding afforded to the
unbroken ice by the broken ice surrounding. Using satellite imagery for verification, we also demonstrate the
model's high ability to represent sea ice break-up (and consequently the two-phase sea ice field), accurate in both
the spatial and temporal dimensions. The accuracy of this model also substantiates the ability of the observa-
tion-based features of a binary sea ice state (unbroken/broken) with associated on/off attenuation (model feature
4), and a non-dimensional threshold which determines when the ice transitions from unbroken to broken (model
feature 3).

Lastly, we stress the importance of accurately representing the state of the sea ice. Sea ice forms a crucial barrier
between air and sea, and understanding when and how it breaks is crucial to understanding polar regions. As we
do not allow for break-up by other mechanisms in this study (e.g., wind or currents), the sea ice break-up here is
solely due to the waves. The ability of our model to accurately represent this sea ice break-up thereby substanti-
ates that waves have a critical influence on the morphology of the MIZ, and at very short time scales too.
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