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Abstract In the marginal ice zone (MIZ), where ocean waves and sea ice interact, waves can produce flows
of water across ice floe surfaces in a process known as wave overwash. Overwash potentially influences wave
propagation characteristics, floe thermodynamics, and floe surface biological and chemical processes. However,
the extent of the MIZ affected by overwash and its dependence on prevailing wave and ice conditions is
unknown. In this paper, we propose a model of overwash extent caused by irregular incoming waves into a MIZ
consisting of a random floe field. We validate the overwash extent model against laboratory experiments. We
use the model to study mild to extreme incoming waves to floe field characteristics of the spring—summer ice
retreat and autumn—winter ice advance and with compact ice edges. Overwash is typically predicted to extend

a few kilometers and is generally greater for the autumn—winter advance than the spring—summer retreat. The
model predictions provide a basis for improved understanding of the impacts of ocean waves on the ice cover.
We also apply the model to incoming waves and a floe field with a diffuse ice edge representative of conditions
during a field experiment, predicting overwash extents up to 16 km. During the field experiment, the wave and
ice floe properties were intermittently monitored by a camera system, demonstrating how the sparse field data
available on overwash can be advanced.

Plain Language Summary Wave overwash is the flow of water across the surface of a thin floating
body due to passing waves. It is an important process in the marginal ice zone (MIZ) where sea ice floes and
ocean waves interact. Overwash reduces the energy of ocean waves, removes snow from, and wets the sea ice
surface, which can drive growth or melting. Water left on the sea ice surface can host organisms and affects
chemical processes taking place there. Overwash is pervasive in laboratory experiments where it has been
measured and studied. In contrast, there are few reports of overwash in the field and the extent of its occurrence
has not been measured. We propose a model to predict the region of the MIZ in which overwash occurs. We use
the model to compare overwash extents for MIZs associated with the spring—summer ice retreat and autumn—
winter ice advance for calm to energetic wave conditions, including the conditions observed during a winter
Antarctic icebreaker voyage. For field conditions, the model predicts that overwash typically extends at least
several kilometers into the MIZ, indicating that it likely contributes to the ice edge evolution.

1. Introduction

The marginal ice zone (MIZ) is the highly dynamic outer band of the sea ice covered ocean in both polar regions,
in which surface gravity waves and sea ice interact. The sea ice cover in the MIZ varies between regions (Weeks
& Hilber, 2010) and depends on the season (Alberello et al., 2019; Doble, 2003; Hwang et al., 2017; Toyota
et al., 2011) and synoptic conditions (Finocchio et al., 2020; Vichi et al., 2019). The ice cover comprises floating
bodies of consolidated sea ice called floes (Armstrong & Roberts, 1956) separated by interstitial ice or open
water. The concentration (fraction of ice-covered ocean surface in a unit area) of floes and interstitial ice is
typically combined into a single ice concentration (Melsheimer & Spreen, 2019). Ice concentration typically
increases with distance from the open (ice-free) ocean. The edge of the MIZ, adjacent to the open ocean, can be
either compact (Massom et al., 2008) or diffuse (Massom & Stammerjohn, 2010) with bands of ice separated
by open water being a common feature of diffuse ice edges (Wadhams, 1983). The ice cover in the MIZ can be
broadly characterized as (i) pancake floes (Alberello et al., 2019; Doble, 2003; MIZEX Group, 1986; Rothrock &
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Thorndike, 1984; Weeks & Ackley, 1982) or (ii) fragmented floes and brash
ice (Collins et al., 2015; Frankenstein et al., 2001; Toyota et al., 2011). Type
(1) MIZs are formed when the surface of the ocean freezes with waves prevent-
ing full consolidation of the sea ice cover (Wadhams et al., 1987), while driv-
ing collisions of adjacent floes resulting in their distinctive "pancake” shape
(Shen et al., 2001; Weeks & Ackley, 1982). Type (i) MIZs are thus generally
associated with the autumn and winter advance of sea ice. Type (ii) MIZs are
produced by the breakup of large floes due to wave-induced flexural stresses
(Kohout et al., 2016; Prinsenberg & Peterson, 2011). Type (ii) MIZs can
occur year round but are particularly associated with the retreat of the ice
cover in spring and summer.

Waves set each individual floe in the MIZ into motion, where the motion
experienced by a particular floe depends both on its properties and those
of the local wavefield. A floe sufficiently small relative to the local wave-

Figure 1. Photo of pancake floes in the wake of the S.A. Agulhas II on its length moves approximately in phase with the waves and does not disturb

winter 2019 voyage. The wake is propagating to the right and water deposited
on the floe surfaces by overwash can be seen behind the leading wave with

some floes temporarily submerged.

the surrounding wavefield other than to dissipate a small proportion of wave
energy (Ardhuin et al., 2016; Squire et al., 1995). As the floe size relative to
the local wavelength increases, the floe moves increasingly out of phase with
the waves and begins to scatter wave energy in different directions (Bennetts
& Williams, 2015; Meylan & Squire, 1994). Wave energy attenuates with distance from the open ocean into the
MIZ due to an accumulation of scattering and dissipation (Squire, 2020), thus limiting the MIZ width and form-
ing a coupled wave—floe interaction system. Short-period components of the wave spectrum attenuate quickly
and penetrate only several kilometers into the MIZ, whereas long-period components attenuate slowly and can
penetrate tens to hundreds of kilometers into the MIZ (Meylan et al., 2014; Squire & Moore, 1980). Therefore,
the wave spectrum skews toward longer periods with increasing distance into the MIZ (Alberello et al., 2022).

In the scattering regime, where floe and wave motions are out of phase, water can flow across the surface of a
floe in a process known as wave overwash (Massom, 1991; Massom et al., 1997, 1998), hereafter referred to as
overwash. Overwash is a dynamic wave-driven process, distinct from flooding where floes become submerged
due to mass added by snow or other floes (Wadhams et al., 1987). Figure 1 shows overwash of pancake floes by
the wake of the S.A. Agulhas II during its winter 2019 voyage. The overwash produced by the wake deposited
a significant amount of water on the floes, temporarily submerging some floes. The process of overwash is the
same whether waves are produced by the ship as in Figure 1 and Dumas-Lefebvre and Dumont (2021) or are
naturally occurring as is generally the case in the MIZ. While there are reports of overwash due to ocean waves in
the MIZ (Massom, 1991; Massom et al., 1997, 1998), there has been no systematic study of overwash in the field.
This is largely due to the challenge and difficulty of systematically measuring overwash, given that it predomi-
nantly occurs in the outermost region of the MIZ during large wave events.

Over the past 10 years, laboratory experiments have become a common approach to model wave—floe interac-
tions and wave attenuation in the MIZ using either fresh water ice (Alberello et al., 2021; Dolatshah et al., 2018;
Yiew et al., 2019), model ice (Cheng et al., 2019; Passerotti et al., 2022), or most often, artificial floes (Bai
et al., 2017; Bennetts et al., 2015; Bennetts & Williams, 2015; Huang et al., 2022; Meylan, Yiew, et al., 2015;
Montiel, Bonnefoy, et al., 2013; Nelli et al., 2017; Sree et al., 2018, 2020; Toffoli et al., 2015; Toffoli et al., 2022;
Yiew et al., 2017). In contrast to the scarce reporting in the field, overwash is a pervasive feature of laboratory
experiments. In laboratory experiments, overwash occurs even for relatively small steepness waves, which would
usually be considered linear, due to the small freeboard of floes (Skene et al., 2015). Analysis of experimental
data has given strong evidence that overwash causes wave energy dissipation and hence increases attenuation
(Bennetts et al., 2015; Bennetts & Williams, 2015; Nelli et al., 2017; Toffoli et al., 2015, 2022). Overwash has
also been associated with accelerated melt and breaking of the edge of model ice (Passerotti et al., 2022). The
laboratory experiments have motivated the development of overwash models (Skene & Bennetts, 2021; Skene
etal., 2015, 2018) and simulations of overwash using computational fluid dynamics software (Huang et al., 2019;
Huang & Thomas, 2019; Nelli et al., 2020; Tran-Duc et al., 2020). The models and simulations of overwash show
promising agreement with measurements in terms of overwash properties and wave attenuation due to overwash,
but are restricted to regular incoming waves and single floes at present.
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Figure 2. Overview of model, showing inputs (O), sub-models ((J), main model (E3), outputs (O), and their relationships
(—) with novel contributions highlighted in pink.

In this article, we build on recent progress in modeling overwash of a single floe by regular incoming waves
(Skene et al., 2015) to develop a stochastic model of overwash extent in the MIZ caused by irregular incoming
waves. The model incorporates the ice conditions, described by an ice thickness, a floe concentration, and a floe
size distribution (FSD). The model includes wave attenuation due to scattering by the floes and an empirical
model for wave dissipation in the MIZ. Thus, the model is capable of predicting the occurrence and extent of
overwash into the MIZ for given wave and ice conditions. We validate the model using a laboratory experiment,
for which overwash was previously reported but not quantified (Bennetts & Williams, 2015). We use the model
to investigate the effect of calm and energetic seas in the Southern Ocean (Young et al., 2020) for the Antarctic
MIZ when it is Type (i) comprising pancake floes (Alberello et al., 2019) or Type (ii) comprising fragmented
floes (Toyota et al., 2011). Finally, we use the model to predict the region of overwash for inputs that replicate the
wave and ice conditions during a field experiment in the Antarctic MIZ, where stereo-camera images of waves
and ice floes were captured (Alberello et al., 2019, 2022; Vichi et al., 2019).

2. Model Overview

Our model takes inputs (circles) describing wave and ice properties and uses multiple sub-models (rectangles)
to produce predictions of overwash extent in the MIZ (Figure 2). Predictions of overwash extent for the MIZ
(second row), described as a random field of floes, are based on predictions of the overwash of a single floe with
known properties by incoming waves under time-harmonic conditions (first row). Incoming irregular waves are
specified using a wave spectrum (Section 3.1.1), describing an ensemble of possible incoming waves. For the
ensemble of incoming waves, the ensemble of time-harmonic coupled floe-~wave motions is determined. From
the ensemble of time-harmonic coupled floe—wave motions, the ensemble average frequency of overwash events
of the single floe is calculated. The ensemble average frequency of overwash events of the single floe is then used
to determine if the floe is overwashing, producing the nonlinear (amplitude-dependent), stochastic sub-model for
overwash of a single floe.

The overwash of a single floe under time-harmonic conditions is extended to a field of floes (second row),
assuming no floe—floe interactions (collisions or rafting). The floe fields add an extra layer to the stochastic
nature of the model as they are described by an ensemble of possible floe fields for a given FSD (Section 3.2.1)
(Rothrock & Thorndike, 1984). The ensemble average attenuation of irregular waves due to the ensemble of
floe fields encountered is calculated by the linear wave attenuation sub-model (Bennetts et al., 2007; Meylan
et al., 2014). The attenuated irregular waves in the floe field are used to determine the overwash event frequency
of individual floes in the floe field, thereby generating a nonlinear, stochastic model of overwash extent in the
MIZ. Two outputs are used to measure extent of overwash, that is, the distance from the boundary of the floe field
until overwash events for individual floes are sufficiently rare. The first gives the maximum distance a particular
floe of known properties can be placed into a random floe field and be overwashed. The second gives the maxi-
mum distance most floes in the random floe field will be overwashed using the expected value of overwash event
frequency for the random floe field.
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n(e,t)

3. Model Components
3.1. Overwash of a Single Floe
3.1.1. Incoming Waves

We describe irregular incoming waves using a large number N of regular
wave components, which are equally spaced in some fixed frequency range
[w,, w,]. Each regular wave component has a prescribed angular frequency
®,, a phase 6, selected randomly from uniformly distribution over [0, 27),

and an amplitude A, selected randomly from a Rayleigh distribution (Holthu-

r=0 v=1L ijsen, 2010). The mean value of the Rayleigh distribution is /2.5 (w,) Aw,
Figure 3. Snapshot of the time-harmonic coupled floe-~wave motion where S(w) is the one-dimensional energy density spectrum and Aw is the
(Equation 4) in response to an incoming regular wave (from the left). uniform frequency spacing.

For a given spectrum, S, the free surface of the water at a horizontal location
x and time ¢ for the incoming waves is

N
171(x, [) = Z Anei(k,,x—(u,,t+9,,). (1)
n=1

The wavenumber k, satisfies the linear, finite-depth dispersion relation with a depth of 1,000 m that approximates
deep water conditions, that is, k, ~ w?/g, where g = 9.81 ms~2 is the acceleration due to gravity.

The spectrum we use in Sections 3-5 is the JONSWAP spectrum (Hasselmann et al., 1973), defined by

-4
Sjp (@3 7,) = 27pg’ @ exp <—§ (2) > " (22)
4\ w,
where
2
(:p - 1) 007 x<1
y=33, A=exp|-——| and o(x)= (2b)
2(5 (ﬂ)) 0.09  otherwise.
@p

The spectrum is parameterized by a peak period 7, (peak frequency w, = 2z/t,) where it attains its maximum
value. The spectrum is also modified by the “Phillips” parameter /.

The numerical results in Sections 4-5 are used to investigate how the significant wave height, H, and the peak
period, T, affect overwash extent. To facilitate the investigation, we normalize the JONSWAP spectrum (Equa-
tion 2a) to

H2

s

16 /Ow Sjp(@; 7)) do’

Sjpw; 7))

S’jp(a); TP,H:) = (3)

which fixes the spectral shape given by y and ¢ and replaces the scale dependence on  with H..
3.1.2. Coupled Floe—~Wave Motions

We produce a two-dimensional coupled floe—wave motion model for incoming irregular waves by applying linear
superposition to a regular wave (single frequency) version of the time-harmonic model. The regular wave model
is described first and then extended to the irregular wave model. We subsequently regard the regular wave model
as a degenerate case of the irregular wave model.

The horizontal axis (x) has its origin at the left edge of the floe, and the vertical axis (z) has its origin at the still
water line (Figure 3). The water has constant density p, where, unless otherwise stated, p = 1,025 kg m~3 and
finite-depth water that approximates the deep water conditions (depth is 1,000 m).

The floe has length L, thickness d, and density p” and hence Archimedean draught d, = (p'/p) d and freeboard
d,=d — d, The elastic response of the floe is governed by a Young's modulus E, which controls the stiffness,
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Figure 4. Dependence of the absolute value of transmission, reflection, and plate edge coefficients in Equation 4 on (a) wave frequency w, (b) floe thickness d, and (c)
floe length L. The fixed values (a) 7= 10s, (b) d = 0.7 m, and (c) L = 0.5 m are highlighted (= ==). In (a), the short- and long-wave limits are indicated (x++).

and a Poisson ratio v, which describes expansion perpendicular to the direction in which force is applied. We use
the standard values for sea ice, E = 6 GPa, v = 0.3, and p’ = 920 kg m~3 (Bennetts & Squire, 2012a; Timco &
Weeks, 2010).

Linear potential flow theory governs the motion of the water surrounding and under the floe. The water surround-
ing the floe has free surface z = n(x, r) (x < 0 and x > L). We use the Kirchoff-Love thin plate theory to model the
motion of the floe in terms of the vertical displacement of its neutral plane, {(x, 7) (0 < x < L), so that the bottom
of the floe is at z = {(x, 1) — d,, and the top of the floe is z = df + {(x, t). The floe displacement is a combination
of rigid-body motions, heave and pitch, and elastic motions (Montiel, Bennetts, et al., 2013).

We obtain the time-harmonic wavefield and floe motions (Figure 3) in response to an incoming regular wave
with angular frequency @ and amplitude A using the variational method of Bennetts et al. (2007). The wavefield
to the left of the floe, n(x, ) = n,(x, ©) (x < 0), is a combination of the incoming regular wave and a regular
reflected wave, while the wavefield on the right, 5(x, t) = 5,(x, ©) (x > L), is the transmitted regular wave. The
time-harmonic solutions are

m(x,t) = ARe {(e”‘" + R(a))e’”‘x) e”"‘"} (4a)
n(x,1) = ARe {T(w)e e "} (4b)
{(x,1) = ARe {{(x,w)e™™}, (40)

where R(w) and T(w) are complex-valued reflection and transmission coefficients, respectively, and &(x, w) is
the complex-valued floe displacement profile. Evanescent modes, which decay exponentially away from the floe
edges, are included in the calculations of R(w), T(w) and £, but are neglected in Equations 4a and 4b, following
Skene et al. (2015).

The reflection and transmission coefficients and the displacement profile at the floe edges depend on the incom-
ing , the floe thickness d, and the floe length L (Figure 4). The dependence on incoming @ is demonstrated for a
typical pancake floe (Figure 4a). The influence of the floe thickness (Figure 4b) and length (Figure 4c) is shown
for a period comparable to peak periods in the Southern Ocean (Young et al., 2020). We describe the dependence
of the wave—floe motion coefficients by the relative size of the incoming wavelength 1 = 2z/k to the floe thick-
ness and floe length (Bennetts & Squire, 2012b; Meylan & Squire, 1994). The dependence is produced by the
flexural-gravity wave induced in the coupled floe—water motions as explained by Meylan and Squire (1994). The
system conserves energy, so that IR(w)|?> + |IT(w)> = 1, and hence, an increase in reflected wave energy decreases
transmitted wave energy and an increase in transmitted wave energy decreases reflected wave energy. When the
wavelength is short compared to the floe thickness and length (high frequencies), then most of the incoming wave
energy is reflected and the floe is essentially still, so that IR(w)l ~ 1 and |€(x, w)| ~ 0 with conservation ensuring
that IT(w)l = 0. When the wavelength is long compared to the floe thickness and length (low frequencies), then
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most incoming wave energy is transmitted and the floe moves in phase with the waves, so that IT(w)l = 1 and
|€(x, )| ~ 1 with conservation ensuring that IR(w)l ~ 0. Using a tolerance of 1% on the asymptotic values for
the chosen floe, the long-wave regime occurs when w < 0.7 s7! and 4 > 162 d = 116 L, while the short-wave
regime occurs when @ > 7.4 s7'and 1 < 1.5 d = 1.1 L. The coupled floe-wave motion transitions between these
two regimes as @ and d increase with some resonances apparent (Lever et al., 1988; Meylan & Squire, 1994).
Increasing floe length also increases reflection, particularly when L is small. As L increases further, there is no
overall trend as resonance effects dominate, producing consistent oscillations in coefficient values for large floe
lengths (Figure 4b). We demonstrate in Section 4 that resonance effects average out for irregular waves leaving
only the overall trends with respect to long and short wavelengths

The coupled floe—wave motions for an irregular incident wave are calculated as the linear superposition for the
regular wave components, @, ..., @y, similar to Equation 1. For each w,, the reflection, transmission, and floe
displacement profile coefficients are calculated as described above. Since the problem is linear, for an incoming
wave spectrum S, the wave spectra of the left (,) and right (,) of the floe at w, (Holthuijsen, 2010) are

Spi(@a) = |1+ R(@n)” S(@n),  Syn) =T (@a)|* S(wn) ©)

and the spectrum of floe displacement profile ({) is

Seton) = ¢ (.00 S@n). ©®

The spectra (Equations 5 and 6) act as inputs to the overwash of a single floe model.
3.1.3. Overwash of a Single Floe

Overwash is generated when either floe edge moves below the surrounding water surface. Thus, an overwash
event at time ¢ occurs if either y,(7) = 5,0, 1) — {(0, 1) or (1) = 5,(d, 1) — {(L, t) are greater than the equilibrium
freeboard, d. From Equations 5 and 6, the spectra describing y, and y, for each w, are, respectively,

Si@n) = |1+ R@y) - 80. 00| S@,) and  Si@,) = |[T(@,) - &d. 0| S@»). %

The spectra define ensembles of possible time series, where each realization is given by sampling the associated
distributions of phases and amplitudes of the regular wave components. From the respective edge spectra (Equa-
tion 7), the ensemble average of the time between overwash events is (Rice, 1945)

2 0
?E(d/)zexp<i> ™ where mjz/ ' Se(0')dow  (j=0,2), (8)
2m() my 0

for the left edge (E = /) and the right edge (E = r). The spectral moments m; are calculated by quadrature using
®,, ..., oy as the quadrature points. Additionally, @, and @, are chosen so that S(w,) and S(w,) are very small
to ensure that the integrals are well approximated. We added a further height tolerance of €, so that the mean
time between overwash events at the left and right edges is 7, (d; + €) and 7, (d; + ¢€), respectively. The value
€ =0.001 m is used in the results presented in Sections 4. We provide a consistent measure of the prevalence of
overwash events for a variety of incoming waves by defining the relative frequency of overwash events

_ 77(0) 77(0)
f"_max{?,(d,+e)’?,(d,+e)}' ©)

In Equation 9, 7,;(0) is the mean wave period for the incoming spectrum S calculated using Equation 8. The
relative frequency of overwash events is the maximum of the relative overwash event frequency at the left and
right edges of the floe, since overwash events can occur at either edge. The floe is judged to experience overwash
using Equation 9 if f, > f, , where f, , is a chosen threshold for relative frequency of overwash events. In Sections 4
and 5, we use f,, = 0.05, so that a floe is determined to be overwashed when on average at least one overwash
event occurs over 20 mean periods.

For regular waves

wi(t) = ARe { (1 4+ R(@) — £(0,w)) e™'} and (1) = ARe {(T(®) - {(L,)) ™'}
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Figure 5. Comparison of (a—d) deterministic simulations of individual realizations of the spectra described by Equation 3
and (e) ensemble averages predictions of overwash event frequency for a mean length pancake floe (L = 0.7 m, d = 0.5 m).
The deterministic simulations are shown as (a and c) time series of the left wavefield relative to the top left corner of the floe
and (b and d) snapshots of the simulation at the highlighted time (.) The simulations show (a and b) nonoverwashing and (¢
and d) overwashing examples with their respective ensemble average of overwash event frequency shown (@) in (e).

Therefore, the mean time between overwash events (waves above df+ € at the floe edges) is

_ 7 ifA|l+ Rw) - £0,0)| > ds+¢
Ti(dy+e)=
0 otherwise

_ T if A|IT(w) — {(L,w)| >ds+e¢
and 7,(dy+e€)= !
0 otherwise,

at the left and right edges, respectively. Consequently, the relative frequency of overwash events for regular waves
isf, =1 when A|1 + R(®) — £(0,w)| > d; + e or A|T(w) — {(L, )| > d + ¢, otherwise f, = 0.

The behavior of overwash for a floe can also be determined by simulations of individual realizations of the
incoming spectrum (process described in Appendix A). For a typical pancake floe, a realization of the spectrum
(Equation 3) with H, = 0.35 m (Figure 5a) has no overwash events (y, — (df+ €) < 0) as shown in the snapshot
for maximum y;, — (d, + ¢) (Figure 5b). Thus, for the realization with H, = 0.35 m, the relative overwash event
frequency is zero. Overwash events occur frequently for the realization with H = 5 m (Figure 5c) with a relative
overwash event frequency for the realization of 5.3, that is, just over five overwash events per mean wave period.
The snapshot at the maximum (Figure 5d) shows overwash being forced at both the left and right edges of the
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floe, completely submerging the floe. While overwash is generated at the right edge with an overwash event
frequency of 3.5, more water is pushed onto the floe at the left edge so that it is the largest source of overwash.

The behavior of overwash for the realizations compares well to the prediction of overwash for the ensemble
(Figure 5e). For the incoming spectrum with H_ = 0.35, the ensemble average is f, = 0.003 < f, , = 0.05. There-
fore, overwash events are rare for the ensemble of incoming waves described by this spectrum. The ensemble
average of relative overwash event frequency, f,, compares well with the realization in which the relative over-
wash event frequency is zero (Figure 5a). In contrast, the incoming spectrum with H, =5 mhas f, =3.5>f, ,
so there are approximately three to four overwash events every mean period on average. The relative overwash
event frequency of the ensemble is comparable to the relative overwash event frequency of 5.3 for the realization
(Figure 5c), in which overwash events are frequent. Although the dependence of the wave and floe displacement
coefficients on w indicates the presence of resonance effects in Figure 3, the f, contours Figure Se are smooth
and there are no anomalous behaviors for particular z,. Thus, resonance effects are not apparent in the ensemble
average overwash predictions.

3.2. Overwash Extent of Floe Fields
3.2.1. Floe Field Properties

We assume a floe field composed of separated free-floating floes with no floe—floe interactions. The floe field
is defined by a constant ice thickness and floe concentration and a prescribed FSD. For the investigation in
Section 5, we chose ice thickness and floe concentration to be constant for simplicity, not due to limitations in the
model. In Section 5.3, we relax the constant floe concentration restriction to match floe concentration variations
in an observed MIZ.

The FSD is defined by the exceedance probability distribution P*(L), which gives the probability of finding a
floe greater than length L in the floe field. We used a split power law FSD based on FSD observations in the MIZ
(Alberello et al., 2019; Toyota et al., 2011). The exceedance probability given by a split power law is

1 if L < Ly
P'(L)=q(1-a)piL™  if Luin <L < Lo (102)

aﬂZ L= if Lcrir < La

where the parameters
-1
Lt
ﬂl=ﬁ, ﬁ2=% and «a= l+ﬂzy2—c_’y”_1 (10b)
Lmin - Lcrir crit ﬂl Y1 Lc”v}

ensure P*(L_, ) = 1 and that the probability distribution is continuous at L

crit

where the two power laws intersect.

The parameters y,, y7,, and L, are obtained by fitting floe size data, while L_; is the smallest measurable floe

crit
size.

For computations, a finite number of floe lengths, L,, ..., L, are used. We used floe lengths, which were
uniformly spaced, thatis, AL=1L,__,
produces a probability distribution

— L, was fixed for all m = 1, ..., M — 1. The exceedance probability P*

p(Ly) = P* (L, — AL/2) = P* (L, + AL/2) (11

for the finite number of floe lengths, called the discrete FSD. This probability distribution results in all floes of
length L, — AL/2 <L <L, + AL/2 in the continuous FSD being represented by a floe of length L, in the discrete
FSD.

The discrete FSD represents an ensemble of possible floe fields where each realization is generated by repeated
sampling of the probability distribution (Equation 11). The resultant realization of the floe field will have a
number of floes of length L, , N(L,,) and the proportion of N(L,) to the total number of floes will approach p(L,,)

as the total number of floes increases. A field of floes with a fixed floe concentration cpover a distance x will
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cover a distance of cx when placed end to end. For a floe field described by the FSD (Equation 11), the expected
number of floes covering a total end to end distance of cx is ¢, x /L where L is the mean floe size in the FSD.

Pancake and fragmented floe fields, representative of the MIZ in autumn-winter and spring—summer, respec-
tively, will be investigated in Section 5. The FSD of a pancake floe field in an Antarctic MIZ was measured by
Alberello et al. (2019), who found the FSD values y, = 1.1,y,=9.4, L, =3.15m, and L ; = 0.25 m for Equa-
tion 10. The sea ice floe concentration was ¢, 0.6 throughout the measurement period. The thickness of pancake

crit

ice was not measured by Alberello et al. (2019), but is typically in the range of 0.1-1 m (Wadhams et al., 2018;
Worby et al., 1996) and thus we take d = 0.5 m as the constant thickness for a pancake floe field. The floe field
generated by a fragmented ice cover in the Weddell Sea was measured by Toyota et al. (2011), who found FSD
values of y; = 1.39, y, = 5.18, L
range ¢; = 0.3-1, and therefore, we use a floe concentration ¢, = 0.6 for the fragmented floe field, making it

i =30m, and L, = 2 m for Equation 10. The ice concentration varied in the
consistent with the pancake floe field. The 95% confidence interval for the thickness of the floes was measured
as 1.08 + 1.07 m, and the mean thickness d = 1.08 m will be taken as the constant thickness for fragmented floe
fields.

3.2.2. Wave Attenuation in the MIZ

‘We model the attenuation of the initial spectrum in the open ocean S(w, 0), as it propagates over a distance x into
the MIZ using a function 7 (w, x) so that

S(w,x) =T (w,x)S(w,0). (12)

The attenuation function is expressed as the product 7 (w, x) = Tsear(@, x)Taiss (@, x), where Ty.q(w, x) represents
wave attenuation due to scattering and 7y;s(w, x) represents attenuation due to dissipative effects. Attenuation
due to scattering is produced by an accumulation of partial transmissions of wave energy and incoherent multiple
scatterings (Bennetts & Squire, 2012b). Thus, attenuation due to scattering depends on the coupled floe—wave
motions (modeled using Section 3.1.2) of all floes encountered by the incoming waves, which is determined
by the FSD. The attenuation due to dissipation is generated by viscous processes in the interaction between
individual floes and ocean waves, such as underside friction and overwash, as well as from multiple floe inter-
actions such as collisions. Many models exist for attenuation due to dissipation (Meylan & Bennetts, 2018), but
there is little consensus on them (Squire, 2020). Therefore, we use an empirical model for dissipation (Meylan
et al., 2014), which accounts for the measured aggregate attenuation due to these viscous processes. The empiri-
cal model depends only on w and x and not the ice properties.

Attenuation due to scattering varies according to the realization of the discrete FSD. To produce 7w (, x), we
use the ensemble average of attenuation due to all realizations of the discrete FSD with a floe concentration c;
over a distance x. An individual floe of length L, transmits a spectrum, which is attenuated by |T (w, L,)|* due

to scattering. Given a floe concentration c, a floe of length L, occurs on average g, = p (Lm) ¢rx /Z times over

the distance x, where L is the average floe length for the FSD. The average attenuation in the ensemble described
by the discrete FSD is then

M

Toealw, ) = [ (IT (@, dw)[*)™. (13)

m=1

For a deterministic floe field (as in Section 4), the number of floes and floe lengths over the distance x is known.
When the floe field is deterministic, the known counts of the respective floe lengths replace the exponent g,,.

Meylan et al. (2014) derived an empirical model for attenuation over distance based on measurements in an
Antarctic MIZ. The relatively large wavelengths as compared to floe lengths in the study area suggest that scatter-
ing was negligible, and hence, dissipation was the dominant source of measured attenuation (Squire, 2020). The
empirical model has been found to agree with measurements of attenuation in different wave and ice conditions
(Meylan et al., 2018). The empirical dissipation attenuation model is

Tatss (e, ) = ¢ (G G (14)
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Figure 6. Attenuation of an example JONSWAP spectrum (Equation 3 with H =2 mand 7z, =6, ) through the pancake floe
field with the ensemble average spectrum with (=) and without (=) 74;;, and the attenuated spectrum after passing through a
realization of the discrete FSD (.) over distances of (a) 1 km and (b) 10 km. The inset shows the respective count of the number
of floes encountered N(L) for each floe length L in the sample from the discrete FSD (®) (which produces the corresponding
attenuated spectrum) compared to the underlying discrete FSD multiplied by the expected number of floes (c X /f) (v ).

with a; =2.12 X 1073 s> m~! and a, = 4.59 x 1072 s* m~!. The proposed dependence of 7, on the ice concen-
tration (Bennetts et al., 2017) has not yet received supporting evidence, and thus, we omit it from the model for
simplicity.

Combining the dissipation and scattering attenuation as in Equation 12 produces the modeled attenuation of the
spectrum in a pancake floe field (Figure 6). Scattering dominates attenuation when wavelengths are compared to
floe lengths (Bennetts & Williams, 2015; Squire et al., 1995), which is the high-frequency (short-period) regime
® > 1.4 s7! for the pancake floe field. However, the peak frequency of the incoming spectrum, w,=0.79 s~
is below the high-frequency regime and so dissipation dominates attenuation for the incoming spectrum. The
attenuation reduces H_ by 24% after 1 km and by 38% after 10 km. The reduction in the significant wave height
produced by the attenuation model (Equation 12) is greater than the 12% reduction over roughly 15 km observed
by Alberello et al. (2022), which is attributed to local wave generation by winds in the MIZ and the changing wave
conditions during those measurements.

The preferential attenuation of higher frequency waves results in a gradual increase in peak period, 7,, as the
spectrum propagates through the floe field. The ensemble average attenuated spectrum (Equation 13) and the
attenuated spectrum of the realization are almost identical due to the dominance of 7, as well as the proximity
of the floe counts in the realization to the underlying probability distribution. The realization and the ensemble
average attenuated spectra do not demonstrate resonance effects from the coupled—floe wave motions as they are
smooth and lack the pronounced peaks seen in Figure 4.

3.2.3. Overwash Extent

We use the ensemble of floe fields described by the FSD and the attenuation function (Equation 12) to produce an
ensemble average attenuated spectrum at some distance x into the floe field S(w, x). We then use the ensemble of
irregular waves described by the attenuated spectrum S(w, x) to determine the ensemble average overwash event
frequency for a given floe at that distance x into the floe field. To quantify the extent of overwash into a floe field,
we employ two measures of overwash extent.

The first measure provides the overwash extent for a floe of length L. For this floe, the relative overwash event
frequency at x is f,(x; L). For the chosen floe, the maximum extent X; is the largest distance x such that

fo X;L, {dv Lcrit, Lmin, 717)’2}’ {Hs’ Tp} > ftul,
N J\ )

floe field wave
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where the implicit dependencies on the floe field (Section 3.2.1) and incoming wave properties (Section 3.1.1)
have been made explicit. Thus, X, is the largest distance the floe with known length is predicted to be overwashed
by the single floe overwash model.

The second measure yields the expected overwash extent for all floes in the FSD at a set distance x. It uses the
expected relative frequency of overwash events for all floes at x, which is

M
7o(x) = Z JSo (x5 L) p (L)
m=1

where the implicit dependencies on both sides have been suppressed. It provides an indication of the relative
frequency of overwash for most floes in the floe field described by the FSD. The expected extent X is the largest
distance x such that

Folx:{d, Lerits Luins v15 72}, {Hs, 7} | > fron.

floe field wave

It is the largest distance that most floes in the floe field are predicted to be overwashed.

4. Comparison With Wave Basin Experiments

A laboratory experiment that investigated interactions between incoming regular and irregular waves and an array
of model floes (wooden disks) was conducted in 2013 at the Basin de Génie Océanique FIRST wave basin facil-
ity, located at Océanide, La Seyne sur Mer, France. A schematic of the experimental setup is given in Figure 7a
with the experimental model parameters provided in Table 1. Across a series of separate tests, the wave maker on
the left of the tank generated rightward propagating regular and irregular waves (Table 2), which were transmitted
and reflected as they passed through the model floes (brown circles). The array had a concentration of ¢, = 0.39
and the maximum number of floes in the direction of wave propagation was three. The transmitted waves were
dissipated by the beach. Four cameras (red squares) were situated above the floes, allowing them to be observed
throughout the experiment. Overwash of the array was observed as a consistent buildup of water on the surface
of the floes throughout the experiment.

Given the floe field and incoming wave properties in Tables 1 and 2, we use the model to predict the maximum
extent X, of overwash for a three floe transect in the degenerate case where all floe properties and their respec-
tive counts are known. We report the results as the number of floes overwashed along the transect M, which is
M, = ch /L. We set the wave dissipation function 7y, to unity as attenuation due to scattering dominates for
the wavelength to floe length ratios in the experiment (Bennetts & Williams, 2015; Toffoli et al., 2022). For the
regular waves, the values A and 7 describe a single incoming wave for which the overwash extent is predicted. For
the irregular waves, the values H, and 7, describe an ensemble of waves for which the ensemble average overwash
extent is predicted. The model predictions and experimental observations agree well for a range of overwash
behaviors from no floes overwashed to all floes overwashed (Figure 7).

The regular wave results (Figure 7b) provide insight into the effect of the incoming wave properties on the extent
of overwash. As expected, increasing the wave amplitude increases the extent of overwash into a floe field.
Increasing the wave period increases the extent at first and then begins to decrease the extent. The period depend-
ence is a result of the relative wavelength (period/frequency) dependence of the floe—wave motions discussed
in Section 3.1.2. Larger reflection of energy makes individual floes easier to overwash but also decreases the
transmission of wave energy farther into the floe field. When wavelengths are small compared to floe thickness
and length (small periods), most energy is reflected and the floe is approximately still. The large reflection and
negligible movement of the floe results in the first floe overwashing with the least incoming amplitude (energy),
which corresponds to A ~ d,/2. Overwashing subsequent floes requires ever larger incoming amplitudes (energy)
as most wave energy is reflected and thus not transmitted. In contrast, when wavelengths are long compared to
floe thickness and length (long periods), then most energy is transmitted. The significant transmission of waves
causes the first floe to require greater incoming amplitudes (energy) to overwash as wave reflection is reduced,
but, once achieved, overwash extends deep into the floe field. The large transmission of wave energy for longer
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Figure 7. (a) Schematic of the experimental setup showing wooden disks (O) camera locations (D) camera field of view
(D), and the three floe transect used for observations of overwash (C :) Comparison of model predictions of number of floes
overwashed (M,) with experimental observations for the (b) regular and (c) irregular wave tests. The color bar describes the
model result by highlighting the bounds of My, so ll corresponds to no floes overwashing (less than 1), while Bl corresponds
to one floe overwashing (above 1 but less than 2).

periods becomes extreme for 7 > 1 s, resulting in predictions of either no floes overwashing or all floes overwash-
ing. Due to the competition between reflection and transmission, each overwash extent has a period at which the
incoming amplitude that achieves the extent is minimized, and this period and its associated amplitude increase
as the overwash extent does.

The irregular wave model predictions of overwash extent (Figure 7c) demonstrate dependencies on H /2 and 7,
which are qualitatively similar to the dependencies on A and 7 for the regular wave predictions. The behavior for
short 7, is almost identical to short 7 regular waves as most of the wave energy lies in frequencies (wavelengths)
in the large reflection regime, meaning overwash requires smaller incoming H /2 but does not penetrate far into
the floe field. The similarity between the results for irregular and regular waves extends to the minimum H /2 and
corresponding 7, (or A and 7) required to produce an overwash extent. As 7, (or 7) increases, the overwash extent
produced by H /2 (or A) is greater for the irregular waves than the regular waves. This is because all the frequency

zzlr:;alrisan of Laboratory Parameters, Their Field Equivalent Under Froude Similitude, and the Values in Section 5

Setting d[m] L[m] p'lp E[GPa] H[m] A (or HJ/2)[m] 7 (or rp) [s]
Experiment 0.033 0.99 0.545 4 3.1 0.01-0.04 0.65-1.4
Experiment (Scaled) 33 99 0.545 400 310 14 6.5-14

Modeled fields (Section 5) 0-10 0-100 0.897 6 1,000 0-7 0-20

Note. The floes had Poisson ratio v = 0.3.
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Table 2
Incoming Waves Properties for the Separate Regular (Amplitude A and Period t) and Irregular (Significant Wave Height
H, and Peak Period t,) Tests

Torz, [s] 0.65 0.95 0.95 1.25 1.25 1.55 1.85 0.8 1.4 1.4
Aor H/2 [m] 0.01 0.015 0.03 0.02 0.04 0.02 0.02 0.01 0.02 0.04

Note. Irregular waves followed the JONSWAP spectrum (Equation 3).

components of the irregular waves contribute to the coupled floe-wave motions, which can drive overwash.
Further, the condition on overwash of irregular waves f, > f, , = 0.05 is weaker than in the regular wave case,
where either f, = 1 or f, = 0. The presence of multiple wave frequencies for irregular waves produces a gradual
transition between all floes overwashing or no floes overwashing for z,> 1 s, as opposed to the abrupt transition
for regular waves when 7 > 1 s (Figure 7b). Both regular and irregular wave overwash extent predictions do not
demonstrate effects from resonant responses in the coupled—floe wave motions as M, contours are smooth and
there are no pronounced peaks in M, for particular 7, (or 7). The lack of resonant effects for overwash extent is
explained by the lack of these effects on individual floe overwash predictions as demonstrated in Figure 5 and
also on attenuation due to the floe field as demonstrated in Figure 6.

The model predictions of overwash extent agree well with experimental observations, justifying the classifica-
tion of overwash behavior using the chosen tolerance of overwash frequency f,, = 0.05 for single and multiple
floes. The occurrence of overwash increases attenuation of wave energy (Bennetts & Williams, 2015; Toffoli
et al., 2022), which is not accounted for in the model. Despite this, the agreement between predictions and obser-
vations of overwash extent is maintained. As the experiment did not measure the depth or frequency of overwash,
the accuracy of the computed f, and associated overwash depths cannot be verified. Laboratory experiments using
a single model floe under regular wave action (Skene et al., 2015) demonstrate that equivalent predictions of f,
and associated overwash depths are accurate, justifying their use in the overwash model.

Table 1 also provides the experiment scaled using 1:100 Froude similarity and the range of values used to model
sea ice floes in Section 5. The wave conditions in the experiment are in good agreement with their field equiva-
lents studied in Section 5. However, the scaled floes correspond to much larger floes at field scales than those in
Section 5, where the average ice thickness is 0.5-1 m and the average floe length is 0.7-5 m. Additionally, the
scaled floes are significantly less dense and more rigid than sea ice. The model predicts greater overwash for the
scaled floes than most floes investigated in Section 5. The decrease in overwash produced by a lower density and
larger thickness being overcome by an increase in overwash due to increased rigidity (Tran-Duc et al., 2020) and
length. The underlying model of coupled floe—wave motions has been validated for a variety of geometries, densi-
ties, and Young's moduli (Bennetts et al., 2015; Meylan, Bennetts, et al., 2015; Toffoli et al., 2015), including
those better resembling sea ice, giving confidence to its use in the overwash extent model and thus the predictions
in Section 5. Finally, the comparison to the experiment does not validate the modeled attenuation due to dissipa-
tion, which is important for long waves in the MIZ and remains a major challenge for MIZ models (Squire, 2020).

5. Predictions of Overwash Extent in the MIZ

We investigate the extent of overwash for fragmented (Toyota et al., 2011) and pancake (Alberello et al., 2019)
floe fields described in Section 3.2.1. We model fields of ice floes with uniform density, Young's modulus, and
Poisson ratio, which have a constant typical thickness (d) and lengths (L) that vary randomly according to a
prescribed FSD. The floe fields have a compact ice edge after which the FSD and floe concentration (¢, = 0.6)
are constant. We model incoming ocean swell using the JONSWAP spectra (Equation 3) with various values of
H and 7, prescribed. We then produce the predicted extent of overwash for a section of the Antarctic MIZ using
the floe field and incoming wave properties around the South African icebreaker S.A. Agulhas II on a July 2017
voyage, during which the wave evolution and the FSD in the MIZ were monitored by an onboard stereo-camera
system (Alberello et al., 2019, 2022). The MIZ observed by the S.A. Agulhas II had a diffuse ice edge, which we
accounted for in the predictions using satellite-derived ice concentrations.
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Figure 8. Dependence of maximum overwash extent on incoming wave spectra for a floe with mean length in (a) pancake
(L =L=07 m) and (b) fragmented (L =L=5 m) floe fields. Overlaid are the typical (—), maximum (— —), and

minimum (— —) H-, relationships (Equation 15) for the available wave data in the Southern Ocean (Young et al., 2020).

5.1. Overwash Extent for Floe With Given Properties
5.1.1. Effect of Incoming Wave Spectra

Figure 8 shows the dependence of X; on the incoming H|- and 7 -values, for the floe of mean length in (a) pancake
and (b) fragmented floe fields. For both floe fields, increasing H, increases overwash extent and increasing 7,
at first increases overwash extent and then decreases overwash extent past some critical peak periods. The rela-
tionships match those found in the experimental validation (Figure 7c), indicating that these relationships hold
despite the inclusion of wave dissipation and the random variation of floe lengths according to the FSD.

In the Southern Ocean, mean values of H_are between 3 and 6 m (Young et al., 2020) with measured values up
to H = 14 m (Young et al., 2020). Peak periods and significant wave heights tend to exhibit the following rela-
tionship (Young et al., 2020)

H,=4 cu?gglﬁ‘rsj, (15)

where u,, is the wind speed 10 m above the ocean surface and c is a data fitting constant. We fix u, to its
annual mean value of 12 m s~! (Young et al., 2020). The line of best fit gives the typical H -7, relationship with
¢ = 636531026 x 107°. Additional H,-, relationships that maintain the fundamental shape can be constructed
by changing c. For the available wave data in the Southern Ocean (Young et al., 2020), we produced a maximum
(all wave data lay below) and a minimum (all wave data lay above) H -7, relationship using ¢ = 5.0559 X 1073
and ¢ = 6.3650 X 1077, respectively.

Considering only the H - and 7,-values between the maximum and minimum relationships (dashed lines) provides
predictions of typical overwash extents for the mean floe in pancake and fragmented floe fields. For the pancake
floe field (Figure 8a), the maximum overwash extent for the mean floe length in mean seas (H, = 3—6 m) is in the
range 100 m—10 km. For mean seas, extents are typically over 1 km with the exception being those with compar-
atively long 7, as indicated by Equation 15 (closer to bottom dashed line). Maximum extents are also less than
1 km for calm seas with H_ < 2 m. For the fragmented floe field in mean seas, typically 100m < X7 < 10km.
Overwash extents over 1 km occur for mean seas with corresponding 7, approximately given by Equation 15,
whereas overwash extents below 1 km occur for seas with H; < 3 m and those with spectra around the lower bound
relationship (bottom dashed line) between H, and 7,. Both fragmented and pancake floe fields have X7 < 10km
for even the most energetic seas.

Comparing the predictions of both types of floe field, overwash penetrates less into fragmented floe fields,
requiring about twice the H, values to generate X7 > 1km. The reduction of overwash extents in fragmented floe
fields compared to pancake floe fields is due to the floes being longer and thicker. Fields of thicker and longer

PITT ET AL. 14 of 22


hjauman
Sticky Note
None set by hjauman

hjauman
Sticky Note
MigrationNone set by hjauman

hjauman
Sticky Note
Unmarked set by hjauman


A2 |
MI
ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/2022JC018707

100 — 100 km
80 |
F110km
—, 604
£
~
40 1km
20 |
100 m
0
5
100
10m
80
60 Im
=)
~ 401
Om
20 |
0,

dm] S dm]

Figure 9. Effect of a particular floe's length L on the maximum overwash extent for a fragmented floe field (Toyota

etal., 2011) with uniform thickness d and ¢, = 0.6 for a variety of incoming ocean waves. The FSD parameters of L, and
L, (==)as well as L (= =) are demonstrated. The various incoming ocean wave spectra have the provided H,-values with
7,-values determined from Equation 15.

floes reflect more wave energy decreasing the extent of overwash. Thicker floes also have larger freeboards
making them more difficult to overwash.

5.1.2. Effect of Floe Properties

Figure 9 shows the dependence of the maximum overwash extent for a floe in a fragmented floe field on the floe's
length and the uniform thickness of the floe field. Results are shown for four different H -values with the corre-
sponding ,-value for each H -value determined by Equation 15. Changes in floe length affect th_e chosen floe
only with the lengths of all other floes in the floe field determined by the FSD. The mean floe size, L, is indicated
on the plots, along with L_. and L

‘min crir’

with 97% of floes having lengths between these values. In contrast, we
assumed a constant floe thickness for the floe field for simplicity. Thickness values of order 1 m are expected in
a fragmented floe field (Toyota et al., 2011), and so a thickness of 10 m was used as an upper bound.

Figures 9a-9d shows similar qualitative relationships between maximum overwash extent and floe length and
thickness. Increasing floe thickness decreases the overwash extent as increasing thickness increases freeboard
and wave attenuation, making overwash of individual floes more difficult and reducing overwash extent. Increas-
ing floe lengths increases the maximum overwash extent. Longer floes can be overwashed by longer waves (lower
frequency) due to increased wave reflection. Longer waves (lower frequency) travel further into the floe field
since the long floes that scatter them are rare in the split power law FSD and so longer floes have larger overwash
extents. When the floe lengths and thicknesses are small and of comparable size, there are regions of 100 m and
1 km overwash extent that expand with increasing H_. These growing regions are a result of a small but consist-
ent amount of overwash of thin floes (with small freeboards) due to the presence of multiple low-frequency
(large wavelength) components. Individually, such low-frequency components would not overwash the floe, but
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Figure 10. Expected overwash event frequency over distance ?o(x) for (a) pancake and (b) fragmented floe fields and

various H -values where the 7 -values are given by Equation 15. The tolerance frequency f,,, (= =) is used to determine the
expected extent X .

together they do, and since these are low frequency (large wavelength) waves, they propagate far into the floe
field. The contour is growing as incoming H_ increases as the energy in these frequency components grows.

<L<L

crit

In calm seas (H, = 2 m; Figure 9a), most floes (L, ) with d < 1 m will be overwashed in the range
0.1-1 km into the MIZ. For very thick floe fields with d > 5 m, almost all floes are only overwashed in at least the
first 10 m. For mean to energetic seas (Figures 9b—9d) impacting floe fields with d < 1 m, extents of 1 km occur

for relatively long floes (I < L < L. ). Extents of 10 km are also possible for more energetic seas (Figures 9c
and 9d) and long floes (L > 20 m) in thin floe fields (d < 0.5 m). Extents for floe fields with d > 5 m typically

remain less than 100 m with the exception of relatively long floes (Z <L< Lm-,) for which extents over 100 m
are possible. The maximum overwash extent for relatively and extremely long floes ( L > L ) is most sensitive
to increasing H,, as increasing H_ also increases 7,, meaning more wave energy at longer periods (wavelengths),

which drives the overwash of these long and rare floes. For short (L < Z) and thick (d > 2.5 m) floes, increasing
H_ does not noticeably increase the overwash extent.

5.2. Expected Overwash Frequency in a Floe Field

Figure 10 shows the expected overwash event frequency (70> versus distance, for (a) a pancake, and (b) a frag-
mented floe field, for a range of incoming wave spectra (Equation 3) with various H -values where 7, is given by

Equation 15. The value of f,, = 0.05 is highlighted to demonstrate the expected overwash extent (7) for each
incoming spectrum.

Figures 10a and 10b demonstrates a similar behavior of 70 over distance. In particular, ?a decreases with increas-
ing distance due to attenuation of the waves driving overwash. The apparent decrease is gradual at first and then
takes place rapidly after a kilometer. The gradual and then rapid reduction in f, is caused by the exponential

attenuation of the wavefield and enhanced by the logarithmic scale of the plots. Increasing H_ increases ?(, as
expected.

The pancake floe field in calm seas (H, = 2 m; red line) is predicted to have most floes experiencing an over-
wash event about once every mean period (7,, ~ 1) up to a distance of x = 100 m. As distance increases, 70

decreases due to attenuation removing wave energy from the frequencies that drive overwash of most floes. After
a kilometer, the decrease becomes rapid, and the overwash frequency drops by several orders of magnitude.
The overwash frequency drops below f, , = 0.05 when x = X = 1.9km resulting in an attenuated H; =0.79 m.
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Latitude [°]
|

—61 1 The overwash frequency 70 (and thus X) increases with increasing H, but
0.9 maintains the same qualitative behavior. The increase is greatest when H_
615 0.8 increases from 2 to 4 m (7 = 3.6km where H = 2.3 m), but has less effect as
' 0.7 H, increases further, for example, by doubling again to H, = 8 m (X = 3.9km
0.6 where H, = 6.2 m). The reduced effect of doubling H_ is due to the exponen-
0.5 ¢S tial nature of attenuation and the associated increase in T, (Equation 15). The
0.4 increase in 7, removes energy from the short-period (high-frequency) waves
0.3 that drive overwash as demonstrated by the prediction of no overwash when
—62.5 0.2 attenuated H_ values are large. Therefore, in calm seas, most floes in the
pancake floe field will overwash at a distance of 1.9 km with more energetic

63 01 seas (H, > 4m) allowing overwash up to distances over 3 km.

- 0

The average overwash extent of fragmented floe fields is more sensitive to H_

Longtltudo [ } with calm seas (H, = 2 m) resulting in X = 400m (attenuated H, = 0.8 m),

and extremely energetic seas (H, = 14 m) resulting in X = 3.7km (attenuated

Figure 11. Ice concentration c¢; from AMSR2 satellite data (Melsheimer H, = 12 m). This greater sensitivity of the fragmented floe field is due to the

& Spreen, 2019), portion of transects where most floes can be overwashed
(= ==). boundary of region most floes can be overwashed (=) and the path of
the S.A. Agulhas IT (=) and the reported location of first measurement (®).

greater variability in the floe lengths in its FSD. Of particular importance is the
larger presence of longer floes in the fragmented floe field for which overwash is

The distance traveled during the first wave measurements (O) which took more likely. The shape of f, over distance is different for fragmented floe fields
place between 08:00 and 08:30 UTC on the 4 July 2017. (although the overall trends are the same), in particular, the second region of

gradual decrease in £, around the value of £, This shape difference is due to the
increased role of scattering on attenuation for the fragmented floe field as more
floes have lengths and thickness comparable to the wavelengths investigated.

5.3. Overwash Extents Versus Field Observation Locations

On 4 July 2017, the South African icebreaker S.A. Agulhas II entered the Antarctic MIZ with a polar cyclone
nearby (Alberello et al., 2019, 2022; Vichi et al., 2019). An onboard stereo-camera system was used to monitor
waves and floe sizes in the MIZ over 30 min intervals at six locations as the S.A. Agulhas II progressed deeper
into the MIZ up to 40 km from the ice edge. Analysis of the floe sizes by Alberello et al. (2019) produced the
pancake floe field FSD described in Section 3.2.1. Maximum wave heights greater than 9 m were recorded over
20 km into the MIZ (Alberello et al., 2022). Figure 11 shows the average ice concentration ¢, during the day of the
voyage from the AMSR2 satellite data (Melsheimer & Spreen, 2019) and the incoming track of the S.A. Agulhas
II, which begins at —61° latitude and continues down to —62.7°. The first series of stereo-camera images were
acquired between 08:00 and 08:30 UTC (red circle).

Model predictions of expected overwash extent ( X ) along transects in the mean wave direction are overlaid, and
these transects are combined to produce a prediction of the region in which most floes in the floe field will be
overwashed. The incoming wave spectra for the transects are the JONSWAP spectrum (Equation 3) where H -
and 7 -values are given by the ECMWF ERAS wave reanalysis (Hersbach et al., 2020) at 08:00 UTC at the 61st
parallel south. The floe concentration, ¢, was measured along the ship track in the MIZ (Alberello et al., 2019);
however, the limited spatial extent makes this ¢ insufficient when modeling the region depicted in Figure 11.
Therefore, the ice concentration c; derived from AMSR?2 satellite data (Melsheimer & Spreen, 2019), which
combines floe and interstitial ice concentrations, is used as an estimate for the floe concentration ¢,

The predictions of expected overwash extent demonstrate that the first analysis of stereo-camera images
commenced very close to the location at which overwash becomes unlikely to occur, and hence, all subsequent
images are beyond the overwash region. Overwash remains restricted to the outermost region of the MIZ (taken
to be where ¢, > 0.01) with a farthest penetration of 16 km where the ice concentration remained low over signif-
icant distances between 29° and 29.5° east longitude. The highest ice concentration where overwash is predicted
to occur is ¢; ~ 0.4, which occurred only 7 km into the MIZ at around 61.5° south latitude. Inside the predicted
region of overwash, the model indicates that most floes will overwash at least once every 20 mean periods

<7,, > 0.05). In the overwash region, 7,, has a mean value 1.3 and so most floes have an overwash event about

once every 1.3 times the mean period. The mean is much higher than f, , as that is the cutoff and because 70
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reduces quite rapidly over long distances as shown in Figure 10. Using the peak period measured during the
voyage to approximate the mean period, that is, 7;(0) ~ 7, = 12 s (Alberello et al., 2022), an observer on a ship
should expect to see overwash events about once every 16 s and at least once every 4 min.

6. Conclusions and Discussion

We have developed a novel model of the extent of wave overwash in the MIZ that incorporates the stochastic
nature of the irregular incoming waves and floe sizes. The model produces the expected frequency of overwash
events, given the underlying FSD, indicating the frequency of overwash events for most floes in the MIZ. Most
floes are said to be overwashing when the expected frequency of overwash events is greater than 0.05, so that an
overwash event occurs at least once every 20 mean wave periods. Model predictions were given for floe fields
with a compact ice edge and a uniform concentration thereafter. We investigated pancake floe fields, based on
measurements from the Antarctic MIZ during the winter ice advance (Alberello et al., 2019), and fragmented
floe fields, based on measurements from the Weddell Sea at the beginning of the spring ice retreat (Toyota
et al., 2011). For typical sea states, with significant wave heights 2—6 m and associated peak periods, most floes
were overwashed 1.9-3.9 km into the pancake floe field, at which point H_ had attenuated to 0.8—4.2 m. For a
fragmented floe field in the same seas, most floes were overwashed up to 0.4-3.1 km, at which point H_ had atten-
uated to 0.8—4.2 m. These predictions provide only the average overwash behavior for the ensemble of possible
floe fields and incoming waves. For example, floes that are exceptionally long for the FSD may be overwashed
far deeper into the MIZ as in Figure 9 and very large individual waves, for instance, a 26.4 m wave recorded in
the open Southern Ocean (Young et al., 2020) may generate overwash far deeper into the MIZ. The limited extent
of predicted average overwash into both types of floe fields and the need for relatively large waves needed to
produce overwash extents over 3 km help to explain the scarcity of in situ reports of overwash in the MIZ.

The overwash extent was larger for the pancake floe field than the fragmented floe field as pancake floes were
smaller and thinner. All else being equal (i.e., incoming waves and ice concentrations), this indicates that over-
wash extents are greater during autumn—winter (when ice is advancing and the MIZ is dominated by pancake
floes) than spring—summer (when ice is retreating and the MIZ is dominated by fragmented floes). Further,
waves in the Southern Ocean are typically most energetic in winter (Young et al., 2020), which will produce
greater overwash extents. Seasonal changes in ice conditions, such as floe sizes (Nihashi & Ohshima, 2001) and
ice concentrations (Cavalieri & Parkinson, 2008), are likely a factor as they tend to increase in autumn—winter
(reducing overwash extent) and decrease in spring—summer (increasing overwash extent).

The overwash extent was predicted for incoming waves and a floe field representative of the conditions during an
experiment in the winter Antarctic MIZ that coincided with a polar cyclone. The experiment used a stereo-camera
system (Alberello et al., 2019, 2022), which could have, in principle, captured overwash events but did not. Our
model predicts that, in these conditions, overwash is limited to the outskirts of the MIZ where ice concentrations
are <0.4 and before the first analyzed images were acquired. Therefore, the predictions suggest that prospective
field studies targeting overwash, using a stereo-camera system or equivalent, will need to take place closer to the
open ocean. In this case, the model predictions from Section 5.2 indicate that measurements could be taken during
mean sea-state conditions (i.e., not during a cyclone) as overwash would still persist over several kilometers from
the ice edge. The significantly larger distances over which most floes were predicted to overwash, compared
to the studied fixed concentration floe fields, demonstrate the significant role lower ice concentrations play in
increasing overwash extent. Thus, banded and diffuse ice edges (see Figure 1 in Massom & Stammerjohn, 2010)
will experience larger overwash extents than compact ice edges.

Predicting coupled floe—wave motions is a core component of our overwash model. They are modeled using an
elastic plate, neglecting certain physical processes, such as drift, collisions, rafting, viscosity in the floe response,
and overwash loading. Floe drift, which moves the floe relative to the wavefield, decreases overwash depths
(Nelli et al., 2017; Tavakoli & Babanin, 2021). Collisions between floes generate overwash (Toffoli et al., 2022)
and move the floes relative to the wavefield. Floe rafting increases the apparent length of a floe, which the model
predicts will allow floes to overwash more readily. The presence of overwash suppresses the motions of the floe
(Nelli et al., 2020) impacting whether the floe will overwash as subsequent waves pass. Currently, collisions, raft-
ing, drift, and overwash can be simulated using computational fluid dynamics software (Huang et al., 2020; Nelli
et al., 2020; Tavakoli & Babanin, 2021) or modeled assuming a known decoupled wavefield (Herman et al., 2019;
Shen et al., 2001; Skene & Bennetts, 2021) with the former being prohibitively expensive for large-scale modeling

PITT ET AL.

18 of 22


hjauman
Sticky Note
None set by hjauman

hjauman
Sticky Note
MigrationNone set by hjauman

hjauman
Sticky Note
Unmarked set by hjauman


~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1029/20221C018707

and the latter currently unable to provide insight into the coupled effects on overwash. Numerical simulations
would be a useful benchmark for the coupled floe—~wave motion model component, avoiding the challenges of
laboratory and field experiments and allowing the influence of these effects to be tested and compared. Viscosity
in the response of ice floes to passing waves (Timco & Weeks, 2010) will alter its overwash behavior with floes
that conform well to the sea surface generating less overwash (Tran-Duc et al., 2020). The elastic floe assumption
could be relaxed by using viscoelastic floe models (Sree et al., 2020).

Our model assumes that incoming waves (incoming spectrum), floe field conditions (FSD and ice concentration),
and ice properties (density and Young's modulus) are steady. Since the criterion defining overwash ensures that
at least one overwash event occurs every 20 mean periods, this is the natural time scale over which the incoming
waves, floe field conditions, and ice properties should be constant for the model to be valid. Since mean peri-
ods in the MIZ are of the order of tens of seconds (Alberello et al., 2022; Meylan et al., 2014), the assumption
that waves, floe field conditions, and ice properties do not change over the order of minutes to tens of minutes
is reasonable. Additionally, the developed overwash extent model could be adapted to allow the modeling of
time-dependent effects that occur over much longer time scales than minutes to tens of minutes, such as the
impact of overwash on growth (Doble, 2003) and melt (Massom et al., 2001) of floes. In contrast, the overwash
extent model is not suitable for much shorter time scales, such as the transient waves generated by a passing ship
(e.g., Dumas-Lefebvre & Dumont, 2021).

In conclusion, we have developed a model that predicts the extent of wave overwash of ice floes in the MIZ for
specified incoming waves and floe fields. Model outputs, for the degenerate case where the floe thicknesses
and lengths are known, were validated using the only available data from a laboratory wave basin experiment
involving an array of artificial floes. Overwash is a critical component to the evolution of the MIZ as it dissipates
wave energy, can remove snow from the surface of floes (Massom et al., 1998), and deposits water on a floe's
surface. The resultant water on a floe's surface is likely to enhance both growth (Doble, 2003) and melt (Massom
et al., 2001) of floes and hosts biota (Ackley & Sullivan, 1994). Overwash and its resultant attenuation and
thermodynamic and biogeochemical effects are currently absent from models of sea ice. Our proposed overwash
extent model can be integrated within current sea ice models (e.g., Hunke et al., 2010), provides a basis for an
overwash dissipation model for floe fields, and can be used to guide future field observations of overwash.

Appendix A: Overwash Simulation

Given an incoming spectrum S, a realization of the incoming waves from Equation 1 that is a sample of the random
phases €, (uniform-distributed) and the random amplitudes A, (Rayleigh-distributed with mean \/W) is
produced. For each regular wave component of this incoming realization, the propagating solutions of Bennetts
et al. (2007) produce the reflection (R(w)) and transmission (7(w)) coefficients as well as the plate movement
coefficients for each location x (f (x, a))). From these coefficients, the left and right wavefields as well as the plate
movements are given by

N
m(x, t) = Z A” Re { (1 + R (a)n) e—Zik”x) ei(k,,x—m,,1+9” } ,

n=1

N
nx.0 = X AyRe {T (@) elloronsan) |

n=1

N ~
C(x,t) = Z A, Re {C (x, wn) ei(k,,x—m,,x+9" } )

n=1

The velocity at the free surface can also be obtained from these and is given by

N
kn
w(x,0,n =Y A,%

n=1 n

Re { (14 R (w,) e72%nx) el (knx=wn 0, } and

Noogk )
w(x,0,)= Y 4,5 Re {T(a),,)e‘(k"x‘“’"'*g")}.

n=1 n

Realizations of the sea surface coupled with the nonlinear shallow water equations (SWEs) for a horizontal bed
are used to simulate overwash on the floe surface as performed by Skene et al. (2015). The nonlinear SWEs for
a horizontal bed are
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for x € [0, d], where h(x, t) is the overwash depth, u(x, f) is its depth-averaged horizontal velocity. Homogene-
ous initial conditions are applied, that is, h(x, 0) = 0 and u(x, 0) = 0, and overwash is forced by the boundary
conditions

h,t) =n(0,1), h(d,t)=n(d,1), u(,t)=u(x,0,t) and u(d,t)=u(x,d,1).

The initial-boundary-value problem is solved using the numerical method described by Skene et al. (2015),
producing the simulation of overwash.

Data Availability Statement

The code to run the overwash extent model can be downloaded at https://doi.org/10.5281/zenodo.7073225. The
coefficient values from the coupled floe—wave motion sub-model (required by the extent model) and the data
required to produce Figure 11 can be downloaded at https://doi.org/10.5281/zenodo.7059554.
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