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Abstract. Advances in our modelling capacity of wave—
ice interactions are hindered by the limited availability of
wave observations in sea ice and, specifically, under a broad
range of wave and sea ice conditions. Satellite remote sens-
ing provides opportunities to vastly expand the observational
dataset of waves in sea ice and the study of wave—ice inter-
actions. Specifically, Brouwer et al. (2022) demonstrated a
clear reduction in observed wave energy into the Antarctic
Marginal Ice Zone (MIZ) as derived from ICESat-2 observa-
tions. Here, we build upon the work of Brouwer et al. (2022)
to estimate the wave attenuation rate in the Antarctic MIZ
under a wide variety of sea ice conditions. Overall statistics
of the observations reveal a linear increase in the wave atten-
uation rate with relative distance into the MIZ, implying that
the wave energy in the MIZ scales as ~ exp(8x>...), where
B is a frequency-dependent attenuation coefficient. Attenu-
ation rates are well sorted with wave frequency, where the
highest attenuation rates are observed for the shortest waves.
We find that both the magnitude and the frequency depen-
dence of the ICESat-2-estimated wave attenuation rates are
consistent with in situ observations. We further highlight that
the misalignment between the incident wave direction and
the measurement transect, as well as the inhomogeneity of
the ice pack, may lead to significant local fluctuations and
negative values in the estimated wave attenuation rate when

evaluating individual transects. The strong dependence of the
overall statistics of the wave attenuation rate on the wave fre-
quency and the relative distance into the MIZ alone provides
significant opportunities in modelling wave—ice interactions
in the Antarctic environment at global and climate scales, as
it does not depend on system variables that are not straight-
forward to measure, retrieve, or simulate at such large scales.
However, independent parameterization of the MIZ width
will be required to do so.

1 Introduction

The Antarctic Marginal Ice Zone (MIZ), the region sepa-
rating the Southern Ocean from the consolidated pack ice,
represents an interface of intense air—sea—ice interactions
(e.g. Hékkinen, 1986; Weeks, 2010; Squire, 2020; Bennetts
et al., 2024). Ocean waves are a critical mediator between
the ocean, ice, and atmosphere in the MIZ due to their capac-
ity to break the ice (e.g. Kohout and Meylan, 2008; Dumont
et al., 2011; Voermans et al., 2020), and, in doing so, waves
can rapidly alter the sea ice morphology; change its mobility;
and, as a consequence, modulate the air—sea—ice fluxes in the
MIZ (Williams et al., 2013; Collins et al., 2015; Boutin et al.,
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2020; Lietal., 2021), such as the lateral melt of floes and thus
the seasonal cycle during ice meltback (Bateson et al., 2022).

The spatial extent to which waves can impact ice cover,
and thus the associated MIZ dynamics, is in large part deter-
mined by the amount of wave energy that propagates through
the ice, which can, under certain conditions, propagate over
a thousand kilometres into the ice pack (Nose et al., 2023;
Squire et al., 2009). Wave energy attenuates through various
scattering and wave dissipation mechanisms, which largely
depend on the properties of the sea ice and wave field, in-
cluding sea ice thickness, concentration, floe size distribu-
tion, sea ice mechanical and material properties, wave fre-
quency, and wave steepness (for an overview, see Shen, 2019;
Squire, 2020; Rogers et al., 2021; Thomson, 2022, and ref-
erences therein). To model waves in sea ice, a considerable
number of theories and parameterizations have been estab-
lished to estimate the wave attenuation rate (e.g. Liu et al.,
2020, their Table 1). While the majority of these have been
calibrated and/or validated using experimental observations,
uncertainty persists regarding under what sea ice and wave
conditions the various physical processes that underpin these
models may be valid or of importance (Shen, 2019, 2022;
Voermans et al., 2021).

Our understanding of and capacity to model the wave
attenuation rate in terms of system variables are, in part,
hindered by the characteristic length scales associated with
the wave—ice interaction mechanisms, the numerical models,
and sea ice observations. Operational forecasting models and
wave observations typically operate or are retrieved at scales
of O(1-10km). Yet, sea ice conditions and wave—ice physics
can vary strongly across such distances, where, for example,
individual floe dimensions can vary from O(m) to O (km)
(Toyota et al., 2006), and ice—ocean roughness scales can
vary from O(mm) for smooth surfaces to O(m) for ridges.
In most cases, MIZ consists of a mixture of different types
of ice and open-water conditions, where each combination
may lead to completely different behaviours of waves in ice
(Herman, 2024). This makes it challenging not only in terms
of how the dynamics at small scales need to be captured at
much larger scales, whether it be in the form of an effec-
tive or average sea ice property, but also regarding how such
properties can be realistically derived or observed at much
larger scales for usage in numerical simulations. In particular,
products of only sea ice concentration and sea ice thickness
are currently routinely generated in the Antarctic. Given the
many variables required to describe sea ice, this often leads
to the necessary assumption that all other sea ice variables in
our models are homogeneous, ultimately representing a ma-
jor source of uncertainty.

A straightforward approach to improving our modelling
capacity of wave—ice interactions is to retrieve considerably
more data under a diverse range of wave and sea ice condi-
tions in an attempt to identify trends with system variables
(Rogers et al., 2021; Montiel et al., 2022; Rabault et al.,
2023). Observations of the wave attenuation rate in sea ice
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can be obtained by measuring the difference in wave energy
between two locations, typically using wave—ice buoys de-
ployed on the ice or by any other motion-recording sensor.
Traditionally, it is assumed that wave energy decays expo-
nentially with distance into the MIZ (e.g. Wadhams et al.,
1988), although questions have been raised on the a priori
assumption of its validity (e.g. see Squire, 2018; Herman,
2024):

E(f,x) = E(f,0)exp(—ax), 6]

where E(f,x) is the wave energy spectrum, which varies
with wave frequency, f, and the distance into the MIZ, x,
at a rate given by the wave attenuation rate «. The number
of estimates of the wave attenuation rate from wave observa-
tions has increased drastically in recent years due to the rapid
progress in the development of low-cost wave—ice buoys, as
they are able to capture wave field characteristics E(f, x)
at high temporal resolution and with high accuracy (Kohout
et al., 2015; Rabault et al., 2022; Kodaira et al., 2024; Wom-
ack et al., 2024). The main restriction of in situ deployments
is, however, that the spatial coverage tends to be extremely
sparse due to the logistical challenges in deploying instru-
mentation in the remote and harsh Antarctic MIZ. Thus, even
though the studies associated with such deployments may
provide high temporal detail of wave—ice interactions, the
complexity and diversity of sea ice conditions during such
deployments restrict our general understanding of wave—ice
interactions and their applicability at much larger scales.

Satellite remote sensing may provide critical large spatial
coverage that is difficult to achieve with in situ instruments
alone, albeit at the cost of reduced temporal and frequency
resolution. Synthetic aperture radar (SAR) imagery was used
by Ardhuin et al. (2017) to retrieve wave field properties in
the MIZ and by Stopa et al. (2018) to derive wave attenua-
tion estimates. Horvat et al. (2020) and Collard et al. (2022)
used laser altimeter observations from ICESat-2 to identify
waves in sea ice, and Brouwer et al. (2022) and Hell and
Horvat (2024) used these observations to derive 1D and 2D
wave spectra, respectively. While no direct estimates of the
wave attenuation rate o were provided, the ICESat-2-derived
data of Brouwer et al. (2022) showed a clear reduction in the
spectral wave energy into the Antarctic MIZ (i.e. see Figs. B2
and C2 in Brouwer et al., 2022). This highlights the potential
of using ICESat-2 observations to estimate the wave atten-
uation rate in sea ice across large distances. In this study,
our objective is to estimate the wave attenuation rate from
ICESat-2 altimeter measurements in an attempt to identify
trends in the wave attenuation rate across the Antarctic MIZ
and under a wide range of sea ice conditions.

2 Methods

To estimate the wave attenuation rate in the MIZ, we make
use of processed ICESat-2 data (Fraser et al., 2024) as de-
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rived by Brouwer et al. (2022), which are derived from the
Level 3 sea ice height product (ATLO7, version 2; Kwok
et al., 2021) from the National Snow and Ice Data Cen-
ter (NSIDC; https://nsidc.org/data/atl07, last access: 5 March
2020). The transects included in this dataset were subjected
to extensive quality control measures, including the selection
of transects with low cloud coverage and manual discrimina-
tion between swell-dominated and ice-structure-dominated
contributions to the observed height. The data include 320
transects covering February, May, September, and Decem-
ber of 2019, representing times of minimum extent, rapid
autumn advance, maximum extent, and rapid summer re-
treat, respectively (Eayrs et al., 2019). The data consist of
surface height measurements of the three high-power laser
beams crossing the Antarctic MIZ in a predominantly north—
south direction, resampled to a regular horizontal spacing of
8m (i.e. oversampling the ATLO7 mean segment length of
~ 15m). The dataset of Fraser et al. (2024) includes esti-
mates of the MIZ width xymz and is used here as well. Fol-
lowing Brouwer et al. (2022), the MIZ width was conceptu-
ally defined as the depth of wave penetration into the MIZ:
“where significant wave height attenuation equals the esti-
mated error in significant wave height”. Here, we use the me-
dian value of the MIZ width determined in four wavelengths
(165, 239, 345, and 498 m), as proposed by Brouwer et al.
(2022). In physical terms, this definition is close to where
the variance of the surface elevation transitions from an outer
wave-dominated region to the inner ice-structure-dominated
region. The ice edge was taken as the position where the
sea ice concentration was 15 %. The reader is referred to
Brouwer et al. (2022) for further details on the dataset of
Fraser et al. (2024), the definition of the MIZ width, and ini-
tial quality control procedures. For data interpretation pur-
poses, we also use Sentinel-1 imagery, downloaded from EO
Browser at https://apps.sentinel-hub.com/eo-browser/ (last
access: 24 March 2024) from Sinergise Solutions d.o.o0., a
Planet Labs company; AMSR2-derived sea ice concentration
(Spreen et al., 2008), downloaded from https://data.seaice.
uni-bremen.de/amsr2/ (last access: 22 February 2024); and
SMOS sea ice thickness (Huntemann et al., 2014), down-
loaded from https://data.seaice.uni-bremen.de/smos/ (last ac-
cess: 22 February 2024), with overall uncertainty of 10 %
and 10 cm for sea ice concentration and ice thickness, respec-
tively.

Here, the wave energy density E (k, x), where k is the wave
number, was estimated for section lengths L along each tran-
sect using Welch’s method with Hamming windowing and
50 % overlap, and the section length L was segmented into
windows of 128 sample points, i.e. a length of 1024 m. With
no information on the wave direction, we assume that the
apparent wave number k; = 27 /A,, Where A, is the appar-
ent wavelength, is equal to the wave number k = k;/ cos(A8)
with A6 = 0. That is, we assume that the wave direction is
aligned with the ICESat-2 transect. While this is a common
and often necessary assumption in wave—ice interaction stud-
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ies, this may lead to a systematic bias if the dominant wave
direction is not in the north—south direction. Specifically, one
may find that A /A, =0.97, 0.87, and 0.71 for Af = 15, 30,
and 45°.

The choice of L is somewhat arbitrary. Large L reduces
uncertainty in estimates of E (k, x), while potential inhomo-
geneity of sea ice cover requires a relatively small section
length. In Fig. 1(a, b) we compare the wave energy esti-
mates for section lengths L of 2048, 8192, and 16 384 m for
two transects. For quality control purposes, we estimate the
signal-to-noise ratio (eSNR; where “e” denotes “estimated”)

as ,{fkf"“E(ki,x)Ak/e, where we assume an accuracy of
the ICESat-2 measurements in sea ice of € = 2 cm, follow-

ing the study of Neumann et al. (2019). It is noted, however,
that this is not a robust estimate of the eSNR as it depends
on the resolution of the spectral density estimate Ak. We use
a value of eSNR =1 as a cut-off threshold. For some tran-
sects, the energy in some wave number bins increases again
towards the end of the MIZ, which is most likely due to a
strong increase in the ice structure contribution to the surface
height fluctuations after most wave energy has been attenu-
ated (as mentioned in Brouwer et al., 2022). For this reason,
we choose the absolute minimum of wave energy within the
MIZ as a cut-off instead for these transects.

To estimate the apparent attenuation rate o, we make use
of the commonly adopted assumption that wave energy de-
cays exponentially with distance into the ice pack (Eq. 1).
When surface elevation measurements are available at dif-
ferent x (i.e. from an altimeter transect), & can be readily
obtained from

o —In(E(f,x2)/E(f,x1))
- Ax ’

with Ax = (x3 — x1) cos(A#), where x1 is the position clos-
est to the ice edge. While there are different methods for es-
timating the wave direction, such as from satellite observa-
tions (Hell and Horvat, 2024; Collard et al., 2022) or wave
model hindcasts (Stopa et al., 2016; Liu et al., 2021), we also
assume that the waves are well aligned with the direction of
the ICESat-2 measurements, i.e. A@ = 0, rather than attempt-
ing to apply such corrections. We discuss this assumption
later on. Naturally, this means that the attenuation rates esti-
mated in this study are likely an underestimation by a factor
of 1/cos(Af), which for A6 = 15, 30, and 45° corresponds
to 1.04, 1.15, and 1.41.

Following Eq. (2), the wave attenuation rates correspond-
ing to the wave energy of transects shown in Fig. 1a and b are
shown in Fig. 1c and d for different L and for Ax = 16 km.
As L =8192m significantly reduces the fluctuations in E
and o, we choose L = 8192m as the section length, as op-
posed to a larger length, to restrict uncertainty associated
with sea ice inhomogeneity in our results. Further, in this
study we restrict our focus to the wave energy at wavelengths
of . = 128,227,341, and 512 m, corresponding to wave peri-
ods of roughly 7 =9, 12, 15, and 18 s in deep water, assum-

2
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Figure 1. Wave energy (a, b) and apparent wave attenuation rates (c, d) estimated for two transects for 7 = 12's and for different section
lengths L = 2048, 8192, and 16 384 m. Parts of the transect with eSNR < 1 are marked in grey. The dotted and dashed vertical lines depict
the inner MIZ boundary, as determined by Brouwer et al. (2022), corresponding to 7 = 12 s and a broad range of frequencies, respectively.

ing the linear dispersion relationship for open-water waves.
We note here that the systematic bias introduced by consider-
ing the apparent along-track wavelength rather than the true
wavelength depends on the misalignment between the wave
direction and ICESat-2 track, which, considering A6 = 15,
30, and 45°, is T/T, =0.98, 0.93, and 0.84, respectively,
where T is the real wave period and T, the apparent wave
period. An overview of the geographical distribution of ob-
servations of « for each month after quality control is shown
in Fig. 2.

3 Results
3.1 Attenuation examples

The wave energy and attenuation rate of an example transect
are shown in Fig. 3 for spectral bins corresponding to T =9,
12, 15, and 18s. A Sentinel-1 image of the sea ice condi-
tions a day after the ICESat-2 measurements is provided in
Fig. 3a, showing consolidated pack ice along the majority of
the transect, with the exception of the initial part of the MIZ,
which looks like sea ice with very low concentration. Aside
from minor spatial fluctuations in wave energy, an overall de-
crease in the spectral wave energy is observed from the ice
edge into the MIZ for all wave periods (Fig. 3b). The atten-
uation rate estimated for this transect is well sorted by wave
frequency, showing the strongest attenuation for the shortest
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Figure 2. Spatial distribution of the wave attenuation rate observa-
tions after quality control measures sorted by month. Contours rep-
resent an approximation of the ice edge derived from the monthly
average 15 % sea ice concentration.
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waves (Fig. 3c). The early cut-off of o for T =95 is a con-
sequence of the high attenuation rate and the eSNR thresh-
old imposed. The attenuation rate for 7 = 18 s declines gen-
tly before briefly becoming slightly negative halfway to the
MIZ. We note that the overall magnitudes of the apparent
attenuation rates are comparable to those observed by Ko-
hout et al. (2020), Voermans et al. (2021), and Montiel et al.
(2022) and slightly larger than those observed by Meylan
et al. (2014) and Rogers et al. (2021).

Another example transect is shown in Fig. 4, illustrating
contrasting trends in the estimates of the apparent attenua-
tion rates compared to Fig. 3. For this transect, fluctuations
and larger-scale trends in the estimated wave energy are of
sufficient magnitude to lead to slightly negative estimates
of the apparent wave attenuation rate for all wave periods
(Fig. 4c). For x /xm1z < 0.5, o does not show any correlation
with wave frequency. This changes for x /xymiz > 0.5, where
« increases steeply and appears well sorted again with wave
frequency. From the Sentinel-1 imagery, it is unclear why
this sudden change occurred around x/xpz = 0.5. While a
strong gradient in Sentinel-1 backscatter can be observed be-
tween 0.1 < x/xmiz < 0.2 (Fig. 4a), the location of this gra-
dient does not appear to coincide with the position of rapid
change in «. Imagery on the days before and after the transect
measurements does not suggest a great change in the location
of this strong gradient in backscatter.

3.2 Sensitivity of attenuation rate to the wave field
direction

While it is tempting to interpret small details of « for each
transect in terms of spatial changes in sea ice conditions
and/or wave physics, it remains uncertain whether this is re-
alistic. For example, while the occasional negative attenu-
ation rates observed in Fig. 4 would imply an increase in
wave energy, potentially due to wind input (Brenner and Hor-
vat, 2024), non-linear wave interactions (e.g. Li et al., 2017),
or wave energy arriving at the observation sites from differ-
ent directions (e.g. Herman, 2024), they may also simply be
methodological artefacts due to a low and/or variable signal-
to-noise ratio (Thomson et al., 2021) or non-stationarity of
the incoming wave field (Voermans et al., 2023). Here, how-
ever, we suggest that some transient fluctuations and negative
attenuation rates observed in our estimates may be caused by
the assumption of homogeneous sea ice combined with the
assumption that the waves propagate along the same direc-
tion as the measurement transect.

To illustrate this, we take another example transect
(Fig. 5a) where sea ice conditions surrounding the ice edge
are highly inhomogeneous, most likely due to ocean eddy—
ice interactions (e.g. Manucharyan and Thompson, 2017).
We then take the Sentinel-1 backscatter intensity as a crude
proxy of the local attenuation rate o ~ o), where we as-
sume that in open water (dark = low backscatter) the at-
tenuation is very low and 0(10’6), and in ice-covered re-
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gions (bright = high backscatter) the attenuation rate is much
higher, i.e. 0(10™*) (see colour bar in Fig. 5a). Specifically,
we quantify the proxy-attenuation rate oy to the Sentinel-1
backscatter o based on the distribution of ¢ in the Sentinel-1
backscatter image and typical variability of true o observed
in situ (see Appendix A for further details). We stress that
this is by no means an accurate depiction of the true atten-
uation rate and is merely used here to illustrate the impact
of wave direction on the interpretation of the estimated wave
energy along a transect.

We then estimate the wave energy along the transect for
different wave directions given the spatial variability of oy
and assuming an exponential decay of wave energy with x,
i.e. Eq. (1). With such a simple model, wave energy travelling
in the same direction as the transect (in this case at 6° relative
to the north; we use the “coming from” convention here) de-
creases monotonically along the transect (Fig. 5b). However,
if waves approach from either 15 or 325° relative to the north,
fluctuations in wave energy along the transect start to appear.
If Ax is smaller than the length scale of such fluctuations, a
negative apparent attenuation rate will be found. In the case
of 325°, this leads to very large variability as waves travelling
towards the transect at around x /xpyz = 0.4 experience low-
attenuation ice conditions when coming from the Southern
Ocean, in contrast to waves arriving at neighbouring points.
In other words, waves arriving at different points along the
transect experience completely different sea ice conditions
that lead to completely different magnitudes in the observed
wave attenuation. In this specific case, this leads to a 3-fold
increase in the observed wave energy between x /xmiz = 0.2
and 0.4 along the transect. While the exact locations of the
local maximum and maximum in wave energy between the
ICESat-2 estimates and our simple model are slightly off, the
difference in magnitude between them is fairly similar. Addi-
tionally, we note that the interpretation of the sharp increase
in o around x /xp1z = 0.5 for the example transect shown in
Fig. 4 can be readily explained by the potential misalignment
between the incident wave angle and transect as well, which
is discussed further in Appendix B.

The uncertainty associated with the misalignment angle
and sea ice inhomogeneity implies that even when the wave
direction is known, correction of wave attenuation estimates
for misalignment does not necessarily provide a more reli-
able estimate of the wave attenuation rates, nor does it mean
that negative attenuation rates should be disregarded a priori.

3.3 Overall attenuation statistics

The combination of sea ice inhomogeneity and measurement
misalignment introduces complications in the interpretation
of o as estimated for individual transects. However, given
that there is no correlation between the ICESat-2 tracks and
local sea ice and wave conditions, we may expect that for
some transects the resulting fluctuations in « are either an
underestimation or overestimation of the true wave attenua-
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tion rate. This would mean that the average apparent attenu-
ation rate o of all transects could still provide a reasonable
depiction of the mean wave attenuation rate across the MIZ.
In Fig. 6a the mean apparent wave attenuation rate o, aver-
aged over all transects in the dataset, is shown for 7 = 12s
as a function of x/xmiz. (We note that scaling with x only
provides no significant trend, Fig. Cla.) Here, we removed
transects that contained extreme outliers in excess of 3 stan-
dard deviations from the median to reduce noise in the esti-
mates of o, which reduced the size of the dataset by 13 %.
The observations suggest a linear increase in & from about 0
to 10~# across the MIZ (when plotted on logarithmic scales,
it approaches @ = 10~ at x = 0, not shown). While the scat-
ter is reasonably large, noting that the light grey area de-
picts the 25 % and 75 % percentiles, this is not necessarily
surprising as some transects may present strong fluctuations
and can even become negative (e.g. see Fig. 4). Moreover,
local sea ice conditions may vary significantly between tran-
sects or with respect to the “average” sea ice conditions in
the MIZ. Trends at the end and start of the MIZ are consid-
ered unreliable as few observations are available here. For
x/xmiz = 0.9, there is a tendency for a flattening and de-
crease in o. However, we expect this to be a methodological
artefact caused by a low eSNR and sea ice morphology; i.e.
near the inner limit of the MIZ the wave energy is consider-
ably smaller such that sea ice morphology starts to contami-
nate the wave energy estimates.

In Fig. 6b and c the mean attenuation rate is compared
against AMSR2-derived sea ice concentration (Spreen et al.,
2008) and SMOS sea ice thickness (Huntemann et al., 2014),
respectively. While we observe modest trends in & with sea
ice properties, they are weaker than the trend with distance
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into the MIZ (see Table C1). Obviously, sea ice thickness,
ice concentration, and floe size distribution are strongly cor-
related with x (Fig. Clb and c), and we thus suspect that
these are nevertheless responsible for the increase in o when
scaled with the distance into the MIZ. In Fig. 6d we compare
the attenuation rate against wave energy. In general, no trend
can be observed with wave energy, except when E is very
small. This is, however, caused by a bias in spatial correla-
tion with distance into the MIZ (red line); i.e. observations
of low wave energy are more likely to occur deep into the
MIZ, as opposed to high-wave-energy observations. A sim-
ilar conclusion can be made when evaluating the decay rate
of the total wave energy in the MIZ (see Appendix D).

Trends in the mean wave attenuation rate for 7 =9, 15,
and 18 s are consistent with those of 7 = 12 s (Fig. 7), with
all trends indicating that @ increases linearly with distance
into the MIZ. The apparent attenuation rates are significantly
higher for 7 =9s compared to the longer wave periods.
While no clear sorting can be observed for x/xmiz < 0.5
for T =12, 15, and 18 s, gradual separation in terms of fre-
quency can be observed towards the inner MIZ. Some over-
lap of the 95 % confidence bounds of o, however, persists
across the MIZ for the current dataset.

3.4 Seasonality and frequency dependence of
attenuation

To assess whether & varies between seasons, the mean atten-
uation rate for 7 = 12's was determined for the months of
February, May, September, and December (Fig. 8) as well.
While scattered, it appears that the attenuation rate in the
months of December and February initially increases much
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Figure 7. (a) The variability of the mean apparent attenuation rate
o for T =9, 12, 15, and 18 s across the MIZ. The number of ob-
servations at each x is given in (b). The shaded areas correspond to
the 95 % confidence interval of the mean (bootstrap sampling, 1000
samples with replacements).
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faster with distance into the MIZ, reaching a maximum al-
ready about halfway into the MIZ. Such a difference would
be consistent with the expected wave climate at the ice edge
of the Antarctic MIZ during the winter and summer, where
wave climate is milder in summer and the sea ice has re-
treated from the high-energy Southern Ocean (Young et al.,
2020). This is expected to lead to stronger wave-induced sea
ice break-up in winter, which is expected to reduce the wave
attenuation rates in the MIZ in May and September. In ad-
dition, we may expect that sea ice mechanical and material
properties are different during the seasons, which could po-
tentially lead to a change in the apparent wave attenuation
rate (e.g. sea ice is thicker in summertime; Worby et al.,
2008). However, some caution is required in the interpreta-
tion of the monthly averages shown, as the number of ob-
servations in February and December are very small. Thus,
more data are required to confirm any seasonality of «.

To evaluate the frequency dependence of o, the mean ap-
parent attenuation rate between 0.1 < x/xppz < 0.6 is re-
plotted in Fig. 9 (corresponding to the region where esti-
mates are available for all four evaluated frequencies). For
0.08 < f < 0.11, the attenuation rate & seems to scale with
a power between 2 and 3, while a considerably flatter trend
may be observed for 0.08 < f. The former is similar to the
parameterization of Meylan et al. (2014), while the latter ap-
pears consistent with the field observations of Montiel et al.
(2022), who observe significant flattening for frequencies be-
low about 0.06 Hz. However, as the confidence limits of o
overlap for T = 12, 15, and 18 s and the range of f for which
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observations of o are available is very limited, more data are
required to ascertain such a power law.

4 Discussion and conclusions

The ICESat-2 observations of Fraser et al. (2024) provide
a unique dataset of waves in sea ice obtained across a di-
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verse range of Antarctic sea ice conditions (Brouwer et al.,
2022). Averaging all estimates of the wave attenuation rate
along the transects reveals a strong correspondence between
o and the relative position within the MIZ. Specifically, we
find that o increases linearly with distance from the ice edge.
The trend with distance into the MIZ is stronger than sea ice
concentration or ice thickness alone (Table C1). The change
in o is expected to be a natural consequence of changing sea
ice conditions with x /xyz, where, on average, one may ex-
pect increases in sea ice thickness, ice concentration, and floe
sizes moving into the MIZ (Fig. C1). Additionally, variabil-
ity may be expected with material and mechanical properties
of sea ice as well, although no observations are available on
their trends with x /xmiz.

While the wave attenuation rates estimated using ICESat-2
measurements compare well with the rates observed by oth-
ers through in situ experiments (Meylan et al., 2014; Kohout
et al., 2020; Voermans et al., 2021; Rogers et al., 2021; Mon-
tiel et al., 2022), direct validation of the ICESat-2-derived
wave spectra is still required to provide greater certainty of
their accuracy and the uncertainty introduced by the assump-
tions adopted in this study. We suspect that the largest source
of uncertainty is our assumption that the dominant wave
direction is in the north—south direction, i.e. well aligned
with the ICESat-2 transects. While there are alternative ap-
proaches to obtaining insights on the local wave direction, ei-
ther from satellite observations (e.g. Hell and Horvat, 2024)
or reanalysis data, the unknown uncertainty of these meth-
ods in retrieving directional information in sea ice compli-
cates their usage. For example, Cao et al. (2025, accepted)
identified that the peak wave direction derived from ICESat-
2 measurements may have significant errors in open-water
conditions in comparison to in situ buoy observations. No-
tably, in the study of Montiel et al. (2022), the authors find
that hindcast data “did not improve the wave growth issue
and therefore motivated our choice to assume waves travel-
ling on a north-to-south transect, for which the number of
wave growth events is much more reasonable”. This high-
lights the persistent uncertainty in measuring and modelling
wave—ice interactions and that care should be taken in the us-
age of such data as input. Thus, while the assumption that
waves enter the MIZ from the north—south direction may
therefore be acceptable and perhaps a necessary assumption,
it could nevertheless lead to systematic biases in the values
of the wavelengths considered and the magnitude of the ap-
parent attenuation rates presented in this study (see Sect. 2
for a rough estimate of these biases).

Another assumption we would like to single out is the as-
sumption of local exponential wave decay in ice-covered wa-
ters, which has been adopted for decades now to estimate the
wave attention coefficient from experimental observations
and was used here as well. While our observations of wave
energy decay with distance from the ice edge are far from
exponential (e.g. see Fig. 3), this does not disprove the valid-
ity of the assumption that wave energy decays exponentially
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locally. Specifically, the inherent assumption in assuming ex-
ponential wave energy decay locally is that the attenuation
rate is constant across the measurement section, a criterion
rarely satisfied in the field. This means that as wave energy
progresses further into the MIZ, the attenuation rate changes,
thereby causing the wave energy decay at non-local scales to
deviate from an exponential trend. Such non-exponential be-
haviour at non-local scales while satisfying exponential de-
cay at local scales can be replicated by adopting a simple
attenuation model, for example, using the attenuation model
of Doble et al. (2015) (where o = 0.27 ~2131) and a linear
increase in sea ice thickness with x/xyyz, as suggested by
our dataset (Fig. Clc). Naturally, while our results do not
disprove the validity of local exponential decay of wave en-
ergy, they neither provide direct evidence in support of it.
Direct experimental evidence of exponential decay of wave
energy in sea ice at local scales is still very limited and re-
quires significant efforts to be validated robustly. This is by
no means a simple task due to the inhomogeneity of sea ice at
various length scales, which would require observations with
small Ax to maintain a reasonably constant attenuation rate
but with sufficiently large Ax to ensure the decay of wave
energy is sufficiently large to be measured reliably.

The complexity of assessing wave attenuation rates from
wave observations in sea ice through the reliance on tradi-
tional assumptions is further highlighted by the identified im-
pact of the misalignment angle between the incident wave
direction and the ICESat-2 transects Af and sea ice inho-
mogeneity on estimates of «. Specifically, we have shown
here that strong inhomogeneity of sea ice (particularly near
the ice edge) and A8 # 0 can lead to significant fluctuations
in the observed wave energy, which in turn lead to strong
fluctuations in estimates of the wave attenuation rates. This
may lead to apparent negative attenuation rates, which are not
necessarily a consequence of wave growth but more likely
a methodological artefact. In situ observation methods that
can achieve high-spatial-resolution measurements, such as
seafloor cables (Smith et al., 2023), are likely to provide fur-
ther insights into the accuracy of the ICESat-2-derived esti-
mates of . Large numbers of in situ buoy deployments in
grid formation may allow assessment of the impact of A6
and sea ice inhomogeneity on the estimates of ¢ if Ax is suf-
ficiently small; however, such a deployment would be com-
plicated by the presence of shear currents. Obviously, such
data will need to be collected concurrently with the proper-
ties of sea ice across such scales to conclusively verify the
accuracy of o in general and the validity of the typically
adopted assumptions.

While the correspondence observed between o and
x/xmiz is empirical, it may provide alternative approaches
to modelling wave attenuation in global models if the MIZ
width is a known variable. A linear relationship of the form
o = Bx/xmiz + vy would imply that wave energy decays into
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the Antarctic MIZ as

E(f,x) = E(f,0)exp(—Bx7...), 3)

where § is a wave attenuation rate coefficient which varies
with wave frequency. (We note that this form can also be re-
trieved from the model of Doble et al., 2015, and considering
a linear function between x and £, as supported by Fig. Clc.)
The variability of the multiple sea ice properties is implic-
itly embedded in x/xmiz. Obviously, such a model ignores
the presence of strong local variability of wave—ice condi-
tions, and such an approach is therefore unlikely to model
waves in an accurate way at small spatial and short time do-
mains (Herman, 2024). Nevertheless, averaging observations
across a broad range of sea ice conditions has the advan-
tage of reducing the likelihood of bias from small sample
size effects (e.g. Kohout et al., 2020), where the data may
otherwise be disproportionately influenced by environmen-
tal conditions that are over-represented in a dataset. As such,
the approach followed in our study may provide a more re-
liable methodology for identifying the overall effects of sea
ice properties on wave attenuation rates. Moreover, at global
and climate scales, such fine-scale detail may not necessarily
be required, and the model may provide a major advantage
compared to current physics-based models, which typically
rely on system variables that are not straightforward to mea-
sure, retrieve, or simulate at global scales. As the scaling of
o depends on the MIZ width, which is defined based on the
depth of wave energy propagation and is typically unknown,
other means will be required to parameterize xyyz indepen-
dently before this is feasible.
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Appendix A: Proxy-attenuation rate from Sentinel-1
backscatter

A proxy estimate of the wave attenuation rate oy, is based
on the Sentinel-1 backscatter o. The distribution of the
backscatter intensity from the image, as presented in Fig. Sa,
depicts a bimodal distribution, with modes corresponding to
open water (lower mode) and sea ice (higher mode). We
scaled o in such a way that «,, represents realistic values for
open water and sea ice, respectively, with a;, given by

ap = 10/0810(0?x107127) (A)

The distribution of o}, is shown in Fig. Al. Normal distri-
butions were fitted to the individual modes, giving 5Sth, 50th,
and 95th percentiles of 3.7 x 10_7, 7.9%x 10_7, and 1.7x107°
for open water and 2.3 x 1073,6.3 x 10_5, and 1.7 x 10~ for
sea ice. These values correspond well to the expected range
of « as derived from in situ buoy observations (e.g. Meylan
et al., 2014; Voermans et al., 2021; Montiel et al., 2022) and
open-water attenuation rates of swell (Jiang et al., 2016; Ba-
banin, 2012). We reiterate, however, that Eq. (A1) cannot be
used in practical modelling applications and is used in this
study solely to illustrate the impact of wave and measure-
ment misalignment. This is evident by the gradient observed
in o at 65°S in Fig. 5a, yet it may all be interpreted as open
water.
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Figure Al. The distribution of ap (black) as derived from Eq. (A1)
and based on the Sentinel-1 backscatter image shown in Fig. 5a.
Fitted to the individual modes are normal distributions (grey), with
dash-dotted lines corresponding to the mean and dotted lines to the
5th and 95th percentiles.
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Appendix B: Misalignment angle, example transect
Fig. 4

In the example transect shown in Fig. 4, a steep increase in
the estimated wave attenuation rate o at around x /xmz = 0.5
was observed. Notably, this steep increase cannot be linked
straightforwardly to an obvious change in sea ice conditions
based on visual inspection of the corresponding Sentinel-1
image. We consider here the misalignment angle of the in-
cident wave direction and the transect and the inhomogene-
ity of the sea ice as a likely reason for the steep increase
in «. In Fig. B1 a larger spatial area of the sea ice condi-
tions is shown, revealing strong variability in the ice edge
position. Particularly, the region of sea ice surrounding 67° S
and 90°E is expected to lead to a sharp drop in wave en-
ergy around x/xmyz & 0.5 if the incident wave direction is
approximately 345° (relative to the north). That is, waves ar-
riving along the transect at x /xmyz < 0.5 will have crossed
a significantly shorter distance through sea ice in compari-
son to the wave energy arriving at x /xpyz > 0.5. Wave direc-
tional data just north of the observation site (65.75° S, 89°E),
obtained from ERAS reanalysis and the WAVEWATCHIII
hindcast (Liu et al., 2021), suggest that an incident wave di-
rection of around 345° is well within the range of possibility.
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Figure B1. Impact of sea ice inhomogeneity and misalignment be-
tween incident wave direction and ICESat-2 transect (an expansion
of the region shown in Fig. 4). (a) Sentinel-1 image from 24 May
2019 and (b) wave direction from hindcasts.
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Appendix C: Comparing sea ice and wave attenuation
statistics

In Fig. Cla the mean apparent attenuation rate o is compared
against the distance from the ice edge x. We note that scaling
o with x leads to a considerable flattening of the trend in
comparison to the scaling with x/xmiz (i.e. Fig. 6a), which
is reflected by the coefficients of determination of 7> = 0.25
and r2 = 0.96, respectively.

In Table C1 the coefficients of determination between var-
ious variables are shown. Most notably, the statistics imply
that o shows stronger correlation with x/xmiz than either
C or h. Both C and & are strongly correlated with x /xyz
(Fig. C1 and Table C1), which seems to imply that it is not an
individual sea ice property that defines the wave attenuation
rate but a combination thereof. We note that interpretation of
Fig. C1 and the corresponding > value requires some cau-
tion, as the SMOS-derived sea ice thickness has a maximum
of 50cm, which means that taking the average is likely to
cause a bias in the mean sea ice thickness trend, as indicated
by the 75th percentile.

Table C1. Coefficients of determination 2 between system vari-
ables, with «, i, C, and x/x)1z being the apparent attention coef-
ficient, ice thickness, ice concentration, and relative distance within
the MIZ. Overbar indicates averaging.
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o a C
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Figure C1. (a) The variability of the mean apparent attenuation rate
o for T = 12 s against the distance from the ice edge x and the mean
ice concentration (b) and sea ice thickness (c) against the normal-
ized distance into the MIZ. The dotted lines correspond to the 25th
and 75th percentiles of the dataset. We note that the sea ice thick-
ness observations are restricted to a maximum thickness of 50 cm,
and care should be taken in the interpretation of the mean.
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Appendix D: Attenuation rate of significant wave height

Although the wave attenuation rate is frequency dependent,
the rapid attenuation of wave energy at higher frequencies
means that the spectrum becomes narrower deeper into the
MIZ. In such a case, one may look at the attenuation rate of
the significant wave height oy instead, which has the advan-
tage of being more robustly measured than the wave spec-
trum but at the cost of the error made by ignoring the fre-
quency dependence (Kohout et al., 2020):

dH aOH H DI

dx 27 (D
where Hs =4./mq is the significant wave height, and my
is the first-order moment of the wave spectrum. While the
dataset suggests that the wave attenuation rate of Hg decays
strongly with Hs (Fig. D1a), this is in large part biased by
the strong correlation between Hg and the relative position
within the MIZ (Fig. Dlc and d) (see also Kohout et al.,
2020). That is, low Hy is predominantly observed deep into
the MIZ where sea ice concentration and sea ice thickness are
relatively high, whereas larger H tends to be observed near
the ice edge where sea ice concentration and sea ice thickness
tend to be low.
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Figure D1. Attenuation rate of significant wave height (a), wave
height gradient (b), mean sea ice concentration (c), and relative po-
sition in the MIZ (d) against significant wave height for all transects.
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Data availability. The processed ICESat-2 data underlying
this paper are freely available at https://data.aad.gov.au/
metadata/AAS_4528_ ICESat-2-wave-attenuation-tracks or
https://doi.org/10.26179/q9pe-w283  (Fraser et al., 2024).
AMSR2-derived sea ice concentration (Spreen et al., 2008)
was downloaded from https://data.seaice.uni-bremen.de/amsr2/
(last access: 22 February 2024); and SMOS sea ice thick-
ness (Huntemann et al., 2014) was downloaded from
https://data.seaice.uni-bremen.de/smos/ (last access: 22 February
2024).
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