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Abstract The coupled interaction of ocean surface waves and sea ice is important in determining the
thermodynamic and dynamic properties of sea ice and its relationship to the ocean and atmosphere.
Wave-ice interactions create the marginal ice zone (MIZ), a region critically important for ecology,
transportation, and the polar energy budget. Typically, the MIZ is defined using satellite products as those
regions where sea ice concentration is between 15% and 80%. Here we present a new technique to observe
ocean surface waves in sea ice, leveraging NASA's ICESat-2 satellite laser altimeter, and produce maps of
wave-affected sea ice regions in both hemispheres. Defining a new wave-based metric for MIZ extent, we
find that compared to a concentration-based metric, wave-based MIZ estimates are smaller. Further, the
wave-affected MIZ makes up a larger fraction of sea ice extent in winter than in summer, opposite to the
seasonal cycle of concentration-based MIZ.

1. Introduction
Ocean waves, whether locally generated wind waves or long-period swell waves, are increasingly observed
in the Arctic (Thomson & Rogers, 2014) and are a persistent feature of Southern Ocean sea ice (Squire
et al., 1995). In the presence of ocean waves, sea ice floes bend, and if the wave field is sufficiently ener-
getic, will break—impacting the sea ice floe size distribution (FSD) without significantly changing sea ice
concentration or thickness (Langhorne et al., 1998). Fractured sea ice is mobile and susceptible to lateral
melting—thus, a feedback between ocean surface waves, the FSD, and floe melting has been hypothesized
(e.g., Asplin et al., 2012; Horvat et al., 2016; Kohout & Meylan, 2008), with potential impacts for sea ice
predictability.

The marginal ice zone (MIZ) is defined as the region “where waves and swells affect the ice” (NSIDC, 2019),
or more broadly the “part of the ice cover which is close enough to the open ocean boundary to be affected
by its presence” (Wadhams, 2013). It is where coupled interactions between sea ice fragmentation, air-sea
exchange, and ocean surface waves are most dynamic. Absent methods for detecting wave-ice interactions
at global scales over long time periods, the MIZ has traditionally been defined by identifying regions of
concentration between 15% and 80% using passive microwave satellite observations (Comiso et al., 1997;
Strong & Rigor, 2013; Strong et al., 2017). Ice charts, drawn combining satellite data and visual obserations,
can be different to PM-SIC observations (Agnew & Howell, 2003), though have not been used to produce
basin-scale MIZ statistics. It has been suggested that the Arctic MIZ is expanding (Aksenov et al., 2017;
Thomson & Rogers, 2014) although it may simply be moving poleward, taking up a larger fraction of retreat-
ing sea-ice-covered regions (Rolph et al., 2019). Less focus has been paid to the larger (defined based on
concentration) Antarctic MIZ (Stroeve et al., 2016).

Concentration-based definitions of the MIZ can deviate from dynamically based ones. In winter months,
waves propagating through high-concentration ice might not alter overall sea ice concentration because
leads refreeze and would not be classified as MIZ. Winter months have the highest seasonal storminess and
associated wave activity at both poles and therefore the effects of strong wave activity, like sea ice growth
processes (Lange et al., 1989) or ocean turbulence (Li et al., 2016) may be largest. In summer months, regions
of low sea ice concentration can form through surface or basal melting far from contact with ocean surface
waves, leading to sea ice uninfluenced by the open ocean classified as MIZ. Basin-wide observations of waves
in sea ice are needed at high temporal resolution to improve understanding of the MIZ and address questions
of its changing character at both poles.
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Efforts underway to simulate fully coupled interactions between waves and sea ice in climate models (Boutin
et al., 2018; Bateson et al., 2020; Horvat & Tziperman, 2015; Roach et al., 2018, 2019; Williams et al., 2013)
involve uncertainty about modeling waves in sea ice (Meylan & Squire, 1994; Shen, 2019; Squire, 2007,
2018; Voermans et al., 2019; Wang & Shen, 2010). There is a lack of observations covering the wide range of
potential ocean and ice states to refine and compare them (Collins et al., 2015). Emergent metrics like MIZ
extent and direct measurements of waves in ice will prove useful constraints.

Here we present new altimetric estimates of ocean waves in sea ice using the ICESat-2 (IS-2) laser altime-
ter. Ocean waves have long been studied with the use of satellite altimeters (e.g., Jackson et al., 1985; Stopa
et al., 2016; Sun et al., 2005), which provide near-real-time, one-dimensional measurements of the ocean sur-
face with high frequency and high along-track resolution. The promise of using (radar) altimetry to observe
waves in the sea ice and the MIZ was first presented by (Rapley, 1984), but related efforts have been lim-
ited, as waveform models designed for the open ocean are not applicable over sea ice, where wave energies
are weaker, and are expressed through the sea ice, with its own heterogeneous and anisotropic surface field.
Satellite-based Synthetic Aperture Radar (SAR) imagery has been used to resolve swell and high-frequency
wind wave spectra in ice (Ardhuin et al., 2017, 2019; Stopa et al., 2018), though with low measurement
frequencies (e.g., less than 60 scenes per year for 2◦ × 4◦ regions in the Southern Ocean; supporting infor-
mation Stopa et al., 2018) because of challenges in automatic detection and separation of waves and ice
features (Stopa et al., 2018). Initial data generated by IS-2 have shown promise for profiling waves in the open
ocean, due to its combination of high sampling rate and vertical accuracy together with its small footprint
(Klotz et al., 2020). Direct detection of vertical variations of the ice surface could indicate the presence of
waves within the ice pack.

2. ICESat-2 Altimetry Data
The sole instrument on-board ICESat-2 is the photon-counting Advanced Topographic Laser Altimeter
System (ATLAS); a low pulse-energy laser with 1.5 ns pulse width and high pulse repetition rate (10 kHz,
70 cm pulse spacings) split into a six-beam configuration of three strong/weak beam pairs. We utilize the
L3A along-track sea ice height and type product (ATL07 Kwok et al., 2019) derived primarily from the Level
2A ATL03 photon heights (Neumann et al., 2019). Segment heights {h} are generated by aggregating 150
photons (from ATL03) along each beam, resulting in segments of variable length {l} (see the ATBD for
more details, Kwok et al., 2019). Mean segment lengths in ATL07 for strong beams are approximately 17
m, for mean segment resolutions of approximately 31 mx 14 m (combined with the ∼14 m laser footprint)
(Kwok et al., 2019). Ocean surface waves have O(100 m) wavelengths and propagate at O(1) m/s, thus
along-track measurements are likely unaffected by wave dynamics over the ATL07 sampling window. An
empirical decision tree determines whether a given segment is ice or water (height_segment_type). IS-2 sur-
face heights are adjusted based on reference geoidal and tidal variations and inverted barometer effects
(Kwok et al., 2019).

ATL07 data are only provided where passive microwave data indicate a sea ice concentration above 15%.
Surface waves can bias height retrievals, and the effect of this bias in the open ocean is still being explored
with ICESat-2 (Klotz et al., 2020; Morison et al., 2019). Our aim is to detect the presence of wave activ-
ity within the ice pack rather than detailed wave profiling/sea state bias estimates, for which a more
comprehensive assessment of ATL07 (and ATL03) is likely needed.

3. Observing Waves in Sea Ice With IceSat-2: A Case Study in the Barents Sea
To show clear evidence that IS-2 can detect waves in sea ice we begin by studying a case study of a swell
event in the Barents sea. Figure 1a plots the trajectory of a descending (southward) IS-2 profile of the Barents
Sea region at 17:00 GMT on 22 March 2019, the significant wave height (SWH, the average height of the 1/3
highest waves Michel, 1968) on 3/22 from NOAA's Wavewatch III production hindcast (WW3), and the 15%
and 85% ice concentration contours from the NASA Team passive microwave product (herafter PM-SIC)
(Cavalieri et al., 1996)—to verify the presence of ice we also compared to the SMOS sea ice thickness product
(Huntemann et al., 2014) with similar results. On 3/22 a large cyclonic system drifted toward the Barents
and interacted with a developing low pressure system north of Svalbard, producing high surface westerly
winds of approximately 60–100 km/hr over the Norwegian Sea. This storm resulted in eastward-propagating
surface waves with SWHs of up to 10 m. An ascending IS-2 profile over the region 12 hr later intersected a
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Figure 1. Identifying waves in ice before and after a storm from IS-2 ATL07 surface height data. (a) Significant wave
height (colors) from WW3 on 22 March 2019 in the Barents Sea. Blue/black contours are 15% and 85% PM-SIC
contours. Thick blue line is part of IS-2 track at 16:00 GMT. (b) Same as (a) but 12 hr later on 23 March 2019, with IS-2
track at 04:00 GMT in green. (c) ATL07 surface height fields for the 22 March track. Sea surface points scattered as blue
crosses on the 50 km SSH field 𝜂. (e) Corrected surface height field h − 𝜂. Red dashed line is −𝜈, where 𝜈 is the greater
of 10 cm, or the 10-km standard deviation of sea surface height or ice surface height. (d and f) Same as (c) and (e), for
the 23 March track. (c), (e), (d), and (f) cover the same latitude range.

nearby, similarly ice-covered region (green line, Figure 1b). By this time the low-pressure system had moved
east over Novya Zemlya, with the ocean swell traveling into the Barents Sea, where SWH was 4 m.

Figures 1c and 1d show the surface height field taken for segments identified as sea ice for both tracks,
using beam 2L for both the descending track on 22 March and the ascending track on 23 March. Before the
storm swell encountered the sea-ice region in (a), surface heights were positive (Figure 1c). After the storm
swell reached this region, the surface height profile changes dramatically (Figure 1d). The small-amplitude
vertical variations on 22 March are replaced by large (up to 1 m in amplitude), wave-like variations in surface
height. Despite the increased variability of the sea ice height field, the average surface height of ice points
over this latitude range differs by just 1 cm between the two dates, suggesting that the observed surface
height variability on 23 March reflects the presence of waves in ice.

3.1. Identifying Waves, Wave Energetics, and Wave Statistics in ATL07
Deviations in the sea surface caused by oceanic or atmospheric circulation can lead to a negative (or positive)
bias in the ice surface height that is not the result of wave activity. We first isolate all ATL07 segments
identified as ocean surface points (height_segment_type > 1)—leads would be classified as ocean surface,
but sea ice points would not. We then linearly interpolate a sea surface height field to each segment location
using the estimated sea surface segment heights (height_segment_height). Because waves present in the sea
ice will also be manifest in the ocean, we use a 50 km moving average to arrive at a mesoscale anomaly
sea level field 𝜂, the local 50 km average deviation from the reference sea surface height, a field related to
dynamic ocean topography (Armitage et al., 2017; Morison et al., 2012). This surface height field is plotted as
blue solid lines in Figures 1c and 1d, with ocean surface points scattered along it as blue hashes. We provide
maps of 𝜂 in the Arctic and Southern Ocean as Figures S1 and S2, and this field is included as a part of the
supporting data.

In this first effort to obtain bulk wave-ice statistics from altimetric data, we will identify areas in which waves
are present using a series of thresholding criteria. This methodology is captured in Figures 1e and 1f, where
we plot the rescaled surface height field, h−𝜂. Although there is a minor qualitative alteration of the surface
height field as a result of bias correction, as before nearly all 22 March segments (Figure 1e) are positive
with low-amplitude variability, and a significant fraction of 23 March (Figure 1f) tracks are negative with
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high-amplitude oscillations. Note that in summer months, height_segment_type > 1 may also include areas
of sea ice covered by melt ponds. Thus, we caution against overinterpreting this rescaling in those months.

In the supporting information, Text S1 and Figure S7, we use a nonuniform Fourier transform to examine
the spectral characteristics of the signals in Figures 1e and 1f. This wave-like signal is clearly evident as a
peak at a wavelength of approximately 1 km for the 23 March data, with the spectral characteristics outside
of that band similar between the two tracks. Thus, we do not believe this signal is the product of some
other ice or ocean-related physical phenomenon. The along-track measurements are at an unknown angle
to the direction of wave propagation, meaning this should be an overestimate of the actual wavelength of
these waves. A 1 km surface gravity wave has a period of 25 s, substantially larger than the peak period of
approximately 15 s recorded in the Barents Sea by WW3 on 22 March. Thus, there is a bias that prevents
the immediate retrieval of wave statistics like wave energy, significant wave height, or peak period from this
data. Correcting for this bias will be the focus of future work comparing along-track Fourier analysis to in
situ data (see Section 5 and Text S1).

Our desire is to identify a set of criteria by which we judge individual segments to be “wave-affected.” We
first filter appropriate ice segments as those that are less than 200 m long and that have at least two positive
(ssh adjusted) along-track segment height measurements within 1 km. This eliminates fewer than 1% of all
tracks, primarily anomalously long returns caused by low photon rates (i.e., low information density) and
anomalous regions of consistently small but negative surface heights. For segments that pass these elemen-
tary filters, negative values of the rescaled surface height might indicate the presence of waves. However,
uncertainty or variability in both the height of sea surface tie points and sea ice points can cause negative
deviations in h − 𝜂 that are not the product of waves. We therefore define an along-track variable 𝜈 as the
greater of the 10 km standard deviation of the interpolated sea surface height field, the 10 km standard devi-
ation of the surface height field, or 10 cm (red dashed lines, Figures 1e and 1f). Then we define a segment
as wave affected if it meets three criteria (W1–W3):

W1: It has a sufficiently negative surface height (h − 𝜂 + 𝜈 < 0).

Using W1 restricts the definition of wave activity to those areas where the wave amplitudes are large relative
to the adjusted ice surface height. Over the full IS-2 data set (see Section 4), the mean hi − 𝜂 value is 34 cm,
and the mean of 𝜈 is 20 cm. Our method is therefore restricted to only observing waves whose amplitude is
appropriately large (i.e., for an “average” sea ice height and variance, an amplitude of 54 cm or larger), and
we note that a bias may exist because the set of possible wave energies found using this threshold method
decreases as sea ice surface heights increase.

W2: It has at least one sea surface tie point within a 10 km window centered at its location.

The criterion W2 ensures that areas where the sea surface height bias cannot be estimated are not considered
wave affected. Points that fail to satisfy W2 can be found in pack ice regions of the Arctic (see Figure S1),
where floes are extensive and compact and accurate estimates of the sea surface height bias difficult to
make. We therefore assume these segments are not wave affected as they are far from areas of open water
or leads. This is a conservative assumption, as waves can affect pack ice, particularly during storms. Yet it is
not feasible to bias-correct the segment heights far from tie points as this can lead to anomalous regions of
wave activity in areas of compact pack ice.

W3: There are at least two negative (ssh adjusted) along-track segment height measurements within a 1
km window centered at its location.

The final criterion W3 eliminates individual anomalous negative surface heights.

In the 22 March track, no segments meet W1–W3. In the 23 March track, 15% do. The percentage of segments
by length that meet W1–W3 will always be less than the length of a region that might be considered “wave
affected” as this threshold only identifies parts of the negative (trough) phase of a wave. When compiling a
total length of fractures, we multiply by two (to include the positive [crest] of the wave) but address how this
may be ameliorated in the supporting information (Text S3) by adjusting the observed lengths as a function
of wave energy and ice surface height.
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Figure 2. Wave-affected regions in the Southern Ocean. Wave affected fraction (WAF) in the Southern Ocean for (a) November 2018 to (f) April 2019. Colorbar
cuts off regions where WAF is less than 7.5%. Black contour is 80% PM-SIC. Blue colors are monthly WW3 significant wave heights and correspond to right
colorbar. April WW3 data are from 2018.

4. Global Statistics of Waves in Ice
To produce synoptic scale statistics of waves in ice (e.g., monthly maps of the MIZ), we process all beams
across both hemispheres from 14 October 2018 to 31 August 2019, for a total of 4.5 billion individual seg-
ments. Each individual beam is preprocessed and bias-corrected as in Section 3.1. Segments are then binned
into a 100 km × 100 km polar stereographic grid in each month in each hemisphere, and we define the total
segment length (TSL) for a given grid cell,

TSL =
∑

i
li, (1)

where i iterates over all segments. An individual segment is considered “wave affected” if it meets W1–W3,
and we define the “wave affected length,”

WAL = 2
∑

𝑗

l𝑗 , (2)

where now j runs over all segments that meet W1–W3. We crudely multiply by two because our method can
only identify the negative (trough) phase of a wave, which must have a positive (crest) phase. The “wave
affected fraction” WAF is further defined:

WAF = WAL
TSL

. (3)

The effect of this filtering on maps of WAF is given as Text S2 and Figure S3.

Figure 2 plots maps of WAF and monthly averaged SWH for the Southern Ocean for monthly periods from
November 2018 to April 2019. The colorbar cuts off regions where WAF < 7.5%, a threshold chosen to seg-
ment out regions with low, potentially noise-induced “waviness” and include as many possible wave-affected
regions as possible. In the supporting information, we reproduce Figures 2 and 3 without this threshold,
showing that interior sea-ice-covered regions have small but nonzero values of WAF, which result from
imperfect filtering (Figures S4 and S5) and justifying the choice of this threshold. Most wave activity is found
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Figure 3. Wave-affected regions in the Arctic Ocean. Wave affected fraction (WAF) in the Arctic Ocean for (a) November 2018 to (f) April 2019. Colorbar cuts
off regions where WAF is less than 7.5%. Black contour is 80% PM-SIC. Blue colors are monthly WW3 significant wave heights and correspond to right colorbar.
April WW3 data are from 2018.

along the sea ice margin, though the width of those regions changes seasonally. From November–February
the Weddell Sea and East Antarctic regions show lower WAF, consistent with lower SWH during that
period. The location of the 80% sea ice concentration contour (black line) shows a spatial coherence between
IS-2 wave-affected regions and PM-SIC-classified MIZ. Areas of low sea ice concentration, but not wave
activity, are found more from November–December (a and b), with greater spatial consistency between
low-concentration and wave-affected areas from January–April (c–f), especially in the Weddell Sea.

We reproduce Figure 2 in the Arctic Ocean as Figure 3. Much like in the Southern Ocean, we see the pres-
ence of wave activity in the form of a wide MIZ in the Bering Sea, Baffin Bay, Fram Strait, and Barents Sea,
correlated with regions of higher average significant wave heights. Higher SWH from December–March
compared to April in the Greenland and Barents Seas, for example, correspond to wider regions of
wave-affected sea ice. The most consistent region of high wave-ice activity is the Barents Sea region. In the
supporting information (Figures S8 and S9), we show zoomed-in plots of the Atlantic sector and Bering
Sea in these months. The location of wave-affected regions is generally spatially consistent with areas of
low-concentration sea ice (black contour), although found in a narrower band at the ice edge. As in the
Southern Hemisphere (though in the opposite season), the MIZ width using PM-SIC is wider than using
WAF in November–December but improves from January–April.

We next seek to produce global statistics of the MIZ width and its relation to total sea ice extent. The total
number of segment retrievals in the Antarctic is plotted as a solid line in Figure 4a, corresponding to the left
axis in units of millions. This is repeated for the Arctic in Figure 4b. Note that IS-2 data were compromised
for much of July 2019 due to an observatory reorientation malfunction, leading to reduced segment counts.
In Figures 4c–4f we interpolate from June–August and scatter values obtained from limited July tracks.

We start by defining a “sea ice extent” in each month using IS-2, adding the area of all 100 km × 100 km
grid cell areas with at least 15,000 (in the Arctic) or 6,000 (in the Southern Ocean) individual segment mea-
surements, plotted as blue solid lines in Figures 4c and 4d. These thresholds were chosen to produce similar
seasonal cycles and spatial maps of sea ice extent as from passive microwave (dashed blue lines, and see
Figures 2 and 3). The lower threshold in the Southern Ocean is because of the equatorward latitude of
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Figure 4. October 2018 to August 2019 marginal ice zone and sea ice extent. (a) Number of segment retrievals (divided
by 1 million) for Antarctic sea ice (solid line, left axis) in each month. (c) Sea ice extent (solid blue) and marginal ice
zone extent (solid red) from IS-2 in the Arctic from October 2018 to August 2019. Dashed lines are concentration-based
from PM-SIC. (e) Fraction of sea ice extent that is marginal ice zone from IS-2 (solid) and PM-SIC (dashed). Filled
circles are estimates from available data in July 2019. (b, d, and f) Same as (a), (c), and (e) for the Arctic.

ice-covered areas relative to Arctic sea ice points and therefore lower track density. Although IS-2 is not
intended to produce statistics of sea ice extent, it reproduces the temporal and spatial seasonal cycle of sea ice
extent over almost all months. An exception is October–November 2018 in the Southern Hemisphere, where
segment densities are anomalously low: Comparing November 2018 and August 2019, PM-SIC extents are
similar (15 × 106 km3 in November vs. 17× 106 km3 in August), but segment counts are dramatically smaller
(65 million in November vs. 194 million in August). While IS-2 was operational for only a fraction of Octo-
ber 2018, the reason for this discrepancy in November is unknown. It may be further investigated as the
IS-2 data continue to become available. Overall, we have confidence that our method can be used to obtain
seasonal variations in the type and extent of sea ice in polar regions.

We define the wave-affected MIZ extent as the integral over all areas with WAF > 7.5% (solid red lines) and
compare this to the traditional concentration-based definition of MIZ extent (dashed red lines) in Figures 4c
and 4d. In Figures 4e and 4f we plot the fraction of sea ice extent classified as MIZ from (solid line) IS-2 and
(dashed line) PM-SIC. In both hemispheres, the MIZ fraction is larger when defined using PM-SIC. Antarctic
IS-2 MIZ fraction rises from 24% in November to 40% in March–April before decreasing into winter. Arctic
MIZ fraction is largest in winter and smallest in summer, opposite to PM-SIC MIZ fraction, and is less than
10% of total sea ice extent in all months save for October.

The seasonal variation of IS-2 and PM-SIC estimates of MIZ extent are generally consistent from fall to
spring in both hemispheres (Figure 3), although MIZ extent magnitudes are substantially different in the
Arctic. Both passive microwave estimates of sea ice concentration and IS-2 retrievals of wave activity are
more uncertain in summer, and a comparison in both hemispheres during periods of high surface meltwa-
ter coverage may not be appropriate here due to potential corruption of the method when melt ponds are
identified as sea surface tie points. In August, when less of Arctic sea ice may be ponded compared to June
and July (Fetterer & Untersteiner, 1998), the estimate of MIZ extent from PM-SIC exceeds 50% of Arctic sea
ice coverage, whereas less than 4% of IS-2-observed Arctic sea ice is classified as MIZ using the wave-based
definition.
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5. Discussion and Conclusion
Significant attention has been paid to how the MIZ has and will change using definitions based on ice
concentration. Here we designed a method to observe waves in sea ice with the ICESat-2 altimeter and pro-
duce the first seasonal cycle of the MIZ using a definition based on the occurrence of waves in ice. Our
results demonstrate a spatial coherence of wave-affected regions and low-concentration areas that is most
significant in winter but may diverge in summer.

We suggest two reasons for the differences in MIZ extent comparing WAF to that from PM-SIC. First is
the interpretation of altimetric returns. Recovering along-track surface height spectra could ameliorate this
issue by disentangling sea ice from ocean surface variability (see Text S1 and Figure S6). We found this
method applicable in individual case studies, but as the relative orientation in the satellite ground track
and wave train is unknown, a systematic method for obtaining spectra from IS-2 tracks remains a chal-
lenge. Wave events have shorter persistence than sea ice concentration changes, and IS-2 may not capture
all events, underestimating WAF. The penetration of low-amplitude waves into the ice pack may lead to
low-concentration sea ice into the ice pack—explaining why despite the spatial consistency between the
PM-SIC and WAF-based MIZs, there can be large differences in MIZ extent.

The second is that regions of low sea ice concentration are not necessarily regions of high wave activity. Low
ice concentrations in summer pack ice, or far from the ice edge, do not imply small floes nor the presence
of ocean surface waves and apart from being lower-concentration may have similar properties to pack ice.
Examining local and regional variability in wave-affected and low-concentration sea ice, particularly in areas
like the North Barents Sea, would help to elucidate the importance of waves.

This work is exploratory. We possess less than a single year of IS-2 measurements, and IS-2 algorithm
development is still ongoing. We have not performed ground-truthing against buoys or SAR imagery,
though new campaigns and measurement tools (e.g., Rabault et al., 2020) present an opportunity to make
this comparison as that data become available. Our filtering techniques, while tying appropriately with
concentration-based estimates of sea ice extent and MIZ extent in winter, and producing intuitive maps
of Arctic and Southern Ocean wave and MIZ variability, have not been evaluated against other products.
Extrapolating from the seasonal coupling-decoupling of waves and ice concentration is therefore not justi-
fied at this early stage. The MIZ is not uniquely defined, and other dynamically based definitions may be
useful in different contexts. We hope to investigate the use of spectral methods to understand the propaga-
tion and attenuation of waves in sea ice and validate this methodology against other remote sensed and in
situ products and other metrics of MIZ extent.

Despite challenges in adopting and verifying this new technique, IS-2 altimetry represents a unique oppor-
tunity to observe waves in sea ice and define the MIZ mechanistically. Coincident measurements, especially
with SAR (Ardhuin et al., 2017; Stopa et al., 2018), wave buoy-based spectral measurements of waves in
ice (Marchenko et al., 2019; Rabault et al., 2020; Smith & Thomson, 2016), and of the FSD (Horvat et al.,
2019), will be necessary to refine and increase confidence in this methodology, increasing the number of
observations of waves in ice by orders of magnitude.

Data Availability Statement
ICESat-2 data are available through the National Snow and Ice Data Center (NSIDC). The sea ice height
product is found online (at https://nsidc.org/data/ATL07/versions/2). Beam-by-beam processed fields used
in this study as. mat output files are provided as supporting data and will be made available as a PANGAEA
data archive in compliance with FAIR Data Standards upon paper acceptance. Code that is used to pro-
cess data will be available and updated on github upon paper acceptance (at https://github.com/chhorvat/
ICESAT-Waves).
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