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Abstract. REVLang:Wave-affectedThe wave-affected marginal ice zone (MIZ) is an essential part of the sea ice cover and REVLang:keycru-

cial to the atmosphere-ice-ocean interaction in the polar region. While we REVLang:mainlyprimarily rely on REVEditor:in-situ in situ

campaigns for studying MIZs, REVLang:greatsignificant challenges REVLang:still exist for the remote sensing of MIZs by satellites.
REVLang:In this study we developThis study develops a novel retrieval algorithm for wave-affected MIZs based on the delay-Doppler

radar altimeter onboard CryoSat-2 (CS2). CS2 waveform power and REVLang:the waveform stack statistics are used to determine5

the part of the REVEditor:ice coversea-ice cover affected by waves. Based on the CS2 data since 2010, we generate a climate record

of wave-affected MIZs in the Atlantic Arctic, spanning 12 winters between 2010 and 2022. REVLang:As indicated by the MIZ record,

no significant change of either the mean MIZ width or the extreme width is detectedThe MIZ record indicates no significant change in the

mean MIZ width or the extreme width, although large temporal and spatial variability is present. In particular, extremely wide
REVEditor:MIZsMIZ events (over 300 km) are observed in the Barents Sea, REVLang:whilewhereas in other REVLang:partparts of the At-10

lantic Arctic, REVEditor:MIZsMIZ events are REVLang:generallytypically narrower. We also compare the CS2-based retrieval with those

based on the laser altimeter of ICESat2 and the synthetic aperture radar images from Sentinel-1. Under spatial and temporal

collocation, we attain good agreement among the MIZ retrievals based on the three different types of satellite payloads. More-

over, the traditional sea ice concentration based definition REVLang:of MIZ yields systematically narrower MIZs than CS2, and
REVLang:there is no statistically significant correlation REVLang:exists between the two. REVEditor:Besides CS2, the proposed retrieval algorithm15

can be adapted for various historical and future radar altimetry campaigns.Beyond its application to CS2, the proposed retrieval algorithm can

be adapted to historical and future radar altimetry campaigns. The synergy of multiple satellites can REVLang:further improve the

spatial and temporal representation of the altimeters’ observation of the MIZs.

Copyright statement. TEXT

1



1 Introduction20

REVEditor:Marginal ice zone (MIZ) is the region of the sea ice edge that is affected by the open oceanThe MIZ is on the boundary of the sea-

ice covered area affected by the open ocean(Wadhams, 2013). Waves and REVEditor:swellsswell develop over open ocean, and

propagate into the ice edge, with the ensuing sea ice break-up and the modification of the floe sizes (Asplin et al., 2012).

Consequently, the sea ice cover undergoes complex dynamic and thermodynamic processes, promoting air-sea exchange of

heat and moisture within the MIZ (Doble et al., 2015; Alberello et al., 2022). Furthermore, in the REVLang:marginal ice zone,MIZ,25

various processes govern the wave energy attenuationREVLang: is predominantly governed by a diversity of processes, which can mainly

focus on two mechanisms: dissipation due to interactions between ice floes and the ocean (Doble et al., 2015; Ardhuin et al.,

2020; Voermans et al., 2021) and REVLang:the redistribution of energy through the floe-induced wave scattering (Kohout and

Meylan, 2006; Squire, 2020). With the ongoing polar climate changes (Stroeve and Notz, 2018), REVEditor:MIZs play even more

important rolesthe MIZ plays even more important role by REVEditor:potentiallythe likely process inducing positive feedback on the30

sea ice cover (Asplin et al., 2012). Furthermore, it is also a critical region for human activities, including fishing, tourism, and

navigation, due to its distinctive oceanic and ice conditions and unique REVEditor:ecosystemecosystems (Palma et al., 2019).

Although REVEditor:MIZs arethe MIZ is important for both scientific research and marine operations, the direct observation of

wave-affected MIZ is still very limited. REVEditor:In-situ In situ campaigns in MIZs, in spite of the great challenges, provide us

with the direct evidence REVEditor:of the wave’s propagation and attenuation in the sea ice cover.of wave propagation into and attenuation by35

the sea ice. However, in order to observe the MIZs at large scale, we REVEditor:mainly need satellite remote sensing techniques.

A commonly used definition of the MIZ is the area with the satellite-observed sea ice concentration (SIC) between 15% and

80% (Strong and Rigor, 2013), with the threshold value of 80% representing the ’closed ice’ by the WMO’s nomenclature.

However, SIC products are usually generated from REVEditor:Passive Microwave Imaging (PMI) satellite payloadssatellite-borne Passive Mi-

crowave Imagers (PMI), which have limited spatial resolutions and are highly uncertain in the MIZ (Nose et al., 2020). More40

importantly, the SIC-based MIZ definition does not reflect the REVEditor:ocean’socean processes that govern the MIZ, such as the

wave propagation and interaction with the sea ice. For example, waves are found to propagate hundreds of kilometers into the
REVEditor:fully-packed ice covercompacted sea ice (i.e., SIC REVEditor:close toup to 100%) during various REVEditor:in-situin situ campaigns

(Kohout et al., 2020; Alberello et al., 2022). In this regard, there are growing efforts in the community for better and more

physical definitions of the MIZs (Kohout et al., 2014; Horvat et al., 2020).45

To resolve waves in the MIZ REVEditor:by satellite-borne instruments, REVEditor:high-resolution satellite payloads are typically requiredsatel-

lite payloads providing high spatial resolution are typically required, including REVEditor:various optical sensors, Synthetic Aperture

Radar (SAR), and laser altimetry of ICESat2 (Markus et al., 2017; Horvat et al., 2020; Collard et al., 2022). REVEditor:These ad-

vancedAdvanced payloads facilitate detailed analysis of sea ice characteristics in the MIZ, including the floe size distribution

as well as the wave propagation and attenuation in ice-covered regions (Wadhams et al., 2018; De Carolis et al., 2021; Stopa50

et al., 2018). REVEditor:The effective footprint should be at least finer than half of the wavelength, which is no more than a few hundred metersThe spa-

tial resolution of these sensors needs to resolve wavelength in the order of few hundred meters, so in the order of 100 meter.

Besides, the instantaneous observation of REVEditor:MIZsMIZ by satellites is further limited in terms of the temporal representation
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of the REVEditor:MIZsMIZ, REVEditor:mainly due to their highly variant naturelargely due to its high temporal variability. In general, although

satellite-based REVEditor:observation isobservations are indispensable for large-scale survey of REVEditor:MIZsMIZ, current satellite55

payloads and datasets are insufficient for systematic coverage of REVEditor:MIZsMIZ in both polar regions. Especially, the lack

of a long-term record for the wave-affected REVEditor:MIZsMIZ limits both process studies and the detection of REVEditor:potential

changes of the REVEditor:MIZsMIZ with global warming.

In this study, we use ESA’s CryoSat-2 satellite (CS2) for the retrieval of wave-affected MIZs, focusing on REVEditor:the re-

gion of Atlantic Arctic. Within the Atlantic Arctic, REVEditor:includingwhich encompasses the Barents Sea and the Greenland Sea,60

REVEditor:there exist a variety of sea ice conditionsa variety of sea ice conditions exist, such as REVEditor:the young and first-year ice (FYI),

as well as the thick, multiyear ice (MYI) advected from the Arctic Basin. Also, frequent storms REVEditor:pass throughdevelop and

enter the sea ice edge during winter, making it a good study area for wave-affected MIZs (Rinke et al., 2017). REVEditor:Besides,

the Atlantic Arctic is an important region for human activities, which is highly variant and susceptible to changes with the ongoing AtlantificationNotably,

the Atlantic Arctic is rich with human activities, all highly variable due to a numerous dependencies, including those arising65

from the Atlantification of the region (Polyakov et al., 2017). In order to study the wave-affected MIZs, we design the retrieval

algorithm based on the delay-Doppler radar altimetry, REVEditor:and generate a long-term record for the Atlantic Arctic based on CryoSat-2 for

the twelve winters from 2010 to 2022.and derived a 12-winter (2010-2022) record for the MIZ in the Atlantic Arctic based on CS2.
REVEditor:The paper is organized as follows. In Section 2 we introduce the CS2 dataset and other related datasets that are used in this

study, including IS2, SIC, and Sentinel-1 SAR data. Section 3 covers the retrieval algorithm and the analysis of two REVEditor:typ-70

ical cases of retrievalcase studies. REVEditor:Further inIn Section 4, we compare the MIZ retrieval REVLang:withusing CS2 with that based

on IS2 (Horvat et al., 2020) and SAR images (details of the spectral analysis in Sec. B). Section 5 introduces the 12-year record

of the wintertime MIZs in the Atlantic ArcticREVEditor:and carries out related analysis.REVEditor:Specifically, as shown through intercomparisons, the

traditional SIC-based MIZ definition yields much narrower MIZs than our retrieval.REVEditor:Finally, in, while Section 6 REVEditor:we summarise the paper

and discuss related topics of the satellite-based observations of the MIZ.discusses related issues of satellite-based observations of the MIZ.75

Finally, in Section 7 includes a brief summary of the dataset and its potential applications.

2 Data for MIZ retrieval and analysis

2.1 CryoSat-2

Since 2010, the CryoSat-2 satellite (CS2) has beenREVEditor:constantly observing the REVEditor:earth’sEarth’s cryosphereREVEditor:for over

12 years,REVLang:and it constitutes constituting one of the most REVLang:important sources of informationcrucial information sources for sea ice80

mass balance (Wingham et al., 2006; Ricker et al., 2018). The REVLang:mainprimary payload onboard REVLang:CryoSat-2CS2, SIRAL,

is a Ku-band delay-Doppler radar altimeter. REVLang:Within polar waters,CS2 (or SIRAL) mainly works in SAR or SARIn mode
REVLang:within polar waters. REVLang:By using theThe Doppler frequency shift from consecutive radar signals REVLang:, we can differen-

tiate the backscatter from different along-track positions of the satellite. REVLang:As a resultConsequently, the along-track resolution

(or the effective footprint size) is REVLang:greatlyconsiderably enhanced to REVLang:aboutapproximately 400 m, much improved from85

REVLang:the traditional pulse-limited altimeters. Furthermore, besides the traditional gated waveform power, the waveform stack
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describes how the backscatter radar signal for the same footprint changes with different look angles. The waveform stack also

contains extra information on the ocean’s surface. Traditionally, CS2’s observation over sea ice is REVLang:mainlyprimarily used

for REVLang:the retrieval ofretrieving the water level and the sea ice thickness (Meloni et al., 2020). The range retracking,REVLang:the

classification of surface types,REVLang:the retrieval of the radar freeboardREVLang: and the, and conversion into ice thickness are90

REVLang:carried outperformed. However, due to the relative coarse resolution of CS2 REVLang:with respect toregarding the typical wave-

length of surface gravity waves in MIZs, REVLang:as well asand the range uncertainties (Xu et al., 2020), CS2 has not been applied

to REVLang:the study ofstudying MIZs.
REVLang:The schematics of CS2’s observation in the polar ocean are shown in Figure 1 REVLang:shows the schematics of CS2’s observation in

the polar ocean, with the satellite’s ground track traversing the open oceanREVLang:, through the MIZREVLang:, and into the ice pack.95

The wind waves and swells, generated from the open ocean, propagate into the ice edge and interact with the sea ice. This

process REVLang:couldcan break the sea ice into smaller floes and further attenuateREVLang: the wave energy. Given that the ground

speed of CS2 is REVLang:aboutapproximately 8 km/s, we consider that for each satellite pass, CS2 captures the instantaneous

status of the underlying MIZ. REVLang:CS2 waveforms and waveform stacks from an example track in the Barents Sea are also shown in Figure

1REVLang: also shows the CS2 waveforms and waveform stacks from an example track in the Barents Sea. We further examine100

the following waveform parameters of CS2 for REVLang:the MIZ retrieval. First, the beginning location of the MIZ along the track

can be detected through the change of the waveform powerREVLang:, mainly due to the difference in the backscatter properties

between the ocean water and the sea ice. Even partial coverage of sea ice within the CS2 footprint (400 m by 1500 m) can
REVLang:greatlysignificantly affect the overall backscatter coefficient (σ0, in dB). Second, within the wave-affected MIZ, wind

waves and swells modulate the surface topography, and with the gradual wave attenuation in the MIZ, the wave power is105

more concentrated REVLang:towardstoward the low-frequency, long-wavelength components (Brouwer et al., 2022; Ardhuin et al.,

2017; Horvat et al., 2020; Robin, 1963). The wave-modulated ice topography in the MIZ mainly has two features: (1) the

wave amplitude-related height distribution, which is highly different from the typical sea ice cover, and (2) the slope of the

surface modulated by REVLang:both wave power and wavelength. Third, in the inner ice pack which is not affected by the waves,

the surface topography REVLang:mainly follows thefollows a positively skewed distribution (due to ice thickness distribution), with110

intermittent, low-lying sea ice leads. On the sea ice, the volume scattering isREVLang: also highly variable, with REVLang:a more

prominent backscatter on the MYI than FYI, REVLang:as well asand highly reflective at nadir looks for sea ice leads.

Therefore, CS2 waveforms on the wave-affected MIZs have the following characteristics (Fig. 1). REVLang:Due to the wave-in-

duced sloping, forFor the CS2 waveform stack, the power deviation from different looks (i.e., slant looks) is smaller thanREVLang:

that on the sea iceREVLang:, and comparable to that on the oceanREVLang:. due to the wave-induced sloping. REVLang:This characteristic115

is directly indicated by theThe Stack Standard Deviation (SSD) parameter, REVLang:which is computed as the standard deviation of

the Gaussian fit to the range-integrated waveform stack power (in watts)REVLang:, directly indicates this characteristic. Besides,

due to the large REVEditor:surface elevation variability in the MIZ, the trailing edge is much wider than that of REVLang:the typical

waveforms on the sea ice, which is REVLang:usuallytypically dominated by snow and ice volume scattering [see examples in Rapley

(1984)]. The Trailing Edge Shape (TES) parameter of the waveform describes the speed of the power decrease REVLang:ofin the120

REVLang:look-integrated waveformmultilooked waveform after the peak power. Specifically in this study, TES is redefined as the fitted
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Figure 1. CryoSat-2 (CS2) observation of the polar ocean (top panel). CS2 SAR mode waveforms are shown for the 4 typical surface types in

lower panels, including open ocean (right column), wave-affected marginal ice zone (MIZ, second to the right), ice floe (second to the left),

and sea ice lead (left). The waveforms are chosen from the CS2 track in Fig. 4. The multilooked waveforms (second row) are shown with the

exponential fitting of the power decay in the trailing edge and the fitted parameter of the Trailing Edge Shape (TES). Correspondingly, the

Range Integrated power waveform and the waveform Stack Standard Deviation (SSD) are shown in the bottom row.

e-folding parameters of the waveform power decay in the waveform’s trailing edge between 80% and 5% the highest power:

P (x) = P ∗ · e− x
TES , where x is the gate number, P (x) REVLang:is the waveform power within the specified range of the gates,

and P ∗ and TES REVLang:are the two parameters to be determined. As shown in Figure 1, while the backscatter is similarly strong

on ice-covered regions, the REVLang:valuevalues of the SSD and TES within the MIZ REVLang:lieslie between those on the open-ocean125

andREVLang: those on the inner part of the ice cover. REVLang:For this study, we useThis study uses the SSD as provided in ESA’s baseline

of CS2 (baseline-D for the period before AprilREVLang:, 2021REVLang:, and baseline-E for REVLang:afterwardsafterward). For the TES

parameter, we compute its value for each CS2 waveform.
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2.2 Auxiliary input datasets

Daily sea ice concentration (SIC) maps are REVLang:usuallytypically generated with passive microwave imaging payloads, and the130

continuous observation dates back to October, 1987 and constitutes one of the longest records of sea ice. For MIZ studies, in

Strong and Rigor (2013) the region with SIC between 15% and 80% is used as the proxy for the MIZ. In this research, for the

CS2 era, we use the SIC product generated at the University of Bremen, which is REVLang:mainlyprimarily based on the payload

of REVLang:the Advanced Microwave Scanning Radiometer 2 (AMSR2) and the ARTIST Sea Ice (ASI) algorithm (Spreen et al.,

2008). For the study period without AMSR2 data (i.e., before 2012), we use the SIC productREVLang: that is also hosted at the135

University of Bremen REVLang:and based on the Special Sensor Microwave Imager/Sounder (SSMIS). By default, the 6.25 km

resolution SIC product is used, which is sufficient for various analyses in this study, including REVLang:the determination ofdetermin-

ing large-scale sea ice REVLang:edge, as well asedges and the intercomparison with the MIZ width defined by SIC.

For the atmospheric and wave conditions during the CS2’s observations, we REVLang:mainly rely on the global ERA5 reanalysis

product (Hersbach et al., 2018). Specifically, hourly sea-surface pressure fields (0.25◦ resolution) and the wave spectra (0.5◦140

resolution, defined over regions with SIC<15%) are used. Although ERA5 does not include an interactive sea ice component,

its wave product over the ocean is extensively validated withREVEditor: in-situ in situ wave measurements globally (Wang and

Wang, 2022). The wave product is also well validated andREVEditor: further used in various studies of the MIZ and polar oceans

(Vichi et al., 2019; Alberello et al., 2022).

2.3 REVEditor:Other satellites for the MIZ retrievalOther satellites assisting in the MIZ retrieval145

2.3.1 Sentinel-1

Sentinel-1 (S1) is a polar-orbiting, C-band (5.4GHz) Synthetic Aperture Radar (SAR) satellite constellation by the REVLang:Eu-

ropean Space Agency (ESA)ESA and a part of the Copernicus program. The two satellites, Sentinel-1A (launched in April, 2014)

and Sentinel-1B (launched in April, 2016) REVLang:mainlyprimarily work in the dual-polarization (HH and HV) and Extra-Wide

(EW) swath mode in the Arctic region, REVLang:providing a comprehensive coverage ofcomprehensively covering the Atlantic Arctic.150

REVLang:In this study, we mainly useThis study primarily uses the Ground Range Detected (GRD) product of the EW modeREVLang:, and

the. The satellites’ swath width is REVLang:aboutapproximately 400 kmREVLang:, and thewith spatial resolution REVLang:isof 40 m. For
REVLang:pre-processingpreprocessing the images, weREVLang: also apply orbit files, thermal noise correction, radiometric calibrations,

and terrain correction and convert the backscatter intensity to decibels (dB) with ESA’s Sentinel Application Platform (SNAP).

At 40 m resolution, only waves/swells with long wavelengths are identifiable, REVLang:which potentially limitspotentially limiting155

the use of EW SAR images to the cases with strong, deep-penetrating waves and wide MIZs (Brouwer et al., 2022; Ardhuin

et al., 2017). For comparison, under the wave mode of S1 satellites (5 m resolution), the wave spectra and REVLang:itstheir

components can beREVLang: better studied REVLang:better (Sutherland and Dumont, 2018; Huang and Li, 2022). REVLang:For the detec-

tion of waves in ice with SAR images, we use bothWe use visual inspection and the spectral analysis method REVLang:to detect waves

in ice with SAR images. Specifically, within the sea ice covered region of the SAR image, we identify wave patterns with160

interleaving bright/dark stripes of the radar backscatter and reasonable wavelengthsREVEditor: (Collard et al., 2022). Furthermore,
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the quantitative spectral analysis is REVLang:also carried outperformed on REVLang:the local parts of the SAR image (30 km window

size), and the spectral peak is identified and associated with the wave in sea ice. In Appendix B we introduce the method

in detail, and SAR images that collocate with CS2 tracks are used for the analysis andREVLang: the validation of the CS2-based

retrieval in Section 4.2 and the supplementary material.165

2.3.2 ICESat2 and the CRYO2ICE campaign

REVEditor:Compared with the CS2 radar altimeter, NASA’s ICESat2 (IS2) is a photon-counting laser altimeter REVLang:which was, launched

in the REVLang:autumnfall of 2018 (Markus et al., 2017). OverREVEditor: the sea ice, the laser altimeter REVLang:mainlyprimarily measures

the range/height of the snow surface, REVLang:whilewhereas the Ku-band radar signals of CS2REVLang: usually penetrate a significant

part of the snow cover. REVLang:In order toTo better evaluate the synergy of the two altimeters for improved snow and ice thickness170

retrievals (Bagnardi et al., 2021), the CS2 orbit was raised in July, 2020 to attain collocating tracks with IS2. REVEditor:Conse-

quently, the ground track of CS2 coincides with that of IS2 at the interval of 19 orbits (about 30 hours), and the average visit

interval of the two satellites is within 3 hours (ESA). These collocating tracks are available through the CRYO2ICE campaign

(http://cryo2ice.org). In the Atlantic Arctic, we attain 21 collocating track pairs between CS2 and IS2 during the two winters

(November to April) of 2020-2021 and 2021-2022 (track information in Appendix A).175

On the sea ice, the nominal spatial resolution of the beam segments of the ATL07 product for IS2 strong beams (SB) is
REVLang:aboutapproximately 17 m (cross-track) and less than 20 m (along-track). Therefore, IS2 REVLang:is capable tocan resolve the

long-wavelength swells in the sea ice and identify the MIZ. Specifically, in this study, we apply the MIZ retrieval algorithm in

Horvat et al. (2020) to the collocating track pairsREVLang:, and compare the result with that based on CS2.

3 Retrieving wave-affected MIZ with CS2180

3.1 Retrieval algorithm

Based on the CS2 waveform properties in the polar ocean, we design the following MIZ retrieval algorithm in Figure 2.

The algorithm REVLang:mainlyprimarily uses two parameters:REVLang: the backscatter (σ0) andREVLang: the SSD. First, we detect the

beginning of the MIZ with σ0 through its contrast between the ocean and the sea ice. In particular, we use theREVEditor: in-situ in

situ σ0 over the ocean and its variability (i.e., the standard deviation of σ0, denoted REVLang:as SD) to account for the variant185

ocean REVLang:conditionconditions. When the backscatter is anomalously high (i.e., REVLang:overexceeding 3·SD), we detect REVLang:the

presence of sea ice,sea ice and mark the location as the outer boundary of the MIZ.

Second, among the various waveform parameters, we adopt the SSD as REVLang:thean indicator to determine the along-track

transition from the wave-affected part (i.e., the MIZ) to the inner ice pack. REVLang:To determine the inner boundary of the MIZ, weWe

conducted statistical tests with the distributions of SSD REVLang:to determine the inner boundary of the MIZ. Specifically, we190

search for the first lead waveform (available from ESA’s baseline product) in the along-track direction and record the sample-

based distribution of SSD from the location of the sea ice lead to 100 km in length (containing over 300 CS2 footprints). Here,
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the lead is a flat surface with a high speckle return, observed by CS2. Thus, the wave-affected MIZ cannot extend beyond the

location of the first lead. Then, the recorded SSD distribution is used as the benchmark REVLang:forto further REVLang:determination

ofdetermine the MIZ’s inner boundary.195

Third, we restart the along-track search from the MIZ’s outer boundary. At each step, we advance into the sea ice direction,

and record the SSD distribution around the search point. A statistical test is REVLang:carried out for comparingperformed to compare

the current SSD distribution and that of the inner part of the ice pack. Specifically, the Kolmogorov-Smirnov test (KS-test) is

adopted REVLang:for the comparison ofto compare the two sample-based distributions. The Null-Hypothesis (NP) is that the two sets

of SSD samples follow the same distribution, and it is rejected at the prescribed significance level of 0.05. For determining200

the inner boundary of the MIZ, we stop the along-track search untilREVLang:: (1) the NP of the KS-test is not rejected, indicating

that the SSD distribution at the current location is consistent with that of the inner ice packREVLang:, or (2) the lead previously

recorded is encountered.

The SSD distribution of the local part of the track is based on a prescribed window size of 10 km, containing over 30 CS2

footprints. REVLang:For larger window sizes, moreMore local REVLang:SSD samples REVLang:of SSD are includedREVLang:, hencefor larger win-205

dow sizes, reducing the potential of Type-II errors (i.e., premature termination of the search process and REVLang:the underestimation

ofunderestimating the MIZ length/width). However, larger window sizes inevitably compromise the spatial resolution of the

retrieval. Section 3.4 contains the sensitivity study of the window size and the trade-offs.
REVEditor:It is worth noting that, other waveform (stack) parameters, including TES, are found to be synonymous with SSD.As shown in FigureIn the

bottom row of Figure 1 REVEditor:and the following typical retrieval scenarios (i.e., Fig. and the typical retrieval scenarios in Figure 3 and210

4REVEditor:), REVEditor:larger SSD (in MIZ as compared with ice pack) corresponds to less power drop in the slant looks, which indicates lower sensitivity

of backscatter to along-track look angle.we show the fitted value of TES from the multilooked waveform and the SSD. SSD is the

standard deviation of the Range Integrated Power waveform, with larger values corresponding to slower power decay of the

increase in the incidence angle.

Coincidentally, higher TES REVLang:is indicative ofindicates the slower decay of waveform power REVLang:with respect toregarding the215

gate (or time),REVLang: which is promoted byREVLang: both larger height variability andREVLang: the more REVLang:’effective’effective vol-

ume scattering typical to the wave-modulated surfaces. For comparison, the retrieval algorithmREVLang:, as proposed in Rapley

(1984)REVLang:, with the pulse-limited altimeter on SEASAT is based on the (along-track smoothed) Significant Wave Height

(SWH), which REVLang:mainly reliedprimarily relies on the leading edge of the waveform. In this studyREVLang:, we choose SSD over

TES (or other parameters)REVLang: mainly due to the larger contrast of REVLang:the SSD between MIZ and the ice pack (regard-220

ing their respective REVLang:variabilityvariabilities). To REVLang:summarisesummarize, the proposed algorithm based on SSD has the

following advantages: (1) the multi-look capability of CS2 over traditional pulse-limited altimeters; (2) the much enhanced

along-track resolution of REVLang:aboutapproximately 400 m with delay-Doppler treatments; REVLang:and (3) the higher sensitivity

for MIZ retrieval with SSD than TES or other waveform parameters. Other retrieval options for historical and future radar

altimetry campaigns areREVLang: further discussed in Section 6.225

Fourth, after the inner and outer REVLang:boundaryboundaries of the MIZ are determined, we compute the along-track length of

the MIZ andREVLang: compute the MIZ width by projecting REVLang:it onto the normal direction of the local sea ice edge. REVLang:The
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Figure 2. Flow chart of the retrieval algorithm.

determination ofDetermining the projection angle is based on the sea ice concentration (SIC) maps and introduced below. The

projection process is introduced to accommodate the sampling of the CS2 satelliteREVLang:, becauseREVLang: there exist arbitrary

intersection angles REVLang:ofexist on its ground tracks and the local sea ice edge in the Atlantic Arctic region.230

3.2 Projection andREVLang: the computation of MIZ width

REVLang:In order toTo determine the intersection angle of the CS2 ground track and the local sea ice edge, we need two directions:

(1) the ground track’s directionREVLang:, which is readily available from the CS2 product, and (2) that of the local sea ice edge,
REVLang:denotedenoted as ξ. For each MIZ-traversing CS2 track, the daily SIC map corresponding to the CS2’s visit time is used

to determine the value of ξ. Specifically, we first attain all locations with SIC>15%REVLang: that are adjacent (i.e., within 100 km)235
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to the ground track’s entry point into the ice pack. Second, we scan theREVLang: entire range of the potential values of ξ (from 0 to

π, relative to the east). For each possible value of ξ, we constructed a local intersection line that separated the aforementioned

local area into two parts and computed the accumulated sea ice extent (SIE) for both sides of the intersection line. Then, we

defined the final ξ as the angle under which the SIE difference of the two sides is maximum. The method above, including its

parameters, is designed to accommodateREVLang:: (1) the inherent fractal characteristics of the sea ice edgeREVLang:, and (2) the240

resolution limitation of the SIC product.

With ξ and the CS2 track direction, we compute the angle of θ, which is the intersection angle for the projection. The width

of the MIZ, WMIZ−CS2, isREVLang: then computed as: WMIZ−CS2 = LMIZ−CS2 · sin(θ), where LMIZ−CS2 is the along-track

length of the MIZ retrieved from CS2. The value θ in the Atlantic Arctic region is REVLang:generallytypically larger than 45◦ (Fig.

S1), REVLang:mainly thanksdue to the high inclination angle of CS2’s orbit at 92◦. However, in the REVEditor:Greenland seaGreenland245

Sea, there REVLang:existexists 25% cases with θ smaller than 30◦. For smaller values of θ, the projection process will incur higher

uncertainty in the MIZ width, as further discussed in Section 3.4.

3.3 Typical scenarios

We investigate two typical scenarios of MIZ retrieval with CS2. On 2015-Feb-14 (Fig. 3), a CS2 track traversed the sea ice edge

in the Barents Sea, and no storm was present in the REVLang:region of studystudy region. The normal direction to the local sea ice250

edge is almost meridional. As indicated by the ERA5 reanalysis (Hersbach et al., 2018), the total (swell) SWH is REVLang:aboutap-

proximately 1.7 m (1.15 m) near the sea ice edge. Based on the daily SIC map (6.25 km resolution, produced at REVLang:the

University of Bremen with AMSR2), we compute the along-track locations with SIC between 15% and 80%. By projecting

onto the normal direction of the local sea ice edge, we compute the SIC-based MIZ width of REVLang:aboutapproximately 20 km.

The waveform power measured by CS2 increase from the ocean to the sea ice at about 76.58◦N , which is considered as the255

starting location of the MIZ. While TES remained stable over the ocean (55 ± 3), it showedREVLang:: (1) much larger variability

on the sea ice and (2) the overall decrease REVLang:towardstoward the inner part of the ice pack. TheREVLang: overall smaller TES on

sea ice indicates aREVLang: relatively stronger waveform peakREVLang:, as well asand much faster waveform power decay REVLang:with

respect toregarding time (or gate number). Consistent with the changes in TES, the value of SSD also decreased REVLang:(from

over 50 looks on the ocean to less than 20 looks on the inner ice packREVLang:), indicating stronger central looks REVLang:relative260

tothan slant-looking ones in the ice pack. REVLang:SlightA slight shift in the stack center angle is also presentREVLang:, as a result ofdue

to the gradual decrease REVLang:ofin surface height to the north.

For comparison, in Figure 4 we show the case on 2015-Feb-17 with a heavy storm passing around Svalbard (REVLang:3three

days later than the case in Fig. 3). The same storm event is also recorded during theREVEditor: in-situ in situ campaign of N-ICE2015

[denoted REVLang:as M3 in Graham et al. (2019)]. The total SWH is over 3.9 m, with the swell power REVLang:consistsaccounting265

for over 94% of the total power. The CS2 track entered the sea ice cover at 76.6◦N , and the waveform parameters REVLang:all

showed a gradual transitiongradually transitioned over a long distance to the relatively calm ice pack in the north. Within the MIZ,
REVLang:boththe SSD and TES REVLang:show not only gradualgradually decreaseREVLang:, but also and show a larger spatial variability

thanREVLang: both the ocean and the inner part of the ice pack. The sharp contrast of waveforms in the MIZ to those on the ocean
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or the inner ice pack isREVLang: also evident in the overall waveform profile (bottom panel of Fig. 4). Based on SSD and the270

retrieval algorithm in Section 3.1, we determine that the along-track MIZ terminates at REVLang:aboutapproximately 79.1◦N . The

retrieved along-track MIZ length is over 270 km (yellow shading in Fig. 4). The CS2 observed MIZ length is much larger than

that based onREVLang: the along-track SIC (purple shading), which is only 35 km.

The nearest available SAR image from REVLang:Sentinel-1S1 (REVLang:Extra-WideEW swath mode, 40-m resolution) is 3.1 hours

after CS2’s observation (Fig. 5). The time difference is within the typical temporal scale of MIZs of 6 hours, hence good275

collocation between the two satellites (Brouwer et al., 2022). Swells in the ice pack are evident from the SAR image, with the

apparent wavelength of REVLang:aboutapproximately 400 m. Based on the SAR images,REVLang: MIZ is identified by the outstanding

peak of the spectrum of the local backscatter map REVLang:identifies MIZ, with REVLang:consistent estimation of the wavelengtha consistent

wavelength estimation (i.e., Fig. 5.d and e). The intersection angle of the dominant swell propagation direction and CS2 ground

track is REVLang:aboutapproximately 47◦. As shown in Figure 5.c, the spectral peak REVLang:that correspondscorresponding to the wave280

structure diminishes to the north of the retrieved MIZ. The CS2 retrieved MIZ termination location is off from that based on the

spectral analysis by less than 10 km (4% of the along-track MIZ length). Given the REVLang:3-hourthree-hour difference between

the two satellites’ visit times, we consider that the CS2 retrieval of the wave-affected MIZ is consistent with that based on
REVLang:the SAR images.

Interestingly, the stack center angle of CS2 shows an oscillatory pattern REVLang:towardstoward the northern end of the MIZ at285

79◦N (Fig. 4.d). The central look (with a Gaussian fitting) is off from the nominal location byREVLang: as much as 1600 m from the

nadir location in the along-track direction. REVLang:SimilarA similar phenomenon is witnessed for many stormy events (another

example in Fig. 6). The apparent wavelength of this oscillatory pattern is of the order of kilometers,REVLang: which is much larger

than the swell wavelength (Fig. 5). According to the CS2 dataset, the aircraft yawing and/or pitching is not the REVLang:mainpri-

mary cause. We conjecture it an aliasing effectREVLang:, caused byREVLang: both long-wavelength swells and the misalignment of290

their propagation direction to the CS2 track.

3.4 Sensitivity of retrieval to algorithm parameters

We consider the uncertainty of the retrieval caused by two REVLang:keycrucial parameters: (1) the window size for accumulating

the statistics of SSD, and (2) the intersection angle of θ for the projection. We first evaluate the effect of window size on

the retrieved lengths of the MIZ in the along-track direction. REVLang:Other thanBesides the default window size of 10 km, we295

REVLang:testassess two extra window sizes: 5 km (or 15 CS2 footprints) and 20 km (or 60 CS2 footprints). With larger window

sizes, we generally attain larger values of the MIZ width (Fig. S2). Since more SSD samples are available with larger windows,

the false rejection of the Null Hypothesis is reduced during the KS-test (Fig. 2), resulting in wider MIZs. However, the retrieval

results with 10 km and 20 km window sizes are highly consistent, with the correlation coefficient at 0.99, the fitting slope

at 1, and only 1-km difference in the MIZ length. Also, at larger window sizes, the spatial resolution of the retrieved MIZ is300

potentially compromised. Therefore, we choose the window size of 10 km by default for all REVLang:the retrieval studies.

We also estimate the relative uncertainty in the MIZ width REVLang:that is incurred by that in θ. The uncertainty of θ originates

from the sea ice concentration map around the entrance of the CS2’s ground track into the ice edge. Through perturbation
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Figure 3. CS2 observation of the MIZ in the Barents Sea on 2015-Feb-14 (at 00:06 UTC). In the top panels (a and b), the hourly total SWH

(filled contour) and sea-level pressure (labeled contour lines) are both derived from ERA5 data. The SIC of 15% and 80% are represented

by blue and red contour lines, respectively. The CS2 track is shown by the thin light blue line, with the SIC-based (or CS2-retrieved) MIZ

highlighted by thick purple (or yellow) line. The inlet rose map shows the swell power/direction spectra near the entry point of the CS2 track

into the ice pack (within the circle in panel b), as well as the normal direction into the sea ice edge (red line, details in Sec. 3.2). Additionally,

the intersection angle (θ) between the sea ice edge and the CS2 track is shown in the zoomed-in view of panel b. Along-track CS2 waveform

and waveform stack parameters are shown in lower panels, including: (1) backscatter (σ0) and TES in panel c; (2) SSD and stack center

angle in panel d; (3) the waveform power in panel e; and (4) the along-track SIC in panel e. In lower panels (c to f), the MIZs retrieved with

SIC and CS2 are also marked with the same colors as in the top panels.
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Figure 4. CS2 observation of MIZ in Barents Sea on 2015-Feb-17 (at 10:41 UTC). The layout is the same as Fig. 3. Contrary to the conditions

observed three days earlier (i.e., Fig. 3), this figure shows a strong storm with waves/swells propagating far into the ice pack.
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Figure 5. Collocating SAR images from Sentinel-1 (EW mode, panel a) for the MIZ in Fig. 4 and the northern end (red box in panel a) of

the CS2-retrieved MIZ shown in detail (panel b). The region with detected wave-in-ice by spectral analysis (Appendix B) on the SAR image

is marked by yellow boxes (10 km scale). The spectra of the Sentinel-1 backscatter map of three typical regions (green dots in panel a,

for the (c)-(e) corresponding to the northernmost, the middle, and the southernmost) are shown on the right, along with the respective fitted

parameters and their uncertainties in Eqs. B1.
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analysis, we estimate that the uncertainty, denoted REVLang:as ∆θ, is on average 6.5◦ in the Atlantic Arctic region. The relative

uncertainty of LMIZ due to θ, under the small-angle assumptions, is then computed as:305

∆θ · dLMIZ

dθ

LMIZ
=∆θ · cotθ. (1)

Among all the tracks, REVLang:the majority ofmost θ is larger than 30◦ (e.g., Fig. S1), and the relative uncertainty is lower than

20%. Furthermore, REVLang:in order to ensure 10% or lower relative uncertainty, the value of θ should be larger than 45◦. For the

BS, the NS and the GS region, 88%, 82% and 37% tracks satisfy this criterion, respectively. For satellites with different orbit

inclination angles than CS2, the distribution of θ REVLang:is different and differs and is potentially complementary to that of CS2,310

especially in the GS region.

4 Validation of MIZ observations by other satellites

REVEditor:We validated the MIZ retrieval based on CS2 by conducting a comparative analysis with that derived from the IS2

laser altimeters and the SAR imagery from S1. IS2 and S1 attain high-resolution sampling of the sea ice cover and the MIZ.

However, the MIZ retrieval with IS2 is based on its capability to resolve the height signature of waves in the MIZ, whereas315

that with S1 relies on the wave-modulated backscatter. These methods differ from the proposed CS2-based retrieval methods;

hence, they also provide us with complementary perspectives of the processes in the MIZ.

4.1 Validation with ICESat2 from CRYO2ICE campaign

REVLang:Based on collocating tracks between CS2 and IS2 from the CRYO2ICE program We compare the along-track MIZ lengths retrieved

with the two satellites based on the collocating tracks between CS2 and IS2 from the CRYO2ICE program (Bagnardi et al.,320

2021)REVLang:, we compare the along-track MIZ lengths retrieved with the two satellites.. We limit the analysis to the track pairs with the

distance between the ground tracks less than 50 kmREVLang:. REVLang:This in effect eliminates,eliminating the track pairs without actual

collocation in the Atlantic Arctic region. Besides, given the highly variant conditions of MIZ, we only study the track pairs

withREVLang: the observation time REVLang:difference less than 3 hoursdifferences of less than three hours. Finally, we attain 21 track

pairs in the Atlantic Arctic for the two winters of 2020-2021 and 2021-2022 (track information in Tab. A1). For each track325

pair, we retrieve the MIZ’s boundaries with HC20 and the strong beams (SB) in the ATL07 dataset of IS2 (release 5).

In Figure 6, we show an example of MIZ affected by a storm in the Barents Sea,REVLang: which is observed by a pair of

collocating tracks of CS2 and IS2. The two satellites’ visit time is separated by REVLang:3three hours. Strong swells (swell

SWHREVLang: =REVLang: 1.95 m, and the total SWHREVLang: =REVLang: 2.62 m) propagated into the ice pack, with the CS2 observed

MIZ length over 170 km. Different from the case in Figure 4, the SIC-based MIZ is comparable to that based on CS2,330

REVLang:mainlyprimarily due to a wide and loose ice edge. For IS2, the REVLang:MIZ observationREVLang: of MIZ mainly relies on the

high-resolution, high-precision elevation measurements over sea ice, REVLang:which allowsallowing the direct sampling of waves

with relatively long wavelengths (Horvat et al., 2020; Brouwer et al., 2022). The surface elevation measurement in REVLang:the
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ATL07 product of IS2 only contains valid photon segments over sea ice (i.e., no data on REVLang:the oceanREVLang:,; last panel in

Fig. 6). The large oscillatory, wave-like structure of the surface elevation (i.e., periodic signals with REVLang:amplitudeamplitudes335

over 50 cm) is evident, indicating the wave-affected MIZ. The gradual decrease REVLang:ofin the wave amplitude REVLang:towardsto-

ward the north implies the wave attenuation within the MIZ. We REVLang:retrieveretrieved the northern end of the MIZ with the

algorithm proposed in Horvat et al. (2020) (denoted by HC20 hereinafter). The location of the MIZ’s northern boundary as

retrieved by IS2 is offset from the CS2 retrieval by only REVLang:aboutapproximately 1 km (< 1% of the total MIZ length). Since

the ATL07 product only includes valid measurements on sea ice, we treat the south-most photon segment with a valid elevation340

in ATL07 as the MIZ’s southern end observed by IS2. It is worth to note that, for this specific case, the photon segments are

not continuous near the MIZ’s southern end, probably due toREVLang:: (1) the cloud contamination and/or (2) the relatively fine

footprints of IS2. In general, we consider the CS2 and the IS2 retrieval of MIZ consistent, especially given the fast changing

nature of MIZ and the REVLang:3-hour difference of the visit timesthree-hour difference in visit times.

Similar to the case in Figure 4 and 5, we REVLang:also carry outperformed spectral analysis of the case in Figure 6 (REVLang:resultsthe345

results are shown in Fig. S8). The visit time of REVLang:Sentinel-1S1 is REVLang:aboutapproximately 2.5 hours ahead of IS2, and 5.5

hours ahead of CS2. The apparent wave structure on the SAR image covers over 150 km into the ice pack and terminates at

78◦N , REVLang:which is also well capturedwell-captured by the spectral analysis. The location of wave’s presence in the sea ice is

highly consistent among the three satellites (all within 10 km).

Using allREVLang: the 21 collocating tracks from REVLang:the CRYO2ICE campaign, we compare the location of the retrieved350

MIZs REVLang:byfrom CS2 and IS2 (the nearest SB to the respective CS2 track). The MIZs’ southernREVLang: boundaries andREVLang: the

northern boundaries are shown in Figure 7 (REVLang:the left and middle REVLang:panelpanels, respectively). Specifically, we compare

the latitudes of the boundariesREVLang:, given thatbecause these tracks are almost meridional in this region. As shown, very high

statistical correlations (Pearson’s r over 0.99) are attained forREVLang: both the southern andREVLang: the northern boundaries of

the MIZs. Furthermore, for the along-track MIZ length (REVLang:the right panel of Fig. 7), the REVLang:retrievalretrievals with CS2355

andREVLang: that based on IS2 are also highly consistent (rREVLang: =REVLang: 0.86). The linear regression between CS2 and IS2 yields

a fitting slope of 0.87±0.25, indicatingREVLang: that there is no systematic differenceREVLang: between the two. Besides, the correlation

is higher in the Barents Sea than in Greenland Sea, which may be due to a more mobile and spatially REVLang:non-continuousnon-

continuous sea ice cover in the latter. The along-track MIZ length is in the range of 5 km and 180 km, indicating that various

MIZ conditions are covered, includingREVLang: both calm cases and stormy onesREVLang: which are associated with wide MIZs (e.g.,360

Fig. 6).

It is worth to note that MIZ retrieval with CS2 and IS2 are based on different approaches. For IS2REVLang:, the retrieval relies on
REVLang:the direct observation ofdirectly observing wave structures REVLang:bythrough the high-resolution sampling of photon segments.

Rather than directly resolving the waves, the retrieval with CS2 is REVLang:mainlyprimarily based on the aggregate behavior of

radar waveforms over the wave-modulated sea ice cover. One common characteristic REVLang:to bothof CS2- and IS2-based MIZ365

retrieval is that the spatial representation of REVLang:the altimeter is inherently limited. Related issuesREVLang:, including REVLang:the

quantification ofquantifying representation uncertaintyREVLang:, are further discussed in Section 6.
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Figure 6. CS2 and IS observation of the MIZ in Barents Sea on 2021-Mar-17. Similar to Fig. 4, strong swells propagate into the ice pack,

with the MIZ width over 170 km. The MIZ is sampled by a pair of collocating tracks by CS2 (at 09:40 UTC) and IS2 (at 06:40 UTC), with

the time difference of 3 hours. The added panel f shows the along-track IS2 elevation, as well as the retrieved northern boundary of the MIZ

with HC20 (black vertical line around 78.4◦N ).
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Figure 7. Comparison of along-track MIZ retrievals with collocating tracks of CS2 and IS2 in Atlantic Arctic during the winters of 2020-

2021 and 2021-2022. Each dot represents a track pair, with 21 pairs in total. The dots are color-coded according to the track locations: orange

for those in Barents Sea, yellow for those in Greenland Sea and green for other tracks around Svalbard. The representation ranges of these

locations are the same as Fig. 8. The comparison of the along-track MIZ starting and stopping latitudes are shown (left and middle panel

respectively), with that for along-track MIZ lengths (right panel). The linear regression line (solid, black) and the fitting parameters are shown

in each panel, together with the 1:1 line (dotted, black).

4.2 Analysis with collocating REVLang:Sentinel-1S1 images

Based on the 21 collocating tracks from the CRYO2ICE campaign, we further find available collocating REVLang:Sentinel-1S1 im-

ages (EW mode). REVLang:In order toWe ensure temporal collocationREVLang:, we limitby limiting the observation time of the REVLang:Sen-370

tinel-1S1 satellites to be within REVLang:6six hours of that by CS2. REVLang:In total, thereThere are REVLang:9nine cases with the collocat-

ing observation of all three satellites (an example REVLang:is in Fig. 6). We REVLang:carry outperform visual inspection REVLang:as well

asand spectral analysis for all the SAR images, and the results are listed in Table 1 and REVLang:supplementary figuresSupplementary

Figures (Fig. S3 to S11).
REVLang:Among the 9 cases, there are 6 withSix of the nine cases show evident wave penetration in the sea ice cover. The spectral375

analysis successfully identifies REVLang:4four out of the REVLang:6six cases,REVLang:with good consistency amongconsistent with the re-

trieval results by CS2, IS2REVLang:,and S1 (REVLang:casecases #2REVLang:, #3REVLang:, #4REVLang:, and #6). Case #5 (Fig. S7) features an

inhomogeneous ice edge and REVLang:thea mixture of ice floes and open water. Although the visual inspection reveals evident

wave structures over the ice covered region, the spectral analysis fails to detect REVLang:any outstanding peakoutstanding peaks in the

spectrum. Also, for case #9 (Fig. S11), the MIZ detected by CS2 is furtherREVLang: to the north of REVLang:both the IS2 retrieval and380

the spectral analysis based on the S1 image.

For the other REVLang:4four cases withoutREVLang: any waves detected REVLang:(by either visual inspection or spectral analysis), by visual in-

spection or spectral analysis, the dominating processes are from the ocean. For example, for case #1, the frazil streaks REVLang:are

governed by new ice formation and Langmuir circulation forms the MIZREVLang:.REVLang:and it is successfully identified by both CS2 and

IS2.CS2 and IS2 successfully identify it. For the ocean turbulence dominated ice edges (i.e., REVLang:casecases #4, #7REVLang:, and385

18



#8), the regions with sea ice free drift are also correctly retrieved by both altimeters. The reason why spectral analysis fails to

identify waves for these cases may be due to the coarse resolution of the S1 EW image (40 m resolution), REVLang:as well asand

the complex, inhomogeneous ice edge.

5 Wintertime MIZ climate record in the Atlantic Arctic

Based on the retrieval for the wintertime CS2 observations, REVLang:in this section we report this section reports the climate record390

of MIZ in the Atlantic Arctic region for REVLang:the years from 2010 to 20222010-2022. We divide the Atlantic Arctic into REVLang:3

sub-regionsthree subregions: Barents Sea (BS, south of 80◦N and east of 15◦E), north and northwest of Svalbard (NS, region

east of 0◦E except BS), and Greenland Sea (GS, 30◦W to 0◦W ). REVLang:In total, thereThere are 2818, 3007 and 3160 valid CS2

tracks for BS, NS and GS, respectively. Temporally, we investigateREVLang: both the whole winter and the two periods of the

winter: the first half from November to JanuaryREVLang:, and the second half from February to April. In Section 5.1 we report the395

basic statistics of the retrieved MIZ width, and in Section 5.2 its REVLang:inter-annualinterannual variability and the study of typical

winters. FinallyREVLang:,in Section 5.3 we compare the CS2-based retrieval with the traditional definition of MIZ based on SIC.

5.1 Statistics of MIZ widths

In Table 2 we show the general statistics of REVLang:the MIZ width (i.e., WMIZ) of allREVLang: the 12 winters, and in Figure 8

for every REVLang:3-month periodthree months. MIZ width follows a skewed distribution in all regions, with REVLang:the mean width400

of 78.55 km, 41.03 km and 55.98 km REVLang:infor BS, NSREVLang:, and GS, respectively. The modal MIZ widths,REVLang: which

are representative of the typical, REVLang:non-stormynonstormy conditions, are: 32.04 km (BS), 11.20 km (NS), and 39.53 km

(GS)REVLang: respectively. Correspondingly, the distribution of WMIZ is highly skewed, and the cases of wide MIZs REVLang:are

associated with storm events (examples in Fig. 4 and 6).

Among the three regions, the widest MIZs manifest in BS, with the largest width reaching over 250 km in most winters.405

Also, within each winter REVLang:ofin the BS region, the MIZ widthREVLang: generally decreases in the later stageREVLang: of the winter.

This phenomenon is not observed for the other two regions. The potential reason REVLang:maymight beREVLang: due to ice thickening

as the winter progresses, which is more evident in BS.

In NS, the MIZ is generally narrower than in BS and GS. REVLang:Especially, forFor certain years REVLang:(,such as 2014-2015REVLang:),

the sea ice edge is only present to the west of Svalbard (i.e., no ice edge north of Svalbard). Sea ice in NSREVLang: mainly origi-410

nates from within the Arctic Ocean, due to the ice advection through the transpolar drift and the interaction with the Atlantic

inflow. It is REVLang:usuallytypically older and thicker than the locally grown sea ice during the freeze-up season. Consequently,

the swell’s penetration into the ice pack is potentially limited due to REVLang:the higher ice thickness, and the MIZ is generally

narrower in NS.

Among the three regions, GS shows REVLang:the overallREVLang: the largest modal MIZ widths. REVLang:On the other handHowever,415

the mean MIZ width is smaller in GS than BS, REVLang:mainlyprimarily due to the extremely wide MIZs, which are more common
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Figure 8. Statistics of wintertime MIZ width from 2010 to 2022. Two 3-month periods of each winter (Nov.-Jan. in blue and Feb.-Apr. in

red) are shown for Barents Sea (BS, top panel), north/northwest of Svalbard (NS, middle panel) and Greenland Sea (GS, bottom panel),

separately. The median, the inter-quantiles (box), and the 5th and the 95th percentiles (vertical line) of MIZ width distribution are shown.

Statistics of SIC-based MIZ width on the same CS2 tracks are shown in lighter colors.

in BS. Coincidentally, the skewness of the MIZ width distribution is also the lowest in GS. This REVLang:result isREVLang: mainly due

to the generally loose ice pack in GSREVLang:, as a result ofresulting from the south-bound, fast ice drift and divergence.

During REVLang:the study period from 2010 to 20222010-2022, we do not observe statistically significant REVLang:changechanges in the

wintertime MIZ width. Similarly,REVLang: there is no significant REVLang:changechanges occur in extreme cases of MIZ width (i.e.,420

top 5%) for the three regions of the Atlantic Arctic. For comparison, no significant REVLang:change ofchanges in SIC-based MIZ

width REVLang:isare observed for the same period (REVLang:2010 to 20222010-2022) REVLang:either, despite that, although it is generally

much lower than the CS2-based retrieval.
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Figure 9. The extreme (a), the mean (b), and the modal MIZ widths (c, in km) of each winter from 2010 to 2022. Specifically, the extreme

MIZ width is computed as the mean MIZ width of the widest 10% MIZs of each winter. Note the difference in the MIZ width ranges (from

300 km in panel a to 75 km in panel c).

5.2 REVLang:Inter-annualInterannual variability and typical winters

Although no change in MIZ width is detected, REVLang:there existsa large temporal variability REVLang:exists, both REVLang:inter-annually425

and intra-seasonallyinterannually and intraseasonally. In particular, in Figure 9 we show REVLang:that there isa pronounced REVLang:in-

ter-annualinterannual variability (IAVREVLang:, 2; two-year cycle) of the extreme MIZ widths (top 10%) in the Barents Sea. For

comparison, the modal width in the Barents Sea (e.g., REVLang:non-stormynonstormy condition) does not show similar variability.

Collaterally, the mean width shows similarly pronounced REVLang:IAV,IAVs caused by the cases with extremely large widths.
REVLang:TheVarious factors cause the extremely wide MIZs REVLang:are caused by various factors, including strong storm eventsREVLang:,and430

relatively thinner/looser ice edgesREVLang:, etc. REVEditor:We would like to note that, inIn the Barents Sea, the IAV of the widest MIZs

coincides with the statistically significant correlation of seasonal mean MIZ widths between the CS2-based retrieval and
REVLang:thatthose based on SIC (details in Sec. 5.3). For winters with a relatively loosely packed ice edge in the Barents Sea,

the SIC-based MIZs REVLang:tend to beare wider, and the ice edge is REVLang:also more susceptible to storms and wave intrusion.

However, the quantitative role of these contributing factors, including the IAV of storms and the ice thickness, is beyond the435

scope of this study and REVLang:is planned for future work. For comparison, in the other two regions (BS and NS), we have much

lower REVLang:inter-annual variabilityIAV in the extreme MIZ widths than REVLang:in the Barents Sea.
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Due to the large IAV of the MIZ width, we examine REVLang:in detail two winters for REVLang:comparative studycomparison: 2012-

2013 and 2014-2015REVLang:, the. The results REVLang:are shown in Figure 10. The winter of 2012-2013 followed the record min-

imum of Arctic REVLang:sea ice extentSIE in September 2012. Besides, it was a relatively calm winter in the Atlantic Arctic, with440

REVLang:very weak storms throughout the season (Rinke et al., 2017). The sea ice coverage gradually increased in the Barents

Sea as the winter progressed from November to January (REVLang:the top panels of Fig. 10), REVLang:mainlyprimarily due to the
REVEditor:in-situ in situ ice growth, assisted by the advection from the north. REVLang:During this period, althoughAlthough only weak

storm events were presentREVLang:,yetduring this period, wave-affected MIZs extended as far as 85◦N (i.e., 600 km north of

Svalbard). For the latter REVLang:3three months of the 2012-2013 winter, the wave-affected MIZ around Svalbard REVLang:iswas not445

REVLang:as prominent as REVLang:in the former period, only manifesting in the Barents Sea.

Since the sea ice minimum in September, 2012, the Arctic sea ice cover REVLang:hadhas undergone recovery up to 2015, with
REVLang:both larger ice coverage and thicker ice (Tilling et al., 2015). Furthermore, the winter of 2014-2015 witnessed frequent

storms in the Atlantic Arctic region (Graham et al., 2019). These characteristics are also reflected in the wave-affected MIZs

(REVLang:the lower panels in Fig. 10). Contrast to the winter of 2012-2013, there was already large ice coverage in the Barents450

Sea (77◦N ) since November 2014. The sea ice coverage generally remained high throughout the winter. However, due to

frequent REVLang:storm activities,CS2 observedstorms, the CS2-observed MIZ extends into the ice pack of over 250 km in REVLang:both

the Barents Sea and the Greenland Sea. REVLang:BesidesHowever, given the larger ice coverage and potentially thicker ice than the

winter of 2012-2013, we do not observe any MIZ beyond 82.5◦N during the REVLang:whole winter of 2014-2015.

5.3 Comparison with SIC-based MIZ455

REVLang:We carry out systematic comparison betweenWe systematically compared the CS2-based MIZ width retrieval and the traditional

MIZ definition based on SIC [i.e., SIC between 15% and 80%, as in Strong and Rigor (2013)]. Specifically, two SIC-based MIZ

widths are computed. The first method is demonstrated in the examples in Figure 3, 4 and 6, which is based on the SIC along

the CS2 track. REVLang:I.e., forFor each CS2 track, we attain the along-track SIC and compute the distance between SICREVLang:

=REVLang: 15% and SICREVLang: =REVLang: 80% as the along-track MIZ length. Then the MIZ width is computed with the same460

projection method as in Section 3.2. The second method is REVLang:as follows: for each CS2 track, we compute the MIZ width

based on the aggregate area with SIC between 15% and 80% in the adjacency of the track (within 100 km of the track). This

method is inherently based on box-counting andREVLang: it is free from the potential representation issues with altimetric scans

of the MIZ.
REVLang:Both Table 2 and Figure 8 compare the SIC-based retrievals with the first method. As shown, the SIC-based MIZ width465

also follows a highly skewed distribution. However, the MIZ defined with SIC isREVLang: systematically narrower than the CS2

retrieval, including REVLang:boththe mean and extreme widths. For example, for BS, GSREVLang:, and NS, the mean width is lower

by 43%, 52%REVLang:, and 39%, respectively. More importantly, there is only REVLang:a weak statistical correlation between the

SIC and the CS2-based MIZ widths (10% common variance, Fig. 11.a).

At larger temporal scales (i.e., REVLang:3-monththree months), the mean MIZ width based on SIC correlates with that based on470

CS2 only in the BS region (with the correlation coefficient r of 0.62 andREVLang: the p-value < 0.01), but not in the GS or NS
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Figure 10. Along-track CS2 retrieved MIZ of two typical winters: 2012-2013 (top row) and 2014-2015 (bottom row). The two periods of

the winter (Nov.-Jan. and Feb.-Apr.) are shown on the left and right panels, respectively. The monthly mean sea ice edge is shown for each

month with contour lines in all panels. For each CS2 track, the part with (daily) along-track SIC lower than 80% are shown in light blue, and

those over 80% in dark blue.

regions. For the BS region, the correlation is significant at the monthly and the REVLang:inter-annualinterannual scales (r=0.57 and

r=0.75 respectively, and the p-values REVLang:bothare lower than 0.05). This statistical relationship REVLang:maymight not be due

to the inherent physical relationship between the wave-affected MIZ and the daily SIC, but the large-scale sea ice conditions,

including ice edge advance and ice thickening throughout the winter.475

Between the two SIC-based retrievals, REVLang:there isan overall consistency REVLang:exists between REVLang:the two (R2 = 0.52,

Fig. 11.b). The box-counting method yields slightly lower MIZ widths (by REVLang:aboutapproximately 3.5%), and we consider

itREVLang: as a minor issue due to the practical way REVLang:for the computation ofof computing the area with 15%<SIC<80%. More

importantly, the comparison in Figure 11.b reveals the representation uncertainty with altimetric observations of the MIZs. It

is worth to note that, similar to the intercomparison between CS2 and IS2 retrievals (Sec. 4.1),REVLang: both temporal and spatial480

REVLang:representationrepresentations should be accounted for during the altimetric observations of the MIZ. The representation

issue and the potential with the synergy of multiple altimetry campaigns are further discussed in Section 6.
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Figure 11. Comparison of MIZ width based on CS2 retrieval and the along-track SIC (a), and that of the SIC-based MIZ width retrieved

with along-track SIC and the box-counting method (b).

6 Discussion

In this study, we design a new retrieval method for the wave-affected marginal ice zones with the radar altimeter of REVLang:CryoSat-

2CS2. The waveform and the waveform stack parameters of CS2 are used to retrieve the along-track locations of the MIZs.485

Based on the available CS2 dataset spanning REVLang:the years of 2010REVLang:to 2022-2022 , we REVLang:carry out the retrieval forretrieve

the winter months in the Atlantic Arctic region. The retrieval is validated with collocating observations of REVLang:ICESat2IS2 and
REVLang:Sentinel-1S1. The new dataset contains over 8985 MIZ-traversing CS2 tracksREVLang:, and yields good spatial and temporal

coverage of the MIZs in the Atlantic Arctic (Zhu et al., 2023).

Based on the new dataset, we investigate the status and potential changes of the wave-affected MIZs in the Atlantic Arctic.490

No evident change in the mean REVLang:MIZ width or the widest MIZs’or widest MIZ widths is detected during REVLang:the period of

2010-2022, but large spatial (region-to-region) and temporal (e.g., REVLang:inter-annualinterannual) variability is present. The three

regions of the Atlantic Arctic, distinct in their respective sea ice conditions, show drastically different properties of the MIZs.
REVLang:In the Barents Sea, despiteDespite the modal MIZ width of 32 km REVLang:in the Barents Sea, the wave-affected MIZs can reach

over 300 km into the ice pack. In particular, REVLang:there exists pronounced, 2-year cycle inter-annual variabilitypronounced, two-year cycle495

IAV of the extremely wide MIZs in the Barents Sea REVLang:exists. The attribution to storms and sea ice conditions is planned for

future work. The modal MIZ width in the Greenland Sea is generally the largest, and the width distribution shows the lowest

skewness. The region around Svalbard contains the REVLang:overall narrowest MIZsREVLang:, mainly due to higher ice concentration

and thicker ice. REVLang:ComparisonThe comparison also indicates that the traditional definition of MIZ based on SIC inherently

underestimates the wave-affected MIZ width. More importantly, the (daily) SIC maps REVLang:aredo not REVLang:indicative ofindicate500

the wave-affected MIZs (i.e., no statistically significant correlation).
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6.1 On the SIC-based MIZ definition

Although the daily SIC maps REVLang:aredo not REVLang:indicative ofindicate the wave-affected MIZs, there is a statistically significant

correlation between the mean MIZ width based on CS2 retrieval and that based on SIC at larger temporal scales. In particular,

only in the Barents Sea REVLang:does the mean MIZ width based on SIC REVLang:correlatescorrelate with that based on CS2 retrievals,505

although the former is much narrower by 43%. As REVLang:analysedanalyzed in Section 5.3, we conjecture this as the result of

large-scale sea ice conditions. During many winters, the sea ice edge advance in the Barents Sea ensures large SIC variability

on REVLang:the monthly or larger scales. New ice forms during the sea ice edge advanceREVLang:, and itand is more susceptible to
REVLang:wave/swell’swave/swell effects due to the low thickness. REVLang:As a resultConsequently, a REVLang:more loosely-packed andlooser

packed and more mobile ice cover forms, REVLang:which coincidescoinciding with a wider MIZ.510

Given the large sea ice edge changes throughout the winter, if SIC maps at coarser temporal resolutions were used to generate

the MIZ maps (same threshold values of 15% and 80%), we could attain a wider MIZ REVLang:byfrom SIC. On the other hand,

if the SIC variability (instead of REVLang:the mean SIC) is used, we also witness a systematic increase in the retrieved MIZ

width. REVLang:However, weWe cannot directly resolve the wave’s effect on MIZ with either mean SIC or SIC variability. Similarly

Vichi (2022) explored defining MIZ based on SIC variability in the Southern Oceans REVLang:(SO)(SOs). In our study of REVLang:the515

period between 2010 and 20222010-2022, with the ongoing Atlantification, the Barents Sea is similar to REVLang:Southern OceansSOs
REVLang:in terms ofregarding the ice type, thickness, REVLang:as well as theand seasonal ice edge advance. Based on the analysis above,
REVLang:we consider the SIC at coarser temporal scales REVLang:is only statistically REVLang:indicative ofindicates the wave-affected MIZs

under limited sea ice conditions (i.e., BS, REVLang:SOSOs). REVEditor:More study is neededFurther scientific studies are needed to better

understand the general applicability of using SIC maps for defining MIZs, especially for future climate changes in the polar520

regions.

6.2 Representation issues for the altimetry-based MIZ observations

Traditional approaches for observing waves in MIZ with satellites are REVLang:usuallytypically based on imaging payloads (Ard-

huin et al., 2017; Stopa et al., 2018; Collard et al., 2022). Observing the MIZ with altimeters is inherently limited REVLang:in terms

ofto the per-pass spatial coverage, which applies toREVLang: both REVLang:CryoSat-2 and ICESat2CS2 and IS2. AlthoughREVLang: waves and525

swells are driven by the atmospheric weather systems REVLang:drive waves and swells and REVLang:hence hashave larger spatial structures,

the REVLang:affected sea ice coverREVLang: being affected potentially features larger variability with finer structures. The analysis with
REVLang:the along-track SIC retrieval and the comparison with the box-counting method (Sec. 5.3) revealsREVLang: that there exists no

systematic biasREVLang:, but inherent representation uncertainty of altimetric scans of the MIZ. On the other hand, the temporal

representation for observing wave-affected MIZ is also limited, especially for the fast on-set process of the MIZs (Collins III530

et al., 2015).

We further analyze the representation uncertainty, starting with the spatial representation based on different beams of IS2. On

the ground, the three strong beams are REVLang:aboutapproximately 3.3-km apart REVLang:on the ground in the cross-track direction.

We compute the along-track lengths of the MIZ for each of the strong beams (for all the CS2-IS2 track pairs in Sec. 4.1),
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andREVLang: further evaluate the statistical relationship between each pair among the three beams. The common variance of MIZ535

lengths between the beam pairs is between 91% and 95%. Since the modal MIZ width (32 km in the BS region) is much larger

than the IS2 beams’ separation (3.3 km or 6.6 km), the remaining variance of REVLang:aboutapproximately 7% REVLang:serves asis

a lower bound of the spatial representation uncertainty for altimetric sampling. Note that there is 26% unexplained variability

between the MIZ lengths of the CS2-IS2 track pairs (Fig. 7), for which the REVLang:observationobservations by CS2 andREVLang: that by

IS2REVLang: is generallyare separated by REVLang:3three hours. Potential limiting factors of the temporal representation includeREVLang:540

both the sea ice drift (on the order of 1REVLang: m/s under strong forcings) and the fast changing nature of the MIZs through

wave-ice interactionREVEditor:(ice floe breaking, rafting, thermodynamic feedbacks, etc.).. Ice floe breaking, rafting, and thermodynamic

feedbacks collectively accelerate the melting and dynamically expand the MIZ through ice fragmentation and altered ice dy-

namics (Collins III et al., 2015; Ardhuin et al., 2020). We relate the drift-induced temporal representation uncertainty to the

spatial representationREVLang:, and estimate the temporal representation uncertainty in REVLang:the along-track MIZ width as 19%545

for the REVLang:3-hourthree-hour time difference (i.e., 26% minus 7%). REVLang:Given that there areSince the analysis only REVLang:has

21 track pairs in the analysis, better quantification of the aforementioned representation uncertainty can be REVLang:carried outper-

formed with more collocating tracks from the CRYO2ICE campaign in the future. Besides, existing MIZ studies with SAR

images REVLang:usuallytypically involveREVLang: the data analysis with each satellite pass. REVLang:For the study of MIZs with cross-pass SAR

images, the aforementionedThe above temporal representation issues should also be accounted for REVLang:when studying MIZs with550

cross-pass SAR images.

6.3 Retrieving the MIZ with radar altimetry campaigns

Given the representation uncertainties due to limited coverage by altimeters, there lies great potential in the synergy of multiple

altimetry campaigns for improved REVLang:MIZ observationsREVLang: of the MIZ. The Sentinel-3A and 3B (S3A and S3B for short)
REVLang:both contain the delay-Doppler radar altimeter as CS2,REVLang: and they have a lower inclination angle of the orbitREVLang:,555

and cover up to 82◦N . REVLang:As a resultConsequently, S3A and S3B provide complementary coverage to CS2 in the Atlantic

Arctic,REVLang: both temporally and spatially. The retrieval algorithm based on SSD and σ0 in Section 3.1 can be directly applied

to both S3A and S3B. Furthermore, the S3A and S3B ground tracks REVLang:are expected toshould include more orthogonal scans

for the sea ice edge in the Greenland Sea, REVLang:which could further reducefurther reducing the uncertainty caused by the projection

process (i.e., Sec. 3.4). Also in Collard et al. (2022), the authors demonstrated the signature of swells with the fully-focused560

treatment to S3A (Egido and Smith, 2017), and it serves as another REVLang:importantcrucial direction REVLang:infor using the delay-

Doppler type radar altimeters for observing MIZs with both historical datasets and future campaigns such as CRISTAL (Kern

et al., 2020).

Besides SSD, other parameters of CS2 waveforms REVLang:are also shown to be indicative ofindicate the wave-affected MIZ in

Section 3.1. For example, the TES parameter reflects the surface elevation variabilityREVLang: which is modulated by waves, and it565

is found to be synonymous with SSD but has lower contrast among the open ocean, the MIZ, and the ice pack. In particular, the

retrieval method based on TES resonates with Rapley (1984), in which the wave-in-ice is based on the SWH product generated

from the Ku-band pulse-limited altimeter onboard the SEASAT satellite. Our retrieval method can also be adapted for the MIZ
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retrieval with the existing and historical pulse-limited altimeters, such as SARAL AltiKa (Verron et al., 2015) and ENVISAT

(European Space Agency, 2018). However, the effect of altimeter REVLang:mispointingmis-pointing on the radar waveform should570

be accounted for (Amarouche et al., 2004). Furthermore, a holistic model of the traditional and delay-Doppler radar altimeter

waveforms is needed to better characterizeREVLang: both the ice pack and the wave-affected MIZ. REVLang:Besides, theThe historical

laser campaign of ICESat (Zwally et al., 2002), although limited in the along-track resolution (i.e., the Nyquist wavelength of

350 m), can also be synergized with collocating radar altimetry campaigns to construct REVLang:thea long-term record of MIZs in

the polar oceans.575

7 Conclusions

REVEditor:We provide the MIZ dataset at: https://zenodo.org/record/8176585 (last access: 24 July 2023), which contains the wintertime MIZs in the Atlantic

Arctic region from 2010 to 2022.We provide the MIZ dataset, containing the wintertime MIZs in the Atlantic Arctic region from 2010

to 2022 [https://zenodo.org/record/8176585 (last access: 24 July 2023)]. Specifically, two different data formats are provided.

First, the raw information of the retrieval result for each CS2 track is provided. For each MIZ traversing track, the following580

information is provided: (1) the original CS2 track information; (2) the date (year, month, date) and time (hour) of the CS2

track; (3) the region of the CS2 track (BS, GS or NS); (4) the start location (latitude and longitude) of the retrieved MIZ;
REVLang:and (5) the end location (latitude and longitude) of the retrieved MIZ. In total 8985 CS2 tracks are included. Second, we

provide a gridded dataset for the MIZ presence on the monthly scale. The latitude-longitude grid is adopted, with REVLang:thea

spatial resolution of 2◦ in the zonal direction and 1◦ in the meridional direction. Hence, the nominal spatial resolution of585

the dataset is REVLang:aboutapproximately 100 km. For each MIZ-traversing CS2 track of the month, we mark all the grid cells
REVLang:that containcontaining the retrieved MIZ locations along the track. REVLang:In total, theThe gridded dataset includes 72 NetCDF

files, each corresponding to a winter month from 2010 to 2022. Each file contains the following information/variables: (1) the

time; (2) the region flag (i.e., BS, NS or GS); and (3) the MIZ flag (1 for the presence of MIZ within the month, and 0 for the

case of no detected MIZ).590

The MIZ dataset can be further used inREVLang: both process studies of the MIZs and the validations of numerical models.

Specifically, the REVLang:wave/swell’swave/swell decay within the MIZ is a key factor for the wave-ice interactions and the MIZ

width. The efficacy of the linear and the exponential wave decay modelREVLang:, as well asand how the decay rate is quantitatively

modulated by the various sea ice parameters (Wadhams et al., 1988; Alberello et al., 2019; Brouwer et al., 2022), can be

further explored with the new MIZ product, especially the along-track dataset. On the other hand, the wave-ice interaction595

models can be evaluated with the productREVLang: (Boutin et al., 2022; Roach et al., 2019). In particular, ocean–wave–sea-ice

coupled simulations are REVLang:carried outperformed in the Arctic regions, which are forced by atmospheric reanalysis datasets.

These model outputs between 2010 and 2022 can beREVLang: directly validated REVLang:in terms ofaccording to the MIZ statistics, such

as the spatial distribution of the MIZs and their response to passing cyclones and winds.

In this paper, the proposed MIZ retrieval algorithm is based on CS2 and the SSD parameter of its waveforms. The algorithm600

can be adapted to work with other modern and legacy radar altimeters, REVLang:in particular byparticularly using the TES parameter

27



for pulse-limited altimeters (Sec. 6.3). By combining available altimeters, we canREVLang: potentially achieveREVLang: much better

spatial and temporal coverage of the MIZs in the Atlantic Arctic. Especially in the Greenland Sea, the retrieval uncertainty

due to low incidence angles between the sea ice edge and the CS2 ground tracks can beREVLang: greatly mitigated REVLang:con-

siderably. REVLang:The further improvement ofFurther improving the MIZ dataset in the Atlantic Arctic with the synergy of various605

satellite altimeters is planned as future work, along with REVLang:the studystudies of MIZs and wave-ice interactions in other polar

regionsREVLang:, such as the REVLang:Southern OceansSOs.

8 Code and data availability

CryoSat-2 waveform data are accessed through the PDS system provided by European Space Agency (ESA), available at http:

//science-pds.cryosat.esa.int/ (last access: 30 August 2022). Daily sea ice concentration maps for the study period of 2010-2022610

are hosted at the Institute of Environmental Physics, University of Bremen: https://seaice.uni-bremen.de/data-archive/ (last ac-

cess: 25 October 2022). ERA-5 hourly atmospheric and wave spectra data are available on the Copernicus Climate Change Ser-

vice (C3S) Climate Data Store, at: https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form

(last access: 02 November 2022). The collocating tracks between CS2 and IS2 can be downloaded through the online portal

of the CRYO2ICE program at: https://cryo2ice.org/ (last access: 10 January 2023). ICESat-2 ATL07 dataset is available from615

the National Snow and Ice Data Center: https://n5eil01u.ecs.nsidc.org/DP7/ATLAS/ATL07.005/ (last access: 6 October 2022).

Sentinel-1 SAR images are openly accessible through ESA’s Sentinel-1 data-hub via: https://scihub.copernicus.eu/dhus/#/home

(last access: 29 June 2023).

The CS2-based MIZ product (Zhu et al., 2023) is publicly available at: https://zenodo.org/record/8176585 (last access: 24

July 2023). The dataset contains two parts. First, the CS2 track information and the retrieved beginning and the end locations of620

the MIZ in the along-track direction of each track. In total 8985 CS2 tracks in the Atlantic Arctic region are included. Second,

a monthly gridded dataset is also included, which is based on the along-track retrieval results and records the presence of MIZ

within the month. Section 7 includes detailed description of the dataset.

The MATLAB codebase for the retrieval of MIZ along a single CS2 track is available at: https://github.com/weixinzhu7/

miz_retrieval_cryosat2 (last access: 17 July 2023). The codebase includes the core retrieval algorithm, as well as exemplary625

CS2 record on 14 February 2015 which is downloaded from the repository above.

Appendix A: Collocating tracks between CryoSat-2 and ICESat2 from CRYO2ICE campaign

Table A1 lists all the 21 collocating track pairs from the CRYO2ICE campaign in the Atlantic Arctic during the two winters

of 2020-2021 and 2021-2022. In order to ensure both spatial and temporal collocation, we use the following two criteria for

the selection of the track pairs: (1) the starting locations of each track pair are limited to be within 50 km to ensure spatial630

collocation, and (2) the visit times of each track pair to be within 3 hours.
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Appendix B: Wave-in-ice detection based on spectral analysis of REVLang:Sentinel-1S1 EW images

REVLang:Sentinel-1S1 EW mode backscatter images are used REVLang:for detectingto detect wave structures in the sea ice with the

spectral analysis method. EachREVLang: of the image is of the resolution of 40 m and the size of 400 km by 400 km. In total,

21 images are attained for 9 of the collocating track pairs and the case in Figure 4. These images areREVLang: further subjected to635

visual inspections and the following spectral analysis.

For each SAR image, we REVLang:carry out the analysis onanalyze the local window of 30 km by 30 km (or 751 pixels in

each direction). The local window is REVLang:slidedslid with REVLang:thea step size of 10 km in both directions to fully cover

the REVLang:wholeentire SAR image. For the spectral analysis, first, a two-dimensional Hamming window is applied to the local

window. Second, we REVLang:carry outperform the two-dimensional Fourier transform on the local wind, and further compute the640

directional-independent spectrum (wavenumber bin of 0.0003 m−1). Third, a REVLang:band-passbandpass filter is applied for the

wavelength REVEditor:between 80 m and 800 mbetween 80 and 800 m which is relevant for REVLang:the detection ofdetecting waves.

After we compute the spectrum, we apply the fitting in Eqs. B1 to detect any outstanding spectral peak. In Eqs. B1, x denotes

the wavenumber,REVLang:and f(x) REVLang:is the spectrum. The component of a·e−b·x implies the default spectrum of the red noise

of the backscatter map, and that of p · e−
(x−q)2

2r2 corresponds to the spectral peak, and the periodic signal in the image. When645

the fitted parameter of p is greater than 0 with statistical significance, we detect the periodic signal, and the local window is

marked as part of the wave-affected MIZ. Besides, the fitted parameter of q indicates the central wavenumber of the detected

wave in sea ice.

f(x) = a · e−b·x + p · e−
(x−q)2

2r2 (B1)

Figure 5 shows the examples of the spectra inREVLang: both MIZ and the inner part of the ice pack. The detected spectral peaks650

in different parts of the MIZ are consistent (REVLang:panepanes d and e), with: (1) the wavenumber around 2.6×10−3m−1, and

(2) the decrease REVLang:ofin amplitude into the inner part of the MIZ (i.e., decrease in the REVLang:p’s valueREVLang: of p’s), indicating

wave attenuation. Beyond the MIZ, we do not detect any spectral peak (panel c). REVLang:Besides, theThe MIZ determined with

the spectral analysis (i.e., p greater than 0 with statistical significance) is highly consistent with the retrieval with CS2. Other

examples of the SAR-based MIZ retrievals are shown in Fig. S3 to S11.655
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Table 2. Statistics of wintertime MIZ width based on CS2 and the along-track SIC during the period of 2010 to 2022.

WMIZ CS2 retrieval SIC retrieval

Region BS NS GS BS NS GS

Number 2818 3007 3160 2818 3007 3160

Mean (km) 78.55 41.03 55.98 44.51 25.06 26.67

Mode (km) 32.04 11.20 39.53 18.13 11.94 8.30

Median (km) 58.44 29.54 47.88 32.21 18.27 19.62

SD (km) 65.21 39.95 39.39 42.24 20.42 24.38

Skewness 1.72 2.02 1.55 2.81 2.67 2.48
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