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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.
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1 Introduction20

REVEditor:Marginal ice zone(MIZ) is the region of the seaice edgethat is affectedby the openoceanThe MIZ is on the boundary of the sea-

ice coveredareaaffectedby the openocean(Wadhams, 2013). Waves andREVEditor:swellsswell develop over open ocean, and

propagate into the ice edge, with the ensuing sea ice break-up and the modi�cation of the �oe 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 theREVLang:marginalice zone,MIZ,25

variousprocessesgovern the wave energy attenuationREVLang: is predominantly governedby a diversity of processes, which can mainly

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

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

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

important rolesthe MIZ playsevenmoreimportant 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 �shing, tourism, and

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

Although REVEditor:MIZs arethe MIZ is important for both scienti�c 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 evidenceREVEditor:of thewave'spropagation andattenuation in theseaice cover.of wavepropagation into andattenuation by35

the seaice. However, in order to observe the MIZs at large scale, weREVEditor:mainly need satellite remote sensing techniques.

A commonly used de�nition 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 fromREVEditor:PassiveMicrowaveImaging (PMI) satellite payloadssatellite-bornePassiveMi-

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

importantly, the SIC-based MIZ de�nition does not re�ect theREVEditor: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 -packedice covercompactedseaice (i.e., SICREVEditor:closetoup to 100%) during variousREVEditor: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 de�nitions of the MIZs (Kohout et al., 2014; Horvat et al., 2020).45

To resolve waves in the MIZREVEditor:by satellite-borneinstruments,REVEditor:high-resolution satellite payloadsaretypically requiredsatel-

lite payloadsproviding highspatial resolution aretypically required, includingREVEditor:variousoptical sensors, Synthetic Aperture

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

vancedAdvanced payloads facilitate detailed analysis of sea ice characteristics in the MIZ, including the �oe 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:Theeffective footprint shouldbeat least�ner thanhalf of thewavelength,which is no morethana few hundredmetersThespa-

tial resolution of thesesensorsneedsto resolvewavelengthin theorderof few hundredmeters,so in theorderof 100meter.

Besides, the instantaneous observation ofREVEditor:MIZsMIZ by satellites is further limited in terms of the temporal representation
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of theREVEditor:MIZsMIZ, REVEditor:mainlydueto theirhighly variantnaturelargelydueto its high temporal variability. In general, although

satellite-basedREVEditor:observation isobservations are indispensable for large-scale survey ofREVEditor:MIZsMIZ, current satellite55

payloads and datasets are insuf�cient for systematic coverage ofREVEditor:MIZsMIZ in both polar regions. Especially, the lack

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

changes of theREVEditor:MIZsMIZ with global warming.

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

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

REVEditor:thereexist a variety of seaice conditionsa variety of seaice conditionsexist, such asREVEditor:the young and �rst-year ice (FYI),

as well as the thick, multiyear ice (MYI) advected from the Arctic Basin. Also, frequent stormsREVEditor:passthroughdevelopand

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

theAtlantic Arctic is animportantregion for humanactivities,which is highly variantandsusceptible to changeswith theongoing Atlanti� cationNotably,

theAtlantic Arctic is rich with humanactivities,all highly variabledueto a numerousdependencies,including thosearising65

from theAtlanti� cation of theregion (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:andgeneratea long-termrecordfor theAtlantic Arctic basedon CryoSat-2 for

the twelvewintersfrom 2010to 2022.andderived a 12-winter (2010-2022)recordfor theMIZ in theAtlantic Arctic basedon CS2.
REVEditor:Thepaper is organizedasfollows. 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 twoREVEditor:typ-70

ical casesof retrievalcasestudies.REVEditor:Further inIn Section 4, we compare the MIZ retrievalREVLang: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:andcarriesout relatedanalysis.REVEditor:Specifically, asshownthroughintercomparisons,the

traditionalSIC-basedMIZ definition yieldsmuchnarrowerMIZs thanour retrieval.REVEditor:Finally, in, while Section 6REVEditor:wesummarisethepaper

anddiscussrelatedtopics of thesatellite-basedobservationsof theMIZ.discussesrelatedissuesof satellite-basedobservationsof theMIZ.75

Finally, in Section 7 includesabrief summaryof thedatasetandits potential applications.

2 Data for MIZ retrieval and analysis

2.1 CryoSat-2

Since 2010, the CryoSat-2 satellite (CS2) has beenREVEditor:constantlyobserving theREVEditor:earth'sEarth's cryosphereREVEditor:for over

12years,REVLang:andit constitutesconstituting one of the mostREVLang:importantsourcesof informationcrucial information sources for sea ice80

mass balance (Wingham et al., 2006; Ricker et al., 2018). TheREVLang:mainprimary payload onboardREVLang: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 signalsREVLang:, we can differen-

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

(or the effective footprint size) isREVLang:greatlyconsiderably enhanced toREVLang:aboutapproximately 400m, 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 isREVLang:mainlyprimarily used

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

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

REVLang:carriedoutperformed. However, due to the relative coarse resolution of CS2REVLang:with respecttoregarding the typical wave-

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

to REVLang:thestudyofstudying MIZs.
REVLang:Theschematics of CS2'sobservation in thepolar oceanareshownin Figure 1REVLang:showstheschematics of CS2'sobservation in

thepolar 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

processREVLang:couldcan break the sea ice into smaller �oes and further attenuateREVLang: the wave energy. Given that the ground

speed of CS2 isREVLang:aboutapproximately 8km=s, we consider that for each satellite pass, CS2 captures the instantaneous

status of the underlying MIZ.REVLang:CS2waveforms andwaveform stacksfrom an example track in the BarentsSeaarealsoshownin Figure

1REVLang: alsoshowstheCS2waveformsandwaveform stacksfrom anexample track in theBarentsSea. We further examine100

the following waveform parameters of CS2 forREVLang:theMIZ 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 (400m by 1500m) can
REVLang:greatlysignificantly affect the overall backscatter coef�cient (� 0, 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 concentratedREVLang: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 byREVLang:both wave power and wavelength. Third, in the inner ice pack which is not affected by the waves,

the surface topographyREVLang: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, withREVLang:a more

prominent backscatter on the MYI than FYI,REVLang:aswell asand highly re�ective 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-

ducedsloping, 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:. dueto the wave-inducedsloping. REVLang:This characteristic115

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

the Gaussian �t to the range-integrated waveform stack power (in watts)REVLang:, directly indicatesthis characteristic. Besides,

due to the largeREVEditor:surface elevation variability in the MIZ, the trailing edge is much wider than that ofREVLang:the typical

waveforms on the sea ice, which isREVLang: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 decreaseREVLang:ofin the120

REVLang:look-integratedwaveformmultilookedwaveform after the peak power. Speci�cally in this study, TES is rede�ned as the �tted
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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 �oe (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 �tting of the power decay in the trailing edge and the �tted 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
T ES , wherex is the gate number,P(x) REVLang:is the waveform power within the speci�ed range of the gates,

andP � and TESREVLang:arethe two parameters to be determined. As shown in Figure 1, while the backscatter is similarly strong

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

andREVLang: thoseon the inner part of the ice cover.REVLang:For thisstudy,weuseThisstudyuses the SSD as provided in ESA's baseline

of CS2 (baseline-D for the period before AprilREVLang:, 2021REVLang:, and baseline-E forREVLang: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 areREVLang: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 isREVLang: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 BremenREVLang:and based on the Special Sensor Microwave Imager/Sounder (SSMIS). By default, the 6.25km

resolution SIC product is used, which is suf�cient for various analyses in this study, includingREVLang:thedetermination ofdetermin-

ing large-scale sea iceREVLang:edge,aswell asedgesand the intercomparison with the MIZ width de�ned by SIC.

For the atmospheric and wave conditions during the CS2's observations, weREVLang:mainly rely on the global ERA5 reanalysis

product (Hersbach et al., 2018). Speci�cally, hourly sea-surface pressure �elds (0.25� resolution) and the wave spectra (0.5�140

resolution, de�ned 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 theREVLang:Eu-

ropeanSpaceAgency(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 coverageofcomprehensively covering the Atlantic Arctic.150

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

the. The satellites' swath width isREVLang:aboutapproximately 400kmREVLang:, andthewith spatial resolutionREVLang:isof 40 m. For
REVLang:pre-processingpreprocessing the images, weREVLang: alsoapply orbit �les, 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 identi�able,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 (5m resolution), the wave spectra andREVLang:itstheir

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

tion of wavesin ice with SAR images,we usebothWe use visual inspection and the spectral analysis methodREVLang:to detect waves

in ice with SAR images. Speci�cally, 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 isREVLang:alsocarried outperformed onREVLang:the local parts of the SAR image (30km window

size), and the spectral peak is identi�ed 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:Comparedwith theCS2radaraltimeter, NASA's ICESat2 (IS2) is a photon-counting laser altimeterREVLang:which was, launched

in theREVLang:autumnfall of 2018 (Markus et al., 2017). OverREVEditor: thesea ice, the laser altimeterREVLang:mainlyprimarily measures

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

part of the snow cover.REVLang:In ordertoTo 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,thegroundtrackof CS2coincideswith thatof IS2 at the interval of 19 orbits (about30 hours),andtheaveragevisit

interval of thetwo 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 17m (cross-track) and less than 20m (along-track). Therefore, IS2REVLang:is capable tocan resolve the

long-wavelength swells in the sea ice and identify the MIZ. Speci�cally, 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 algorithmREVLang:mainlyprimarily uses two parameters:REVLang: the backscatter (� 0) andREVLang: the SSD. First, we detect the

beginning of the MIZ with� 0 through its contrast between the ocean and the sea ice. In particular, we use theREVEditor: in-situ in

situ � 0 over the ocean and its variability (i.e., the standard deviation of� 0, denotedREVLang:as SD) to account for the variant185

oceanREVLang:conditionconditions. When the backscatter is anomalously high (i.e.,REVLang:overexceeding 3�SD), we detectREVLang:the

presenceof seaice,seaice and mark the location as the outer boundary of the MIZ.

Second, among the various waveform parameters, we adopt the SSD asREVLang: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 innerboundary of theMIZ, weWe

conducted statistical tests with the distributions of SSDREVLang:to determine the inner boundary of the MIZ. Speci�cally, we190

search for the �rst 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 100km in length (containing over 300 CS2 footprints). Here,
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the lead is a �at surface with a high speckle return, observed by CS2. Thus, the wave-affected MIZ cannot extend beyond the

location of the �rst lead. Then, the recorded SSD distribution is used as the benchmarkREVLang:forto furtherREVLang: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 isREVLang:carried out for comparingperformedto compare

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

adoptedREVLang:for thecomparisonofto 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 signi�cance 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 isnot 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 10km, containing over 30 CS2

footprints.REVLang:For largerwindow sizes,moreMore localREVLang:SSD samplesREVLang:of SSDare includedREVLang:, hencefor largerwin-205

dowsizes, reducing the potential of Type-II errors (i.e., premature termination of the search process andREVLang:theunderestimation

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, otherwaveform (stack)parameters,including TES, arefound to be synonymouswith SSD.Asshownin FigureIn the

bottom row of Figure 1REVEditor:andthe following typical retrieval scenarios (i.e., Fig. andthe typical retrieval scenarios in Figure3 and210

4REVEditor:), REVEditor:largerSSD(in MIZ ascomparedwith ice pack)correspondsto lesspowerdrop in the slant looks, which indicateslower sensitivity

of backscatter to along-track look angle.we showthe �t ted valueof TES from the multilookedwaveform andthe SSD.SSDis the

standarddeviation of theRangeIntegratedPowerwaveform, with largervaluescorresponding to slowerpowerdecayof the

increasein theincidenceangle.

Coincidentally, higher TESREVLang:is indicative ofindicates the slower decay of waveform powerREVLang:with respecttoregarding the215

gate (or time),REVLang: which is promoted byREVLang: both larger height variability andREVLang: the moreREVLang: '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) Signi�cant Wave Height

(SWH), whichREVLang: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 ofREVLang:the SSD between MIZ and the ice pack (regard-220

ing their respectiveREVLang:variabilityvariabilities). ToREVLang: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 ofREVLang:aboutapproximately 400m 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: furtherdiscussed in Section 6.225

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

the MIZ andREVLang: compute the MIZ width by projectingREVLang: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: thereexist arbitrary

intersection anglesREVLang: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 ordertoTo 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:denotedenotedas� . For each MIZ-traversing CS2 track, the daily SIC map corresponding to the CS2's visit time is used

to determine the value of� . Speci�cally, we �rst attain all locations with SIC> 15%REVLang: thatareadjacent (i.e., within 100km)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� (from 0 to

� , relative to the east). For each possible value of� , 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

de�ned the �nal � 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 � and the CS2 track direction, we compute the angle of� , which is the intersection angle for the projection. The width

of the MIZ, WMIZ � CS 2, isREVLang: thencomputed as:WMIZ � CS 2 = L MIZ � CS 2 � sin(� ), whereL MIZ � CS 2 is the along-track

length of the MIZ retrieved from CS2. The value� in the Atlantic Arctic region isREVLang:generallytypically larger than 45� (Fig.

S1), REVLang:mainly thanksdue to the high inclination angle of CS2's orbit at 92� . However, in theREVEditor:Greenland seaGreenland245

Sea, thereREVLang:existexists 25% cases with� smaller than30� . For smaller values of� , 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 theREVLang:region of studystudyregion. 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 isREVLang:aboutap-

proximately 1.7m (1.15m) near the sea ice edge. Based on the daily SIC map (6.25km resolution, produced atREVLang: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 ofREVLang:aboutapproximately 20km.

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 decreaseREVLang:towardstoward the inner part of the ice pack. TheREVLang: overall smaller TES on

sea ice indicates aREVLang: relatively stronger waveform peakREVLang:, aswell asand much faster waveform power decayREVLang:with

respecttoregarding time (or gate number). Consistent with the changes in TES, the value of SSD also decreasedREVLang:(from

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

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

to the gradual decreaseREVLang: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 situcampaign of N-ICE2015

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

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

showeda gradual transitiongradually transitioned over a long distance to the relatively calm ice pack in the north. Within the MIZ,
REVLang:boththe SSD and TESREVLang: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 pro�le (bottom panel of Fig. 4). Based on SSD and the270

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

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

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

The nearest available SAR image fromREVLang: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 ofREVLang:aboutapproximately 400m. Based on the SAR images,REVLang: MIZ is identi�ed by the outstanding

peak of the spectrum of the local backscatter mapREVLang:identi�es MIZ, with REVLang:consistentestimation of thewavelengthaconsistent

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

track isREVLang:aboutapproximately 47� . As shown in Figure 5.c, the spectral peakREVLang:thatcorrespondscorresponding 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 10km (4% of the along-track MIZ length). Given theREVLang: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 patternREVLang:towardstoward the northern end of the MIZ at285

79� N (Fig. 4.d). The central look (with a Gaussian �tting) is off from the nominal location byREVLang: asmuchas1600m 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 theREVLang: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 twoREVLang:keycrucial parameters: (1) the window size for accumulating

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

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

REVLang:testassess two extra window sizes: 5km (or 15 CS2 footprints) and 20km (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 10km and 20km window sizes are highly consistent, with the correlation coef�cient at 0.99, the �tting 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 10km by default for allREVLang:the retrieval studies.

We also estimate the relative uncertainty in the MIZ widthREVLang:thatis incurred by that in� . The uncertainty of� 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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