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Abstract. fFVians Wave-affected The wave-affected marginal ice zone (MIZ) is an essential part of the sea ice cover and 7V s keycru-

cial to the atmosphere-ice-ocean interaction in the polar region. While we Vi s maintyprimarily rely on **VEdiorinsiva in situ
campaigns for studying MIZs, RFVEes sreatsignificant challenges #7VEssill exist for the remote sensing of MIZs by satellites.

REVLang: 1 _this study-we-develop This 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 V'@ the waveform stack statistics are used to determine

the part of the **VA""icecoversea-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. #FVEans: Ag indieated by-the MIZ record;

The 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

RevedioryvnzsMIZ events (over 300 kmn) are observed in the Barents Sea, ®£Vies:whilewhereas in other Vs paziparts of the At-

lantic Arctic, *EVEdioraizsMIZ events are REVEns: senerallyty pically 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 *=V«¢:of MIZ yields systematically narrower MIZs than CS2, and

REVLang: there-isno statistically significant correlation *¥V-s‘exists between the two. FVEdior Bes;

~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 V28 further- improve the

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

REVEditorp g4

he MIZ is on the boundary of the sea

ice coveredareaaffectedby the openocean(Wadhams, 2013). Waves atid-dio'swelisswell 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
heat and moisture within the MIZ (Doble et al., 2015; Alberello et al., 2022). Furthermore, i\ th@marginalice zoneMIZ,

various processegovern the wave energy attenuatitii-a"dis predoninantly-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) afig’-="sthe 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 pmizs play-evenmore

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 ufigié& ecesyrecosytems (Palma et al., 2019).

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 frorf o pasi adssatelite-bornePasive Mi -

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

importantly, the SIC-based MIZ de nition does not re ect thieFdiracean®cean 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
REVEdIOly packedice coveconpactedseaice (i.e., SICREVEirglasetalp to 100%) during variouS=/=doris-siwin 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).

To resolve waves in the MIZ=VEdiorhy satelite-borneinstruments REVEdiothigh reslution satelite-pasioadsaretypically requiredsatet
lite payloadsproviding highspdial relution aretypically required, includingi=VEdiorvaisusoptical sensors, Synthetic Aperture
Radar (SAR), and laser altimetry of ICESat2 (Markus et al., 2017; Horvat et al., 2020; Collard et al.,R2022)Fhesead-
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; Stop:e
et al., 2018)REVEdiorThe affectiy

tial reslution of thesesersorsneeddo resolvewavdengthin the order of few hundredmeters,soin the order of 2100 meter.

Besides, the instantaneous observatiorF6fionmizsMIZ by satellites is further limited in terms of the temporal representation
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of theREVEdion 75 M| 7, REVEdiotmainly dusto theirhighiyvariantnaurdargely dueto its hightenporal variability. In general, although
satellite-basedt=VEdiorgbsenation-isobsevations are indispensable for large-scale surveyrof-dionnmzsMIZ, current satellite

payloads and datasets are insuf cient for systematic coverage’ef°sizsMIZ in both polar regions. Especially, the lack
of a long-term record for the wave-affecteg’=mizsMIZ limits both process studies and the detectiorroF " patenial
changes of the=vEdionuzs MIZ with global warming.

In this study, we use ESAs CryoSat-2 satellite (CS2) for the retrieval of wave-affected MIZs, focusitig=6fithere-
gieneft-Atlantic Arctic. Within the Atlantic Arctic,REVEdiorneludingwhich enconpassedhe Barents Sea and the Greenland Sea,

REVEdioriharaexist a-variety-of seaice conditionsa Variety of seaice corditions exist, such ag=VFdiorhe young and rst-year ice (FYI),
as well as the thick, multiyear ice (MYI) advected from the Arctic Basin. Also, frequent stoiffis* passthrougidevelop and

erter the sea ice edge during winter, making it a good study area for wave-affected MIZs (Rinke et al.}2017gssides,

aionNotably,

the Atlantic Arctic is rich with humanadivities, all highly variabledueto a numemusdeperdercies,including thosearisng

fromtheAtlanti 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 altimetryf;dicr

thetwelve wintersfrom-2010to-2022and derived a 12-winter (20102022) recordfor the MIZ in the Atlantic Arctic basedon CS2.

REVEdiorThe saneris organizedastollows. In Section 2 we introduce the CS2 dataset and other related datasets that are used in this
study, including 1S2, SIC, and Sentinel-1 SAR data. Section 3 covers the retrieval algorithm and the analysis'6fitwgs-
icateasemtrarievalcasestudes, "EVEIoiEuherinln Section 4, we compare the MIZ retrievél e owitsusng 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 Arctit-VEdio gndeariesoutrelatedanalsis REVEIIOrSpagifcally. asshownthroughinterconpaisons,the

jevalREVEdiorEinally in, While Section GrEVEditotwe supmarisethepaper
-discusseselatedissuesof satelite-basedobsewnations of the MIZ.

Finally, in Sedion 7 includesa brief sunmary of the datasetindits paotertial applicetions.

2 Data for MIZ retrieval and analysis
2.1 CryoSat-2

Since 2010, the CryoSat-2 satellite (CS2) has €t cerstantly observing the=VEdioreand=arth's cryospheréVEdioneg, over
12yeargREVLlandandit corstitutesCONstituting one of the mogtEV andimportantseurcetinformationcrucial informaion sources for seaice

mass balance (Wingham et al., 2006; Ricker et al., 2018) fTh&mairprimary payload onboart -a"9cresai2CS2, SIRAL,
is a Ku-band delay-Doppler radar altimet&ty-anowithin-pdarwatersCS2 (or SIRAL) mainly works in SAR or SARIn mode
REVLanowithin polar waters.REVanegy using theT he Doppler frequency shift from consecutive radar sigifals . we can differen-

tiate the backscatter from different along-track positions of the satéliitersasaresuliCorsequently, the along-track resolution
(or the effective footprint size) i§V-a9greathcorsiderably enhanced toFV-a"%abeuapproximately 400m, much improved from
Reviansthe 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 se&Fit@dsainiyprimaily used

for REVLansthe retrievalofretrieving the water level and the sea ice thickness (Meloni et al., 2020). The range retréckirige

classi cation of surface type¥;V-anshe retrieval of the radar freebodid2"9-andthe, and conversion into ice thickness are
REVLangsaried oupelformed. However, due to the relative coarse resolution of €32 %withrespectioregardng the typical wave-

length of surface gravity waves in MIZS;V-“vaswelt-asand the range uncertainties (Xu et al., 2020), CS2 has not been applied

to REVLanghe studyetstudying MIZs.

REVLangTha schemdtso 'sobsenation vain-Figure 1REVLansshowsthe schemats of CS2'sobsewation in

thepaolar ocean, with the satellite's ground track traversing the open ¢€egan. through the MIZ&Vtans_ and into the ice pack.
The wind waves and swells, generated from the open ocean, propagate into the ice edge and interact with the sea ice. Thi

processiEVtanseguldcan break the sea ice into smaller oes and further attefitiate?the wave energy. Given that the ground

speed of CS2 i§Ftangapeuapproximately 8km=s, we consider that for each satellite pass, CS2 captures the instantaneous

status of the underlying MIZzEVvLang vain-Figure

1REVLang glsoshowsthe CS2wavedorms andwavedorm stacksfrom an exanple trackin the BarentsSea. We further examine

the following waveform parameters of CS2 fé'-anathe MIZ retrieval. First, the beginning location of the MIZ along the track

can be detected through the change of the waveform [feWee,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 footpnmby4DBO0m) can
REVLanggreatiysignificantly affect the overall backscatter coef cienty( 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 is

more concentratetrV-2seowardédoward 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 byFV-a9seth wave power and wavelength. Third, in the inner ice pack which is not affected by the waves,
the surface topograpHiF/-a9mainly-follows thefollows a positively skewed distribution (due to ice thickness distribution), with
intermittent, low-lying sea ice leads. On the sea ice, the volume scattefingfisaiso highly variable, with?=Vaea more
prominent backscatter on the MY than FY¥F/-*"%aswel-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)bue to-the wavein-
ducedslogng,forFor the CS2 waveform stack, the power deviation from different looks (i.e., slant looks) is smalf&tiran
that oNn the sea ic&Vtens, and comparable to that on the oc&aee. dueto the waveinducedslopng. REVLan9This chamaeristic

is-directly-indicatedby-theT he Stack Standard Deviation (SSD) parametef;awhichis computed as the standard deviation of
the Gaussian t to the range-integrated waveform stack power (in wWatts)y, directly indicatesthis charderistic. Besides,

due to the largé='=drsurface elevation variability in the MIZ, the trailing edge is much wider than thaf6f ohe typical
waveforms on the sea ice, whichiis-aduswliytypically 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 ‘d€ereasethe
REVLang|gol-integratedwavdormmultilookedwaveform 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 T, wherex is the gate numbeP (x) REvLangjs the waveform power within the speci ed range of the gates,
andP and TESF'asarethe two parameters to be determined. As shown in Figure 1, while the backscatter is similarly strong
on ice-covered regions, tfie"-aovaiuevalues of the SSD and TES within the MIZ'-e"gliedlie between those on the open-ocean

andiEviang theseon the inner part of the ice cover:V-ansrerthis studyweusel his studyuses the SSD as provided in ESA's baseline
of CS2 (baseline-D for the period before ApFiltans, 202 RFVtang, and baseline-E fof=V-avattenvardsafterward). 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 &réasuswliytypically generated with passive microwave imaging payloads, and the

continuous observation dates back to October, 1987 and constitutes one of the longest records of sea ice. For MIZ studies, ir
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, whighigrainiyprimaily based on the payload

of REVtansthe 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 [oducthatis-also hosted at the
University of BremericVLa9and based on the Special Sensor Microwave Imager/Sounder (SSMIS). By default, tHar6.25
resolution SIC product is used, which is suf cient for various analyses in this study, inclt@inghedaeminaionefdetemin-

ing large-scale sea i¢€"-*"%edgeaswell-asedgesand the intercomparison with the MIZ width de ned by SIC.

For the atmospheric and wave conditions during the CS2's observatiofisY\wemainly rely on the global ERAS reanalysis
product (Hersbach et al., 2018). Speci cally, hourly sea-surface pressure elds (@&alution) and the wave spectra (0.5
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 With" -in-sitw in situ wave measurements globally (Wang and
Wang, 2022). The wave product is also well validatedrarid'>uher used in various studies of the MIZ and polar oceans
(Vichi et al., 2019; Alberello et al., 2022).

2.3 REVEdior gher satelitesfor-the- MiZ—retrievalOther satelites assisting in the MIZ retrieval

2.3.1 Sentinel-1

Sentinel-1 (S1) is a polar-orbiting, C-band (6HMz) Synthetic Aperture Radar (SAR) satellite constellation by fifen9eu-
ropeanSpaceAgeney(ESA)ESA and a part of the Copernicus program. The two satellites, Sentinel-1A (launched in April, 2014)
and Sentinel-1B (launched in April, 2018)"-a9mainlyprimaiily work in the dual-polarization (HH and HV) and Extra-Wide
(EW) swath mode in the Arctic regiofitV-a"%roviding-a-corprenersive coverageofcomprehersively covering the Atlantic Arctic.

REVLang|n this study,we mainly-usel his studyprimaiily uses the Ground Range Detected (GRD) product of the EW fhgde and

the. The satellites' swath width i8=V-aabeuapproximately 400kmREVLand_andthewith spatial resolutior¥=vtansisof 40 m. For

REVLanogre pracessagpreprocesing the images, weVandalsoapply 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 alii&;>"owhichpatertially-limitspotertially limiting

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 (&solution), the wave spectra afe’-2sitstheir
components can be/tad peter studiedrEFVtenspeter (Sutherland and Dumont, 2018; Huang and Li, 2022).2"9For the detee-

tion-of-wavesin-ice-with-SAR imageswe-usebotiV/e use visual inspection and the spectral analysis methddeto detect waves
in ice with SAR images. Speci cally, within the sea ice covered region of the SAR image, we identify wave patterns with

interleaving bright/dark stripes of the radar backscatter and reasonable wavéiefigthgCollard et al., 2022). Furthermore,
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the quantitative spectral analysistis'-*"aisecariedoupeformed on?EVtansthe local parts of the SAR image (&0n 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-anehe validation of the CS2-based
retrieval in Section 4.2 and the supplementary material.

2.3.2 ICESat2 and the CRYO2ICE campaign

REVEdIO Comparedwith-the CS2radaralimeter, NASAS ICESat2 (1S2) is a photon-counting laser altimeteta owhichwas launched
in theREVLansauumfall of 2018 (Markus et al., 2017). Ovér=doie seaice, the laser altimeté - "9mainiprimaily measures
the range/height of the snow surfate/-a"swhilewhereas the Ku-band radar signals of €S29.uswally penetrate a signi cant

part of the snow coverE'-ainerderto TO better evaluate the synergy of the two altimeters for improved snow and ice thickness
retrievals (Bagnardi et al., 2021), the CS2 orbit was raised in July, 2020 to attain collocating tracks withi82Corse

guently,the groundtrack of CS2coincideswith thatof IS2 atthe interval of 19 orbits (about30 hours),andthe averagevisit

interval of thetwo satelitesis 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).

On the sea ice, the nominal spatial resolution of the beam segments of the ATLO7 product for 1S2 strong beams (SB) is
REVLangapouaproximately 17m (cross-track) and less than B0 (along-track). Therefore, ISZVtandis capabletocan 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 p&ir$2"e; and compare the result with that based on CS2.

3 Retrieving wave-affected MIZ with CS2
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 algorithmREVtanamainiyprimalily uses two parameter§ytandihe backscatter (o) andieVtanathe SSD. First, we detect the
beginning of the MIZ with  through its contrast between the ocean and the sea ice. In particular, we Se'the-siw in
situ o over the ocean and its variability (i.e., the standard deviationgptienotedi='2"vas SD) to account for the variant
ocearnEVtanggepdiienconditions. When the backscatter is anomalously high (i®8tanseveexceedng 3 SD), we detect=V-andthe
presncect seaice.seaice and mark the location as the outer boundary of the MIZ.

Second, among the various waveform parameters, we adopt the SSDa&siean indicator to determine the along-track
transition from the wave-affected part (i.e., the MIZ) to the inner ice paitk:"9Te deemine theinnerboundary-of the MIZwe\\e
conducted statistical tests with the distributions of SSD2"sto determine the inner boundary of the MIZ. Speci cally, we

search for the rst lead waveform (available from ESAs baseline product) in the along-track direction and record the sample-
based distribution of SSD from the location of the sea ice lead tk&®h 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 benchtarkerto further<=V-an%daeminaion
ofdetermine the MIZ's inner boundary.

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 f&StdScaried outfor conpaingperformedto conpare

the current SSD distribution and that of the inner part of the ice pack. Speci cally, the Kolmogorov-Smirnov test (KS-test) is
adopted='-asfer theconpaiisenefto conpare 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 determining
the inner boundary of the MIZ, we stop the along-track searchfaritife: (1) the NP of the KS-test isot rejected, indicating

that the SSD distribution at the current location is consistent with that of the inner ic&packor (2) the lead previously
recorded is encountered.

The SSD distribution of the local part of the track is based on a prescribed window sizéof, kdntaining over 30 CS2
footprints. REVLadEer largerwindowssizesmordViore localR=vandSSD samples Vet ssbare included=v-a9 hencéor largerwin-
dowsizes, reducing the potential of Type-Il errors (i.e., premature termination of the search procEssand underdimaion
efunderedimaing 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.

REVEditoryt is wworth-nofing-that-—o

WO ot atotherwavdorm o meters—in ding efoundto-besvrenvme Aith D-Asshoewnin-Fig
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, ; : dn the
bottom row of Figure 1REVEditorandihe following-typicalretrievalscanatios{-eFig—andthe typical retrieval scanalios in Figure 3 and

4REVEdimr) REVEditor|4
1

of backsecabr to-alongtrackloock-arglewe showthe t ted value of TES from the multilooked wavdform andthe SSD.SSDis the

stardarddeviation of the RangelntegratedPowerwaveorm, with largervaluescormrespondng to slowerpowerdecay of the

increasen theincidenceangle.

Coincidentally, higher TES ' adisindicaiveofindicates the slower decay of waveform povet-a owithrespecteregardng the
gate (or timeREvVtanawhichis promoted byEVandboth larger height variability anftfvano_the more REVLangetiegivereffective vol-

ume scattering typical to the wave-modulated surfaces. For comparison, the retrieval algaFitinas proposed in Rapley
(1984)=vtans, with the pulse-limited altimeter on SEASAT is based on the (along-track smoothed) Signi cant Wave Height
(SWH), whichREVEanomainiyreliedprimaiily relies on the leading edge of the waveform. In this sfifdy"e, we choose SSD over
TES (or other parameter§)-a"9-mainly due to the larger contrast 6f'-=sthe SSD between MIZ and the ice pack (regard-
ing their respectiveéEVanoariabilisyvariabilities). ToREVLandsymmarissummarize, 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 offV-asapeuapproximately 400m with delay-Doppler treatmentS§tensand(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 are’-a"9turther discussed in Section 6.

Fourth, after the inner and out&V-a9seunayboundaries of the MIZ are determined, we compute the along-track length of

the MIZ andteVtand compute the MIZ width by projectingz=vtanit onto the normal direction of the local sea ice edi&.="The



Figure 2. Flow chart of the retrieval algorithm.

deemninaion-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 SatéllitebecausesVand thereesist arbitrary
230 intersection angles-Vtansefexist on its ground tracks and the local sea ice edge in the Atlantic Arctic region.

3.2 Projection andi=Vtang the computation of MIZ width

REVLangin 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 directidhv-2"9, which is readily available from the CS2 product, and (2) that of the local sea ice edge,
REVLanggenstedenotedas . For each MIZ-traversing CS2 track, the daily SIC map corresponding to the CS2's visit time is used

235 to determine the value of Speci cally, we rst attain all locations with SI€ 15%FVtanathatareadjacent (i.e., within 10@m)
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to the ground track's entry point into the ice pack. Second, we sc&R'the-erire range of the potential values of{from 0 to

, relative to the east). For each possible value, afe 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 accommotiate™: (1) the inherent fractal characteristics of the sea ice Edges, and (2) the
resolution limitation of the SIC product.

With and the CS2 track direction, we compute the angle, @fhich is the intersection angle for the projection. The width
of the MIZ, Wy 1z cs2, iISSEV-9thencomputed asWy 1z cs2= Lmiz  cs2 sin( ), whereLyz c¢s2 is the along-track
length of the MIZ retrieved from CS2. The valuén the Atlantic Arctic region iEVtansgereraliytypically larger than 45(Fig.
S1), REVLandmainly thankelue to the high inclination angle of CS2's orbit at 9However, in the=Fi crectand sedSreenand

Sea, theré="-ansexsiexists 25% cases with smaller thar80 . 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 seaice edge
in the Barents Sea, and no storm was present ifftfie %regionofstudystudyregion. The normal direction to the local sea ice
edge is almost meridional. As indicated by the ERAS reanalysis (Hersbach et al., 2018), the total (swell)"SWHdsouap-
proximately 1.7m (1.15m) near the sea ice edge. Based on the daily SIC map (@2%esolution, produced &tv-athe
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 wifith'okbeuvapproximately 20km.

The waveform power measured by CS2 increase from the ocean to the sea ice at abolit ,A6H6&h is considered as the
starting location of the MIZ. While TES remained stable over the ocean (8§ it showed&V-ane: (1) much larger variability
on the seaice and (2) the overall decre&sesowarddoward the inner part of the ice pack. THig-2a"9.everll smaller TES on

sea ice indicatesta’-a"relatively stronger waveform pedk/-a" aswel-asand much faster waveform power dec&y-a"owith
respecttoregardng time (or gate number). Consistent with the changes in TES, the value of SSD also detreasetiom
over 50 looks on the ocean to less than 20 looks on the inner ic&9ack, indicating stronger central l0oK§V -2 9relative
tothan slant-looking ones in the ice pa€k'-a"siighiA slight shift in the stack center angle is also preSents; asaresuitoidue

to the gradual decreaSe'-"%fin surface height to the north.

For comparison, in Figure 4 we show the case on 2015-Feb-17 with a heavy storm passing around Svétbeaidhiee
days later than the case in Fig. 3). The same storm event is also recorded dufifgthe-siw in situcampaign of N-ICE2015
[denoted™=V-asas M3 in Graham et al. (2019)]. The total SWH is over B19with the swell powefR="-a"%essistaccountng
for over 94% of the total power. The CS2 track entered the sea ice cover aN7Gfd the waveform parametets/-anvay
showedagraduattrarsiiongraclally trarsitioned over a long distance to the relatively calm ice pack in the north. Within the MIZ,
REvianggethe SSD and TESEV-endshew-notonly-gradsaigradially decreas&Vane putalso and show a larger spatial variability

tharifEVtand path 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 #§Vtand_also evident in the overall waveform pro le (bottom panel of Fig. 4). Based on SSD and the
retrieval algorithm in Section 3.1, we determine that the along-track MIZ terminaté$-atabeuapproximately 79.1N. The
retrieved along-track MIZ length is over 2k@n (yellow shading in Fig. 4). The CS2 observed MIZ length is much larger than
that based oifV-2"9the along-track SIC (purple shading), which is only &% .

The nearest available SAR image fréfir-eseninel-1S1 (EV-an9exra-wideEW swath mode, 4@ 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 good
collocation between the two satellites (Brouwer et al., 2022). Swells in the ice pack are evident from the SAR image, with the
apparent wavelength &fVtansabouapproximately 400m. Based on the SAR imagésy-andmiz-isideri-ed-by-the outstanding
peak of the spectrum of the local backscatter frpdiderti es MIZ, with REVLandgopsigentesimationof thewavdengtia COrnsigent
wavdengthedimation (i.e., Fig. 5.d and e). The intersection angle of the dominant swell propagation direction and CS2 ground

track isREVtangabeuaproximately 47 . As shown in Figure 5.c, the spectral péak-a"dthatcorespendeoirespondng to the wave
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 k8 (4% of the along-track MIZ length). Given tfévtanaz.heuthreehour difference between

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

Interestingly, the stack center angle of CS2 shows an oscillatory pattérriowarddoward the northern end of the MIZ at

79 N (Fig. 4.d). The central look (with a Gaussian tting) is off from the nominal locatiofFliy"9-asmuchas1600m from the
nadir location in the along-track directioffV-anssimilarA 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 kiloffi&telsyhichis much larger
than the swell wavelength (Fig. 5). According to the CS2 dataset, the aircraft yawing and/or pitching isfagttheairpri-
mary cause. We conjecture it an aliasing effe¢t™. caused byF'-2"e-beth long-wavelength swells and the misalignment of
their propagation direction to the CS2 track.

3.4 Sensitivity of retrieval to algorithm parameters

We consider the uncertainty of the retrieval caused bytwe%eycrucial parameters: (1) the window size for accumulating
the statistics of SSD, and (2) the intersection angle &r the projection. We rst evaluate the effect of window size on
the retrieved lengths of the MIZ in the along-track directiof-2"9othertharBesides the default window size of I0n, we
REVLangiespssess two extra window sizes:kdn (or 15 CS2 footprints) and 20m (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
at1, and only 1km difference in the MIZ length. Also, at larger window sizes, the spatial resolution of the retrieved MIZ is
potentially compromised. Therefore, we choose the window size &h10y default for allREVlangihe retrieval studies.

We also estimate the relative uncertainty in the MIZ wititla"9thatis 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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