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Abstract. Wave-affected marginal ice zone (MIZ) is an REV2:integralessential part of the sea ice cover and key to the atmosphere-

ice-ocean interaction in the polar region. While we mainly rely on in-situ campaigns for studying MIZs, great challenges still

exist for the remote sensing of REVLang:the MIZs by satellites. In this study we develop a novel retrieval algorithm for wave-

affected MIZs based on the delay-Doppler radar altimeter onboard CryoSat-2 (CS2). CS2 waveform power and the waveform

stack statistics are used to determine the part of the ice cover affected by waves. Based on the CS2 data since 2010, we generate5

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

MIZ record, no significant change of either the mean MIZ width or the extreme width is detected, although large temporal and

spatial variability is present. In particular, extremely wide MIZs (over 300 km) are observed in the Barents Sea, while in other

part of the Atlantic Arctic, MIZs are generally 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 attain10

good agreement among the MIZ retrievals based on the three different types of satellite payloads. Moreover, the traditional sea

ice concentration based definition MIZ yields systematically narrower MIZs than CS2, and there is no statistically significant

correlation between the two. Besides CS2, the proposed retrieval algorithm can be adapted for various historical and future

radar altimetry campaigns. The synergy of multiple satellites can further improve the spatial and temporal representation of the

altimeters’ observation of the MIZs.15

Copyright statement. TEXT

1 Introduction

Marginal ice zone (MIZ) is the region of the sea ice edge that is affected by the open ocean (Wadhams, 2013). Waves and swells

develop over open ocean, and propagate into the ice edge, with the ensuing sea ice break-up and the modification REVLang:of the

floe sizes (Asplin et al., 2012). REV2:Consequently, thermodynamic, dynamic and coupled processes are incurred, such as frazil ice growth and latent20

heat release in the MIZConsequently, the sea ice cover undergoes complex dynamic and thermodynamic processes, promoting air-
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sea exchange of heat and moisture within the MIZ (Doble et al., 2015; Alberello et al., 2022). REV1:Besides, waves entering the sea

ice gradually attenuate through frictional processes between ice floes and between the sea ice and the ocean.Furthermore, in the marginal ice zone,

wave energy attenuation 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.,25

2021)REV1:and 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), MIZs play even more important roles by REV2:potentially

inducing positive feedback on the sea ice cover (Asplin et al., 2012). REV2:Furthermore, human activities in polar regions are also closely

related to the presence of the sea ice and MIZs, such as fishing and navigation in polar watersFurthermore, it is also a critical region for human

activities, including fishing, tourism, and navigation, due to its distinctive oceanic and ice conditions and unique ecosystem30

(Palma et al., 2019).

Although MIZs are important for both scientific research and marine operations, the direct observation of wave-affected

MIZ is still very limited. In-situ campaigns in MIZs, in spite of the great challenges, provide us with the direct evidence of

the wave’s propagation and attenuation in the sea ice cover. However, in order to observe the MIZs at large scale, we mainly

need satellite remote sensing techniques. A commonly used definition of the MIZ is the area with the satellite-observed sea35

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 Passive Microwave Imaging

(PMI) satellite payloads, which have limited spatial resolutions and REV2:the respective uncertainties.are highly uncertain in the MIZ

(Nose et al., 2020). More importantly, the SIC-based MIZ definition does not reflect the ocean’s processes that govern the

MIZ, such as the wave propagation and interaction with the sea ice. For example, waves are found to propagate hundreds of40

kilometers into the fully-packed ice cover (i.e., SIC close to 100%) during various in-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).
REV1:In order to explicitly resolve waves in the MIZ, high-resolution satellite payloads are usually needed, such as various imaging payloads and the laser

altimetry of ICESat-2 (IS2)To resolve waves in the MIZ, high-resolution satellite payloads are typically required, including vari-45

ous optical sensors, Synthetic Aperture Radar (SAR), and laser altimetry of ICESat2 (Markus et al., 2017; Horvat et al., 2020;

Collard et al., 2022). REV1:These advanced 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; Stopa et al., 2018). The effective footprint should be at least finer than half of the wavelength, which is no more

than a few hundred meters. Besides, the instantaneous observation of MIZs by satellites is further limited in terms of the50

temporal representation of the MIZs, mainly due to their highly variant nature. In general, although satellite-based observation

is indispensable for large-scale survey of MIZs, current satellite payloads and datasets are insufficient for systematic coverage

of MIZs in both polar regions. Especially, the lack of a long-term record for the wave-affected MIZs limits both process studies

and the detection of potential changes of the MIZs with global warming.

In this study, we REV2:utilizeuse ESA’s CryoSat-2 satellite (CS2) for the retrieval of wave-affected MIZs, focusing on the region55

of Atlantic Arctic. Within the Atlantic Arctic, including Barents Sea and the Greenland Sea, there exist a variety of sea ice
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conditions, such as the young and �rst-year ice (FYI), as well as the thick, multiyear ice (MYI) advected from the Arctic Basin.

Also, frequent storms pass through the sea ice edge during winter, making it a good study area for wave-affected MIZs (Rinke

et al., 2017). Besides, the Atlantic Arctic is an important region for human activities, which is highly variant and susceptible

to changes with the ongoing Atlanti�cation (Polyakov et al., 2017). In order to study the wave-affected MIZs, we design the60

retrieval algorithm based on the delay-Doppler radar altimetry, and generate a long-term record for the Atlantic Arctic based

on CryoSat-2 for the twelve winters from 2010 to 2022. 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 typical cases of retrieval. Further in Section 4, we compare the MIZ retrieval

with CS2 with that based on IS2 (Horvat et al., 2020) and SAR images (details of the spectral analysis in Sec. B). Section65

5 introduces the 12-year record of the wintertime MIZs in the Atlantic Arctic and carries out related analysis. Speci�cally,

as shown through intercomparisons, the traditional SIC-based MIZ de�nition yields much narrower MIZs than our retrieval.

Finally, in Section 6 we summarise the paper and discuss related topics of the satellite-based observations of the MIZ.

2 Data for MIZ retrieval and analysis

2.1 CryoSat-270

Since 2010, the CryoSat-2 satellite (CS2) has been constantly observing the earth's cryosphere for over 12 years, and it con-

stitutes one of the most important sources of information for sea ice mass balance (Wingham et al., 2006). The main payload

onboard CryoSat-2, SIRAL, is a Ku-band delay-Doppler radar altimeter. Within polar waters, CS2 (or SIRAL) mainly works in

SAR or SARIn mode. ByREV2:utilizingusing the Doppler frequency shift from consecutive radar signals, we can differentiate the

backscatter from different along-track positions of the satellite. As a result, the along-track resolution (or the effective footprint75

size) is greatly enhanced to about 400m, much improved from traditional pulse-limited altimeters.REV2:Furthermore,besidesthetra-

ditionalgatedwaveform power,thebackscatteredradarsignalsfor thesamefootprint, denotedlooks,form awaveform stackthatcontainextra information of

theocean'ssurface.Furthermore,besidesthetraditional gatedwaveform power,thewaveform stackdescribeshow thebackscatter

radarsignal for thesamefootprint changeswith different look angles.Thewaveform stackalsocontainsextra information on

theocean'ssurface. Traditionally, CS2's observation over sea ice is mainlyREV2:utilizedused for the retrieval of the water level80

and the sea ice thickness (Meloni et al., 2020). The range retracking, the classi�cation of surface types, the retrieval of the

radar freeboard and the conversion into ice thickness are carried out. However, due to the relative coarse resolution of CS2 with

respect to the typical wavelengthREV2:of surfacegravity waves in MIZs, as well as the range uncertainties (Xu et al., 2020), CS2

has not been applied to the study of MIZs.

The schematics of CS2's observation in the polar oceanREVLang:isare shown in Figure 1, with the satellite's ground track85

traversing the open ocean, through the MIZ, and into the ice pack.REV2:Wind wavesaffect the ice cover by wave/swellgeneration, the

propagation into theice edge,andtheensuing interaction with seaice, including breaking theseaice into smaller�oes andthewaveattenuation.Thewind

wavesandswells,generatedfrom theopenocean,propagateinto theiceedgeandinteractwith theseaice.Thisprocesscould
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breaktheseaice into smaller�oes andfurtherattenuatethewaveenergy. Given that the ground speed of CS2 is about 8km=s,

we consider that for each satellite pass, CS2 captures the instantaneous status of the underlying MIZ.90

CS2 waveforms and waveform stacks from an example track in the Barents Sea are also shown in Figure 1. We further

examine the following waveform parameters of CS2 for the MIZ retrieval. First, the beginning location of the MIZ along the

track can be detected through the change of the waveform power, 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

greatly affect the overall backscatter coef�cient (� 0, in dB). Second, within the wave-affected MIZ,REV2:wind waves and swells95

modulate the surface topography, and with the gradual wave attenuation in the MIZ, the wave power is more concentrated

towards 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 both wave

power and wavelength. Third,REV2:onin the inner ice pack which is not affected by theREV2:wavewaves, the surface topography100

mainly follows the positively skewed distribution (due to ice thickness distribution), with intermittent, low-lying sea ice leads.

On the sea ice, the volume scattering is also highly variable, with more prominent backscatter on the MYI than FYI, as well as

highly re�ective at nadir looks for sea ice leads.

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

sloping, for the CS2 waveform stack, the power deviation from different looks (i.e., slant looks) is smaller than that on the105

sea ice, and comparable to that on the ocean. This characteristic is directly indicated by the Stack Standard Deviation (SSD)

parameter, which is computed as the standard deviation of the Gaussian �t to the range-integrated waveform stack power

(in watts). Besides, due to the large elevation variability in the MIZ, the trailing edge is much wider than that of the typical

waveforms on the sea ice, which is usually dominated by snow and ice volume scattering [see examples in Rapley (Rapley,

1984)]. The Trailing Edge Shape (TES) parameter of the waveform describes the speed of the power decrease of the look-110

integrated waveform after the peak power. Speci�cally in this study, TES is rede�ned as the �ttede-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) the waveform power within the speci�ed range of the gates, andP � and TES the two parameters to

be determined. As shown in Figure 1, while the backscatter is similarly strong on ice-covered regions, the value of the SSD and

TES within the MIZ lies between those on the open-ocean and those on the inner part of the ice cover. For this study, we use115

the SSD as provided in ESA's baseline of CS2 (baseline-D for the period before April, 2021, and baseline-E for afterwards).

For the TES parameter, we compute its value for each CS2 waveform.

2.2 Auxiliary input datasets

Daily sea ice concentration (SIC) maps are usually generated with passive microwave imaging payloads, and the continuous

observation dates back to October, 1987 andREV2:consititutesconstitutes one of the longestREVLang:recordrecords of sea ice. For MIZ120

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, weREV2:utilizeuse the SIC product generated at the University of Bremen, which is mainly based on the payload
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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.
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of 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 product that is also hosted at the University of

Bremen and based on the Special Sensor Microwave Imager/Sounder (SSMIS). By default, the 6.25km resolution SIC product125

is REV2:utilizedused, which is suf�cient for various analyses in this study, including the determination of large-scale sea ice edge,

as well as the intercomparison with the MIZ width de�ned by SIC.

For the atmospheric and wave conditions during the CS2's observations, we 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�

resolution, de�ned over regions with SIC<15%) areREV2:utilizedused. Although ERA5 does not include an interactive sea ice130

component, its wave product over the ocean is extensively validated with in-situ wave measurements globally (Wang and

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

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

2.3 Other satellites for the MIZ retrieval

2.3.1 Sentinel-1135

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

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

Sentinel-1B (launched in April, 2016) mainlyREVLang:workswork in the dual-polarization (HH and HV) and Extra-Wide (EW)

swath mode in the Arctic region, providing a comprehensive coverage of the Atlantic Arctic. In this study, we mainly use the

Ground Range Detected (GRD) product of the EW mode, and the satellites' swath width is about 400km, and the spatial140

resolutionREVLang:atis 40 m. For pre-processing the images, we also apply 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, which potentially limits 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). For145

comparison, under the wave mode of S1 satellites (5m resolution), the wave spectra and its components can be better studied

(Sutherland and Dumont, 2018; Huang and Li, 2022). For the detection of waves in ice with SAR images, weREV2:utilizeuse

both visual inspection and the spectral analysis method. 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 wavelengths(Collard et al.,

2022). Furthermore, the quantitative spectral analysis is also carried out on local parts of the SAR image (30km window size),150

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 and the validation of the CS2-based retrieval in Section

4.2 and the supplementary material.
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2.3.2 ICESat2 and the CRYO2ICE campaign

Compared with the CS2 radar altimeter, NASA's ICESat2 (IS2) is a photon-counting laser altimeter which was launched in155

the autumn of 2018 (Markus et al., 2017). Over the sea ice, the laser altimeter mainly measures the range/height of the snow

surface, while the Ku-band radar signals of CS2 usuallyREVLang:penetratespenetrate a signi�cant part of the snow cover. In order

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 with IS2. 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 IS2160

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 ATL07 product for IS2 strong beams (SB) is

about 17m (cross-track) and less than 20m (along-track). Therefore, IS2 is capable to 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 pairs, and compare the result with that based on CS2.165

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

algorithm mainlyREV2:utilizesuses two parameters: the backscatter (� 0) and 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 the in-situ� 0 over the ocean and its170

variability (i.e., the standard deviation of� 0, denoted SD) to account for the variant ocean condition. When the backscatter is

anomalously high (i.e., over 3�SD), we detect the presence of sea ice, and mark the location as the outer boundary of the MIZ.
REV2:Second,amongthevariouswaveform parameters,weadopttheSSDastheindicator for thetransition from thewave-affectedpart(i.e.,theMIZ) to the

inner ice pack.Second,amongthevariouswaveform parameters,we adopttheSSDastheindicator to determinethealong-track

transition from the wave-affectedpart (i.e., the MIZ) to the inner ice pack.REV2:The determination of the inner boundary of the MIZ is175

throughstatistical testsbasedonSSD.To determinetheinnerboundaryof theMIZ, weconductedstatistical testswith thedistributions

of SSD.REV2:We searchin thealong-trackdirection for the �rst leadwaveform (availablefrom ESA's baseline product), andfrom the location of the lead

we recordthesample-baseddistribution of SSDovertheinnerice pack(100km in length,containing over300CS2footprints).Specifically, we search

for the �rst leadwaveform (availablefrom ESA's baseline product) in thealong-trackdirection andrecordthesample-based

distribution of SSDfrom thelocation of theseaice leadto 100km in length(containing over300CS2footprints).REV2:Thesea180

ice leadis a �at surfacewith highly specklereturn asobservedby CS2.Hencethe wave-affectedMIZ cannot extendbeyond the location of the �rst lead,

andfurthermore,therecordedSSDdistribution is usedasthebenchmark for furtherdetermination of theMIZ's innerboundary.Here,the leadis a �at

surfacewith a high specklereturn, observedby CS2.Thus,thewave-affectedMIZ cannot extendbeyond the location of the

�rst lead.Then,therecordedSSDdistribution is usedasthebenchmarkfor furtherdetermination of theMIZ's innerboundary.

7



Third, we restart the along-track search from the MIZ's outer boundary. At each step, we advance into the sea ice direc-185

tion, and record the SSD distribution around the search point. A statistical test is carried out for comparing the current SSD

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

comparison of 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 search until: (1) the NP of the KS-test isnot rejected, indicating that the SSD distribution at the current190

location is consistent with that of the inner ice pack, 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. For larger window sizes, more local samples of SSDREVLang:isare included, hence reducingREVLang:the the potential of

Type-II errors (i.e., premature termination of the search process and the underestimation of the MIZ length/width). However,

larger window sizes inevitably compromise the spatial resolution of the retrieval. Section 3.4 contains the sensitivity study of195

the window size and the trade-offs.

It is worth noting that, other waveform (stack) parameters, including TES, are found to be synonymous with SSD. As

shown in Figure 1 and the following typical retrieval scenarios (i.e., Fig. 3 and 4), 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. Coincidentally, higher TES is indicative of the slower decay of waveform power with respect to gate (or time), which is200

promoted by both larger height variability and the more 'effective' volume scattering typical to the wave-modulated surfaces.

For comparison, the retrieval algorithm as proposed in Rapley (1984) with the pulse-limited altimeter on SEASAT is based on

the (along-track smoothed) Signi�cant Wave Height (SWH), which mainly relied on the leading edge of the waveform. In this

study we choose SSD over TES (or other parameters) mainly due to the larger contrast of SSD between MIZ and the ice pack

(regarding their respective variability). To summarise, the proposed algorithm based on SSD has the following advantages:205

(1) the multi-look capability of CS2 over traditional pulse-limited altimeters; (2) the much enhanced along-track resolution of

about 400m with delay-Doppler treatments; (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 further discussed in Section 6.

Fourth, after the inner and outer boundary of the MIZREVLang:isare determined, we compute the along-track length of the

MIZ and compute the MIZ width by projecting onto the normal direction of the local sea ice edge. The determination of the210

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 satellite, because there exist arbitrary intersection angles of its ground tracks and the

local sea ice edge in the Atlantic Arctic region.

3.2 Projection and the computation of MIZ width

In order to determine the intersection angle of the CS2 ground track and the local sea ice edge, we need two directions: (1)215

the ground track's direction which is readily available from the CS2 product, and (2) that of the local sea ice edge, denote� .

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% that are adjacent (i.e., within 100km) to the ground track's entry

8



Figure 2. Flow chart of the retrieval algorithm.

point into the ice pack. Second,REV1:we carryout thescanning of in thewhole rangeofwe scantheentire rangeof thepotential values

of � (from 0 to� , relative to the east).REV2:For eachvalueof � , a local intersection line is constructedthatseparatestheaforementionedlocal area220

into two parts,andtheaccumulatedseaice extent (SIE) is computedfor bothsidesof the intersection line. Lastly, � is de�ned astheangle underwhich the

SIE differenceof the two sidesis maximized.For eachpossible valueof � , we constructeda local intersection line that separatedthe

aforementionedlocal areainto two partsandcomputedtheaccumulatedseaice extent(SIE) for bothsidesof theintersection

line. Then,wede�ned the� nal � astheangleunderwhich theSIEdifferenceof thetwo sidesis maximum. The method above,

including its parameters, is designed to accommodate: (1) the inherent fractal characteristics of the sea ice edge, and (2) the225

resolution limitation of the SIC product.
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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, is then computed 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 is generally larger than 45� (Fig. S1), mainly thanks to

the high inclination angle of CS2's orbit at 92� . However, in the Greenland sea, there exist 25% cases with� smaller than30� .230

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 the region of study. The normal direction to the local sea ice edge is235

almost meridional. As indicated by the ERA5 reanalysis (Hersbach et al., 2018), the total (swell) SWH is about 1.7m (1.15

m) near the sea ice edge. Based on the daily SIC map (6.25km resolution, produced atREV2:UniveristyUniversity 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 about 20km.
REV2:CS2measuredmarkedincreaseof waveform powerThewaveform powermeasuredby CS2increase from the ocean to the sea ice240

at about 76.58� N , which is considered as the starting location of the MIZ. While TES remained stable over the ocean (55�

3), it showed: (1) much larger variability on the sea ice and (2) the overall decrease towards the inner part of the ice pack. The

overall smaller TES on sea ice indicates a relatively stronger waveform peak, as well as much faster waveform power decay

with respect to time (or gate number). Consistent with the changes in TES, the value of SSD also decreased (from over 50

looks on the ocean to less than 20 looks on the inner ice pack), indicating stronger central looks relative to slant-looking ones245

in the ice pack. Slight shift in the stack center angle is also present, as a result of the gradual decrease of 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 (3 days later

than the case in Fig. 3). The same storm event is also recorded during the in-situ campaign of N-ICE2015 [denoted M3 in

Graham et al. (2019)]. The total SWH is over 3.9m, with the swell power consists over 94% of the total power. The CS2 track250

entered the sea ice cover at 76.6� N , and the waveform parameters all showed a gradual transition over a long distance to the

relatively calm ice pack in the north. Within the MIZ, both SSD and TESREV2:showsshow not only gradual decrease, but also
REV2:largelarger spatial variability than both the ocean and the inner part of the ice pack. The sharp contrast of waveforms in the

MIZ to those on the ocean or the inner ice pack is 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 terminates at about 79.1� N . The255

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

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

The nearest available SAR image from Sentinel-1 (Extra-Wide 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 good collocation

between the two satellites (Brouwer et al., 2022). Swells in the ice pack are evident from the SAR image, with the apparent260
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wavelength of about 400m. Based on the SAR images, MIZ is identi�ed by the outstanding peak of the spectrum of the local

backscatter map, with consistent estimation of the wavelength (i.e., Fig. 5.d and e). The intersection angle of the dominant

swell propagation direction and CS2 ground track is about 47� . As shown in Figure 5.c, the spectral peak that corresponds 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 10km (4% of the along-track MIZ length). Given the 3-hour difference between the265

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

images.

Interestingly, the stack center angle of CS2 shows an oscillatory pattern towards the northern end of the MIZ at 79� N (Fig.

4.d). The central look (with a Gaussian �tting) is off from the nominal location by as much as 1600m from the nadir location in

the along-track direction. Similar phenomenon is witnessed for many stormy events (another example in Fig. 6). The apparent270

wavelength of this oscillatory pattern isREV2:onof the order of kilometers, which is much larger than the swell wavelength (Fig.

5). According to the CS2 dataset, the aircraft yawing and/or pitching is not the main cause. We conjecture it an aliasing effect,

caused by both 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 by two key parameters: (1) the window size for accumulating the statistics275

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. Other than the default window size of 10km, we test 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 window280

sizes are highly consistent, with the correlation coef�cient at 0.99, the �tting slope at1, and only 1-km 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 of 10km by default for all the retrieval studies.

We also estimate the relative uncertainty in the MIZ width that is 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 analysis,285

we estimate that the uncertainty, denoted� � , is on average 6.5� in the Atlantic Arctic region. The relative uncertainty ofL MIZ

due to� , under the small-angle assumptions, is then computed as:

� � � dL MIZ
d�

L MIZ
= � � � cot �: (1)

Among all the tracks, the majority of� is larger than 30� (e.g., Fig. S1),REVLang:and the relative uncertainty is lower than 20%.

Furthermore, in order to ensure 10% or lower relative uncertainty, the value of� should be larger than 45� . For the BS, the NS290

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� is different and potentially complementary to that of CS2, especially in the GS region.
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