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Abstract

Wind-generated waves strongly interact with sea ice and impact air-sea exchanges, operations at sea, and marine life. Unfor-

tunately, the dissipation of wave energy is not well quantified and its possible effect on upper ocean mixing and ice drift are

still mysterious. As the Arctic is opening up and wave energy increases, the limited amount of \emph{in situ} observations

is a clear limitation to our scientific understanding. Both radar and optical remote sensing has revealed the frequent presence

of waves under the ice, and could be used more systematically to investigate wave-ice interactions. Here we show that, in

cloud-free conditions, Sentinel-2 images exhibit brightness modulations in ice-covered water, consistent with the presence of

waves measured a few hours later by the ICESat-2 laser altimeter. We also show that a full-focus SAR processing of Sentinel-3

radar altimeter data reveals the presence of waves under the ice and their wavelengths, within minutes of Sentinel-2 imagery.

The SWIM instrument on CFOSAT is another source of quantitative evidence for the direction and wavelengths of waves under

the ice, when ice conditions are spatially homogeneous. In the presence of sea ice, a quantitative wave height measurement

method is not yet available for all-weather near-nadir radar instruments such as altimeters and SWIM. However, their system-

atic co-location with optical instruments on Sentinel-2 and ICESat-2, which are less frequently able to observe waves in sea ice,

may provide the empirical transfer functions needed to interpret and calibrate the radar data, greatly expanding the available

data on wave-ice interactions.
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Abstract14

Wind-generated waves strongly interact with sea ice and impact air-sea exchanges, op-15

erations at sea, and marine life. Unfortunately, the dissipation of wave energy is not well16

quantified and its possible effect on upper ocean mixing and ice drift are still mysteri-17

ous. As the Arctic is opening up and wave energy increases, the limited amount of in18

situ observations is a clear limitation to our scientific understanding. Both radar and19

optical remote sensing has revealed the frequent presence of waves under the ice, and could20

be used more systematically to investigate wave-ice interactions. Here we show that, in21

cloud-free conditions, Sentinel-2 images exhibit brightness modulations in ice-covered wa-22

ter, consistent with the presence of waves measured a few hours later by the ICESat-223

laser altimeter. We also show that a full-focus SAR processing of Sentinel-3 radar altime-24

ter data reveals the presence of waves under the ice and their wavelengths, within min-25

utes of Sentinel-2 imagery. The SWIM instrument on CFOSAT is another source of quan-26

titative evidence for the direction and wavelengths of waves under the ice, when ice con-27

ditions are spatially homogeneous. In the presence of sea ice, a quantitative wave height28

measurement method is not yet available for all-weather near-nadir radar instruments29

such as altimeters and SWIM. However, their systematic co-location with optical instru-30

ments on Sentinel-2 and ICESat-2, which are less frequently able to observe waves in sea31

ice, may provide the empirical transfer functions needed to interpret and calibrate the32

radar data, greatly expanding the available data on wave-ice interactions.33

Plain Language Summary34

Waves generated by winds over the ocean propagate in ice-covered regions where35

they can be strongly attenuated and can contribute to breaking up the ice and pushing36

the ice around. Wavy patterns are clearly visible in remote sensing data collected by dif-37

ferent instruments including the ICESat-2 laser altimeter, Sentinel-1 imaging radar, the38

Sentinel-2 optical imager, Sentinel-3 radar altimeter, and CFOSAT wave-measuring in-39

strument SWIM. Here we show examples of such patterns and propose an quantitative40

interpretation of ICESat-2 and Sentinel-2 that is consistent with waves generated by storms41

in the Barents sea that are observed to travel under the ice over hundreds of kilometers.42

For Sentinel-3 and SWIM, a quantification of wave heights will have to be validated, pos-43

sibly based on data from the other two instruments. This may strongly expand the quan-44

tity of available information for scientific investigations and operational applications.45

1 Introduction46

The evolving ice cover in the Arctic is becoming more exposed to wind-generated47

waves that now develop over larger open water regions and grow to larger heights and48

wavelengths (Thomson & Rogers, 2014; Stopa et al., 2016). When these waves reach the49

ice edge, they are strongly attenuated by sea ice but the components of the sea state with50

the longest periods may still break up the ice far from the ice edge, over hundreds of kilo-51

meters (Collins et al., 2015). Wave attenuation contributes to ice drift (Thomson, Lund,52

et al., 2021), under-ice mixing, ice formation (Sutherland & Dumont, 2018) or melting53

(Horvat & Tziperman, 2017). Whereas numerical wave models have made considerable54

progress in ice-free waters, the forecasting of wave conditions in ice-covered regions is55

limited by a poor knowledge of wave attenuation. The investigation of wave-ice inter-56

actions has been the topic of a growing number of field experiments (Wadhams et al.,57

1986; Squire, 2020). Many of these experiments have focused near the ice edge where ac-58

cess from ships is possible (Doble et al., 2011; Thomson et al., 2018) and where the at-59

tenuation is strongest. However, the spatial heterogeneity of the ice field and the gen-60

erally low values of wave heights makes the measurement analysis difficult and prone to61

contamination by noise (Thomson, Hoseková, et al., 2021). Still, in situ experiments have62

been critical in identifying ice type as an important factor in wave attenuation (Rogers63
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et al., 2016), and ruling out wave scattering as the dominant mechanism of wave atten-64

uation (Ardhuin et al., 2016). Remote sensing from airplanes or satellites can provide65

unique measurements of waves, far into the ice field, giving maps of surface elevation (Sutherland66

& Gascard, 2016) or vertical orbital velocities (Ardhuin et al., 2015) that provide a quan-67

titative estimate of local wave heights, wavelengths and directions.68

Using the most extensive waves-in-ice data set to date, provided by the Sentinel-69

1 wave mode, a wide range of attenuation rates was found for waves entering sea ice from70

the ice-free ocean (Stopa, Sutherland, & Ardhuin, 2018). These different attenuations71

are probably caused by different ice properties, in particular ice thickness and floe sizes.72

Ardhuin et al. (2020) confirmed the importance of floe size, with a much stronger atten-73

uation for floe sizes much larger than the wind-wave wavelength. These analyses have74

been performed in the Southern Ocean where 5 m resolution SAR imagery is routinely75

collected with the Wave Mode of Sentinel-1 (Hasselmann et al., 2012).76

Figure 1. How different remote sensing techniques detect or measure waves under the ice? (b)

We expect that waves introduce vertical displacement, which change the range-measurements of

ICESat-2 laser altimeter, which includes the water level and ice freeboard (Sutherland & Gas-

card, 2016), (c) introduce a surface brightness variation, possibly due to the sloping surface as

discussed in section 2.2, and picked up by optical imagers if the sun is low enough over the hori-

zon, and (d) the vertical velocities of the ice produce a constructive velocity bunching effect in

SAR imagery (Lyzenga et al., 1985; Ardhuin et al., 2017).

The main limitation of these high quality SAR images is their sparse acquisition:77

one can only guess what kind of waves and ice are present between 2 images that are 2078

km by 20 km across but separated by 100 km. The coarser 10 m resolution Interfero-79

metric Wide swath mode (IW) is more seldom used over sea ice but provides continous80

images that allow following waves 500 km or more into the sea ice (Stopa, Ardhuin, et81

al., 2018). Even coarser images, with an azimuth resolution of 43 m, are most often ac-82

quired by Sentinel-1 over the Arctic, using the Extended Wide Swath mode (EW), which83

is prioritised to get the widest coverage of sea ice. Because only waves with wavelengths84
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larger than about 4 SAR pixels can be resolved, the EW mode can detect only swells with85

relatively large wavelengths. In practice SAR measurements of waves in sea ice can be86

very accurate with a sharp constrast for wave heights larger than 50 cm (Ardhuin et al.,87

2017), which is sufficient to measure the strong attenuations near the ice edges. For smaller88

wave heights, it can be difficult to separate the wave signature from the signatures of ice89

heterogeinities, in particular in the presence of leads where ice is not broken up by the90

wave field.91

The recent analysis of ICESat-2 laser altimeter data by Horvat et al. (2020) shows92

that there are ice-height variations induced by ocean waves in many satellite passes, which93

may provide an interesting source of cross-validation of both techniques for studying waves94

in ice. While looking for different sources of data to help in the interpretation of ICESat-95

2 data we also found wave patterns in Sentinel-2 optical imagery, and Sentinel-3 re-processed96

with Full-Focus SAR (FF-SAR) as described by Kleinherenbrink et al. (2020) and Altiparmaki97

et al. (2022). These different remote sensing technique are influenced by waves in dif-98

ferent ways, be it the change in surface elevation, slope or line-of-sight velocity, as sum-99

marized in figure 1.100

The goal of the present paper is to review the complementarity of available satel-101

lite remote sensing data for the detection and measurement of wave properties in sea ice,102

in particular across the ice edge where waves-ice interactions are expected to be strongest.103

We have thus looked at two cases, one on 23 March 2019 to the East of Spitzberg, taken104

from Horvat et al. (2020) for which Sentinel-1 and Sentinel-2 data are also available. The105

second case is in the same region, on 12 March 2021, and is also covered by Sentinel-3106

and CFOSAT. Discussions and conclusions follow in section 4.107

2 Case of March 23, 2019108

As illustrated in Fig. 2, a storm swept through the Barents Sea, from the West,109

on March 22, with a band of high winds exceeding 20 m/s from Spitzbergen to Norway,110

dying out after 19:00 UTC according to the ECMWF operational analyses and forecasts111

that we also use in our wave model. These high winds generated swells with wave heights112

exceeding 6 m that persisted until March 23 at 14:00 UTC.113

Wave properties were estimated using a configuration of the WAVEWATCH III model114

(The WAVEWATCH III® Development Group, 2019) that uses a 12 km resolution po-115

lar stereographic grid. Forcing uses winds from ECMWF operational forecasts and anal-116

yses, and sea ice concentration from the Ifremer product derived from the SSM/I satel-117

lite radiometer. For the ice thickness we have used a simple constant thickness hi with118

0.25 ≤ hi ≤ 1.0 m to give a plausible range of wave attenuation that is broadly con-119

sistent with thin ice estimations from remote sensing data (Kaleschke et al., 2012). The120

parameterization of wave-ice interactions and ice break-up are adapted from Boutin et121

al. (2018) with the parameter settings adjusted by Ardhuin et al. (2020).122

2.1 Quantitative information on waves in ice from ICESat-2123

Horvat et al. (2020) reported the detection of waves in sea ice on March 23, 2019,124

along the track of ICESat-2 shown in Fig. 3. ICESat-2 beams have a 13 m diameter foot-125

print and are thus capable of sampling relatively short waves. Here we use the same data126

set, namely Level-3a ATL07 ice elevation (Kwok et al., 2021), with a pass near 4:00 UTC.127

Due to cloud cover, ice elevation is not available all the way to the ice edge but starts128

around 77.6◦N. It is often the case that on-ice winds tend to blow the cloud cover from129

the relatively warm open water over the ice.130

Beyond the presence of waves under sea ice that gives characteristic ice elevation131

profiles, with examples shown in Fig. 3.e–g, it would be interesting to quantify wave heights,132
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Figure 2. Wind and wave conditions from from 12:00 UTC on 22 March 2019 (top panels)

to 14:00 UTC (bottom panels. Wind speed and directions are given by ECMWF IFS Opera-

tional analyses and forecasts, and waves are given by our wave model, here using an ice thickness

hi = 0.25 m. The wave model also predicts ice break-up, with the 200 m contour of floe diameter

shown with the dotted white line. The cyan rectangle on the second line is the transect in which

model data was compared to ICESat-2 data.

periods and directions. ICESat-2 ice elevation data are provided for 6 beams arranged133

in 3 pairs, with a 90 m separation within each pair and a separation of the different pairs134

by about 3.3 km. As a result, the ice elevation samples only very few waves, in partic-135

ular when the angle between the satellite track and wave propagation direction gets close136

to 90◦. As a result there is a large uncertainty on the wave height, which may be esti-137

mated as 4 times the standard deviation of ice elevation. Here we find 1.5, 1.1 and 0.4 m138

for the 3 segments shown in Fig. 3. The evolution of wave height along the ICESat-2139

track is compared in Fig. 4 to the two model simulations with ice thicknesses of 0.25 and140

1 m.141

Besides wave heights, the clear coherence within pairs of beams makes it possible142

to estimate mean wave direction (Yu et al., 2021). Because the sea ice prevents the for-143

mation of a local wind-sea and strongly dissipates swells propagating over longer distances,144

the wave spectrum is generally narrow in directions (Ardhuin et al., 2016). Assuming145
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Figure 3. Wave signatures in Sentinel-1 and ICESat-2 on March 23, 2019. (a) The portion

of ICESat-2 track where wave signals are detected in the Level3a ATL07 ice elevation product is

show in pink, overlaid on the mosaic of Sentinel-1 EW intensity. Svalbard is to the left and No-

vaya Zemlya to the bottom right. The ice edge is the green line. (b-d) are pieces of the Sentinel 1

images, each extending 0.05 degree in latitude, along the ICESat-2 tracks, with surface elevations

shown in the bottom panels (e-g). Ice elevations are only shown for the first pair of ICESat-2

beams.

that the directional wave spectrum is narrow, for any band of latitude of the order of146

0.1 degree (about 12 km along-track), we estimated the latitudinal shift dy that max-147

imizes the correlation between the ice elevation measured by two beams in a pair. As148

we know the track separation in longitude dx, the ratio −dy/dx is the tangent of the iso-149

phase patterns in the elevation data, which we take to be aligned with the wave crests.150

These mean directions are shown in Fig. 4, where the squared correlation coefficents above151

0.8. The general trend is that wave directions veer from a west-south-westerly directions152

of 240-250 near the ice edge, to a more southerly direction around 225 degrees as they153

approach 80◦ N. This is consistent with the general result that the mean wave direction154

tends to turn the direction that gives the shortest distance to the ice edge, because wave155

attenuation is lower for shorter propagation distances across the ice. This is also why156
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Figure 4. Wave heights and mean wave directions (from, nautical convention) along the

ICESat-2 track at 4:00 UTC on March 23, 2019, according to two different model simulations or

taken as the average of the 6 wave heights estimated for each of the 6 ICESat-2 laser beams.

the model with the stronger dissipation has a different mean direction as waves get far157

into the ice.158

Once the direction is known, we may convert the apparent along-track wavenum-
ber ka that is the projection of the actual wavenumbers on the satellite track, into the
actual wavenumber k,

k = ka/ cos(θw − θt). (1)

Using these wavenumbers k, the main difficulty in defining a mean wavelength that can159

be compared to the modeled mean period is that the ice elevation contains also large-160

scale variations in freeboards between ice and water. These freeboard variations contribute161

to the ice height at long wavelengths. In our case, this effect gives a positive bias for the162

mean wavelength for latitudes under 78 degree (not shown). Further in the ice, the el-163

evation spectrum appears to have lower variance at low frequencies and gives a mean wave-164

length around 310 m that is consistent with the modeled mean period of 15 s, using the165

Airy wave dispersion relation that is applicable for these long waves and thin ice con-166

ditions. Alternatively one may use a peak wavelength to avoid contamination by large167

scale freeboard variations.168

For this same event, additional information is provided by Sentinel 2 with an im-169

age acquired at 11:07 UTC on the same day. The same ice floes and leads are clearly iden-170

tifiable in both Sentinel-1 and Sentinel-2 imagery, as shown in Fig. 5. The 10 m reso-171

lution of S2 imagery allows to see that what could look like a solid 8-km long floe is ac-172

tually shattered in many floes with sizes under 50 m. These small floes have not yet moved173

much with respect to one another. Stripes in the image brightness clearly correspond174

to waves with a direction and wavelength that is very similar to what was found in the175

S1 image and in the ICESat-2 data.176

2.2 Interpreting wave patterns in Sentinel 2 imagery177

The image intensity in optical imagery is generally a function of the sun and sen-
sor orientation and the surface biderectional reflectance distribution function. For the
scene shown in Fig. 5, the sun zenithal angle is θSun = 79.4◦ (i.e. 10.6◦ above the hori-
zon), with a sun azimuth of 215◦, and the instrument zenith angle is around θd = 10.0◦.
For observation zenith angles smaller than 30°, snow on sea ice can be considered a Lam-
bertian scatterer (Dirmhirn & Eaton, 1975). In this limit, the specific intensity leaving

–7–
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Figure 5. Same ice floes observed by Sentinel 1 at 9:00 UTC and Sentinel 2 at 11:07 UTC on

March 23, 2019, around 78.15◦N, 46.00◦E. The Sentinel 2 image is a true color composite using

bands B02, B03, B04.

a horizontal snow-covered sea ice surface towards the detector, in azimuth ϕd and zenith
angle θd, in W.m−2.sr−1, is given by

I(θd, ϕd) =
1

π
ISunρ cos(θSun),

where ISun is the Sun irradiance, in W.m−2, ρ is the (dimensionless) surface reflectance178

and θSun is the sun zenith angle. The effect of detector characteristics, Sun irradiance179

and nominal Sun zenith angle are taken into account by the L1c processor, to yield the180

Top-Of-Atmosphere estimate of the reflectance ρL1c.181

These correction, do not take into account the sloping of the ice surface as it is tilted
by underlying waves. As a result, the sun zenith angle should be replaced by angle θl
between the vector locally normal to the ice or snow surface and the vector pointing from
the surface to the Sun, giving rise to modulations of the L1c TOA reflectance as

ρL1c = ρtrue
cos(θl)

cos(θSun)
.
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We can use small slope approximations for the unit vector normal to the ice / snow182

surface (−∂ζ/∂x,−∂ζ/∂y, 1) and take the dot product with the unit vector pointing to183

the sun (cosϕSun sin θSun, sinϕSun sin θSun, cos θSun).184
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0

Figure 6. Processing of S2 B04 and B02 bands to obtain a wave spectrum. (a) Original image

(b) subsampled image, normalized by the median image value (c) double-sided Power Spectral

Density Em of image modulation (d) single-sided Wave spectrum (e) phase of the co-spectrum

of B04 and B02 images. The dashed box in panels (c-e) corresponds to the ”wave partition” re-

gion of the spectral space where we expect wave signatures, and is the only place where the wave

spectrum is expected to be correct. The non-wave contributions to the image N(kx, ky) was esti-

mated to be a constant equal to the median value of the modulation spectrum. The dashed line

that goes through the origin is the blind azimuth, perpendicular to the sun azimuth for which

waves produce no pattern in the image.

From the definition of θl we have

cos θl = cos θSun − sin θSun (cosϕSun∂ζ/∂x+ sinϕSun∂ζ/∂y) (2)

which oscillates around the value cos θSun. As a result, the TOA reflectance given in the
image oscillates around the value ρtrue. In general the variance of the normalized oscil-
lations < cos2 θl >/cos2 θSun−1 can decomposed into a modulation spectrum Em(kx, ky).
This modulation spectrum is related to the surface elevation spectrum power spectral
density E(kx, ky), usually called ”wave spectrum”,

Em(kx, ky) = M2E(kx, ky) +N(kx, ky) (3)

where N(kx, ky) is a non-wave contribution to the image and the modulation transfer
function M is given by

M = k tan θSun cos(ϕSun − ϕw) (4)
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where ϕw is the wave propagation azimuth and the wavenumber vector is (kx = k cosϕw, ky =
k sinϕw). If there are no waves propagating in the azimuth perpendicular to that of the
Sun, we may invert this relationship to estimate the wave spectrum E(kx, ky), and from
it the significant wave height,

Hs = 4

√∫ ∫
E(kx, ky)kdkdϕw

In practice, the main difficulty is to separate the wave-induced changes in appar-185

ent reflectivity from heterogenieties in the image caused by water-ice contrasts at the edges186

of ice floes, variations in ice roughness or different ice thicknesses.187

In the example shown in Fig. 6, we have chosen a 4 km by 4 km region of relatively188

uniform brightness (without large leads, clouds or changes in ice reflectance). Filtering189

scales smaller than 100 m makes it easier to separate the swell spectral peak (dashed box)190

from other features. Assuming that the filtering did not significantly reduce the variance191

of our wave signal, we integrate the wave spectrum over the dashed box region. For this192

range of wave numbers the root mean square variation in ρL1c/ρtrue is 0.009. Using the193

transfer function and integrating the surface elevation variance gives a significant wave194

height of 0.35 m (0.40 m when the image is filtered at 50 m), that is of the order of the195

values expected at 11 UTC at the location of Fig. 5, with a strong reduction compared196

to the 4 UTC values, due to the general propagation of the swells towards the East. The197

wave field can be followed at least 200 km into the ice with an estimated significant wave198

height decreasing to 0.2 m (Fig. 7).199

Given the 1 s time difference between the acquisition of the B02 and B04 bands200

(Kudryavtsev et al., 2017), we can use the wave phase difference between the two bands201

to remove the 180◦ ambiguity on wave propagation, unless there are waves with simi-202

lar energy levels propagating in opposite directions (Ardhuin et al., 2021). Further use203

of the wave phase to estimate surface currents is limited by the image sub-pixel co-registration204

accuracy (Yurovskaya et al., 2019), and the necessary averaging over a large area to re-205

duce the phase noise. That phase noise would be lower for shorter wavelengths but these206

are not present in the ice.207

(a) (b)

Figure 7. Other examples of wave patterns in sea ice at 11:07 UTC on 23 March 2019, (a)

at 78.79◦N, 50.12◦E with an estimated wave height of 0.36 m (b) at 79.07◦N, 50.80◦E with an

estimated wave height of 0.20 m.
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3 Case of March 12, 2021208

Instead of a local storm, we now look for off-ice winds and cloud-free conditions209

at the ice edge, in which case the waves are remotely generated swells. Also, after March210

2019, spectra from CFOSAT’s SWIM instrument are available (Hauser et al., 2017), pro-211

viding measurements of wave spectra over open water. Finally we will also use Sentinel212

3 data, in particular with FF-SAR processing that is capable of resolving wind-generated213

waves. Figure 8 shows a mosaic of Sentinel 2 imagery acquired around Svalbard at 11:08214

UTC on 12 March 2021, and an example of co-located swell signatures in Sentinel 3 SRAL215

and Sentinel 2 MSI imagery.

Figure 8. Wave signatures in Sentinel-2, Sentinel-3B, and ICESat-2 on March 12, 2021. (a)

The portion of ICESat-2 track where wave signals are detected in the Level3a ATL07 ice ele-

vation product is show in pink, overlaid on the mosaic of Sentinel 2 imagery. Svalbard is to the

left. The ice edge is the green line. Wave heights from nadir altimeters on CFOSAT, Sentinel

3A and Sentinel 3B are shown in colors, with the time of the tracks indicated on the edge of the

image. (b) Fully focused Sentinel 3B waveforms showing the signature of leads (bright regions,

three of them are marked L1, L2 and L3). Swell patterns with wavelengths around 250 m are

visible in both leads and sea ice, with 2 main orientation due to the left-right ambiguity in the

cross-track direction. (c) Sentinel-2 B04 image showing leads, clouds and cloud shadows, and a

clear swell signature with a 250 m wavelength. In (b) and (c), the nadir ground track of Sentinel

3B is shown with the thick dashed cyan line, and the thinner lines indicate the location of pixels

4 km from nadir, on both sides of the track, corresponding the lines.

216
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Swells arrived in the region from a strong mid-Atlantic storm that peaked on 10217

March with wave heights exceeding 14 m, and propagated to the Barents sea through218

the gap between Iceland and the Faroe islands. These long swells with amplitudes around219

1 m were superimposed on a local wind sea generated by a strong north-easterly wind220

system that expanded from the central Arctic into the Barents sea on 11 and 12 March.221

These winds led to a shift of the ice edge towards the south.222

The ice cover East of Svalbard is characterized by a relatively straight East-West223

ice edge around 35◦E and a bulging ice tongue around 20◦E that often extends to Bear224

Island to the south (Figure 8.a). This ice tongue was stretched to the south-west by the225

wind, which blew most of the clouds away and made it possible to see the ice. This ice226

tongue happens to be under a Sentinel 3B track that coincided within 10 minutes of the227

Sentinel 2 imagery. The more compact ice around 35◦E was sampled later in the day by228

both Sentinel 3A (at 16:50) ICESat-2 at 18:14, and 2 CFOSAT passes at 6:50 and 14:40.229

Observing waves close to the ice edge is challenging for all sensors. Optical imagery230

is obviously affected by clouds. The few bands of clouds and their shadows that are present231

over the ice tongue, around (75.5◦N, 20◦E), make it difficult to apply the technique pre-232

sented in the previous section. Using a relatively homogenous piece of ice (9 < x <233

12 km and 1 < y < 4 km in figure 8.c) gives a wave height of about 0.44 m and a peak234

wavelength of 250 m. Heterogeneities in the optical image also include leads that are more235

numerous near the ice edge in the case of off-ice winds.236

3.1 Wave patterns in Sentinel-3 FF-SAR imagery237

Standard altimeter measurements, that provide significant wave heights in ice-free238

regions as the only sea state parameter, give a very limited picture of the complex sea239

state with swells and an opposing wind sea. Here we show the first fully-focused SAR240

(FF-SAR) processing of altimeter data in wave-impacted sea ice (Figure 8.b). Level 1a241

data from Sentinel-3B are FF-SAR processed using the Delft Altimeter Toolbox (Kleinherenbrink242

et al., 2020). The along-track waveforms are multilooked using a Gaussian filter and sub-243

sampled to 22 m along-track an shifted in range to align the waveforms to a reference244

height. Then we follow the first steps of the procedure described in Altiparmaki et al.245

(2022). A normalization procedure is applied to compute the intensity contrast between246

short-wavelength and long-wavelength features. The normalization procedure differs from247

Altiparmaki et al. (2022) in that it uses a two-dimensional Gaussian filter over the radar-248

gram to filter short-wavelength features (swell signals) instead of applying a polynomial249

fit to the waveform tail. A polynomial fit is more robust over oceans, but not suitable250

over sea-ice-covered areas, where waveform shapes change fast. The normalized multi-251

looked waveforms are then projected on the ground as a function of along- and across-252

track distance. As in ice-free conditions, swells give 4 peaks in the wave spectrum due253

to the left-right ambiguity of the measurement geometry and the similar signature of waves254

propagating in opposite directions. The bright regions marked ”L1”, ”L2” and ”L3” are255

different leads, regions of flat water or ice, that appear very bright in the radar image256

and dark in the optical image. Although Figure 8.c was strongly saturated to show the257

wave patterns, leads are brighter and clearly distinct from clouds shadows. We note that258

the vertical wave patterns in both L1 and L3 are brighter than the horizontal wave pat-259

tern. The vertical bright stripes are actually east-west wave crests and trough patterns260

that are on the right hand side of the track and, given the measurement geometry that261

cannon distinguish left and right, are folded on the left hand side of our Figure 8.b. How-262

ever, we may use a knowledge of the swell direction to unfold the image, as done in Fig-263

ure 10, now putting the stronger contrast of leads L1 and L3 on the right side of the track.264

265

Just like in the case of ice-free water, the pattern in the FF-SAR is expected to come266

from a combination of velocity-bunching that is common to all SAR images (Lyzenga267
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Figure 9. Unfolded Sentinel-3 radar backscatter from FF-SAR processing using Fourier

analysis to separate near-horizontal features from near-vertical features in Figure 8.b, and in-

verse Fourier transform that generates a left-side image with near-horizontal features and a

right-side image with what was near-vertical when folded to the left which now appears also near-

horizontal. The background image is Sentinel-2.

et al., 1985; Ardhuin et al., 2015), and range-bunching that is specific to near-nadir radar268

measurements (Peral et al., 2015). Given the general low slope of swell waves under sea269

ice, the nonlinear contributions to bunching are relatively weak and it may be possible270

to retrieve a wave spectrum from the image spectrum. However, the strong changes in271

backscattered radar power associated with leads create heterogeneities in the image that272

are similar to those in usual SAR imagery.273

3.2 Wave patterns CFOSAT SWIM DATA274

The SWIM instrument is a wave spectrometer that measures the backscatter power275

as a function of range, with high resolution in range and averaging over 18 km in the per-276

pendicular direction (Hauser et al., 2017, 2021). These measurements are made with beams277

that rotate in azimuth while keeping a fixed incidence angle. Here we use data from the278

beam centered on the incidence angle of 6◦. Due to the large scale averaging across the279

beam, only the features that are exactly perpendicular to the azimuth contribute to the280

measured signal (Jackson et al., 1985). This is the principle of the wave spectrometer281

that is capable of resolving waves in their perpendicular direction thanks to a high res-282

olution in range, and selecting only one wave direction (with 180◦ ambiguity) thanks to283

the very large scale averaging in the perpendicular direction.284
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Over the oceans, the modulations in radar back-scatter have been shown to cor-285

respond to waves, and the wave directional spectrum can be retrieved by combining wavenum-286

ber spectra obtained for different azimuths (Hauser et al., 2021; Le Merle et al., 2021).287

Over sea ice, the backscatter variation as a function of incidence angle and local ice slope288

is a priori very different, and also the backscatter can vary due to variations in ice prop-289

erties and the presence of leads. The analysis presented here is, to the best of our knowl-290

edge, the first attempt at interpreting SWIM radar modulations over sea ice.291

CFOSAT SWIM data used are the L2S products V1.0 from IWWOC processing292

center at Ifremer. The fluctuation spectra are estimated after mean speckle noise removal293

and non wave signature low wavenumber filter. Additional filtering is used over sea ice294

by looking at the variability of spectral coefficients estimated on successive 2.56 km seg-295

ments within the 18 km diameter footprint. Spectral coefficients which standard devi-296

ation exceed two times the mean value over all segments are discarded.297

Figure 10.a shows a 7 km by 8 km piece of Sentinel-2 image around 76.7◦N, 30◦E298

with a dominant wave propagation direction around 37◦ clockwise from North. Figure299

10.b shows a wider area from the same image, now also including the 1D spectra from300

SWIM shown as an overlaid color strip with warmer colors corresponding to higher power301

spectral density, and each strip occupies the same length as the ground ranges of the SWIM302

footprint (note that the footprint also covers the same distance in the perpendicular di-303

rection). To facilitate the interpretation, the strip that is in the magenta box, with an304

azimuth 37◦ clockwise from North, is plotted in Figure 10.c with a more usual power spec-305

tral density as a function of wavenumbers. The overlaid spectra from the Sentinel-2 and306

Sentinel-1 images have a similar shape with a peak wavenumber around 0.022 rad/m.307

Although not exactly co-located in time and space, the ICESat-2 data also shares sim-308

ilar wavelengths when assuming that the wave propagation azimuth is 37◦. The higher309

energy at high wavenumbers in ICESat-2 is probably induced by noise, and it is much310

more pronounced for the weak beams (not shown).311

Looking at SWIM spectra for all directions shows that SWIM detects peaks at the312

expected wavelengths and directions of the swell (Figure 11). However, peaks in the mod-313

ulation spectrum are also present at a wide range of scales for directions perpendicular314

to the wave propagation. These peaks that cannot be associated with waves are high-315

lighted with magenta arrows. The backgroud Sentinel-2 image suggests that the regions316

where non-wave signatures are present are the regions where leads have scales that over-317

lap with the usual range of wavelengths. In that case it is impossible to separate radar318

backscater variations coming from a patchy ice cover with the modulation caused by waves.319

4 Discussion and conclusion320

Wave patterns in Arctic sea ice have been found in all radar and optical measure-321

ments near the ice edge. These observations can provide useful observation for under-322

standing the interactions of waves and sea ice. Previous works have insisted on the vari-323

ability of wave attenuation and more measurements of wave attenuation are needed to324

better understand the processes at play. In this context, the frequent detection of waves325

in sea ice in ICESat-2 data (Horvat et al., 2020) can provide a very useful dataset for326

waves under Arctic sea ice, allowing for a quantitative measurement of wave height, wave-327

length and direction, and the attenuation of waves along the altimeter track. Because328

the altimeter track does not often coincide with the wave direction the data may require329

some ancillary numerical modelling for its interpretation: the apparent reduction in wave330

height may be caused by open water gradients in the wave field and not by ice-induced331

effets.332

The less frequent appearance of wave patterns in Sentinel-2 imagery, which requires333

a near-grazing sun illumination in addition to the absence of clouds, provides further in-334
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Figure 10. (a) and (b) Wave patterns around 76.7◦N, 30◦E on 12 March 2021, and CFOSAT-

SWIM spectrum in azimuth 37◦ using the 6◦ incidence beam, compared to the spectra of

Sentinel-1 and Sentinel-2 images in the same region. In (b) SWIM modulation spectra from the

6◦ incidence beam are overlaid as colored strips. The white marks in the colored strip correspond

to wavelengths 800, 400, 200 and 100 m. (c) SWIM spectrum for the azimuth 37◦ clockwise from

North in strip form as a the usual power spectral density as a function of wavenumber, compared

with spectra in the same direction from Sentinel-1 and Sentinel-2 imagery. ICESat-2 data was

averaged from the three strong beams over the latitude range 77.75 to 77.9◦ using Fourier trans-

forms over 0.05◦ in latitude. The wavenumber was multiplied by the proper projection from the

satellite track to the 37◦ azimuth, common to the other datasets.

formation. In particular the size of floes can be estimated, at least qualitatively, which335

is key to interpret the wave attenuation. Also, having a two-dimensional image may help336

in resolving gradients in sea state long the ice edge that should contain both different337

attenuation histories and a signature of waves-current interactions near the ice edge (von338

Appen et al., 2018). Difficulties of interpretation of wave signature in optical imagery339

will remain due to the presence of clouds and the heterogeneities in the ice cover.340

Finally, wave-resolving radar data over sea ice are more readily obtained but their341

quantitative analysis is not so straightforward (Ardhuin et al., 2017). The novel capa-342

bility provided by Full-Focus SAR processing is clearly an interesting source of data that343

can be obtained from recent altimeter missions (Cryosat-2, Sentinel-3, Sentinel-6-Mike-344

Freilich).345

We have presented observations of wave patterns in sea ice using three types of satel-346

lite radars, Sentinel-1 SAR imagery, Sentinel-3 FF-SAR altimetry and SWIM modula-347

tion spectra, and two types of optical observations, ICESat-2 lidar ice height measure-348

ments and Sentinel-2 imagery. Only the Sentinel-1 SAR has been previously validated349

in detail (Ardhuin et al., 2017) and used for science applications (Ardhuin et al., 2018;350

Stopa, Ardhuin, et al., 2018

?

?; 00

, 00

). Here we have expanded on the previous detection of waves in ice by Horvat et351

al. (2020) to show that a quantitative analysis of wave heights, directions and wavelengths352
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Figure 11. Same as figure 10.b, but over a wider area, corresponding to the cyan box in Fig.

8.

was possible from ICESat-2 data. We have also exhibited and interpreted wave signa-353

tures in Sentinel-2, Sentinel-3 FF-SAR and SWIM data. The quantitative intepretation354

of the last two measurements will require further work in developing a forward model355

that represents range bunching, velocity bunching and possibly other effects. Taken to-356

gether, there is a great potential for a synergistic use of these 5 data sources, som of which357

allow exact co-location in space with time differences of only a few minutes. Building358

co-located datasets of waves in ice observations can certainly help to reach a more quan-359

titative understanding of the radar measurements, leading to science applications on the360

understanding of wave-ice interactions as well as practical applications to marine safety361

and Earth System modelling.362
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