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Abstract

Predicting the wave climate in the Polar regions is vital for navigation and offshore operation
safety. These predictions are nowadays made using numerical models based on different
theories for wave-ice interactions. To date, hardly any field measurements exist that can be
used to validate the proposed theoretical models. Remote sensing observations, on the other
hand, have a great potential and they are gaining a widespread interest due to the large amounts
of data that can be collected continuously over an extensive area.

In this study, we discuss the use of satellite remote sensing to improve our understanding of
wave-ice interactions. Three different types of satellite remote sensing are reviewed, including
optical, altimetry and synthetic aperture radar (SAR). We present examples of such data over
the Barents Sea, where new in situ data are available. These in situ data, which were collected
during the Barents Sea Metocean and Ice Network (BaSMIN) field campaign, are used to
illuminate the review.

Optical data provide high quality and high-resolution images. However, just a small portion of
such data are useful to study wave-ice interactions because only images acquired with daylight
and cloud free conditions can be processed. Imagery over our study site reveal a tremendous
amount of detail of the sea ice, including a diffusive and compact ice edge. Altimetry data
provide accurate wave height information up to the ice edge. Wave height data are collected
over our study site and validated with buoy measurements. Since the Polar regions are often
dark and cloud covered, active microwave sensors such as SAR are the most valuable source
of information in these regions. Four different applications of SAR are reviewed: imaging of
ocean waves within the ice cover and determination of the ice edge, ice type and floe size
distribution. Regarding ocean waves in sea ice, SAR can provide information on wave
attenuation, the change in peak wavelength and the shift in dominant wave direction.

KEY WORDS: Marginal ice zone; Sea ice; Remote sensing; Sentinel missions; BaSMIN
measurement programme



1. Introduction

Consequences of a warmer climate and warmer sea temperatures are thawing of permafrost,
decreasing sea ice extent and increasing ice sheet melt causing changes in relative sea level.
The longer open water seasons and increasing storminess will result in an increased rate of
coastal erosion in the Arctic (Solomon, 2005). This increasing rate of coastal erosion is further
enhanced by thawing of permafrost leaving many coastal communities and facilities exposed
to higher risks. Due to a reduced sea ice cover it is also very likely that commercial activities
in the Arctic such as marine transport and access to and recovery of resources (e.g., oil)
increases (ACIA, 2004).

For safe marine transport in the Arctic and safe offshore operations, accurate predictions of the
wave climate are of utmost importance. Hindcasts and forecasts of the wave climate are
nowadays often made using numerical wave models. These models have had a long
development history (Komen et al., 1994), but with a focus on mid-latitudes. Due to retreat of
the sea ice cover, the economic interest in the Arctic has increased and hence, a numerical wave
model that can be applied in ice-covered oceans is vital. To be able to apply wave models in
the Arctic, the interaction between sea ice and ocean waves needs to be considered. Including
wave-ice interactions is not straightforward as it is a strongly coupled problem: the ice affects
the waves by refraction, reflection, attenuation, scattering and changes the dispersion relation
(e.g., Squire et al. 1995; Squire 2007). On the other hand, the waves also alter the sea ice cover,
for instance by ice breakup (e.g., Kohout et al., 2016).

A major obstacle for the development of ice modules in operational numerical wave models, is
the need of validation data (Brostrom and Christensen, 2008). Data of ocean waves propagating
into the marginal ice zone (MIZ) can be collected during measurement campaigns, acquired by
remote sensing or simulated in the laboratory. Laboratory experiments have the advantage that
many environmental parameters can be controlled and therefore isolate the variables of interest.
However, only high frequency waves can be generated, and the scaling effects make the
generalization of the results extremely difficult (Collins et al., 2017). In situ data collected in
the field does not have scaling issues due to its natural setting and typically provides time series,
1.e., the temporal domain. However, the acquired data are sparse and have proved to be
challenging and costly to collect in the harsh environment of the Polar regions. Remote sensing,
on the other hand, provides continuous data acquired over a large area, i.¢., in the spatial domain.
Moreover, the cost of collecting these data is limited compared to in situ measurements.

This study focusses on the use of satellite remote sensing observations to study the interaction
between ocean waves and sea ice. A review is presented and in addition, we use remote sensing
data that were acquired over the Barents Sea. New in situ data is available here that was
collected during the Barents Sea Metocean and Ice network (BaSMIN) measurement campaign,
which will be introduced in Section 2. The additional remote sensing data is used to illuminate
the review and by combining with in-situ data, a better picture of the study site is obtained.
Moreover, the remote sensing observations can be verified and validated with the in-situ
measurements. All the satellite data presented here are acquired by the Sentinel missions from
the European Space Agency (ESA), which can freely be downloaded from ESA’s Sentinel Data
Hub. Three different satellite remote sensing techniques are presented herein including optical,
altimetry and synthetic aperture radar (SAR) techniques. Optical imagery obtained by the
Sentinel-2 constellation is presented in Section 3. Sentinel-3 altimetry data are presented in
Section 4 and validated with buoy measurements. SAR is introduced in Section 5 and four of
its applications are presented, including imaging of ocean waves (in the open ocean and within
the sea ice) and the determination of the ice edge, ice type and floe size distribution. In addition,
some Sentinel-1 SAR data are presented as an example. Finally, a conclusion is given in Section
6.



2. BaSMIN measurement programme

The BaSMIN field campaign took place from October 2015 until October 2018 and was
executed by Fugro GEOS Ltd on behalf of Equinor (former Statoil). The bathymetry of the
Barents Sea and the measurement locations are presented in Figure 1. In total, there were five
wavescan moorings, one seabed mooring and five ice profiling moorings. The wavescan
moorings measured the seawater and atmospheric temperature, salinity, atmospheric pressure
and humidity, and wave parameters. At
Bathymetry L) the ice mooring locations, the ice and
] current velocity, ice draft, seawater
|5  temperature, salinity and pressure were
measured. For this project, we used the
1 400 Significant wave height from the buoys
to compare with the values derived
| 150 from altimetry. The measured ice draft
at the ice mooring stations is used to
1000 see whether ice is present, which is
compared with the sea ice edge
| 950  determination from SAR data.

3. Optical (Sentinel-2)

The Sentinel-2 constellation consists
1350 of twin satellites that follow the same
orbit and are phased at 180°. The
1400 satellites carry a  Multispectral
Instrument (MSI) and have the
i 450  objective of providing high-resolution

1-300

images at a high revisit frequency
00" E 40°E 500 (Drusch et al., 2012). The revisit
S0 E frequency of the twin satellites

Figure 1. Bathymetry map of the Barents Sea, where  .ombined is 5 days. Furthermore, the
the BaSMIN measurement programme took place.  Qentinel-2 has 13 different spectral

The wavescan (WS) moorings are indicated with the  pands at a resolution of 10, 20 and 60

red dots and the ice profiling moorings (IC) are  meters, depending on the spectral band.
shown with the blue dots. The purple rectangle is the A major limitation of the multispectral
extent of the Sentinel-2 imagery, presented in Figure jngtrument is that it requires daylight

2. The bathymetry data is taken from the and cloud-free conditions. This
International Bathymetric Chart of the Arctic Ocean  geyerely limits the amount of good and
(Jakobsson et al., 2012). useful images and caused the

development of optical techniques to
be quite limited (Kudryavtsev et al., 2017).

The high-resolution optical images from Sentinel-2 can be used to observe the ice from above,
as illustrated in Figure 2 for our study site. The figure shows Sentinel-2 images of the ice edge
close to ice moorings IC3, IC4 and IC5 (see Figure 1), with a resolution of 10 meter. The ice
edge is shown on the 2™ of April 2017 in Figure 2a and on the 9™ of April 2017 in Figure 2b.
The image acquired on the 2™ of April is a good example of a diffuse ice edge, which is
characterised by a poorly defined ice edge, an area of dispersed ice and is usually observed at
the leeward side. The wind was blowing roughly from north-west for more than 4 days straight
before the satellite passed, causing the area of ice to be on the leeward side. Figure 2b shows
an example of a compact ice edge. There is a clearly defined ice edge that is compacted by the
wind. The wind came from the southeast for approximately 2 days before the image was
acquired and therefore the ice edge is on the windward side. Furthermore, Figure 2 provides
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Figure 2. Sentinel-2 imagery (spectral band B4) of the ice edge on the 2™ of April 2017
(panel a) and the 9" of April 2017 (panel b). The extent of panel a and b is indicated in
Figure 1. Panel ¢ shows a magnification of the ice edge on the 9™ of April. Panel d is a
magnification around ice mooring IC5 on the 2™ of April 2017.

magnified images at two locations where a significant amount of detail can be observed. In
Figure 2¢, waves are visible within the ice at the ice edge. Figure 2d shows the area around ice
mooring IC5 and here we can see an example of ice break-up, resulting in ice floes of different
sizes, with newly formed ice in between.

Beside the qualitative analysis of the images to observe and understand the ice conditions, a
method was developed by Kudryavtsev et al. (2017) to quantitatively retrieve two-dimensional
ocean wave spectra from sun glitter imagery. This method uses reflected sunlight (brightness)
from the water surface, converted into sea surface elevations in order to perform spectral
analysis. However, the method requires a good alignment of the sun, the ocean surface and the
satellite. This condition is only met at mid latitudes and not at the high latitude of the Barents
Sea.

4. Altimetry (Sentinel-3)

The Sentinel-3 constellation also consists of twin satellites. Sentinel-3 has the objective to
deliver operational land and ocean observations. Some of the products that are provided are:
sea surface height, ocean surface wind speed, sea surface temperature, significant wave height
and land ice/snow surface temperature (European Space Agency, 2013). The satellite carries
four main instruments: Ocean and Land Colour Instrument (OLCI), Sea and Land Surface
Temperature Instrument (SLSTR), SAR Radar Altimeter (SRAL) and Microwave Radiometer
(MWR).



The significant wave height is provided
107 along the track of the satellite from the
SRAL instrument. The inter-track distance
is 54 km for the two satellites combined.
8f Further, the nadir resolution of the SRAL is
* more than 2 km and the revisit time is 27
days. The SRAL instrument on the
* % Sentinel-3 satellite can measure significant
wave heights within the range of 0.5-20 m,
* * with an error of approximately 4%.
* (European Space Agency, 2012). In Figure
" al _ 3 the observations of the Sentinel-3 are
ot g n=276 plotted against the measurements at the
RMSE = 0.45548 wavescan moorings WS1 to WS5 for the
R2 =0.85975 year 2018. Tracks are considered if they
. . - . . pass a wave buoy within 20 km. A total of
0 2 4 6 8 10 276 tracks met this criterion and the
Measurements HmO [m] observations of the Sentinel-3 are in good
agreement with the measurements. A root
mean square error (RMSE) of 0.46 and an
R-squared value fit to the x=y regression
line is 0.86. The information from satellite
altimetry has proven to be very accurate
(e.g., Vu et al. 2018) and provides
additional wave height data over a larger
spatial scale than provided by the wave
buoys, although the data are still quite
sparse. More altimetry satellites are available (e.g., Envisat, SARAL, CryoSat) whose data can
be utilised.

Sentinel-3 HMO [m]
k3

Figure 3. Comparison of the derived significant
wave height (HmO) by the Sentinel-3
constellation and the buoy measurements. Data
is included for the period 01-01-2018 until 01-
10-2018 from the five wavescan moorings (WS
1-5). Satellite altimetry tracks that pass the
wave buoys within 20 km are used, which
resulted in 276 observations.

In addition to providing information on the ocean waves, altimetry has also been used to
estimate sea ice thickness (e.g., Guerreiro et al., 2017; Tilling et al., 2018) and detect open
water areas in sea-ice regions (Miiller et al., 2017). The estimation of the ice thickness is based
on observations of the sea-ice freeboard. The main uncertainty involved when using the
freeboard is the presence of snow as it influences the freeboard to a great extent.

5. Synthetic aperture radar (Sentinel-1)

The first SAR satellite was Seasat, which was launched in 1978 (Born et al., 1979). Since then,
SAR satellites have provided a tremendous amount of data to study ocean related phenomena,
such as surface waves, sea ice, internal waves, currents and wind. The great advantage of SAR
over for instance optical imagery is that it operates at wavelengths that are generally unaffected
by the cloud cover. Also, it does not require solar illumination, meaning it can operate day and
night. Another advantage is that factors such as the frequency, incident angle, polarization,
swath width and spatial resolution can be controlled. SAR is an active microwave remote
sensing technique. A microwave is sent to an object and the radar measures the intensity
backscatter and phase. Standard frequencies of the SAR sensors are X-, C-, S-, L- and P-bands,
equivalent to a wavelength of 3 — 75 cm. SAR determines its along-track (azimuth) position by
the instantaneous Doppler shift of the reflected signal (e.g., Massonnet & Souyris 2008). This
is where SAR differs from real aperture radar (RAR). The major limitation of RAR is that its
azimuth resolution is directly proportional to the physical length of the antenna.



5.1. Imaging of ocean waves in open water
Ocean surface imaging by SAR is undoubtedly the least understood and most complex data
produced by remote sensing (Holt, 2004). This is because the imaging process is sensitive to
a numerous number of parameters, including the motion of the ocean waves, the geometry and
properties of the SAR instrument itself.

A SAR image over the ocean consists of a backscatter map and the reflectivity of the radar
return is called the Normalized Radar Cross Section (NRCS). The main processes that are
responsible for the backscatter depend on the incidence angle. For small incidence angles (<
20°), specular reflection dominates. This reflection is identical to an ordinary mirror, where the
angle of the reflected signal is the same as the angle of incidence (Thompson, 2004). However,
SAR satellites such as the Sentinel-1 typically operates at incidence angles between 25 and 45°,
where Bragg scattering dominates (Valenzuela, 1978). Under Bragg scattering, also referred to
as resonance scattering, the radar signal is scattered back by short, wind generated wave
components whose wavelength is close to the radar frequency (Holt, 2004).

As mentioned, Bragg scattering mainly reflects the emitted signal. This backscatter is however
modulated by three processes which are: hydrodynamic modulation, tilt modulation, and
velocity bunching (see for instance: Alpers & Rufenach, 1979; Alpers et al., 1981; Alpers, 1983;
Hasselmann et al., 1985). The hydrodynamic modulation is a result of the orbital velocities of
long waves. These velocities have different directions along the wave, creating zones of
convergence (crest) and divergence (trough). Therefore, on the crest of long waves, the short
waves are compressed, and Bragg scattering is increased. The long waves do not only modify
the dynamics of the short waves, but also change the local orientation (tilt). This is referred to
as tilt modulation. Velocity bunching is caused by the motion of the ocean waves relative to the
motion of the satellite. The sea surface motion introduces an extra Doppler shift, which is used
to determine its azimuth position and hence, the scatterer or echoes will be misplaced. The
periodic motion of the long waves causes an apparent increase and decrease in scatter density,
allowing long waves to be visible in SAR imagery. The velocity bunching of short waves also
cause random posmon shlfts in a21muth d1rect10n and results in an apparent blurring of the

12 e j SR SAR image (e.g., Raney 1981). The
degraded azimuth resolution results in
the well-known azimuth cut-off
(Kerbaol et al., 1998). SAR does not
sense waves that are shorter than the
azimuth cut-off wavelength. It is
important to note that velocity bunching
modulation is largest for waves
traveling in azimuth and disappears for
waves traveling in range direction. An
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4 example of ocean wave imaging by
Sentinel-1 SAR 1is given in Figure 4.
Wave diffraction around Bear Island can
2

be seen. The waves enter the image at
the bottom right corner and travel
towards the top left corner, i.e., the
propagation direction is in between
Range [km] range and azimuth. At the top left of the
figure, the waves have diffracted around
the island and now travel in range
direction. These waves appear much
clearer in the image than the waves in
the bottom right corner, which is due to

Figure 4. SAR imagery of ocean waves diffracting
around Bear Island, located in the Barents Sea. The
normalized intensity from a Sentinel-1 GRD
product is shown, acquired on the 15" of January
2018 at 05:35:26 UTC.



the difference in the velocity bunching
modulation for waves traveling in range and
azimuth direction.

It is possible to compute the 2D wave spectrum
from SAR imagery for waves that are larger
than the cut-off wavelength. Following spectral
analysis, the intensity variance spectrum can
directly be obtained from SAR images.
However, to obtain the real wave spectrum one
would have to correct for the three modulation
mechanisms and the function that does this is
called the modulation transfer function (e.g.,
B 40 s P8 Vachon et al., 2004). For a more detailed
1 2 3 4 5 introduction to ocean wave imaging by SAR

Range [km] see for instance (Bruck, 2015; Husson, 2012;

Fi S Jackson and Apel, 2004).
igure 5. Typical image of long waves
within the sea ice. The image is acquired on  5.2. Imaging of ocean waves in sea ice
the 4" of April 2017 at 15:03:19 UTC, just SAR has shown to be able to detect ocean wind
East of Svalbard. waves and swell waves within the sea ice cover.
The first observations were made by airborne
SAR in the late 1980’s and beginning 1990’s (Lyzenga et al., 1985; Carsey et al., 1989; Raney
et al., 1989; Liu et al., 1991a). The first SAR images obtained from satellites came from Seasat
(Fu and Holt, 1982) and one of the most recent launched SAR satellites is the Sentinel-1
constellation.

Azimuth [km]

Ocean waves create patterns in SAR images over the sea ice such as shown in Figure 5. When
these patterns are visible in the imagery, the peak wavelength and dominant wave direction can
be determined from the image intensity spectrum (Liu et al., 1991a; Schulz-Stellenfleth &
Lehner 2002). Multiple studies investigated the change in peak wavelength and dominant wave
direction as ocean waves propagate into the MIZ (Gebhardt et al., 2016; A. K. Liu et al., 1991;
Monteban et al., 2019; Shen et al., 2018). The peak wavelength increases because the ice cover
acts as a low pass filter, damping out the high frequency waves. The dominant wave direction
changes due to refraction at the ice edge. However, part of the change in dominant wave
direction at the ice edge is an imaging artifact of SAR (Monteban et al., 2019; Schulz-
Stellenfleth and Lehner, 2002).

The study of Lyzenga et al. (1985) used SAR imagery of sea ice to show that velocity bunching
is the dominant mechanism for waves to be visible within the sea ice. They showed that due to
velocity bunching, straight lines such as the ice edge appear as oscillating lines in the images.
Ardhuin et al. (2015) used the periodical displacement that results in bright oscillating lines in
the ice pack to estimate the orbital velocities, which can be related to the significant wave
height when two swell systems are present. Ardhuin et al. (2017) extended this to a
methodology to derive the wave spectra, by relating wave patterns visible in the SAR imagery
(e.g., Figure 5) to orbital velocities. This method was applied by Stopa et al. (2018a), together
with a homogeneity test, based on the homogeneity parameter of (Koch, 2004). A storm event
in the Beaufort Sea was captured by Sentinel-1 IW and the wave evaluation over a length of
400 km into the MIZ was studied. They found that wave heights have an attenuation coefficient
that varies spatially, which suggest that ice modules in numerical wave models should have
multiple wave decay mechanisms. Furthermore, these measurements from SAR were used by
Ardhuin et al. (2018) to validate the operational numerical wave model WAVEWATCH III and
to test multiple processes that affect ocean waves within the sea ice. The largest dataset of wave
attenuation up to date is given by Stopa et al. (2018b) obtained at the Southern Ocean using the
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Figure 6. Comparison of the ice draft data at the ice mooring stations IC1 and IC2 with

Sentinel-1 EW imagery for three different dates in the year 2017. The Sentinel-1 EW images
show the normalized intensity in gray scale.

method of Ardhuin et al., (2015, 2017) and Stopa et al., (2018a). There is in general a weaker
attenuation for long waves and a very large scatter (up to 3 orders of magnitude) is observed.

Sea ice affects the ocean waves by, amongst others, changes in the dispersion relation (e.g.,
Collins et al., 2017). Many different formulations of the wave dispersion relation exist in the
literature, but all are a function of the ice thickness. With SAR observations, it is possible to
estimate the ice thickness by inverting the wave dispersion relation. This was first done using
the mass loading model (Wadhams et al., 2002; Wadhams and Holt, 1991). However, a severe
overestimation was found. Later, the viscous layer model was used and good estimates of the
ice thickness were obtained (Wadhams et al., 2018, 2004).

5.3. Ice edge
The sea ice terrain is most complex since there are many possible forms of ice and because sea
ice properties and the structure are constantly altered by ocean and atmospheric processes. The
amount of backscatter from sea ice depends, amongst others, on the surface parameters and is
naturally different from the open ocean. The difference in intensity backscatter between the
open water and the sea ice can be used to determine the position of the ice edge. Multiple
algorithms have been written that automatically find the location of the ice edge (e.g., Liu et
al., 1997; Liu et al., 2016; Simil4 et al., 2013). In Figure 6, we qualitatively show the position
of the ice edge around the BaSMIN study site using Sentinel-1 Extra Wide (EW) swath images,
acquired on three different dates. The sea ice appears brighter than the open ocean and the ice
edge can straightforward be observed. For instance, on the 9™ of April 2017, we can see that
ice mooring IC2 is circumpassed by the sea ice while ice mooring IC1 is not. This agrees with
the ice draft data at these mooring stations as shown in the upper panel of Figure 6. Further,
when looking at the Sentinel-1 EW image on the 16™ of April 2017, we can see that the
brightness on the open water is larger at the east side than on the west side (compare the



15 W 0 15 E 30 E brightness in the purple circles in
Figure 6). This is because the incidence

80 N angle on the east side is much smaller
and some specular reflection occurs
28" N here.
5.4. Floe size distribution
76 N To understand the complex dynamics
_ of the Arctic MIZ it is essential to have
74 N floe size distribution data. However,
s floe size distribution data from
72 _ N satellites are quite rare due to the lack
70 N of reliable algorithms (Hwang et al.,

AT B 207 Some of the challenges

Open First-year Multiyear Ambiguous encountered include: variability in
water ice ice intensity backscatter, high level of
noise, presence of melt ponds, and lack
of a method to properly distinguish
between adjacent floes in contact.
Recently, an algorithm was developed
by Hwang et al. (2017) to semi-
saf.org). automatically retrieve floe size
distributions from SAR data. Their
algorithm performs well for floe sizes larger than 100 m in diameter. Floe sizes smaller than
100 m diameter are usually not detected by the algorithm. With the increasing coverage and
spatial resolution of SAR satellites nowadays, it is only to be expected that these algorithms
will improve in the future. It will be very interesting to understand the coupling between certain
wave events and the floe size distribution. This will be possible in the future when the
algorithms improve, and a large dataset becomes available.

Figure 7. Ice type map for the 1% of March 2018.
The data are taken from the dataset Sea ice type
product of the EUMETSAT Ocean and Sea Ice

Satellite Application Facility (OSI SAR, www.osi-

5.5. Ice type

The backscatter from sea ice varies, as the characteristics of the illuminated area are different,
i.e., different ice forms and properties. Backscatter response is different during winter and
summer times and there are four surface parameters that affect the scattering characteristics:
the surface roughness, the dielectric constant, dielectric discontinuities (e.g., gas bubbles) and
the orientation of the sea ice (Onstott and Shuchman, 2004). Therefore, the intensity backscatter
consists of surface and volume scattering. Furthermore, the appearance of sea ice in SAR
images is also affected by: the frequency of the SAR sensor, the polarization, the incidence
angle, the noise level and the spatial resolution (Dierking, 2013). Considerable efforts have
been dedicated over the last few decades to understand the sensitivity of the radar backscatter
for various ice properties and different SAR sensor configurations (frequency, polarization,
etc.). For instance, surface scattering dominates the backscatter from first-year ice and can be
very low if the ice is formed under calm conditions and is therefore very smooth (specular
reflection). Multi-year ice is less saline and has a greater microwave penetration depth, i.e.,
volume scattering dominates. This leads to a higher backscatter return than for first-year ice
(Onstott and Shuchman, 2004).

Combining data from different satellite sensors made it possible to produce maps giving the
type of ice. An example of an ice type map that includes the study site of the BaSMIN
programme is given in Figure 7. It has a resolution of 10 km and is among other things based
on the sensors: ASCAT, AMSR-2 and SSMIS. From the figure, it can be seen that on this date
there is only first-year ice around the study site. Multi-year ice can be observed at the east side
of Greenland.
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6. Conclusions

In this study we reviewed three different types of satellite remote sensing, including optical,
altimetry and SAR. To illuminate the review, we used remote sensing data acquired by ESA’s
Sentinel missions over the BaSMIN study site. We show how in situ data can be used in
combination with remote sensing observations to provide a clearer picture. Moreover, the in-
situ data can be used to validate multiple remote sensing observations, and hence increase the
confidence we have in them.

Optical imagery can provide high resolution and high-quality images, up to 10-meter resolution
for Sentinel-2. However, optical sensors require solar illumination and cloud free conditions.
This severely limits the number of usable images, especially in the Polar regions.

Altimetry data provides, amongst others, very accurate significant wave height data in the open
ocean. In this study we used Sentinel-3 wave height data and compared it with the buoy
measurements obtained during the BaSMIN programme. We used satellite tracks that are
within a radius of 20 km of the wave buoys, which resulted in 276 observations for the year
2018. The comparison shows very good results with an RMSE of 0.46 and an R? value of 0.86.
In addition, altimetry can provide information regarding the sea ice freeboard, which can be
used to calculate the ice thickness.

SAR data are the most useful source of information in the Polar regions as it provides
information over large spatial scales and does not require solar illumination or cloud free
conditions. SAR has been used to study wave propagation within the sea ice and an increase in
peak wavelength, change in dominant wave direction and wave attenuation have been reported
in literature. Furthermore, SAR can be used to determine the position of the ice edge and
distinguish between ice type (e.g., first and multi-year ice). Floe size distributions can be
estimated, but the algorithms so far are not very reliable and only work for large floe sizes.

Overall, satellite remote sensing observations are a very valuable source in order to study wave-
ice interactions. Data over large spatial areas can be obtained for a relatively low cost. It should
however be combined with in situ data as much as possible. In this way, information in the
temporal domain and spatial domain are combined, which provide the clearest picture of the
processes at play.
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