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Abstract wave-ice interactions are important in high sea state conditions, when waves propagate from
the open ocean into the marginal ice zone (MIZ) and the pack ice. In situ observations of waves and wave-
ice interactions can be obtained at a small number of MIZ locations in costly and challenging experiments,
whereas remote sensing using satellite RADARSAT-2 SAR (synthetic aperture radar) images can observe
waves throughout the MIZ, in all weather conditions. We present a methodology to retrieve MIZ wave
parameters from polarimetric SAR data. As an application, we describe the characteristics of waves propagat-
ing from open water into the MIZ, as generated by a strong low pressure system that developed to the east
of Greenland. As waves penetrate the MIZ, SAR remote sensing observations suggest increased dominant
wavelengths, attenuated wave energy and shifted mean wave directions. The SAR observations and esti-
mates for retrieved wave attenuation in the MIZ are shown to be consistent with wave attenuation theory
and in situ field observations. Thus, valuable estimates of MIZ waves over large spatial scales at high-
resolution are provided by the SAR measurements.

1. Introduction

Arctic is experiencing dramatic sea ice reductions in recent years. According to the National Snow and Ice
Data Centre (NSIDC), the maximum extent of Arctic sea ice is experiencing a record low in 2017 for the third
straight year in the entire 38 year satellite record. Looking to the future, climate change projections suggest
ice free summers in the Arctic by the late 2030s (Wang & Overland, 2009). The emergence of increasingly
open waters during Arctic summers suggests new opportunities such as the opening of the Northern Sea
Route and the Northwest Passage and energy-related exploration in Arctic coastal areas. Environmental fac-
tors associated with reductions in sea ice include increasingly severe storms and higher waves, due to
increased winds and longer wave fetches (Khon et al., 2014), with associated risks to a fragile ecosystem,
hazards such as oil spills and potential environmental damage.

The MIZ is highly dynamic with coupled interactions between the ice floes and open ocean processes; it is a
part of the seasonal ice zone that varies in width (100 to 200 km) that extends from the ice edge into the
ice pack, where waves and swells affect the ice. With more open water in summers in the Arctic, waves are
increasingly important for Arctic Ocean dynamics. Moreover, MIZ wave-ice interactions have a potentially
important role in the break-up and rapid retreat of the sea ice, in both the Arctic Ocean and the Southern
Ocean, particularly with the increasing wave heights experienced over the last couple of decades as the Arc-
tic ice extent decreases (Kohout et al.,, 2014; Stopa et al., 2016; Thomson & Rogers, 2014). Moreover, wave
propagation from open ocean water into the MIZ is modified by the wave scattering and attenuation that
occurs, which strongly depends on the properties of the ice floes (Squire & Montiel, 2016). However, present
operational wave models, such as WAVEWATCHII (hereafter WW3) (Tolman, 2009), include incomplete
parameterizations for MIZ wave scattering and attenuation among pancake ice.

A parameterization for wave-ice interactions and wave scattering was developed by Perrie and Hu (1996)
and Meylan and Masson (2006), taking into account the energy transfers within the wave spectra and
between waves and the ice floes, as the waves propagate through the MIZ. This formulation tries to account
for ice floe motions, as generated by the waves, and is dependent on ice floe thickness, ice concentration,
floe lengths, and wave characteristics like frequency and wave age. Several in situ field experiments have
recently been completed. These include the recent Antarctic MIZ experiment by Kohout et al. (2014), the
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MIZ experiment in the Beaufort Sea (Lee et al., 2012) and the Sea State Boundary Layer experiment, also in
the Beaufort Sea in 2015 (Thomson et al., 2013). These activities follow earlier experiments (for example,
Wadhams et al.,, 1988). Related studies have looked at wave scattering and attenuation in interactions
between waves and ice floes (Kohout & Meylan, 2008; Kohout et al., 2014; Montiel et al.,, 2016). Recent
efforts to model waves in the MIZ have highlighted the correspondence between sea ice categories and
wave dissipation rates (Rogers et al., 2016).

Remote sensing is an important method to collect quantitative information about sea ice. For example, mul-
tibeam lidar (Sutherland & Gascard, 2016) and SAR (synthetic aperture radar) are capable of wave measure-
ments in ice covered areas. The focus of the present study is wave scattering and attenuation by ice floes as
revealed by SAR observations. The theory of ocean wave imaging in open water by SAR has been well
developed and recognized (e.g., Alpers et al, 1981; Hasselmann et al., 1985). For long waves in small
patches of thin ice (compared to wavelength), Vachon et al. (1993) showed that the traditional theory for
wave imaging still holds; which is confirmed by Schulz-Stellenfleth and Lehner (2002), who presented
detailed theoretical analysis on damping of ocean waves by sea ice based on ERS-2 SAR data. Liu et al.
(1992) used airborne SAR data to study wave attenuation in the MIZ during the Labrador Ice Margin Experi-
ment (LIMEX); Wadhams et al. (2002) studied wave dispersion relationship in frazil-pancake ice zone by ERS
SAR data. Recent studies suggest that waves experience no obvious dispersion changes in going from open
water into the MIZ (Rogers et al., 2016).

The advent of a new generation of operational SAR satellites, such as RADARSAT-2, TerraSAR-X and
Sentinel-1, with multi-polarizations and high-spatial resolutions, has generated new opportunities for studies
of wave-ice interactions in the MIZ. Recently, Ardhuin et al. (2017) made a detailed investigation of the
unique velocity bunching mechanism of single polarization SAR wave imaging in a fully ice covered area
and developed a new methodology for wave parameter retrievals based on Sentinel SAR data. Gebhardt
et al. (2016) studied waves propagating into the MIZ during the same storm system that we consider in this
present study, based on X band TerraSAR data, obtained 2 days after our C band RADARSAT-2 SAR measure-
ments. They found that the wave dispersion effect due to the long distance traveled from the storm genera-
tion site can account for the wavelength changes in their SAR imagery. Here, we present a study of the
wave-ice interactions in marginal ice zone, based on polarimetric RADARSAT-2 SAR data analysis and theo-

retical model simulations.
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Figure 1. Spatial coverage of the RADARSAT-2 ScanSAR and quad-pol SAR

images in 3 February 2013 overlaying a MODIS image showing ice conditions
off the coast of Greenland (Modis image time: 5 February 2013 16:24:03UTC).

2. Data and Methods

2.1. Data

On 3 February 2013, a strong low pressure system dominated the
southeast region of Greenland with the central low pressure reaching
950 hPa. It propagated eastward generating strong winds and high
waves. RADARSAT-2 SAR images were acquired covering this event,
including a ScanSAR mode image with 50 m resolution and 500 km X
500 km coverage, as well as quad-polarization (pol) fine mode SAR
images, with 4.7 m pixel resolution and 25 km X 25 km spatial cover-
age per frame. The coverage of these images is shown in Figure 1, off
the southeast coast of Greenland. A single MODIS image was also
obtained at the same location on 5 February 2013, providing sea ice
observations at approximately the same time as the SAR imagery
(Figure 1).

Wave height measurements derived from altimeter data from Jason-2
are utilized for wave analysis in the open ocean and for validation of
retrieved wave parameters from the SAR data. As shown in Figure 1c,
significant wave heights up to 8 meters were observed by the altime-
ter in the open ocean region of the study area.

ECMWF ERA-Interim wave reanalysis products are used to demon-
strate the general wave patterns in the studied area. Figures 2a and
2b show the spatial distributions of wind wave and swell during the
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Figure 2. Wind waves (red arrows) and swell (black arrows) at 09:00 (a) and 19:00 (b), 3 February 2013 from ECMWF
interim reanalysis data. (c) Wave spectrum before the ice edge in position (66°N, 33°W), is marked as blue star in Figure
2b. Units of radial wavenumber axis are m ™.

RADARSAT-2 SAR imaging times. In the vicinity of the SAR observation area, near the ice edge, the ECMWF
data show a pure swell system at 09:00 3 February 2013 when the quad-polarization RADARSAT-2 SAR
images were taken and a dominant swell system at 19:00 3 February 2013 when the ScanSAR image was
measured (Figure 2c). The strong swell waves penetrate into the marginal ice zone before reaching the
packed ice near the coast, providing a unique opportunity to study the wave-ice interactions in the MIZ.

2.2. Method Wave Retrievals

This study focuses on wave retrievals from the MIZ. To obtain wave parameters from satellite data, the
ocean surface medium in the image needs to be homogeneous, to avoid spurious signals in the wave spec-
trum analysis (He et al., 2006). Any potential inhomogeneity of the ice field may lead to spurious high fre-
quency signals in the image, and causing uncertainties in the SAR retrieval fields. Efforts have to be made at
the image preprocessing stage to minimize this effect; for example, carefully choosing image blocks without
apparent ice signatures, such as ice ridges, ice leakage and application of image enhancing techniques
such as de-trending, smoothing etc. The first step in the retrieval process is to discriminate sea ice from the
open water. In operational sea ice analyses using single-pol ScanSAR images, ice discrimination generally
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Figure 3. RADARSAT ScanSAR image at 19:44UTC 3 February 2013 overlaid by (a) significant wave height (unit: m) from Jason-2 altimeter in (a). White boxes repre-
sent transect along the wave direction; box “D” is used in Figure 4. Blue star is the location used in Figure 2. (b) Local wind field from CMC model (unit: m/s). (c) Sig-
nificant wave height and direction for swell from ECMWF data.

involves manual interpretation by an experienced forecaster, relying on the different textures of ice com-
pared to those of open water in the images. For full polarization quad-pol RADARSAT-2 SAR images, the
combination of both phase and amplitude information from the SAR measurements, in different polariza-
tions, may contribute information to enhance the skill of the forecaster in discriminating ice from open
water.

Image spectra from SAR measurements are retrieved based on spectral analysis, using the two- dimensional
Fast Fourier Transform. For ScanSAR images, a linear modulation transfer function MTF is used for this par-
ticular case at 19:44 on February 3 (Figure 3a). The applicability of linear MTF for the ScanSAR image analysis
will be discussed in detail. For quad-pol SAR measurements (Figure 8), the method to retrieve wave spectra
from image spectra is adapted from He et al. (2006), which was originally developed for AirSAR data and
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later validated with RADARSAT-2 quad-pol data (Zhang et al.,, 2010). This approach is based on the theoreti-
cal relationship between fully polarimetric SAR data and wave slope spectrum. In this approach, a modula-
tion transfer function (MTF) is not required. The MTF approach is a relatively complicated nonlinear
formulation for retrieval of high sea-state wind waves, whereby tilt, hydrodynamic and velocity bunching
modulations are responsible for wave stipes shown in SAR intensity images (Alpers et al., 1981). For waves
within ice, Schulz-Stellenfleth and Lehner (2002) provided detailed theoretical analysis to justify the capabil-
ity of wave retrieval from SAR imagery. Velocity bunching is a mechanism by which swell and windsea are
evident in SAR images especially in the azimuthal (platform moving) direction. An innovative methodology
to retrieval wave information from ice area by taking advantage of the velocity bunching mechanism is pre-
sented by Ardhuin et al. (2017). They derive the orbital velocity by fitting the velocity bunching theory to
the wave shapes presented in SAR image; only single polarization SAR data are needed. Both Ardhiun et al.
(2017) and He et al. (2006) do not rely on the explicit form of the MTF.

Conventionally, the image spectra and wave spectra are connected by a modulation transfer function

(Bendat & Piersol, 1971) expressed as,

P(k)= |R (k)|*P: (k) )

where P(k) and P(k) are the image intensity spectrum and the ocean wave height spectrum, respectively
and R is the modulation transfer function (MTF).

In order to obtain the dissipation rate of the waves, it is necessary to estimate the wave spectrum from the
image spectrum. Under linear conditions, the MTF is a superposition of the tilt, hydrodynamic and velocity
bunching functions. When MTF is a linear formula, the attenuation rate for the wave spectra can be directly
obtained from the image spectra (Liu et al., 1992), which is a valid assumption for swell or low amplitude
wind waves. Indeed, studies show that the MTF is a linear sum of tilt and hydrodynamic modulations for
Real Aperture Radar (RAR). However, for SAR the velocity bunching mechanism provides a nonlinear contri-
bution to the modulation (Alpers et al.,, 1981). The nonlinear effect is reduced for swell or for waves propa-
gating along the radar look (range) direction.

To estimate the nonlinearity of MTF, Alpers et al. (1981) proposed a formula (2) to calculate the nonlinearity
coefficient. The ECMWEF data in Figure 2 already suggest that the wave system in this study is a dominantly
swell. It is interesting to see how the nonlinearity coefficient works in this case. With 3 m significant wave
heights at the edge of the MIZ area, as suggested by Jason-2 altimeter measurements, equation (2) sug-
gests that the nonlinear coefficient is 0.3, which can be considered a linear velocity bunching mechanism
(Alpers et al., 1981; Briining et al.,, 1994). Therefore, the wave attenuation rate coefficient can be directly
obtained from the image spectrum derived from the ScanSAR image, following Liu et al. (1992),
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Figure 4. Peak wavelength changes as derived from SAR imagery along tran-
sect labeled by boxes 1 to 8 in Figure 3. Shaded area denotes the MIZ.

_ R 1/24,3/2
C= Wg / Kp/ Hscos Jcos ¢, (2)
where g is the gravitational acceleration, R is the target range, V is the
platform velocity, K, and ¢, are the peak wave component and its
propagation direction relative to azimuth, ¥ is radar incidence angle
and H; is the significant wave height.

3. Wave Propagation Through Ice in the MIZ

In winter, Greenland is typically surrounded by pack ice. The MIZ sepa-
rates the open water and the pack ice and is composed of ice floes of
various ice characteristics and properties. The RADARSAT-2 SAR meas-
urements shown here suggest that the wave stripes are still present
200 km from the ice edge along the transect indicated in Figure 3. As
waves propagate through the MIZ, wave energy suffers attenuation
and dissipation by scattering interactions and momentum transfer to
the ice floes (Doble & Bidlot, 2013; Kohout et al, 2014; Meylan & Mas-
son, 2006; Perrie & Hu, 1996; Toffoli et al., 2015; Wadhams, 1986).
Energy transferred from the waves contributes to ice floe motions.
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The effects of these processes on wave attenuation and scattering can be estimated by in situ measure-
ments (Kohout et al., 2014; Meylan et al., 2014). Our objective is to derive these estimates from remotely
sensed SAR imagery.

3.1. Wave Length Changes in MIZ

As mentioned above, the waves generated by the large synoptic-scale low pressure system were observed by

altimeter measurements from Jason-2 and estimated to have significant wave heights up to 8.0 m in the

open ocean (Figure 3). ASCAT scatterometer measurements and ECMWF wind data suggest that the wind

direction at the center of the storm is generally to the east, with wind speeds in the range of 25-30 m/s, gen-

erating strong swells propagating to the north toward the studied area. In the area covered by the SAR imag-
ery, local winds are also present along the coast, but blowing to the
southwest, with speeds of about 10 m/s, as indicated by the high reso-

o ¥ = lution regional CMC (Canadian Meteorological Centre) model (Figure
.04 3b). If fully developed, these waves can have wavelengths of up to
- 0.03 ” 95 m, assuming equilibrium wave relations (Pierson & Moskowitz,
0.2 1964). Analysis of the spectrum from the SAR observations along the
e transect (Figure 3) shows pure swell, with no local wind -generated
b 5 waves. This result is consistent with the ECMWF data shown in Figure 2.
In a different location which is ~200 km away further north, Gebhardt
o P et al. (2016) investigated two wave systems in their TerraSAR X images;
210 ’ 330 ECMWF data suggest that the additional wind wave system corre-
sponds to the open wind fetches which favors wave development trav-
240 300 eling from open water into ice (Figure 2). In the area of present study,
210 the wind fetch is limited by ice since local wind direction is off ice.
(a) Position #D in ice The ScanSAR image was partitioned into sub-images, each of 512 X
512 pixels, in order to obtain the wave transformation patterns, as the
120 ? oo . waves propagate from open water through the ice floes of the MIZ. Cor-
M responding image spectra were obtained for each of the sub-images.
. 003 % Spectral analysis shows that waves are propagating from the north-
2% east to the southwest, in the ScanSAR image. As shown in Figure 3, a
b ) transect along the wave direction is chosen for further analysis. The
180 0 transect includes locations in open water, in the MIZ and on the other

210

240

0 =40°
P

270

side of the ice region, in open water again.

In the open water (box #1, as indicated), the dominant wavelength is
339 m (Figure 4); the deep water dispersion relation suggests a corre-
sponding wave period of 14.9 s. Along the transect defined by boxes
1 to 8 in Figure 3, variations in the peak wavelength within the ice are
evident (Figure 4), with increasing peak wavelengths, from boxes #5

330

300

(b) Position #2 in water to #7, when MIZ ice is present along the transect path. From boxes #7

to #8, the wavelength decreased, as waves continue to propagate,
back into open water. The lengthening of the peak wavelengths in
the MIZ is consistent with our general understanding that ice floes
and related ice material tend to act as a low frequency filter for the
ocean waves (Collins et al, 2015), whereby high frequency wave
= energy is dissipated and scattered. As suggested by Sutherland and
Gascard (2016), both viscous dissipation and scattering mechanisms
are important in the MIZ, as both mechanisms can be used in the

Incoming wave

| Wave inice

overall interpretation of MIZ wave attenuation. In section 3, viscosity

(c) Schematic illustration of wave refraction due to changed medium

Figure 5. Wave direction shifts of box #D (Figure 1¢) in the ice zone as

i

57 and scattering models are applied to simulate and explain the wave
attenuation detected by the SAR image. SAR observations indicated
decreased wavelength when waves propagate out of ice back into
water (Figure 4). This is likely caused by swell dissipation because in

compared to open water box #2. A, B, C are used to demonstrate locations this case, swell is dominant in the front of ice tongue (Figure 2), and
with different refraction wave direction.

local wind is blowing in the opposite direction to incident swells (see
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the CMC winds in Figure 3b); when swell travels out of ice, it suffers suppression from winds, causing dissi-
pation to the swell energy and resulting in decreased wavelengths. Note that swell dissipation per se is
included in the recent version of WW3 model (WaveWatch Manuel v5.16).

3.2. Shift of Wave Direction

When waves propagate from open water into the MIZ, we find that changes in the dominant wave direction
occur, based on a spectral analysis of the SAR images (Box #2 as compared to #D). Moreover, the wave
direction shifts toward the normal direction relative to the ice edge. This can be motivated by Snell’s Law
which also happens when light propagates from air into water. In this case, the ice edge has approximately
a circular arc shape, and the waves are propagating to the northeast direction in the water (box #2), shifted
counterclockwise, toward the normal direction in the middle of the arc (Figures 5a-5c for details). In Figure
5c, we demonstrate that waves from both quadrants of the normal direction are refracted toward their
respective local normal directions in the MIZ, resulting in wave convergence within the MIZ. This conver-
gence can potentially lead to a region of enhanced wave energy accumulation, which may play a role in
breaking ice floes in this area of the MIZ. Previous studies on the effects of waves on packed ice floes have
suggested that a convergence of wave trains can lead to ice pack break-up and dissipation of the waves
(Dumont et al., 2011; Kohout et al., 2016; Liu et al., 1992; Montiel et al., 2016; Williams et al., 2013a, 2013b).
In actual ocean conditions, the shape of the ice edge is possibly often very complicated with small scale var-
iations as compared to the wavelength. We note that such small scale variations are unlikely to cause signif-
icant impact on waves, especially if the ice thickness at the edge of the MIZ is relatively thin. Therefore, in
this approach, the normal direction at the ice edge, with regard to wave refraction, refers to ice boundary
curvatures larger than the dominant wavelength of the incoming waves.

3.3. Simulation Based on Wave Attenuation Theory

In literature, there are two kinds of attenuation models that are widely used to simulate wave attenuation
due to the presence of ice floes, the viscous layer model and the wave scattering model. The viscous layer
model considers ice cover to be continuum, whose deformation is governed by its constitutive behavior
(Cheng et al,, 2017). The scattering model considers the scattering effect of discrete ice floes, and wave
energy transferred to ice floes by the excitation of heave, pitch and roll oscillation modes (Montiel & Squire,
2017; Perrie & Hu, 1996; many others). Although the physics behind these two category models are quite
different, both models can suggest an exponential wave dissipation rate under the influence of sea ice.

The focus of our paper is not about the physical mechanisms per se of wave attenuation within the marginal
ice zone, or about the detailed further development of these specific models. Rather, our focus is to show
how SAR can help to interpret the wave attenuation per se within the MIZ through the following analysis.
3.3.1. Viscous Layer Model

For the viscous layer model, wave energy attenuation in sea ice is represented in the form of an exponential
decay function (e.g., Sutherland & Gascard, 2016). The decay rate is quantified in terms of the fetch Xic.(L; 0)
within the MIZ, multiplied by a wavenumber dependent attenuation coefficient a(k)= (v37k”/*) / (v/2g°%°),
where the effective viscosity is ver =6.4X107* m? /s, as derived by fitting the wave spectra parametrizations
to data observed by airborne lidar measurements by Sutherland and Gascard (2016). It should be noted
that the effective viscosity is dependent on the ice conditions (Rogers et al., 2016).

For simplicity, we assume that the MIZ has a linear ice edge (as shown in Figure 6), with incoming waves
that are 45° to the normal direction of the ice edge. Therefore, the fetch over the MIZ ice is Xice(L; 0)=L/sin
(0) where L is the shortest distance from a given position in the ice, to the ice edge, and 0 is the incoming
wave direction. In this simulation, the incoming wave directional spectrum is assumed to be described by
the DHH wave spectral parameterization (Donelan et al., 1985) with 8 m/s wind speed (Figure 6b).

Figures 6¢ and 6d show wave spectra at locations 2 km and 4 km inside the ice (positions A and B in Figure
6a), where the wave direction at the peak wave energy 0, is shifted from the incident direction toward the
normal direction, inside the ice. The shift is about 1° every km, and the associated peak wavenumber k,
decreases from 10.7% at 2 km to 17.5% at 4 km respectively. The model follows the SAR observations,
regarding the directional shift and the changes in the peak wavelengths due to the attenuation. For
assumed homogeneous ice conditions, the model also suggests that when the waves propagate further
into the ice, the rate of directional shift decelerates and the wavelength changes continue; these effects are
enhanced for higher ice concentration conditions further inside the MIZ. Wave attenuation in the MIZ also
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Figure 6. Simulation of waves propagating in the MIZ based on viscous layer theory. (a) Schematic plot of a wave-ice
system; (b) directional wave spectrum for incoming waves from open water; simulated wave spectrums in MIZ at (c) 2 km
and (d) 4 km from the ice edge; simulated wave spectra with wavenumber independent attenuation coefficient at (e)

2 km and (f) 4 km.

depends on properties of incident waves and on associated ice properties, such as ice concentration, floe
size and thickness. These properties are also important in wave-ice scattering models.
3.3.2. Scattering Model

Another mechanism that is generally used to interpret wave attenuation in the MIZ is wave scattering due
to sea ice floes (e.g., Perrie & Hu, 1996). We apply the wave scattering model following Kohout and Meylan
(2008) with mean floe size parameterization from Dumont et al. (2011) to illustrate wave attenuation in the
MIZ as observed by SAR imagery.

The dimensional amplitude attenuation coefficient from wave scattering theory is:

*A=C—=
2D

SHEN ET AL. OCEAN WAVES IN THE MARGINAL ICE ZONE 196



@AGU Journal of Geophysical Research: Oceans 10.1002/2017JC013148

0.15 60 G 15
o \
o = \
2 = e \
§ 2 = 1 \‘\ ]
c i — 5 D \
2 01 — 150 5 & AN
F \ kel c N
2 N % 2
x N @ é 05} ~ 1
3 T— o o ~——_
o T o T
- o g —_
0.05 L . - - 40 % 0 L L L L
0 0.5 1 1.5 2 25 3 2 0 0.5 1 1.5 2 25 3
ice distance x10* @ ice distance (m) «10*

Figure 7. Wave attenuation pattern in the MIZ as simulated by the scattering model of Kohout and Meylan (2008): (a)
wavelength and direction, (b) peak spectrum energy.

where o is the attenuation coefficient, c is ice concentration, D is the mean size of the floes over the distance
traveled by the waves, a is the dimensionless energy attenuation coefficient obtained from a numerical solu-
tion of the wave scattering model of Kohout and Meylan (2008). The method to determine D is introduced by
Dumont et al. (2011). Here, we follow their MIZ calculation to estimate D as 36 m in this simulation.

As a first attempt, we assume that the ice concentration ¢ is 50% and ice thickness, 0.6 m, using the same ice
- water configuration as shown in Figure 6a and the same incident wave spectrum as for the viscous layer
model. Figure 7 shows the resulting wave energy spectrum, indicating the spectral wavelength and direction
for the peak energy, for MIZ positions up to 30 km from the ice edge. As shown in Figure 7, as waves propa-
gate into the MIZ, the wave direction tends to shift toward the direction normal (90°) to the ice edge and the
wavelength/wavenumber increases/decreases. Changes in the wavelength and direction appear to decrease,
as waves propagate further into the MIZ, and relatively shorter waves are further dissipated.

Therefore, we suggest that the wave scattering patterns for wavelengths and directions shown in SAR
images can be used to formulate an inverse problem, whereby we may estimate ice floe characteristics in
the MIZ, by iterating the numerical simulations with different ice parameters to find the best-fit to the SAR
derived evolving wave features (wavelength changes and direction shift etc.), as previously suggested by
Meylan and Squire (1993). However, we do not attempt to retrieve these parameters here, due to the lack
of in situ data for validation.

3.3.3. Model Validation Against SAR Observations

Both the viscous layer model and the scattering model (introduced in sections 3.3.1 and 3.3.2) take advan-
tage of the attenuation coefficient and the fetch in the MIZ to simulate the wave energy attenuation within
MIZ ice. We examine the detailed spectral changes within MIZ ice by adopting two ice conditions. The effec-
tive viscous attenuation coefficient is taken from Sutherland and Gascard (2016), based on fitting the vis-
cous layer model to Lidar — measured wave spectra off Greenland; the scattering attenuation coefficient is
based on the mean floe size parameterization from (Dumont et al., 2011) together with assumed an ice con-
centration of 50% and ice thickness of 0.6 m. Based on these two conditions, the wave attenuation in the
marginal ice zone is studied by these two models.

As shown in Figures 6 and 7a, both models clearly suggest increasing wavelengths when waves travel from
open water into the MIZ ice, with shifting of dominant wave directions when incident wave crests are not
parallel to the MIZ ice edge. To this end, the models are sufficiently good that they are able to qualitatively
explain the wavelength changes and directional shifts in the MIZ as seen in SAR imagery.

For quantitative analysis, the in situ ice conditions need to be known, which we unfortunately lack. For the
ice conditions from Sutherland and Gascard (2016), the models predict 1°/km direction shift when waves
travel into ice with 45° incident angle. Figures 5a an 5b show a direction shift of 14° from ice and water.
Considering the MIZ ice fetch of 6.25 km, SAR observes a directional shift of 14°/6.25 km = 2.24°/km. This is
about twice the result obtained from the viscous layer model. This difference suggests that the ice condi-
tions studied by Sutherland and Gascard (2016) in northern Greenland might be different to what we have
assumed here. By adjusting the effective viscosity coefficient to be double of the value used in Sutherland
and Gascard (2016), we can obtain a direction shift of 2°/km, which is close to the SAR observations.

For the scattering model, the model predicts a direction shift of 1°/km (Figure 7a). This is also about half of
the rate that is observed by SAR imagery. By changing the ice thickness to 1.2 m, the scattering model
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Figure 8. Wave attenuation analysis from the quad-pol Radarsat-2 SAR image:
(a) The quad-pol SAR image with selected sub-image boxes superimposed,
with box size 512 X 512 pixels (~2.5 km X 3.2 km); (b) Retrieved rate of change
in significant wave height as waves propagate into the MIZ, showing attenua-
tion rate retrieved from SAR, indicated by symbol <4, overlaid on results from
field measurements of Kohout et al. (2014) showing wave height decay more
than 100 km from the Antarctic Ocean ice edge. Data are binned in 1-m boxes,
with median shown by red dot. Black line is linear least-squares regression
through median values.

predicts a directional shift of 2°/km. In this way, the scattering model
also can correctly predict the direction shift observed by the SAR
imagery. Therefore, both models can predict the wave changes cor-
rectly, by adapting the attenuation coefficient and assuming appropri-
ate ice conditions.

To further develop and validate the models, future remotely sensed
SAR observations should coordinate with joint in situ programs to
measure the wave and ice conditions. Thus, SAR may be used to
retrieve ice conditions and investigate wave changes in MIZ ice based
on the model validation methodology presented here.

3.4. Wave Attenuation Rate Retrieved From Quad-Pol SAR Images
A series of quad-pol RADARSAT-2 SAR images were also obtained dur-
ing the time between 08:03:25 and 08:03:34 UTC, which is 12 hours
earlier than the ScanSAR image presented in sections 3.1 and 3.2.
ECMWEF reanalysis data show that the wave patterns in the vicinity of
the studied area remain relatively stable, with the pure swell system
propagating from south to north, into the marginal ice zone (Figures
2 and 8). The wave stripe patterns in SAR imagery are clearly evident,
within both the MIZ ice zone and the water area; thus we can demon-
strate the ability of the swell to penetrate through the MIZ ice before
traveling back into the open water. The associated wave slope spectra
and wave heights can be retrieved from the quad-pol SAR images fol-
lowing the methodology of He et al. (2006) and Zhang et al. (2010).

A sequence of sub-images from the quad-pol SAR image along the wave
direction was selected for analysis, extending from open water, into the
MIZ (Figure 8a). Because the waves are relatively long and the patches of
ice are expected to be thin, we assume that the same relationship
between wave slope and the full polarization radar return signals applies
in the MIZ as for the open ocean, following Vachon et al. (1993) and
Schulz-Stellenfleth and Lehner (2002). Thus, we obtain estimates for the
corresponding waves. As the waves travel through the MIZ ice floes, the
wave amplitudes are attenuated. In this case, based on the retrieved
wave heights from SAR images, for waves within the MIZ, the rate of
wave attenuation is about 1.8~3.7% energy loss for every 2.5 km box
length on the MIZ transect. In terms of dissipation rate and wave heights,
the average dissipation rate is —0.13e* for dH;/dx, for incident wave
heights of 2.6 m as derived from boxes #4 to #8 in Figure 8a. This result
is comparable to recent in situ measurements in the Southern Ocean by
Kohout et al. (2014), shown in Figure 8b.

4, Discussion and Conclusions

When waves propagate from open water to the MIZ, high frequency and

middle-frequency waves tend to be dampened, transferring their energy to the motions of ice floes, following
Meylan and Masson (2006). The remaining portion of the wave spectrum, consisting of long-period waves, tends
to penetrate far into the MIZ, and may continue through the area characterized by MIZ ice floes into open water
again, depending on the extent of the MIZ area and related ice floe properties like ice floe diameters, thickness,
concentration, ice floe position within the MIZ relative to the ice edge and wave spectra parameters, like wave
age and frequency. Observations from remotely sensed and in situ field measurements suggest that only the low
frequency waves can penetrate relatively far into the MIZ and the attenuation rate increases with frequency.

Within the MIZ ice zone, the wavelength changes are explained by two wave attenuation models taking
into account the effects of the ice. Thus, the potentially significant role of wave-ice interactions is confirmed
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both for present climate conditions, as well as for future climate conditions, predicting continued sea ice
retreat in Arctic and possibly enhanced MIZ areas. Gebhardt et al. (2016) studied wavelength changes for
waves traveling along a distance of ~1,000 km, for the same storm system as we have considered here.
They found that the wavelength changes observed by TerraSAR-X imagery are consistent with the spatial
dispersion that is experienced by deep water waves in the open ocean. Moreover, their paper also suggests
that in the MIZ ice zone, “the strongest increase was obtained (their image 5). Possibly, the open-water
increase of wavelength was enhanced by wave-ice-interaction.” Our present paper addresses these wave-
ice interaction effects, in terms of their possible contribution to wavelength changes on the relatively local
(meso-scale) spatial scale, thus complementing their paper.

In the present study, the wave retrieval methodology for SAR images in the MIZ assumes that ice floes and
ice frazil material are approximately homogenously distributed within sub-images. The average wave dissi-
pation rate is —0.13e™* for dH;/dx, which is consistent with in situ measurements by Kohout et al. (2014).
Validation for other types of sea ice in the MIZ requires further study.

The methodology presented here is potentially an important new application of fully polarimetric SAR in
wave studies in the MIZ, in terms of monitoring waves and ice in the MIZ, by presenting MIZ properties in
the spatial domain. By comparison, in situ buoys can give time series data, e.g., the temporal domain, at
point locations. Until now, modelers have had to rely on a limited number of measurements of wave atten-
uation from field measurements; the potential of fully polarimetric SAR imagery was not explored. Even if
all the in situ field projects planned in the next few years are successful, they can only provide measure-
ments of attenuation at a handful of new in situ MIZ locations. In situ field experiments are costly and diffi-
cult. By comparison, SAR is ubiquitous for its ability to retrieve wave spectrum and ice conditions
simultaneously, at high resolution in almost all-weather conditions.

Recent studies (Meylan et al., 2014) based on the in situ experiment of Kohout et al. (2014) suggest that the
wave attenuation is proportional to wavenumber. A specifically designed experiment for a series of quad-
pol SAR images extending hundreds of kilometers along the wave propagation direction under high wave
conditions might be able to investigate this process.

We have demonstrated that high resolution satellite remote sensing measurements from fully polarimetric SAR
can provide some elucidation of the characteristics of waves as they propagate into the MIZ. These measurements
provide wave information in the spatial domain, whereas in situ measurements are able to give details in the tem-
poral domain. The combination of spatial and temporal information is able to give a more complete picture of the
manner in which waves propagate through the MIZ. Clearly, combinations of simultaneous measurements from
satellites and in situ measurements from wave buoys are recommended for MIZ studies of ocean waves.
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