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Abstract—In this article, we investigate the feasibility to align
synthetic aperture radar (SAR) imagery based on a compensation
for sea ice drift occurring between temporally shifted image ac-
quisitions. The image alignment is a requirement for improving
sea ice classification by combining multifrequency SAR images
acquired at different times. Images obtained at different radar
frequencies provide complementary information, thus reducing
ambiguities in the separation of ice types and the retrieval of sea
ice parameters. For the alignment we use ice displacement vectors
obtained from a sea ice drift retrieval algorithm based on pattern
matching. The displacement vectors are organized on a triangular
mesh and used for a piecewise affine transformation of the slave
image onto the master image. In our case study, we developed
an alignment framework for pairs of Advanced Land Observing
Satellite-2 PALSAR-2 (L-band) and Sentinel-1 (C-band) images.
We demonstrate several successful examples of alignment for time
gaps ranging from a few hours to several days, depending on the
ice conditions. The data were acquired over three test sites in the
Arctic: 1) Belgica Bank, 2) Fram Strait, and 3) Lincoln Sea. We
assess the quality of the alignment using the structural similarity
index. From the displacement vectors, locations and extensions of
patches of strong ice deformation are determined, which allows
to estimate the possible areal size of successful alignment over
undeformed ice and a judgment of the expected quality for each
image pair. The comprehensive assessment of hundreds of aligned
L-C SAR pairs shows the potential of our method to work under
various environmental conditions provided that the ice drift can be
estimated reliably.

Index Terms—Advanced land observing satellite-2 (ALOS-2),
alignment, arctic, drift, multifrequency, registration, sea ice,
sentinel-1.
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1. INTRODUCTION

YNTHETIC aperture radar (SAR) has been used for mon-
S itoring and observing sea ice since the 1990s when the
ERS-1, ERS-2, and the Radarsat satellites made C-band SAR
images available for several regions with seasonal or permanent
sea ice cover. SAR acquisitions at C-band have continued and
are nowadays complemented by acquisitions at L- and X-band.
However, to date L- and X-band data have not been used
routinely for operational ice charting because of limitations
in spatial coverage and frequency of acquisitions. From early
multifrequency airborne SAR data (e.g., [29]) it is known that
the combination of different radar bands is of advantage for sea
ice mapping. While radar acquisitions at different frequencies
can be carried out simultaneously from an airplane, the satellites
used for sea ice monitoring carry only single-frequency SAR
systems. Due to the continuous movements of large areas of sea
ice, multifrequency classification methods that are commonly
applied for land areas can only be used for drifting sea ice after
images from different SAR sensors, with a temporal gap between
their acquisitions, have been aligned or coregistered (registration
is the process of making one image conform to another image). In
most regions, sea ice drift and deformation are large enough that
even if two images are acquired within a few hours, classification
algorithms will not be able to take advantage of information
from both images without prior correction for local drift and
masking of deformed areas. A number of algorithms for drift
retrieval have been developed based on feature tracking and/or
correlation measures [2], [19], [20]. Future missions may allow
for more systematic combinations of different frequencies for
sea ice charting (e.g., by ESA’s planned ROSE-L mission as
complement to Sentinel-1). The potential of methods developed
for alignment of multifrequency images over moving targets
is one issue which is considered in the planning phase of the
ROSE-L/Sentinel-1 data acquisition scenario. In this article, we
introduce a framework for the alignment of sea ice images and
the assessment of its quality. We use C- and L-band images
from three regions in the Arctic with different sea ice condi-
tions, acquired at different seasons and under varying weather
conditions. We provide a comprehensive analysis of the benefits
and limitations of our method. This study was carried out as
part of a project for the European Space Agency (ESA) named:
“Synergistic Use of L- and C-Band SAR Satellites for Sea Ice
Monitoring,” which was led by The Arctic University of Norway
in Tromsg.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see
https://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig.1. ALOS-2image coverage of the three test sites: Green - North Greenland
(Lincoln Sea); Blue: Northern Fram Strait region; Red - Belgica Bank.

II. DATA AND TEST SITES

To examine our alignment method we collected L-band
advanced land observing satellite-2 (ALOS-2) images at HH
polarization from the Greenland and Lincoln Seas, and then
collocated them with overlapping C-band Sentinel-1 images
at HH polarization. Three regions were chosen as test sites:
Belgica Bank, Fram Strait, and North Greenland (Lincoln Sea).
The spatial coverage of the collected ALOS-2 scenes for each
test site is drawn in Fig. 1. Overlapping Sentinel-1 images are
not shown here for clarity. The test sites differ by regional ice
dynamics, dominant ice types, and seasonal variations. Hence,
we can evaluate the performance of our alignment methodology
under a wide range of ice conditions.

A. Test Sites

The Belgica Bank (red squares in Fig. 1) is characterized by
an extensive landfast ice area for most of the year, aided by
the shallow waters of the Belgica Bank and numerous grounded
icebergs that restrict sea ice drift. The sea ice cover in the area is
composed of ice that has been advected in from the Fram Strait
and ice which has formed locally. As such the seaice is present in
all different stages of development. The interaction between the
fast ice area and drift ice causes the development of dynamic ice
features including flaw leads, polynyas, and ridging zones [16].

The northern Fram Strait area, blue squares in Fig. 1, is the
primary gateway for sea ice moving out of the Arctic Ocean
on the Transpolar Drift. The area is characterized by a strong
southward drift [30]. This creates a challenge for the alignment
of multifrequency images if their acquisitions are not closely
synchronized. The ice in this region can be a mixture of all
different stages of development. New ice is often present in
leads [25]. Further information about typical ice conditions can
be found, e.g., in [31].

The Lincoln Sea (North Greenland area), marked by green
squares in Fig. 1, is primarily characterized by large floes of
multiyear sea ice, often deformed and consolidated and mixed
with first-year sea ice. With the reduction in multiyear sea ice in
the Arctic, and transition to a more seasonal ice cover [21], the
Lincoln Sea is the area forecasted to be the one where multiyear
seaice survives the longest. Sea ice in this area is typically many
years old, and heavily ridged. Mostly, the drift is from west to
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TABLE I
NUMBER OF PROCESSED L-C IMAGE PAIRS GENERATED FROM SENTINEL- 1
AND ALOS-2 DATA

Site / mode | Belgica Bank | Fram Strait | North Greenland | Total
FB 9 65 - 74
WB 52 38 65 155
All 61 103 65 251

N
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w
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Fig. 2. Distribution of time gaps between image acquisitions for processed
L—C image pairs at the test sites.

east. If the Nares Strait between Greenland and the Ellesmere
Island to the south is open then there is a potential for southward
drift [4], [26].

B. SAR Sea Ice Imagery

Over the three test sites, we collected Level-1.5 ground range
detected (GRD) data from ALOS-2 and Level-1 data from
Sentinel-1 A/B (the Copernicus Programme satellite constel-
lation) for different months which cover winter, melting, and
freezing seasons in the period from April 2019 to February
2020. Two different ALOS-2 data modes are used: 1) ScanSAR
nominal and 2) Stripmap Fine. The extra wide swath mode
(EW) mode is used for Sentinel-1 data. For both sensors, the
backscattering coefficient ¢ was computed consistently from
the digital number DN provided in the datasets as

= DN?/A? (1

where A is a calibration constant from a look-up table found in
auxiliary calibration files (for details see [27] and [28]). Then
0¥ is conventionally converted to dB: ¢, = 10 - log(c®) and,
finally, the data are projected onto a polar stereographic grid
with a pixel size of 100 m.

L—C pairs were generated from the images based on the
following criteria: The time gap between acquisitions is in the
range of 1-72 h (which is determined from the available image
pairs); the fraction of the overlap region between the two image
must exceed 0.34 (chosen empirically) of the smallest image.
In each pair the L- and C-band, images were cropped to the
common overlapping area. The final dataset comprises 251 L-C
image pairs. The numbers of generated L—C image pairs for each
ALOS-2 mode and test site are given in Table I. A histogram of
the time gap distribution is shown in Fig. 2.

Site / mode & Belgica Bank & Fram Strait & North Greenland
& Total

The incidence angle affects the recognition of ice structures
in radar images and the contrast between ice types and ice and
water. However, for the success of the alignment of two images,
these issues play a minor role compared to the effects of the ice
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drift and deformation, spatial resolution, and speckle, and were
therefore not considered in our study.

C. Ice Drift and Deformation Data

To obtain sea ice displacements between SAR image pairs, an
adapted version of the Chalmers SAR ice drift algorithm [2] was
used. The algorithm operates with pattern matching at different
processing levels with varying template size and overlap, as well
as different stages of down-sampling of the original pixel size.
The algorithm also considers rotation of the ice within a template
at the highest spatial resolution of the drift field, if the correlation
is poor. This is achieved by using the Fourier—Mellin transform.
It is assumed that the signature variations of a template in the
slave image correspond to a translated and rotated replica of the
corresponding template in the master image. In case of larger
templates, single local variations of ice floe rotations within the
template are not resolved.

For robust drift retrieval, distinct and stable spatial radar inten-
sity variations (caused, e.g., by the presence of leads, ridges, and
ice floe edges) visible in both images are required. This means
that if an ice structure not present in image 1 occurs in image 2
(i.e., a deformation feature developing between acquisitions of
image 1 and image 2) or a structure visible in image 1 cannot
be found in image 2 (also due to deformation, e.g., closing of
a lead), the matching process is disturbed. Without deformation
processes, the ice cover structure remains temporally stable, and
the alignment of two SAR images acquired with a time gap of
0T is carried out by considering the (deformation-free) drift
field. However, even in case of stable ice conditions, it has to be
considered that certain ice features or structures may be clearly
visible at one frequency but less distinct or not at all at the other.
This reduces the magnitude of correlation in pattern matching.
Compared to the effect of deformation, the differences between
frequencies are a less critical problem.

For this drift algorithm as well as for other state-of-the art drift
algorithms ([19], [20]), the problem of judging the accuracy
of the retrieved drift vectors needs to be resolved. In order
to discard erroneous vectors, we applied the criteria on local
vector homogeneity analogously to [5]. The computational grid
of the drift algorithm was set to a cell size of 50 x 50 pixels,
corresponding to about 5000 m on the ground. It should be
noted that, in our implementation, the chosen drift algorithm
can easily be replaced with another algorithm or external drift
data if preferred.

The velocity field is used to generate second-order products,
such as deformation rates, divergence, and shear. We derive them
analogously to [22] from the strain rate tensor. A regular grid has
been chosen as, in most cases, it is less affected by errors which
arise from boundary definition schemes [10]. For our analysis
of the alignment quality in Section IV-B, we calculated ice
divergence D and shear S. The calculated values are normalized
to a temporal unit of 1 h.

D. Air Temperature At 2 m

The satellite data cover different weather conditions including
winter season, freez-up, and melt season. To determine the
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Fig. 3. Mean air temperature at 2 m from ERAS over test sites between
sequential image acquisitions.
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Fig. 4.  Maximum air temperature at 2 m from ERAS5 over test sites between

sequential image acquisitions.

air temperature over the test sites we used the state-of-the-art
atmospheric reanalysis dataset ERA5 [12], which is a part of
the Copernicus Climate Change Service (C3S) and is based
on the Integrated Forecasting System (IFS) Cy41r2. It has en-
hanced horizontal resolution of 31 km for various atmospheric
parameters with an hourly global coverage. We used the air
temperature data at 2-m above ground as an approximation
for the temperature at the snow or ice surface. The data were
extracted for the period between image acquisitions for each
L-C image pair. The temperatures closest in time to the SAR
acquisitions were stored together with the maximum and the
mean temperature during the period. A mean temperature close
to zero degree indicates possible changes between melting and
freezing. Maximum temperatures well above zero point to the
intensity of a melting episode. Melting of ice or snow between
acquisitions can lead to changes in the radar signature. The
distribution of the mean air temperatures for the image pairs
is shown in Fig. 3 and the maximum values are presented in
Fig. 4.

Figs. 3 and 4 reveal that the generated image pairs cover a
wide temperature range with mean temperature from —25 °C
to +3°C and maximum temperature from —18 °C to +17 °C.
This allows the assessment of the alignment performance under
a variety of temperature conditions.

III. ALIGNMENT ALGORITHM

The proposed alignment method comprises two main steps:
1) computation of the alignment transformations from estimated
ice displacement vectors and 2) execution of the alignment
(warping) using the computed alignment transforms. The gen-
eral scheme of the alignment framework is shown in Fig. 5.

In this study, we use the ALOS-2 images as the master, but
both L- and C-band SAR images can be used as master. The ice
drift retrieval algorithm yields an output of matching locations
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Fig. 6. Triangulation on (a) the master ALOS-2 and (b) slave Sentinel-1

images from the start and end points of the ice displacement vectors. Every
color represents a corresponding pair of points.

given by the coordinates in the master image and corresponding
coordinates in the slave image. An ice drift vector is determined
from the difference in the coordinates of such a pair, denoting
the straight-line displacement of the ice between the image
acquisitions (the actual pattern of the ice movement can be more
complex). A geometric transformation is estimated from the drift
data which moves a pixel at coordinates (z, y) to a new position,
(2,4). The movement is specified by a pair of transformation
equations as follows:

The alignment problem is to find the appropriate geometric
transformation. In our method, we estimate the transformation
based on the pairs of points in the master and slave image (a
point in the master image marks the start of the drift vector, and
the corresponding point in the slave image marks the end, see
Fig. 6).
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Algorithm 1: Sea Ice SAR Imagery Alignment by Ice Drift
Compensation.

Define regular grid over master image as the set of points
{pi" ir
Identify points in slave image corresponding to {p™}Y,
as {p{}iL;.
Assess quality of each point pair, {(p™,p$)}Y ,, by local
homogeneity criteria. Filter out low quality point pairs, i.e.,
the set of remaining point pair indices includes R elements.
Triangulate the region of the master image into a triangular
mesh, 7. The nodes of this mesh are the points {p™ }icr.
Likewise, the triangular mesh 7'° has the corresponding
nodes {p$}icr.
for ¢, t° € (T™,T7) do
Compute affine spatial transformation between t”* and
t*, i.e., the current triangle in the master image and the
corresponding triangle in the slave image. Also, compute
the corresponding transform between ¢° and t™, i.e., the

inverse transform.
end

for t™,t° € (T™,T7) do
Warp the pixels of the slave image inside ¢° onto the t™
using the inverse transform, or use the forward transform
if you want to map the master image onto the slave.

end

Due to the brittle nature of sea ice and the deformation it
undergoes, the number of drift vectors will often be limited.
Therefore, due to robustness issues and limited information we
approximate the actual geometric transformation with a piece-
wise affine transformation [9]. If 2-D points are represented in
vector form, an affine transformation consists of multiplication
by a 2 x 2 matrix followed by the addition of a vector:

A-fslbl+ o

We apply the affine transformation in the triangular region
between three neighboring points. An example of triangulation
based on ice displacement vectors for an image pair is shown in
Fig. 6, where every color corresponds to a certain displacement
vector.

In this work, we implemented the piecewise affine transfor-
mation using a scikit-image’s function [18]. The core idea is to
use a number of local mapping functions, each tuned to map
well in local neighborhoods. Then by piecing the local mapping
functions together, a global mapping function is obtained. Based
on this principle, we developed an alignment framework written
in Python [13]. A description of the framework stages is given
in the pseudocode in Algorithm 1.

IV. RESULTS AND DISCUSSION

In this section, we present the results of the evaluation of the
alignment method proposed in [7] based on 251 L-C image pairs
obtained under various ice and weather conditions, and time
differences between image acquisitions. Sea ice displacement
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vectors are derived at every 50 pixels over the overlapped areas
with the SAR drift algorithm [2].

A. Alignment Feasibility

In first analyses presented in [7], we showed examples of
alignment for image pairs acquired with a time difference of
up to 32 h, and concluded that the alignment is possible for
the pairs that are acquired with larger time gaps but over only
slowly changing ice conditions. Here, we extended our analyses
and found an example for which the alignment was even possible
between images acquired with a 72-h temporal gap. The original
and aligned ALOS-2 image and the ice displacement field are
shown in Fig. 7. The drift vectors were obtained evenly for
all computational grid cells which resulted in the successful
alignment of the slave L-band image to the master C-band image
without visible distortion. In general, the correctness of align-
ment (minimized image distortion) depends on the accuracy and
spatial distribution of the drift vectors.

As ice motion is complex and heterogeneous in many cases,
it is difficult to provide general recommendations regarding
the sufficient number and spatial distribution of drift vectors
for successful alignment. For instance, only a few correct drift
vectors might be sufficient for the alignment in the case of
homogeneous ice drift, while heterogeneous ice motion requires
more detailed drift data at higher spatial density. Hence, the drift
field should be retrieved from the smallest meaningful grid cells.
The size of the latter must cover a sufficient number of pixels
to clearly identify structures and texture which influence the
uncertainty of the correlation in the process of pattern matching.

In our alignment framework, we follow the strategy of ex-
tracting evenly distributed matching points on regular grids,
which was used in several studies [1], [17], [24]. However,
as mentioned above, the limitation of this strategy with its
fixed grid cell sizes is that regional variations of the sea ice
cover structure cannot be considered directly during pattern
matching. In [11], the authors proposed an objective function
that considers the precision of the matching points and their
distribution including triangle shapes to optimize the number of
correspondences that are used for satellite image coregistration.
Despite this optimization step being out of the scope of this
study, it can be a part of future work for the improvement of our
alignment method.

B. Texture Similarity Measure in Aligned Images

For an objective assessment of the alignment quality to be
expected or achieved, different metrics are available. In the first
case, the image pair can be analyzed with regard to similari-
ties of intensity (brightness) variations before carrying out the
alignment; in the latter case, the correctness of the alignment is
judged.

For our application, we found that the structural similarity
index (SSIM) [32] is the most appropriate metrics to measure
the similarity between two images in terms of intensity, contrast,
and structure

SSIM(z,y) = f(I(z,y), c(z,y), s(z,y))
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alignment; (d) SSIM after the alignment.

where [ is intensity, c is contrast, s is structure, x4 is mean, o is
variance, and 0, is covariance. C'1, C'2, C'3 are the stabilization
constants. The SSIM takes values between O (no similarity) to
1 (perfect match). For details see [32].

The advantage of the SSIM is that it uses the structural infor-
mation in an image independent of the average intensity. This is
an important aspect in the alignment of radar images acquired at
different frequencies, polarizations, and incidence angles, since
they reveal different levels of intensity and contrasts between
different ice types, between ice and water, as well as between
level and deformed ice. It should be noted that, due to these
differences, we cannot expect the SSIM values being close to 1
even in ideal alignment cases if the images differ in frequency,
polarization, and incidence angle.

To demonstrate the applicability of the SSIM, an example of
aligned images in the Fram Strait is shown in Fig. 8. Here, the
SSIM values are significantly larger after the alignment (D) than
before the alignment (C). For instance, after the alignment, the
two large floes can be recognized by SSIM values above 0.4,
which is a positive indication of successful alignment.

Another example of applying the SSIM metrics for the L-C
image alignment assessment is provided for a pair of Sentinel-
1 and ALOS-2 images from North Greenland (Lincoln Sea
83.405 N 55.543 W) in Fig. 9. The images were taken with
a time difference of 48 h, and the SSIM is shown together with
ice divergence and shear rate. The quality metrics have been
calculated for a window size of 50 x 50 for each pixel, which
corresponds to the grid cell size used for drift and deformation
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Fig. 9. (a) Aligned Sentinel-1 image from 27 November 2019, 19:03:40
UTC. (b) The master ALOS-2 image from 25 November 2019, 17:41:15 UTC.
(c) SSIM. (d) Ice divergence rate. A zone of intense deformation outlined with
green dashed line.

retrieval. As the magnitudes of divergence and shear in Fig. 9
reveal, the strongest ice deformation occurred in an area on the
left side of the images (outlined with a green dashed line in the
Sentinel-1 image). Because of the deformation, the ice structures
in this area are different between the ALOS-2 and Sentinel-1
images, and a successful alignment cannot be expected there.
The SSIM provides useful information on the similarity of ice
features between the L- and C-band image. The zones of high
values (0.4-0.6) correspond to structures found in both images
(successful alignment) and zones of low values and match well
with the changes of the ice structure due to deformation between
the acquisitions of the two images. This example confirms that
the SSIM metric is invariant to absolute intensity, which is
particularly beneficial for multifrequency image analysis, where
inherent signature differences between the different bands sig-
nificantly complicate an objective quality assessment.

C. Thresholds Separating Weak and Strong Deformation

Ice deformation is a limiting factor for alignment as it causes
changes of ice structures between image 1 and image 2 (e.g.,
closing of a lead). Thus, the knowledge of local deformation
rates can be useful to assess the potential for a successful match
of the C- and L-band image before carrying out the alignment.
The basic idea here is to define deformation magnitude thresh-
olds and use them to separate areas that can easily be aligned
from those for which deformation is too heavy.

The threshold values of deformation parameters are deter-
mined on the grid of the drift vectors. The grid cells are of
square shape, contain several pixels and usually also show
recognizable ice structures. According to [6], the geolocation
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error of Sentinel-1 images is much smaller than a single pixel.
Hence it is assumed that the tracking error is dominant and terms
dependent on the geolocation uncertainties are neglected. The
deformation uncertainty is calculated from (for details see [6])

202

Utzot = Ugiv = 05'2hr = FQ”LQ
where o is the error variances for the total deformation (o),
divergence (o4iv), and shear (ogheqar) rates; oy, is the ice tracking
uncertainty; AT is the time interval between the two SAR
images from which drift/deformation is evaluated; L is the side
length of a square grid cell which is set to 50 pixels in our case.
With a tracking error of bAp (where b is a real number and Ap
is pixel size)

®)

o 20°Ap?
Oot = ATQ L2 .

For the calculations of thresholds, the following numbers are
valid: the ice tracking error is one pixel, hence b = 1 in (6);
the grid size for calculating the drift is L = 5 km, and the
pixel size 100 m. We consider magnitudes of total deformation
that are larger than the uncertainty calculated from (6) as real
deformation. The time gaps between images of single pairs from
the test sites are provided as a histogram in Fig. 2. With the
numbers for b, Ap, and L give above, the uncertainty for a time
gap of, e.g., 24 his 0.001 h™!, and using the time gaps in Fig. 2
itis 0.028/AT.

(6)

D. Alignment Quality Assessment

For a comprehensive quality assessment of alignment, we
chose a combination of derived local SSIMs and fractions of
deformed ice. The advantage of this approach is that it allows to
complement ice deformation-related information (the temporal
component) with texture similarity (spatial component) between
the master and slave SAR images. To give an impression of
how the two metrics complement each other, let us consider
an example of alignment quality assessment for an L-C pair
obtained over North Greenland (Lincoln Sea) in November 2019
shown in Fig. 10.

From Fig. 10, it is obvious that areas of stronger total defor-
mation match areas with lower SSIM values. In the areas with
a lack of ice deformation data (due to gaps in the field of ice
drift vectors), the SSIM metric still provides alignment quality
information over the distorted area in the dashed white circle. In
some parts of the image, the total deformation is relatively low
but above the threshold (time gap between acquisitions around
43 h, temporal threshold < 0.0007), and the SSIM indicates very
low correspondence between master and slave (in yellowish). Ice
deformation can therefore be used as a first-guess estimation of
alignment success as it reveals how much ice has undergone a
not negligible deformation that might result in texture distortion.
It can easily be computed from ice drift data and does not
require much computation effort while the SSMI provides a
more detailed picture as it is computed for every image pixel.
At the same time, they both complement each other and give a
more comprehensive assessment of alignment quality.
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Fig. 10.  (a) Aligned ALOS-2 SAR image acquired at 2019/09/02 at 17:40:21
UTC. (b) SSIM metric. (c) Total ice deformation rate. The zones with high ice
deformation values correspond well with low values of SSIM. White dashed
circle indicates a lack of deformation data.

E. Alignment Quality Under Different Ice and Weather
Conditions

Since L- and C-band image acquisitions from presently oper-
ational satellite missions are only possible with temporal gaps
between them, it is of interest to assess the alignment quality
of a larger number of L-C image pairs acquired for different
conditions. To this end, we processed 251 L-C image pairs over
three test sites: 1) Belgica Bank, 2) Fram Strait, and 3) Lincoln
Sea, which are characterized by different ice drift regimes and
environmental conditions in the period April 2019 to February
2020. The results are summarized in three plots in Fig. 11.

From Fig. 11, several observations can be made. The prob-
ability of a large texture structure similarity (SSIM) is slightly
higher when the time gap between the SAR image acquisitions
is shorter [Fig. 11(a)]. However, several SSIM values obtained
at larger time differences are higher than for smaller temporal
gaps which is due to the large influence of the local ice drift
and deformation magnitude. A decreasing tendency for SSIM
associated with warmer weather conditions can be recognized
from Fig. 11(b). This is in agreement with the fact that under
melting condition, ice types are more difficult to separate, and
ice structures caused, e.g., by clusters of ridges are more difficult
to identify.

In Fig. 11(c), the SSIM texture similarity metric is shown
versus the deformed ice fraction. The fraction of deformed ice is
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Fig.11.  (a) SSIM against temporal gap between acquisitions. (b) SSIM against
mean air temperature at 2 m. (c) SSIM against areal fraction of deformed ice.
The values have been obtained for 251 L-C SAR image pairs.

given relative to the area of successful drift vector retrievals. We
observe that a wide range of SSIM values can be associated with
different levels of ice deformation, but the number of relatively
strong structural texture similarity tends to correspond to the
lower fraction of deformed ice. This observation is expected
as the ice deformation reduces the possibility to identify the
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ice feature in sequential images even when acquired at a single
frequency. However, a low deformation rate will not always lead
to a high SSIM, because the latter judges contrast and structure
besides intensity. Since the difference of radar signatures be-
tween L- and C-band varies depending on local ice conditions,
the SSIM may be low even if no ice deformation takes place.

The prevailing deformed ice fraction for the processed L-C
image pairs is in the range of 0—10%. The relatively high values
of SSIM that characterize structural SAR texture similarity
are associated with lower deformed ice fraction and colder air
temperature over the ice surface. Overall, we obtained mostly
relatively low magnitudes < 0.25 of the SSIM. Visual inspection
of the images showed that sometimes smaller patches of consid-
erable distortions, as shown in Fig. 10, occurred which are due
to strongly localized ice deformation, while large parts of the
overlap area could successfully be aligned. However, occasion-
ally, alignment was not possible over larger parts of the overlap
area but only over a smaller fraction of it. From our results, it is
important to notice that the temporal gap between L- and C-band
image acquisitions is not a sufficient stand-alone criterion for the
expected success of alignment, the characteristics of the local ice
drift regime and seasonal effects, such as melting have to be taken
into account as well [3], [15]. It has also to be considered that
we did not include image pairs from the sites of highly mobile
sea ice regimes, such as the marginal ice zone, or around the
southern tip of Greenland and along the eastern Labrador coast,
since the reliability of the retrieved drift fields, if a retrieval is
possible at all, can be expected to be very low based on our
experience [14], [23].

V. CONCLUSION

In this study, we investigated the potential of multifrequency
sea ice SAR imagery alignment by ice drift compensation for
pairs of L- (ALOS-2) and C-band (Sentinel-1) satellite SAR
images. An alignment framework has been developed and its
performance was evaluated using SAR images acquired with a
time separation from a few to 72 h over test sites in the Arctic re-
gion: Belgica Bank, Fram Strait, and North Greenland (Lincoln
Sea), which are characterized by the presence of different ice
types (multiyear, first-year, young, and new ice) and cover the
marginal ice zone and various ice dynamics regimes. The core
of the framework is based on a piecewise affine transform that
utilize geometrical information from ice displacement vectors in
order to align two sequential images. The alignment is performed
using local transformations obtained for triangular areas, which
map any point in one image to its appropriate position in the
second image. The transformation accounts for pure rotation,
translation, and includes stretching.

The conditions under which the alignment is possible were
defined as important feedback to the design of future SAR mis-
sions operated as satellite constellations. To answer the question
whether alignment is possible for multifrequency analysis, and
under which conditions it works, we developed and validated
procedures for matching of C- and L-band image data acquired at
different times, and quantified the performance in the alignment
of these data. We assessed the impact of temporal intervals
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between consecutive C- and L-band image acquisitions, con-
sidering the degree of ice deformation and the effect of surface
air temperatures, the latter for judging the effect of premelting
and melting conditions. For the alignment quality assessment,
we proposed the combined use of two kinds of metrics: 1)
fraction of deformed ice [8] and 2) texture similarity metric
(SSIM) [32]. The fraction of deformed ice relies on prede-
fined ice deformation rate thresholds to detect areas covered
by deformed ice and is used as a proxy for a possible amount
of distortions caused by deformation processes between image
acquisitions. The structural similarity measure (SSIM) compares
local differences between two images considering normalized
intensity, contrast, and covariance, and is used for judging the
success of alignment over the overlapping region in the image.
We showed that the feasibility of the alignment mainly depends
on the following factors: Number and density of correct ice drift
vectors, degree of ice deformation, and weather conditions that
lead to surface melting or other changes which result in weaker
signature contrast between different ice areas and structures.

Our suggested methodology is a promising step for joint
analyses of multifrequency SAR imagery of sea ice acquired at
different times, which can be extended also to other frequencies
than C- and L-band.
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CODE AVAILABILITY

The Python code for SAR sea ice imagery alignment by ice
drift compensation and usage examples are available at [13].
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