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First-Year and Multiyear Sea Ice Incidence Angle
Normalization of Dual-Polarized Sentinel-1
SAR Images in the Beaufort Sea

Wiebke Aldenhoff

Abstract—Automatic and visual sea ice classification of SAR im-
agery is impeded by the incidence angle dependence of backscatter
intensities. Knowledge of the angular dependence of different ice
types is therefore necessary to account for this effect. While consis-
tent estimates exist for HH polarization for different ice types, they
are lacking HV polarization data, especially for multiyear sea ice.
Here we investigate the incidence angle dependence of smooth and
rough/deformed first-year and multiyear ice of different ages for
wintertime dual-polarization Sentinel-1 C-band SAR imagery in
the Beaufort Sea. Assuming a linear relationship, this dependence is
determined using the difference in incidence angle and backscatter
intensities from ascending and descending images of the same
area. At cross-polarization rough/deformed first-year sea ice shows
the strongest angular dependence with —0.11 dB/1° followed by
multiyear sea ice with —0.07 dB/1°, and old multiyear ice (older
than three years) with —0.04 dB/1°. The noise floor is found to
have a strong impact on smooth first-year ice and estimated slopes
are therefore not fully reliable. At co-polarization, we obtained
slope values of —0.24, —0.20, —0.15, and —0.10 dB/1° for smooth
first-year, rough/deformed first-year, multiyear, and old multiyear
sea ice, respectively. Furthermore, we show that imperfect noise
correction of the first subswath influences the obtained slopes for
multiyear sea ice. We demonstrate that incidence angle normaliza-
tion should not only be applied to co-polarization but should also
be considered for cross-polarization images to minimize intra ice
type variation in backscatter intensity throughout the entire image
swath.

Index Terms—Incidence angle, sea ice, Sentinel-1.

I. INTRODUCTION

UAL-POLARIZATION synthetic aperture radar (SAR)
D imagery has become a standard for recent Earth obser-
vation satellite SAR systems, and the Copernicus Sentinel-1
mission made such data easily accessible for research. The
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cross-polarization channel contains complementary informa-
tion to the co-polarization channel for sea ice applications. It
supports, for example, the discrimination of first-year sea ice
(FYID) and multiyear sea ice (MYI) and the identification of
deformation features like ridges; see, e.g., [ 1] and [2]. Moreover,
the incidence angle dependence of radar backscatter is expected
to be lower at cross-polarization compared to co-polarization,
reducing backscatter variations over the image swath and en-
hancing the ice—water contrast [3].

Recent studies of satellite C-band SAR imagery, however,
indicate that the incidence angle dependence of FYI is in a
range where incidence angle normalization could be beneficial
for automatic and visual image interpretation and classification.
Reported incidence angle slopes at cross-polarization vary from
insignificant for all ice types to —0.25, —0.16, —0.13, and
—0.07 dB/1° for level land fast, deformed, general first-year,
and MY, respectively [4]-[7]. Typical slope values at HH co-
polarization vary between —0.27 and —0.16 dB/1° for level FYI
and MY], respectively [6], [8]. Incidence angle normalization
is regularly applied at co-polarization for various image clas-
sification tasks, e.g., [9]-[12]. Comparison of the above values
for incidence angle dependence at co- and cross-polarization
indicates that incidence angle correction should be considered
at cross-polarization particularly for FYI.

Incidence angle dependence of M Y1 at cross-polarization has
been estimated from SAR images by a few studies only and their
results vary from insignificant to —0.07 dB/1° [4], [7]. Though
much lower, there is a need to better quantify the incidence
angle dependence of MYT at cross-polarization and to assess
the impact of incidence angle induced backscatter variations for
MYTL. This is of particular interest for wide swath imageries that
usually cover a wide range of incidence angles from about 20°
to 50° and are used for operational ice charting.

A linear relationship between incidence angle and radar
backscatter in dB can be assumed as a first-order approximation
of the true relationship in the incidence angle range between
20° and 50° [13]. In the literature, two different approaches
have been used to determine the incidence angle dependence. On
the one hand, direct slope estimation from backscatter intensity
versus incidence angle plots. On the other hand, slope estimates
from plots of the difference in backscatter intensity versus dif-
ference in incidence angle of the same patch of sea ice observed
from two different angles, i.e., ascending and descending images
obtained within short time frames. The former has strength in its
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simplicity and it can be directly estimated from the scene in use.
The latter is more robust against intra ice type variability but
requires more than one image to determine the parameters [14].
In this study, the difference in incidence angle and backscatter
intensity between ascending and descending imagery is used to
determine the incidence angle dependence.

Sentinel-1 A/B has become one of the main sources for
C-band SAR imagery of sea ice due to its operational and there-
fore predictable acquisitions [15] as well as the open data policy
of the Copernicus program. Changes in observation strategy
made ascending/descending dual-polarization data over large
areas of the Arctic only available until April 2017. Moreover,
the cross-polarization channel of Sentinel-1 images has been
affected by azimuth scalloping noise and an incidence angle
dependent noise floor [16]. A new noise correction strategy has
therefore been introduced for images acquired after March 2018
to mitigate these problems.

In this study, we investigate the incidence angle dependence
of wintertime FYI and MYI for dual-polarization Sentinel-1
C-band SAR images with emphasis on the cross-polarization
channel. We limit this work to wintertime imagery because sep-
aration of ice types becomes challenging under melt conditions
at C-band [17] and is therefore left for future studies. The avail-
ability of suitable dual-polarization ascending and descending
imagery, e.g., the occurrence of FYI and MY], restricted the
study area and time period to the Eastern Beaufort Sea during
the winter 2016/2017. We used, however, imagery of the same
area from the winter 2018/2019 to evaluate the impact of the im-
proved noise correction by comparison of direct slope estimates
from FYI. With this study, we aim to bridge the gap regarding
quantification of the incidence angle dependence of MYI at
cross-polarization from SAR data. Furthermore, we investigate
the effect of incidence angle normalization on overlays of SAR
images with a large difference in incidence angle.

II. STUDY AREA AND DATA
A. Study Area

The study area is located in the eastern part of the Beaufort
Sea, in the Arctic (Fig. 1). FYI is dominant in the southern
part, while MYT is found in the northern part of the study area.
The occurrence of FYT and MYT is typical for this area where
sea ice motion is dominated by the anticyclonic Beaufort Gyre
that transports MYI from the central Arctic to this area [18],
[19]. The main study period covers wintertime from December
2016 to early March 2017, therefore limiting the effects of
diurnal variations in radar backscatter. The maximum daily air
temperatures from ERAS throughout the observation period are
shown in Fig. 2 [20]. ERAS is the most recent atmospheric
reanalysis dataset from the European Centre for Medium-Range
Weather Forecasts and is available through the Copernicus
Climate Change Service. They are consistently negative, and,
hence, we can confirm cold winter conditions. Sea ice drift,
estimated from position differences of the samples from the used
image pairs, varied from almost insignificant at areas close to
land to 16 cm/s with an average of 7 and 10 cm/s for FYI and

1541

80°N|.

75°N|.

70°N -

\" .":;/24 -

130°wW 120°W

65°N L
150°W

140°W 110°W
Fig. 1. Map of the study area where violet, blue, and green areas outline
images used to study first-year, multiyear, and old multiyear sea ice, respectively.
Grey area outlines images from 2019. Black rectangles mark areas of mosaics
presented in Section I'V-C.

2018-11 2018-12 2019-01 2019-02 2019-03 2019-04
04— . , : , :
—5 4
s}
= -10+
g
2
©
S -15
o
£
3
— —20 A
< FYI
—_— MYI
=251 — old MvI
—— FY| 2019
2016-11 2016-12 2017-01 2017-02 2017-03 2017-04
Fig. 2. Maximum air temperatures from ERA-5 centered in the investigation

areas: Winter 2016/2017 in green, pink, and blue (lower time axis) and winter
2018/2019 in grey (upper time axis). Generated using Copernicus Climate
Change Service Information (2016/2017; 2018/2019) [20].

MYTI, respectively. These values are within the range of sea ice
velocities expected for this area [21], [22].

B. SAR Imagery

Eight Sentinel-1B SAR image pairs acquired on December 5,
2016, December 29, 2016, January 22, 2017, and February 15,
2017 and one Sentinel-1 A SAR image pair taken on March 6,
2017 are used in this study. Each pair is composed of one image
taken in ascending and one in descending orbital direction with
large spatial overlap. The Sentinel-1 B image pairs are taken on
the same relative orbit for both orbital directions with a repeat
cycle of 24 d. Four pairs (violet in Fig. 1) are used for studying
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FYI and four pairs (blue on Fig. 1) are used for MYI. Old M YT is
studied for one Sentinel-1 A image pair (green in Fig. 1). Sea ice
that has survived at least one summer melt is considered as MYI
throughout this study, whereas old MY refers to sea ice older
than three years. In March 2018, improved noise removal was
introduced for Sentinel-1 [23]. Four Sentinel-1 A images taken
on December 5, 2018, December 29, 2018, January 22, 2019,
and February 15, 2019 are used to investigate the impact of the
improved noise removal on incidence angle dependence. The
operational observation mode of Sentinel-1 no longer provides
ascending images for most of the Arctic since May 2017, and,
therefore, no image pairs could be obtained for later winters.
Details about past and current observation strategies can be
viewed at the ESA Sentinel-1 mission website! and the most
recent one is detailed in the High-Level Operations Plan [24].

The SAR image mode is extra wide swath (EW) ground range
detected with medium resolution (GRDM). The swath width of
one SAR scene is 400 km with a resolution of about 100 m
in range and azimuth and a pixel size of 40 x 40 m. The
equivalent number of looks for this product is about 10.7 [25].
The time difference between ascending and descending passes
varies between 13:20 and 15:00 h for the different locations
with ascending images taken between 00:07 and 2:40 UTC
and descending between 15:01 and 16:01 UTC. At local time,
UTC-08:00, this corresponds to images taken late afternoon and
morning the following day, respectively.

All images are in dual polarization with horizontal transmit
and receive (co-polarization, HH) and horizontal transmit and
vertical receive (cross-polarization, HV). Data from the season
2016/2017 is processed to GRD with Instrument Processing
Facility (IPF) version 2.72 and data from 2018/2019 with IPF
version 2.91. The data is preprocessed with the Sentinel Ap-
plication Platform using the following steps: Precise orbit —
noise removal — calibration to 0” — dB conversion — terrain
correction with projection to UTM using ASTER 1 s GDEM.
Pixel size is retained at 40 m.

The cross-polarization channel of Sentinel-1 is highly affected
by thermal noise at areas of low backscatter intensities, typical
of open ocean and smooth first-year ice [23]. Fig. 3 shows
the mean annotated range noise profiles (lines) versus incidence
angle for the used images. Below noise level values are possible
because of the statistical and additive nature of the noise and the
subtraction of the mean noise floor. The increased noise level of
the first subswath is clearly visible for smaller incidence angles
up to about 29°. Furthermore, large variations of the noise are
observable at interswath boundaries. The annotated noise profile
is not able to account completely for the additive noise. Even
after noise correction, backscatter variations induced by residual
noise remain at areas of low backscatter, especially between
the first and second subswaths and at interswath boundaries;
see Fig. 4. Noise removal has been improved for IPF versions
starting from 2.9, corresponding to March 13, 2018. Most af-
fected has been the scalloping noise in azimuth direction that

!(https://sentinel.esa.int/web/sentinel/missions/sentinel- 1/observation-
scenario)
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Fig. 3. Incidence angle dependence of the mean annotated Sentinel-1 HV

range noise profiles (lines). Triangles, circles, and squares mark the HV backscat-
ter intensities of smooth first-year, deformed first-year, and multiyear sea ice,
respectively.
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Fig. 4. Exemplary deformed (green) and smooth (purple) first-year sea ice
samples at cross-polarization for the ascending image on January 22, 2017.
Outlines of the descending image are shown as a grey box. Upper and lower
rows of image zooms show selected samples for the ascending and descending
pass. Contains Copernicus Sentinel-1 data 2017.

is significantly reduced for all subswaths by including noise
profiles not only in range but also in azimuth [23]. The large
difference between EW1 and EW?2 could not entirely be resolved
for the images used in this study [26] and the range noise
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levels do not significantly change compared to the images from
2016/2017 (see Fig. 3).

III. METHODOLOGY
A. Sample Selection

In this article, three broad sea ice classes were analyzed for
their backscatter intensity incidence angle dependence: Smooth
FYT, rough/deformed FYT, and MYI. These classes were chosen
to approximately span the range of expected angular dependen-
cies, from high for smooth FYTIto low for old MY1. Furthermore,
with incidence angle normalization in mind, more classes would
require extensive a priori knowledge of ice types, while the
chosen classes can be roughly identified by backscatter intensity,
texture, and contextual information.

Samples of the different classes were manually selected and
matched for each image pair based on backscatter intensities,
image texture, contextual information, and auxiliary ice charts,
mainly from the Canadian Ice Service and also from the Rus-
sian Arctic and Antarctic Research Institute. Smooth FYT is
characterized by a very low backscatter and smooth texture.
Rough/deformed FYT shows an increased backscatter intensity
and can have a smooth texture, e.g., brash ice or young ice, or
shows texture due to, e.g., ridging. MYI has higher backscatter
intensities compared to FYI. Volume scattering from air bubbles
increases backscatter from old sea ice while surface scattering is
dominant for younger sea ice [17]. Furthermore, MY texture is
usually rougher and more pronounced. Older MYT is character-
ized by generally increased backscatter values [27], [28]. In this
study, older MY refers to predominately more than three years
of age while MYI mostly comprises second-year sea ice. The
gradual change and subtle differences in backscatter intensities
make it difficult to unambiguously identify sea ice age from
backscatter characteristics and auxiliary information. Examples
of selected FYI and MYI samples are shown in Figs. 4 and 5 for
the ascending images of January 22, 2017.

The influence of radar speckle is reduced by calculating the
mean backscatter intensity of a 17 x 17 pixels (680 x 680 m)
window, whereby the incidence angle has been selected at the
centre of each window. The window size was chosen as giving
the best representative average backscatter value (not shown).
Too small window sizes are sensitive to small-scale variations
in backscatter intensities, while too large windows would cover
different ice types.

The cross-polarization channel of Sentinel-1 contains residual
noise contamination after thermal noise correction, as can be
seen in Fig. 4. We therefore decided to exclude the first subswath
(EW1) as well as subswath boundaries from our analysis of
first-year ice samples. For multiyear ice, the impact of the resid-
ual noise is lower due to higher backscatter intensities. Hence,
less care about subswath boundaries needed to be taken, but
we nevertheless additionally investigated the effect of including
the EWI1 in our slope determination. The rightmost sample
zoom in Fig. 5 shows the effect of EW1 especially for low
backscatter areas, where the lower sample is located at EW1
of the descending image.
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Fig. 5. Exemplary multiyear sea ice samples at cross-polarization for the

ascending image on January 22, 2017. Outlines of the descending image are
shown as a grey box. Upper and lower rows of image zooms show selected
samples for the ascending and descending pass. Contains Copernicus Sentinel-1
data 2017.

FYI was studied for four image pairs outlined in violet in
Fig. 1. Sixty samples for smooth and rough/deformed FYI,
respectively, have been collected for each image pair, totaling
to 240 samples per first-year ice type. MYI was studied for four
image pairs outlined in blue and one image pair outlined in green
in Fig. 1. Sixty samples have been collected for each blue image
pair without EW1 and 20 samples per pair within EW1, totaling
to 320 samples. For the single pair (green in Fig. 1), 100 samples
without EW1 and 40 samples within EW1 have been collected.
In addition, 100 samples have been selected for smooth and
rough/deformed FYT in the images from 2018/2019.

B. Slope Determination

In this study, we adopted the method for slope determination
presented in [14]. This method is based on the difference in
incidence angle and backscatter intensity between two samples
taken at different instances in time but representing the same
patch of sea ice. This approach reduces the influence of natural
variability in the backscattered signal within one ice class due
to spatial changes in the physical and electrical properties of sea
ice [6]. Therefore, fewer samples are needed for arobust estimate
of incidence angle dependence. On the other hand, this method
is sensitive to changes of backscatter intensities between the two
acquisitions of a pair, i.e., by deformation through ice motion
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TABLE I
SINGLE DAY SLOPE ESTIMATES

Incidence Angle Slope [dB/1°]

20161205 20161229 20170122 20170215  all samples
FYI smooth HH -0.23 -0.25 -0.23 -0.25 -0.24
FYI smooth HV -0.14 -0.16 -0.17 -0.18 -0.16
FYI rough HH -0.20 -0.22 -0.19 -0.200 -0.20
FYI rough HV -0.12 -0.11 -0.11 -0.11 -0.11
MYI w/o EW1 HH -0.14 -0.16 -0.15 -0.16 -0.15
MYI w/o EW1 HV -0.07 -0.08 -0.08 -0.07 -0.07
MYI with EW1 HH -0.15 -0.17 -0.16 -0.17 -0.16
MYI with EW1 HV -0.09 -0.08 -0.09 -0.08 -0.09

as well as by features with view angle dependent backscatter
values such as linear oriented features like ridges.

We use pairs of images taken the same day but at different
orbital directions so that selected image samples are available
at two different incidence angles. The difference in incidence
angle is thus given by Abinc = Oinc.q — Ginc,d, Where Oy o, and
Binc,q are the incidence angles of the ascending and the de-
scending image, respectively. The backscatter difference is cal-
culated accordingly by Ac? = 00 — 69, where ¢! and o) are
the backscatter intensities of the ascending and the descending
image, respectively. The slope Ac®/Ab;, is obtained through
linear regression of the scatter plot.

IV. RESULTS AND DISCUSSION

In this section, we first present and evaluate backscatter in-
tensity o versus incidence angle slope estimates for different
ice types. Thereafter, we analyze the benefits of incidence angle
normalization.

A. Slope Estimation

Fig. 6 shows backscatter difference Ac® versus incidence
angle difference A6, scatter plots for the different ice types
for co- and cross-polarization. Smooth FYI shows the highest
incidence angle dependence with —0.24 and —0.16 dB/1° for
co- and cross-polarization, respectively. Backscatter intensities
for smooth FYI are however at or below the noise floor; see
Fig. 3. Therefore, it is likely that the incidence angle distribution
follows the noise floor rather than the real incidence angle depen-
dence at cross-polarization. Rough/deformed FYI shows slightly
lower slopes: —0.20 and —0.11 dB/1° for the two polarizations,
respectively. MYI without the first subswath shows the lowest
slopes in this study: —0.15 and —0.10 dB/1° at co-polarization
and —0.07 and —0.04 dB/1° at cross-polarization for MYT and
the case study of older MY, respectively. The R squared values
for all cases as well as the analysis of the residuals of the model
(not shown here) indicate that a linear model is a valid choice
for the incidence angle range of Sentinel-1.

Table I presents the individual incidence angle slope estimates
for each of the four image pairs of FYI (purple in Fig. 1) and
MYTI (blue), along with the overall estimates we just discussed
(Fig. 6(a)—(f)). Single date slopes agree well with the slopes
retrieved from all dates combined. The evolution of sea ice
throughout the study period does not seem to impact the retrieved

slope. We therefore conclude that the presented slope estimates
are representative for wintertime incidence angle dependence of
backscatter intensity in the Beaufort Sea.

The decrease in slope from smooth FYI to old MYI as
well as the lower slopes at cross-polarization are expected
and can be explained by the dominant scattering mechanism
for each ice type and polarization, respectively. Surface scat-
tering, typical for FYI, is more affected by incidence angle
changes than volume and multiple scattering characteristic for
MYT [3], [29]. Backscatter of older sea ice is more dominated
by volume scattering and hence the incidence angle dependence
further decreases with the age of sea ice [30]. Furthermore, the
cross-polarization backscatter signal originates from multiple
scattering events and therefore shows a lower dependence on
incidence angle compared to the co-polarization channel [31].

The co-polarization slopes for rough/deformed FYI and MYI
compare well to a previous study of fast ice in the Canadian
Archipelago from Radarsat-2 that estimated mean incidence an-
gle dependence of —0.22 and —0.16 dB/1° from various rough-
ness classes for FYI and MY, respectively [8]. Furthermore, our
slopes agree with estimates for FYI from Sentinel-1 in the Kara
Sea that found slopes of —0.25 and —0.24 dB/1° for level and
deformed FYI at co-polarization, respectively [6]. A recent study
using direct incidence angle versus backscatter regression from
Radarsat-2 in the Canadian Arctic reports slopes of —0.27 and
—0.20 dB/1° for co-polarization FYI and M YT, respectively [7].
The cross-polarization slopes of the same study, —0.13 and
—0.07 dB/1° for FYI and MYI, respectively, compare well
with the estimates of this study. Cross-polarization slopes from
Sentinel-1 in the Kara Sea, —0.24 and —0.16 dB/1° for smooth
and deformed FYI, respectively, are slightly larger than that in
our study [6]. One of the reasons can be the exclusion of the first
subswath and avoidance of subswath boundaries in our study.
The slope for deformed FYI in their study decreases if higher
signal-to-noise ratios are required for the selected samples of
deformed FYI. Conversely to a study including incidence angle
dependence of different ice types during early winter in the
Beaufort Sea [4], our slopes at cross-polarization are significant
for all ice types and especially for FYI. One reason for this
disagreement could be that in their study, the incidence angle
dependence of FYT could have been buried in the noise floor of
about —28 dB for the ScanSAR wide mode of Radarsat-2 [32].
The noise floor of Radarsat-2 is varying around about —28 dB
but has no trend towards lower values at higher incidence angles.
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Fig. 6.  Scatter plots of backscatter difference versus incidence angle difference for (a) smooth first-year ice HH, (b) smooth first-year ice HV, (c) rough first-year
ice HH, (d) rough first-year ice HV, (e) multiyear ice HH, (f) multiyear ice HV, (g) old multiyear ice HH, and (h) old multiyear ice HV. Grey markings in plots
(e)—(h) show samples from the first subswath. Red and dashed light red lines depict the slope estimate for each plot without and with first subswath, respectively.

Furthermore, only two images at the beginning of October have
been used in that study. Table IT summarizes the results presented
in various studies for comparison with the results obtained in this
study.

The generally good agreement with co-polarization slope
estimates from other studies is a good proxy for the va-
lidity of the presented slope estimates at cross-polarization.

Furthermore, they agree well with values obtained from
Radarsat-2 imagery. The ability to detect cross-polarization
incidence angle dependence for smooth FYI, however, requires a
low enough noise floor, see Fig. 3, and, therefore, the results may
not be transferable to sensors with different noise characteristics.

We also investigated the effect of including EW1 in the
estimation of the incidence angle behavior of MYI. We limited
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TABLE II
SUMMERY OF ESTIMATED SLOPES FROM RELEVANT STUDIES

Sensor Place Method Slope [dB/1°]
FYT smooth HH: -0.25
FYT s th HV: -0.24
Maikynen and Karvonen (2017) [6]  Sentinel-1 Kara Sea difference smf)o
FYT deformed HH: -0.24
FYI deformed HV: -0.16
FYI HH: -0.22
Mahmud et al. (2018) [8] Radarsat-2  Beaufort Sea  direct (fast ice)
MYI HH: -0.16
FYI HH: -0.27
FYI HV: -0.1
Komarov et al. (2019) [7] Radarsat-2  Beaufort Sea direct 0.13
MYI HH: -0.20
MYI HV: -0.07
FYI smooth HH: -0.24
FYT smooth HV: -0.16
This Study Sentinel-1 Beaufort Sea difference FYT deformed HH: -0.20

FYT deformed HV: -0.11
MYI HH: -0.15
MYI HV: -0.07

this study to MYI because FYI samples are at or well below
the noise floor, while MYI samples are above the noise floor
of EW1; see Fig. 3. Furthermore, it is known that noise power
scaling at EW1 over sea ice is insufficient to account for the
noise completely [16] and the impact of the residual noise
will be lower for higher backscatter intensities. This residual
additive noise is expected to increase the slope of the incidence
angle dependence. Inclusion of EW 1, as shown in Fig. 6(e)—(h),
increases the slopes slightly by —0.01 and —0.02 dB/1° for MY1
and —0.02 dB/1° for old MYT at co- and cross-polarization,
respectively. A slope of —0.01 dB/1° equates to a change of
0.27 dB over a range of incidence angles from 19° to 46°, and,
therefore, the normalization result is only slightly impacted by
the inclusion of EW1.

B. Impact of Improved Noise Removal

The improved noise removal of Sentinel-1 since March 2018
poses the question of how far the obtained results can be
transferred to this new imagery. As explained in Section II-B,
no analysis of difference in incidence angle and backscatter
intensity can be conducted for these images. Therefore, we
instead compare slope estimates for smooth and rough/deformed
FYT at cross-polarization inferred directly from backscatter in-
tensity versus incidence angle. As indicated in Fig. 3, backscatter
intensities for MYT are, in general, significantly higher than the
noise floor and are therefore less affected by the noise removal.
In addition, MYT slopes are affected by natural changes in
backscatter characteristics due to differences in age. For these
reasons, effects of the improved noise removal on MYT slopes
have not been analyzed.

Figs. 7 and 8 show backscatter intensity versus incidence an-
gle for smooth and rough/deformed FYT, respectively. The larger
spread of data points for 2018/2019 can partly be explained
by different ice conditions between the two seasons resulting
in higher backscatter values of deformed ice. Especially in

—26 slope_16/17 = -0.16 dB/1°

slope_18/19 = -0.18 dB/1°
_28 .

A FYlI smooth 2016/17
FYl smooth 2018/19

30 35

einc [°1
Fig. 7. Cross-polarization backscatter intensities versus incidence angle for

smooth first-year sea ice in 2016/2017 (black triangles) and in 2018/2019 (grey
triangles).

December 2018, the ice was less consolidated with more leads.
The variation is not so pronounced for the smooth ice case
where samples clearly follow the noise floor pattern. Estimated
slopes for the 2018/2019 season are —0.18 and —0.15 dB/1°
for smooth and rough/deformed FYTI, respectively. These slopes
are slightly larger than those from 2016/2017 with —0.16 and
—0.13 dB/1° and the estimates from difference in incidence
angle and backscatter intensity. Differences between the two
methods can originate in the sensitivity of the direct method
to variability of backscatter intensities for similar incidence
angles as well as to variations over the large swath width. It is a
challenging task to collect samples spanning a similar range of
backscatter intensities per incidence angle interval. Deviations
at the extreme ends can have a large impact on the result. The
difference method reduces this effect by comparing samples
representing the same patch of ice.

Comparison between the years shows that there might be
slight differences due to different overall ice situations, but the
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Fig. 8. Cross-polarization backscatter intensities versus incidence angle for

rough/deformed first-year sea ice in 2016/2017 (black circles) and in 2018/2019
(blue circles).
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Fig. 9. Backscatter intensities versus incidence angle before (black triangles)
and after (pale circles) incidence angle normalization to 33° for rough/deformed
first-year sea ice.

general trends are very similar. The results are therefore also
transferable to other parts of the Arctic because it is more the
conditions under which the ice is formed than the region that
determines the scattering conditions [17].

C. Incidence Angle Normalization

One way to account for incidence angle dependence is the
normalization to a reference incidence angle to homogenize the
backscatter intensities over the image width. We choose 33° as
a reference, as this angle represents approximately the center
of the image swath and ensures equal correction at near and far
range. Incidence angle normalization at co-polarization has been
widely used, and we, therefore, focus here on the evaluation of
the cross-polarization case.

For rough/deformed FYI, the incidence angle slope of
—0.11 dB/1° for cross-polarization equates to a change of
backscatter intensity of about 3 dB over the incidence angle
range (19°-46°). Fig. 9 shows the backscatter intensities versus
incidence angle before (black triangles) and after (pale circles)
normalization to the reference angle for rough deformed FYI.
The ice cover in the study area can be considered homogeneous,
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Before normalisation After normalisation
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Fig. 10.  Backscatter intensities (HV) before (left) and after (right) incidence
angle normalization for first-year sea ice for an image pair acquired on December
5, 2016. Maximum incidence angle difference at the transition is about 13°.

and, therefore, no difference between ascending and descending
samples is made. Due to the exclusion of EW1, only angles
between 28° and 46° are shown in the figure. It can be seen that,
as expected, the normalization levels out the trend of decreasing
backscatter intensities with incidence angle.

The effect of incidence angle normalization is further under-
lined by comparing mosaics from the image pairs with large
incidence angle difference before and after correction. The
first subswath has been removed from the images to better
demonstrate this effect. Fig. 10 shows a mosaic example from
December 5, 2016 of FYI before and after normalization, where
the ascending and descending images have simply been overlaid.
Sea ice drift has not been taken into account, which can be
noticed if the border between images is analyzed in more detail.
Before normalization, the transition from one image to the other
is clearly visible at the center of the left image in Fig. 10,
while it disappears after normalization (right image in Fig. 10).
Incidence angle normalization therefore can facilitate image
interpretation not only of mosaics but also of SAR images that
span a wide incidence angle range.

The MYTin this area is more difficult to assess because the age
of the MY is not homogeneously distributed in our image pairs.
Fig. 11 shows the NSIDC sea ice age product [33] for February
12, 2017 to February 18, 2017 and the outline of the SAR
images used for our M YT studies. Old MYI, which has a higher
backscatter, is found in the far range for the ascending case but
near range in descending. Plotting backscatter versus incidence
angle dependence therefore needs to be done separately for the
ascending and descending case because the highest backscatter
is expected at far and near range for the two orbital directions, re-
spectively. As backscatter intensity and texture are very similar,
we were not able to distinguish different ages unambiguously
and therefore used one single class. The incidence angle slope
of —0.07 dB/1° for MYT at cross-polarization equates to a
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Fig. 11. NSIDC sea ice age distribution within the study area for the week
February 12-18, 2017. Dashed and solid lines outline ascending and descending
images, respectively [33].
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Fig.12. Multiyear sea ice backscatter intensities versus incidence angle before
(black triangles) and after (pale circles) incidence angle normalization to 33°
for the ascending image samples. Blue and dashed light blue lines indicate the
slope of the samples before and after incidence angle correction. Empty symbols
mark samples located in EW1 of the descending image.

difference in backscatter at near and far range of approximately
2 dB.

Figs. 12 and 13 show the incidence angle dependence of MYI
samples from the ascending and descending images, respec-
tively. For the ascending images, one observes an increasing
trend of backscatter intensity with incidence angle and for the
descending images, a decreasing trend is observed. This is due
to the different look directions in perspective to the trend of
sea ice age as shown in Fig. 11. Therefore, the incidence angle
dependence is masked by the physical properties of the sea
ice, i.e., increasing sea ice backscatter with age. As we take
the difference of two samples from ascending and descending
images, this natural variation is canceled out and slope determi-
nation is only slightly affected by a decreasing incidence angle
dependence with sea ice age. This demonstrates that for slope
determination from a single image, a homogeneous image is
needed, which cannot always be guaranteed for a wide swath
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Fig. 13.  Same as for Fig. 12 but for the descending image samples.
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Fig. 14.  Backscatter intensities (HV) before (left) and after (right) incidence
angle normalization for multiyear sea ice for an image pair acquired on Decem-
ber 29, 2016. Maximum incidence angle difference at the transition is about
15.6°. Red arrows indicate boundaries of overlaid image.

imagery. After incidence angle correction, the residual slopes of
natural variability are more similar in absolute value than before
correction. Care should be taken in directly comparing these
slopes as the look direction and direction of sea ice age changes
are slightly different for the ascending and descending cases.
Fig. 14 demonstrates the effect of incidence angle normaliza-
tion for MYT with an example from December 29, 2016. Before
normalization, the corner of the overlaid image is visible at the
center of the image but nearly vanishes after incidence angle
normalization. Due to the smaller angular dependence of MY],
the difference is not as pronounced as for the FYT case shown
in Fig. 10. This example nevertheless illustrates that there is a
benefit of incidence angle correction for MY1, even though this
plays a role mostly for larger incidence angle differences.

V. CONCLUSION

In this article, we present an analysis of co- (HH) and
cross-polarization (HV) incidence angle dependencies for dif-
ferent ice types from smooth FYT to old MYT from Sentinel-1
imagery. Although incidence angle dependence is smaller at
cross-polarization compared to co-polarization, the estimated
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slopes show a significant impact on wide swath SAR images.
Two representative examples of overlays of ascending and de-
scending images for FYI and MYI demonstrate the benefit of
incidence angle dependence correction for visual, and therefore
most likely also automatic, image interpretation. Our analysis
also shows that the angular dependence decreases with the age
of the sea ice, as volume and multiple scattering play a larger
role for backscatter intensities [17]. With the Arctic sea ice
getting younger and thinner [34], the benefit of incidence angle
normalization will increase in the future.

Detection of incidence angle dependence for FYI at cross-
polarization requires a high-enough signal-to-noise ratio, and,
therefore, the results are not without caution transferable to other
sensors, where the angular dependence of backscatter intensities
could be buried in noise. Incidence angle normalization will not
overcome the limitations induced by noise floor variability and
incomplete noise removal of Sentinel-1 cross-polarization SAR
images and artifacts remain in the imagery. The introduction
of the new noise removal scheme with Sentinel-1 IPF 2.9,
however, significantly reduces the noise artifacts, but problems
with the first subswath remain [26]. The scientific community
is constantly working on improving noise removal for better
usability of the cross-polarization channel also for older IPF
versions [16], [35], [36].

Application of incidence angle normalization is straightfor-
ward for SAR scenes with homogeneous ice type distribution,
where the appropriate slope can be chosen to correct the entire
image. For scenes with mixed ice types, especially FYI and
MY], incidence angle normalization becomes more difficult
especially due to the relatively large differences between the ice
types. Single slope correction with mean slope of the dominant
ice types or with the slope of one preferred ice type are two
possibilities. A rough classification by backscatter intensity
before incidence angle normalization can be an alternative. It has
been shown that incidence angle normalization with the mean
incidence angle dependence does not necessarily improve the
classification result [ 7] and the normalization strategy for mixed
ice scenes therefore has to be chosen with care and according to
the application.

The choice of relatively broad ice classes and the general
agreement with FYI estimates in the Kara Sea indicates that
the presented estimates are also valid at other regions of the
Arctic. Interpretation of Sentinel-1 SAR mosaics of the Arc-
tic, e.g., provided by the Technical University of Denmark
via www.seaice.dk, and results from scatterometer measure-
ments [28] show similar backscatter patterns in different parts
of the Arctic for general ice types. Deviations mostly occur in
marginal ice zones, e.g., the transition from open ocean into

the pack ice. This is strengthened by the comparisons between
direct slope estimates of the two winter seasons 2016/2017
and 2018/2019. Differences in the general ice situation did not
greatly affect the obtained slopes. Incidence angle normalization
is widely used for co-polarization SAR images to homogenize
the radar backscatter of wide swath images but should also be
considered for cross-polarization Sentinel-1 imagery.
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