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Abstract: The backscatter coefficients of Synthetic Aperture Radar (SAR) images that observe the
Greenland Ice Sheet (GrIS) are incidence angle dependent, which impedes subsequent applications,
such as monitoring its surface melting. Therefore, backscatter intensities with varying incidence
angles should be normalized. This study proposes an incidence angle normalization method for
dual-polarized Sentinel-1 images for GrIS. A multiple linear regression model is trained using the
ratio between the backscatter coefficient differences and the incidence angle differences of quasi-
simultaneously observed ascending and descending image pairs. Regression factors include the
geographical position and elevation. The precision evaluation to the ascending and descending
images suggests better normalization results than the widely used cosine-square correction method
for horizontal transmit and horizontal receive (HH) images and a slight improvement for horizontal
transmit and vertical receive (HV) images. Another dataset of GrIS Sentinel-1 mosaics in four 6-day
repeating periods in 2020 is also tested to evaluate the proposed method and yields similar results.
For HH images, the proposed method performs better than the cosine-square method, reducing
0.34 dB RMSE on average. The overall accuracy of our proposed method is 0.77 and 0.75 dB for
HH and HV images, respectively. The proposed incidence angle normalization method can benefit
the application of wide-swath SAR images to the study of large-scale and long-period observation
on GrIS.

Keywords: backscatter coefficient normalization; greenland ice sheet; incidence angle; sentinel-1
extra wide (EW) mode

1. Introduction

Synthetic Aperture Radar (SAR), as an active microwave remote sensing technology,
usually provides phase and intensity information of the ground surface observations. The
former is applied by the interferometry technique to monitor ground surface deforma-
tion [1–3]. The latter is of great importance for monitoring dielectric features of the Earth’s
surface, including snowmelt [4], soil moisture [5], oil spill detection [6], and building
damage detection [7], etc. The dielectric features are affected by the dielectric coefficients,
surface characteristics, incidence angle, etc. In polar regions, where optical images are
limited due to polar night, SAR observations play a greater role. For homogeneous and
stable surfaces, such as sea surface and/or ice sheets, the backscatter intensity generally
decreases as the incidence angle increases from near range to far range [8]. For one specific
ground object, even if other backscatter influencing factors remain unchanged, the backscat-
ter coefficients vary with the incidence angles, which encumbers the direct intercomparison
of data from different platforms that have different viewing geometries [9].

Various methods were proposed for incidence angle normalization of SAR images. A
widely used one is the cosine-square correction method derived from Lambert’s law for
optics. It assumes that the amount of power that is re-radiated in the upper hemisphere
follows the cosine law, and because the radiation variability of the observed area also
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follows the cosine law, the measured backscatter coefficient is related to the cosine square
of the incidence angle [10]. This method was applied to different types of land cover,
including vegetation [11], ice sheets [12], ocean [13], etc. Other normalization methods for
SAR images were based on statistical approaches. Mladenova et al. [9] and Menges et al. [14]
eliminated the systematic differences in the mean value and variance between the model
and independent datasets based on the frequency distribution or histogram matching. Ye
et al. [15] proposed a normalization method based on the cumulative distribution function,
which normalized the variable-angle observations for each incidence angle, using the
information from multiple partially overlap swaths. The linear relationship between the
incidence angle and the backscatter coefficient was investigated on different surfaces,
including wet snow in mountains [16]. More investigations were conducted on sea ice.
Some studies [17–21] utilized SAR data to perform linear regression between the incidence
angle and backscatter coefficient on different types of sea ice. Others [22–24] focused on the
empirical regression of backscatter differences and incidence angle differences on multiple
observations in the same area.

To normalize the backscatter coefficient to a reference angle, this study develops a
linear regression model of incidence angle compensation for the backscatter coefficient of
Sentinel-1 EW images over the Greenland Ice Sheet (GrIS). This method helps isolate the
contribution of incidence angle changes to the backscatter variability. The SAR mosaics of
GrIS are therefore produced utilizing Sentinel-1 images, which is beneficial to the image
interpretation of monitoring surface freezing/melting states of GrIS and the study of radar
glacier zones.

2. Study Area and Data Sets
2.1. Greenland Ice Sheet

Greenland is the largest island in the world. As the second biggest ice sheet after the
Antarctica Ice Sheet, GrIS, located in the northeastern of North America, extends 72–15◦W
and 60–83◦N. Its elevation drops from above 3500 m at the center to the periphery. In recent
decades, the increases in the glacier flow velocity and surface melting have made GrIS a
major contributor to the rise in the global sea-level [25]. The typical melting period starts
in June and ends in late August. Daily microwave radiometers and scatterometers have
found that GrIS experiences strong melting in summer, and its surface melting duration
increased at 4.5 days per decade, with the extension of the surface melting area increasing
by 6.9% per decade during 1979–2019 [26,27]. In 2022, the melt duration of GrIS lasted until
September, with an unusual late-season melt event [28].

Compared to passive microwave sensors, SAR offers a combination of a short revisit
time and high spatial measurement of GrIS, enabling better monitoring of the surface
melting. SAR mosaics derived from numerous images of different tracks, such as products
provided by National Snow and Ice Data Center (NSIDC), NSIDC-0633, and NSIDC-0723
(discussed in Section 4.3), are not well-balanced without incidence angle normalization.
The different backscatter coefficients in near-time acquisitions in the same area affect the
snowmelt detection of GrIS.

2.2. Sentinel-1 EW SAR Imagery

Sentinel-1 Extra Wide (EW) mode provides horizontal transmit and receive (HH) and
horizontal transmit and vertical receive (HV) images with an incidence angle range of
18.9–47.0◦ at GrIS. It contains 5 sub-swaths, covering a swath width of 400 km. This study
adopts the EW ground range detected with medium-resolution (40 m × 40 m) products.

Sentinel-1 A/B SAR image pairs acquired from July 2019 to June 2021 at the five
experimental areas (EA) were used in this study. Each quasi-simultaneously observed
overlapping image pair comprises one image observed with an ascending orbit and another
with a descending orbit. Since not enough quasi-simultaneous EW observations were
found at the southern GrIS, it was not involved in the training process. Images acquired
during July 2019 to June 2020 were employed for model training, and those during July
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2020 to June 2021 were taken as a testing dataset. The image coverage is shown in Figure 1.
T and F refer to the relative orbit number and frame number of the Sentinel-1 products.

Figure 1. Five experimental areas (EAs) and Sentinel-1 image pairs coverage on GrIS.

Another dataset applied for testing includes all ascending (more than descending
acquisitions) Sentinel-1 A/B EW images covering the GrIS of four 6-day repeat cycles: 11
January 2020~16 January 2020, 16 April 2020~21 April 2020, 9 July 2020~14 July 2020, and
13 October 2020~18 October 2020, containing 52, 66, 59, and 63 frames, respectively.

All images were pre-processed with the Sentinel Application Platform (SNAP) using
the following steps: precise orbit→ thermal noise removal→ calibration to σ0→multilook
(2∗2) → speckle filter (Refined Lee) → terrain correction → ice sheet mask. For HV
polarized images, their EW1 sub-swaths were cut out because of irremovable thermal
noise [29] despite the thermal noise removal step being performed in our processing steps.

2.3. Other Relevant Data

The elevation model applied in this study is the NSIDC-0715 dataset provided by
National Snow and Ice Data Center (NSIDC) [30], with a resolution of 30 m. The GrIS
mask is provided by the Ice sheet Mass Balance Inter-comparison Exercise [31]. The
land freeze/thaw status images product is the NSIDC-0728 dataset [32], and the 2 m air
temperature of the ERA5 model hourly data was downloaded from the Copernicus Climate
Change Service (C3S) Climate Data Store [33].

3. Methodology
3.1. Linear Normalization Method

Different glacier facies for GrIS are identifiable by different radar characteristics on
SAR images. The C-band microwave can easily penetrate the dry snow zone, where
forward scattering dominates. The percolation zone, with large grain sizes and ice lens,
is dominated by volume scattering and thus shows high backscattering coefficients. The
wet snow zone with surface melting is dominated by surface scattering, showing low
backscatter coefficients, and the scabrous bare ice zone along the shoreline shows stronger
backscattering than the wet snow zone but still smaller than the percolation zone [34]. The
microwave backscattering properties of GrIS are complex and show significant seasonal
variations [27].

Assuming that the quasi-simultaneously obtained ascending and descending observa-
tion of one image pair share the same scattering characteristics on GrIS, their backscatter
coefficients difference (∆σ0) in dB should only relate to the local incidence angles’ difference
(∆θ) in the same area. By presuming a linear model [22–24], the ratio (∆σ0/∆θ) depends
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on the backscattering characteristics, which also relates to the freeze-thaw states of the
ice surface.

Since the freeze-thaw state of GrIS is unknown before image interpretation and one
aim of SAR observation is to detect such a state, this study takes other influence factors
to represent such a ratio, including the elevation (H), latitude (Lat), longitude (Lon) of
corresponding pixels, and a freeze/thaw-related factor (T). Three alternative factors for
the freeze/thaw-related factor were tested. The first one is the absolute value of the image
acquisition date’s distance from the summer solstice (T1), which is the estimation of the
temporal distance to the most violent melting days of the year (DOY). The second is the
historic average of the past decade of ERA5 2 m air temperature (K) calculated for each DOY
(T2) [33]. The last one utilizes land freeze/thaw status binary images from NSIDC-0728,
regarding 0 as freezing and 1 as melting. The historic average of the past decade for each
DOY is calculated.

The multiple linear regression model is expressed as Equations (1)–(3):(
∆σ0

∆θ

)
i
= b0 + b1 × Hi + b2 × Lati + b3 × Loni + b4 × Tx (x ∈ [1, 2, 3]) (1)

∆σ0
i [dB] = σ0

i,a − σ0
i,d (2)

∆θi = θi,a − θi,d (3)

where b1, b2, b3, b4 are the regression coefficients of the four independent variables, and b0
is the intercept of the regression result. The subscript a and d refer to the ascending and
descending acquisition, and i refers to the pixel samples of each image pair. Tx refers to
three alternative variables: T1, T2, and T3.

Pixel samples were extracted within image pairs during July 2019 to June 2020 upon
the five EAs. An equal interval sampling with 1:1000 was conducted on all available
samples. The samples were trained with (1) to obtain regression coefficients.

After the model was trained, the backscatter coefficients in dB were normalized to a
fixed reference angle as Equation (4):

σ0
i,norm[dB] = σ0

i [dB]−
(

∆σ0

∆θ

)
i
×
(

θi − θre f

)
(4)

where σ0
i,norm is the normalized backscatter coefficients, and θre f is a fixed reference angle,

set as 30◦ in this study. θ and σ0 are the local incidence angles and measured backscatter
coefficients in decibel of the original images. i refers to every image pixel.

3.2. Precision Evaluation

To evaluate the proposed normalization method, the widely used square-cosine correc-
tion was adopted as a reference method [10]. The backscatter coefficient σ0

norm is given by:

σ0
i,norm =

σ0
i cos2(θre f )

cos2(θi)
(5)

where the variables are the same as in Equation (4).
The mean value of multiple backscatter (σ0(n)) for each pixel represents the average

backscattering. Therefore, the root-mean-square error is calculated as (6):

RMSE =

√
1

n−1

n
∑

k=1

(
σ0

k − σ0(n)
)2

(6)

where k = 1, 2, 3, . . . n represents the observation times in the same resolution cell and σ0
k is

the backscatter coefficient at the kth observation. The backscatter coefficients are measured
in dB for Equation (6). For pixels in the overlap area, their mean RMSE was applied to
evaluate the precision of different incidence angle normalization methods. The lower the
value of RMSE, the better the performance. The precision evaluation was conducted on the
two datasets in this study.
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4. Results and Validation
4.1. Regression Coefficients Estimation

With the other variables remaining unchanged, T1, T2, and T3 were substituted into
Equation (1), respectively, and three sets of regression coefficients were derived. The
regression results of the HH images show that the coefficients of H, Lat, Lon are almost
equal (shown in Table 1), and those of T1, T2, T3 are 2.82 × 10−5, −7.17 × 10−5, and
−4.83 × 10−2, respectively. Regardless of which freeze/thaw-related factor was used, it
had little effect on the backscatter correction, with no more than 0.1 dB. The introduction
of such a parameter or into consideration does not alter the normalized results. Such
a phenomenon is possibly caused by the limited melted samples, which could only be
extracted from the very short melting period and the small melting area in the image pairs
used in this study, compared to a large number of frozen samples.

Table 1. Regression coefficient estimation.

Polarization Samples b0 H:b1 Lat:b2 Lon:b3 R2 RMSE [dB] 1

HH 288,7749 0.311 −7.54 × 10−5 −4.88 × 10−3 6.00 × 10−4 0.22 0.09
HV 968,909 0.302 −8.32 × 10−5 −3.61 × 10−3 6.63 × 10−4 0.08 0.15

1 The root-mean-square error of the regression model, calculated by the model-predicted values and the measured
values of images.

Table 1 shows the regression coefficients estimation of variables except T, with all
p < 0.01. The negative coefficients of H and Lat show that with higher elevation or latitude,
the value of ∆σ0/∆θ decreases. The coefficient of Lon is positive, indicating that as the
longitude increase, ∆σ0/∆θ also increases.

Without taking T into account, the ratio (∆σ0/∆θ) variation of GrIS is shown in
Figure 2 for both the HH and HV polarization channels. The absolute value of the ratio
along the shoreline is generally smaller than those of the central ice sheet, suggesting that
the backscatter coefficients of the central ice sheet are more sensitive to incidence angle
variation than the coastal part. As for the different polarization mode, the overall absolute
value of the ratio of HH polarization is bigger than that of HV polarization, which means
that the HH backscatter coefficients are more sensitive to incidence angle variation than
HV polarization. The ratio differs from −0.325 to −0.011 dB/◦, with a mean value of
−0.231 dB/◦ for the HH images. While for the HV images, the ratio ranges from −0.277
to 0.054 dB/◦ and is −0.166 dB/◦ on average. The incidence angle dependence of the
backscatter coefficients for the HH images is stronger than for the HV images. Considering
the incidence angle variation of Sentinel-1 EW mode is 18.9~47.0◦, the incidence angle
variation could lead to backscatter coefficient changes of 6.49 and 4.66 dB for the HH and
HV images, respectively.

Figure 2. The ratio of HH and HV polarization over the whole GrIS, calculated by Equation (1) with
the regression coefficients shown in Table 1.
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4.2. Evaluation Based on Ascending/Descending Image Pairs

To test whether the model fits images observed in other years, the image pairs observed
during July 2020 to June 2021, the next year of the training data, were chosen to test the
temporal independence of the proposed method (hereinafter referred to as the “incidence
angle correction method”). The RMSEs of them, together with the training dataset, were
calculated as in Equation (6), and the results are shown in Table 2.

Table 2. RMSE results of the image pairs upon the five EAs (dB).

Month MAM JJA SON DJF

Polarization HH HV HH HV HH HV HH HV

EA1

a 1 1.52 0.59 2.04 1.13 1.52 0.59 1.51 0.60
b 2 0.68 0.51 1.11 1.03 0.68 0.50 0.68 0.51
c 3 1.53 0.59 1.85 0.78 1.52 0.59 1.54 0.59
d 4 0.67 0.50 0.95 0.69 0.67 0.50 0.68 0.49

EA2

a 0.96 0.47 1.29 1.16 0.97 0.47 0.96 0.47
b 0.50 0.45 0.97 1.14 0.50 0.45 0.50 0.45
c 0.97 0.49 1.12 0.72 0.91 0.50 0.98 0.47
d 0.52 0.46 0.72 0.70 0.52 0.48 0.50 0.45

EA3

a 1.26 0.71 1.53 1.23 1.26 0.70 1.26 0.69
b 0.76 0.70 1.06 1.22 0.77 0.69 0.76 0.68
c 1.13 0.50 1.74 1.39 1.21 0.67 1.08 0.47
d 0.59 0.49 1.28 1.37 0.75 0.66 0.63 0.46

EA4

a 1.09 0.69 1.38 0.70 1.10 0.69 1.16 0.64
b 0.73 0.64 1.13 0.65 0.74 0.64 0.76 0.62
c 1.00 0.49 1.38 0.62 1.08 0.70 0.98 0.44
d 0.63 0.42 1.05 0.57 0.74 0.65 0.55 0.40

EA5

a 1.43 0.84 2.26 2.18 1.40 0.86 1.41 0.86
b 0.73 0.73 1.55 2.08 0.70 0.73 0.71 0.74
c 1.35 0.70 1.84 1.73 1.46 0.89 1.35 0.71
d 0.51 0.54 1.05 1.61 0.72 0.75 0.50 0.56

1 a. Image pairs in July 2019~June 2020 corrected by the cosine-square method. 2 b. Image pairs in July 2019~June
2020 corrected by the incidence angle correction method. 3 c. Image pairs in July 2020~June 2021 corrected by the
cosine-square method. 4 d. Image pairs in July 2020~June 2021 corrected by the incidence angle correction method.

The incidence angle correction method reduces RMSE of the backscatter coefficient
compared to the traditional cosine-square method. For HH images, the incidence angle
correction method performs better for all EAs and seasons while for HV images, it shows a
slight improvement. For the images observed during July 2019 to June 2020, the method
performs well on EA1 and EA5 in the central GrIS, with a reduction of 0.86 and 0.70 dB
RMSE for the HH images and 0.09 and 0.12 dB RMSE for the HV images, respectively. The
results of the other 3 EAs also show a. 0.42 and 0.03 dB RMSE reduction on average for the
HH and HV images.

The results of RMSE for the ascending and descending image pairs during July 2020
to June 2021 are similar to the training data during July 2019 to June 2020. For all 5 EAs,
the incidence angle correction method achieves a 0.70 and 0.07 dB RMSE reduction for
the HH and HV images, respectively, for the training dataset, and 0.74 and 0.08 dB for the
validation dataset.

Figure 3 shows the mosaic images of one image pair acquired in EA1 in April 2021. The
backscatter coefficient profiles along the red line in Figure 3a of the ascending image and
descending image are shown in Figure 4. For the part of the incidence angle smaller than
the reference incidence angle (30◦ in this study), the corresponding backscatter coefficients
decrease after normalization by the incidence angle correction method. Conversely, for
the other pixels whose incidence angle is larger than the reference angle, their normalized
backscatter coefficients increase. The normalized backscatter coefficients of the ascending
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image and the descending image show less discrepancy than the unnormalized images and
the normalized images with the cosine-square method, and the mosaics of their corrected
images are well-balanced, and their edges are less obvious.

Figure 3. Mosaics of the image pair in EA1 (Eastern Greenland, ascending image on top) before (a,c)
and after (b,d) incidence angle normalization by the incidence angle correction method. EW1 of the
HV images was removed. The ascending image was acquired on 19 April 2021 and the descending
one was acquired on 16 April 2021.

Figure 4. The profile obtained along the red line in Figure 3a of the backscatter coefficient before and
after incidence angle normalization by the cosine-square method and the incidence angle correction
method. The left vertical axis shows the backscatter coefficient variation and the right one shows the
corresponding incidence angle change. The subscripts a and d refer to the ascending and descending
images. The horizontal red dashed line indicates the reference incidence angle of 30◦.

Figures 5 and 6 show the details of the mosaic images and profiles of another image pair
acquired in EA3 on 3 February 2021. Similarly, the backscatter coefficients are compensated
by the larger incidence angle than the reference angle while the part with a smaller incidence
angle is weakened. Thus, the ascending image and the descending one are balanced.
However, the discrepancy between the normalized ascending and descending images in
Figure 6 is more obvious than in Figure 4. In northwest GrIS, the incidence angle correction
method does not perform as well as in the central GrIS, which is in line with the RMSE
improvement results shown in Table 2.
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Figure 5. Mosaics of the image pair in EA3 (northwest Greenland, descending image on top) before
(a,c) and after (b,d) incidence angle normalization by the incidence angle correction method. EW1
of HV images was removed. Both the ascending image and descending image were acquired on 3
February 2021. The temporal interval of the two images is about 9 h.

Figure 6. The profile obtained along the red line in Figure 5a of the backscatter coefficient before and
after incidence angle normalization by the cosine-square method and the incidence angle correction
method. The left vertical axis shows the backscatter coefficient variation and the right one shows the
corresponding incidence angle change. The subscripts a and d refer to the ascending and descending
images. The red dashed line indicates the reference incidence angle of 30◦.

Combining the two examples above, it can be seen that the backscatter coefficients of
the SAR images on central GrIS are stable and display a better normalization effect while
the part near the shoreline is more variable. In melting periods, the normalization effects
of the melting ice sheet are limited, which is discussed in Section 5.2. In this study, the
incidence angle correction method does not change the ice sheet characteristics as reflected
by the backscatter intensity, but it removes the backscatter coefficient ramp induced by the
large range of the incidence angle.

Compared to the cosine-square method, the improvement of the incidence angle correc-
tion method is more obvious for HH images than HV images. A possible reason is that the
original backscatter difference between the HV ascending and descending images shown in
Figures 4b and 6b is much smaller than the HH images (Figures 4a and 6a). The discrepancy
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between the HV ascending and descending images could be eliminated by both the cosine-
square method and the incidence angle correction method, with similar improvements.

4.3. Evaluation of Greenland Ice Sheet Mosaic

The GrIS mosaics of Sentinel-1 with a temporal resolution of 6 or 12 days have been
provided by NSIDC-0723 since 2015 [35]. The mosaics are produced by Sentinel-1 IW
products of seven tracks, and the images have simply been overlaid without incidence
angle normalization. Another GrIS SAR mosaicking dataset is NSIDC-0633, which provides
annual winter mosaics produced by different SAR sensors, including RADARSAT-1 and
ALOS PALSAR before 2013 [36].

In this study, incidence angle normalization was conducted for all ascending Sentinel-1
images observed in EW mode upon GrIS during four 6-day acquisition periods and then
joined into mosaics. The mean backscatter coefficient was adopted for overlapped orbits.
Figure 7 shows the mosaics before and after incidence angle normalization by the incidence
angle correction method acquired in January 2020, April 2020, July 2020, and October 2020.

Figure 7. Sentinel-1 mosaics of the GrIS images before (a–d) and after (e–h) incidence angle normal-
ization by the incidence angle correction method. The mosaics are RGB pseudo-color composite
images, R: HH, G: HV, B: HH/HV (all in dB values). EW1 of the HV images was removed.

The sharp edge of the backscatter coefficient on the four normalized Sentinel-1 mosaics
(Figure 7e–h) is eliminated compared to the mosaics that were not normalized (Figure 7a–d).
The mosaics in January 2020, April 2020, and October 2020 are well-balanced while the
obvious superimposed traces of the different tracks or frames still exist in the southern
GrIS in the mosaic of July 2020, possibly due to the quick surface freezing and thawing
status changes in the melting seasons.

Any pixel of the GrIS SAR mosaic is produced by one or more overlap tracks. Figure 8
shows the backscatter variation before and after incidence angle normalization of the three
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tracks along the red line in Figure 7a, including the tracks T017, T046, and T148. Because
the incidence angles of T017 are all above the reference angle, its normalized backscatter
coefficients are compensated accordingly. This is similar for most of T046. The western
part of T148 decreases and the rest increases for the backscatter coefficients, bounded by
an incidence angle equal to the reference incidence angle setting at 30◦. The values of the
backscatter coefficients of the three tracks are closer after incidence angle normalization.
The backscatter coefficient corrections for the other overlapping tracks show similar results,
which are not shown in detail.

Figure 8. The backscatter coefficients profile along the red line in Figure 7a, covering the tracks 017,
046, and 148. The left vertical axis shows the backscatter coefficients’ variation and the right one
shows the corresponding incidence angle change. EW1 of the HV images was removed. The red
dashed line indicates the reference incidence angle of 30◦.

RMSEs of Sentinel-1 GrIS mosaics are shown in Table 3. For the HH images, RMSE of
the image mosaics corrected by the incidence angle correction method was reduced by 0.34,
0.33, 0.32, and 0.37 dB in January 2020, April 2020, July 2020, and October 2020, respectively,
relative to that corrected by the cosine-square method. For the HV images, the method
performs slightly better, with a reduction of 0.04, 0.01, 0.05, and 0.04 dB RMSE, respectively,
in the four periods.

Table 3. RMSE of SAR images mosaics on Greenland ice sheet (dB).

11 January 2020~16
January 2020

16 April 2020~21 April
2020

9 July 2020~14July
2020

13 October 2020~18 October
2020

Polarization HH HV HH HV HH HV HH HV

Pixel 13,314 10,057 20,790 15,799 15,897 9544 20,857 16,147
a 1 0.73 0.41 0.85 0.51 1.94 1.64 0.93 0.60
b 2 0.39 0.37 0.52 0.50 1.62 1.59 0.56 0.56

1 a. Mosaic of images corrected by the cosine-square method. 2 b. Mosaic of images corrected by the incidence
angle correction method.

5. Discussion
5.1. Comparison with the Cosine-Square Method

Due to its easy implementation, the cosine-square method based on a physical mecha-
nism has been applied to SAR image correction of various land surfaces [11–13]. However,
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the backscattering characteristics vary considerably over the different surfaces of Earth,
which could not simply be regarded as Lambertian. Recent studies updated the square
power of Equation (5) over a particular type of observation surface, for which the power
value is roughness-dependent, and the method can be improved by adjusting the power
value [9,11,37]. However, this improvement has not been studied on the ice sheet.

According to Equation (5), the ratio of the change in the backscatter coefficients to the
change in the incidence angle (∆σ0/∆θ) can be calculated for the cosine-square correction
method. Presuming a reference angle of 30◦, the ratio changes with the change in the
incidence angle, varying from−0.069 to -0.122 dB/◦ in the range of 18.9–47.0◦. Such a value
is much less negative than the ratio for the HH images (−0.231 dB/◦) and relatively closer
to that of the HV images (−0.166 dB/◦). This may also explain why the incidence angle
correction method achieves a 0.34 dB prevision improvement for the HH images but similar
results for the HV images on the GrIS mosaics validation to the cosine-square method. The
Lambertian assumption of the cosine-square method is not reasonable for GrIS because
the scattering characteristics change between the different zones of glaciers and a state of
isotropic reflection is not maintained [38]. Electromagnetic wave penetration dominates
in the dry snow zone while the wet-snow zone is dominated by surface scattering [34].
The scattering characteristics of different glacial radar zones to different polarizations
and carrier frequencies require further study. Therefore, it is inappropriate to apply the
cosine-square method to normalize the SAR images of the ice sheet with varying incidence
angles, although the results show some improvements.

5.2. Limitation of the Study

For the incidence angle correction method to achieve a better performance for SAR
images, more image pairs and more thawing samples are needed for the training process.
This method is based on the empirical model, which is expected to perform better if more
ascending and descending image pairs on the entire GrIS are involved in the training
process, especially at the southern part of GrIS. Due to the Sentinel-1 observation plan
on GrIS, quasi-simultaneous ascending and descending observations in EW mode are
constrained, particularly in the southern GrIS. This possibly explains why normalized
mosaics (Figure 7) perform better in the northern and central GrIS than in the southern GrIS.

The ratio (∆σ0/∆θ) in Equation (4) should be related to the freeze-thaw states of the
ice surface. However, an inadequate number of thawing samples of GrIS were taken for
the linear model training due to a small number of SAR images observed in EW mode
by Sentinel-1 being found in the southern part and/or summer for Greenland. Although
ascending acquisitions in EW mode are usually available for southern GrIS, Sentinel-1
usually works in IW mode in the descending track. This could explain why the three
freeze/thaw-related factors were tested and found to be invalid.

As for the issue of thermal noise, although noise vectors are provided in the EW prod-
uct to eliminate the thermal noise for HV-polarized images, under- or over-compensation
and unbalancing can still be noticed between different sub-swaths, especially between
EW1 and EW2 [29]. This study removed EW1 for all HV images instead of denoising
them, resulting in a smaller incidence angle range than the HH images. Thus, the RMSE
evaluation shows limited improvement because the incidence angle differences between
the descending and ascending angles are less than expected due to the lack of the EW1
subswath, resulting in a smaller RMSE. The RMSE analysis (Tables 2 and 3) of the HH
images and HV images can only be compared within the same polarization channel but
not compared between different polarization channels.

6. Conclusions

This study utilized Sentinel-1 dual-polarized images to observe GrIS and proposed
an incidence angle normalization method for the backscatter coefficient. This incidence
angle correction method normalizes the variability in the backscatter intensities caused
by the large incidence angle variations of the Extra Wide (EW) mode of Sentinel-1 dual-
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polarized images, which were used to observe GrIS. Our method reduced RMSE of multiple
observations in the overlapping area by an average of 0.72 dB for the 5 experiment areas
and 0.34 dB for the GrIS mosaics compared with the widely used cosine-square method
for the HH images. For the HV images, the results normalized by our method showed
a slight improvement. It can reduce the uncertainty of the subsequent application of
Sentinel-1 images to observe GrIS, such as large-scale and time-series studies to monitor its
surface freeze-thaw status. Given the small improvement of our incidence angle correction
method compared to the traditional cosine square method for normalizing HV images,
more training data and/or more effective incidence angle normalization methods need to
be explored. Our method can also be applied to the incidence angle normalization of other
SAR sensors such as ENVISAT, RADARSAT, and ALOS, if they provide quasi-simultaneous
ascending and descending observations with the same mode.
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