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Abstract: To monitor polar regions is of paramount importance for climatological studies. Climate
change due to anthropogenic activities is inducing global warming that, for example, has resulted in
glacier melting. This has had a significant impact on sea levels and ocean circulation. In this study,
the temporal trend of the marine-terminated d’Iberville glacier (Ellesmere Island, Canada) is analysed
using C-band synthetic aperture radar satellite imagery collected by the Radarsat-2 and Sentinel-1
missions. The data set consists of a time series of 10 synthetic aperture radar data collected from
2010 to 2022 in dual-polarimetric imaging mode, where a horizontally polarised electromagnetic
wave was transmitted. An automatic approach based on a global threshold constant false alarm rate
method is applied to the single- and dual-polarisation features, namely the HH-polarised normalised
radar cross-section and a combination of the HH- and HV-polarised scattering amplitudes, with
the aim of extracting the ice front of the glacier and, therefore, estimating its behaviour over time.
Independent collocated satellite optical imagery from the Sentinel-2 multi-spectral instrument is
also considered, where available, to support the experimental outcomes. The experimental results
show that (1) the HH-polarised normalised radar cross-section achieved better performance with
respect to the dual-polarised feature, especially under the most challenging case of a sea-ice infested
sea surface; (2) when the HH-polarised normalised radar cross-section was considered, the ice front
extraction methodology provided a satisfactory accuracy, i.e., a root mean square error spanning from
about 1.1 pixels to 3.4 pixels, depending on the sea-surface conditions; and (3) the d'Iberville glacier
exhibited, during the study period, a significant retreat whose average surface velocity was 160 m
per year, resulting in a net ice area loss of 2.2 km? (0.18 km? per year). These outcomes demonstrate
that the d’Iberville glacier is behaving as most of the marine-terminated glaciers in the study area
while experiencing a larger ice loss.

Keywords: d’Iberville glacier; C-band SAR; polarisation; Canada; ice front extraction

1. Introduction

Global warming has become a critical issue in recent years. According to the latest
report of the Intergovernmental Panel on Climate Change, average temperatures between
2001 and 2020 were 0.99 °C higher than those between 1850 and 1900 [1]. Global warming
has also had a significant impact on polar regions by significantly reducing the ice masses
of glaciers, ice sheets, and ice caps [2].

Glaciers are indeed one of the most important facets of the Earth’s ecosystem [3].
Together with icebergs, ice sheets, and the permanent snow cover in the polar regions,
glaciers account for 1.7% of the water on Earth [4]. Glaciers are also an important indicator
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of climate change since their advancing/retreating dynamics are clear proof of changes in
temperature and precipitation [5]. Therefore, monitoring the time evolution of glaciers is a
critical issue that can support predictions about how changes in glacier control can affect
both the local and global environment [6].

In this context, due to the characteristics of the polar regions, which are mostly inac-
cessible due to harsh conditions and limited sunlight, microwave satellite remote sensing
is an irreplaceable observation tool that provides information on glaciers during both the
day and the night, regardless of cloud cover and other adverse weather conditions [7].
One of the most well-established methods for estimating the surface motion of glaciers
and ice sheets is interferometric synthetic aperture radar (InSAR), which allows for the
measurement of ice movements with very high accuracy [8,9]. The InNSAR technique was
the basis of some studies that estimated glacier motion in polar regions [9-11]. The main
challenges associated with INSAR approaches to monitoring glacier dynamics consist of
limited accuracy in the case of fast-moving glaciers or when low coherence applies [12-14].
Together with the estimation of glacier motion using InNSAR approaches, SAR imagery is
used to extract the ice fronts of glaciers, ice sheets, and ice tongues and to analyse their
behaviour over time. This topic was addressed in [15-19], where different methodologies
were proposed.

In this study, we analyse the recent dynamics of one of the most important marine-
terminating Arctic glaciers, the d'Iberville glacier in Ellesmere Island in the North Canadian
state of Nunavut (80.53°N, 77.77°W) (see Figure 1la). This study area represents a chal-
lenging scenario compared to the ones traditionally considered for the application of
coastline/shoreline extraction methods. The reason is twofold: on one side, the d’Iberville
glacier is a marine-terminated glacier, characterised by a particular coastal morphology
and orography, i.e., it significantly differs from conventional “open areas” such as coastal
harbours, ice tongues, rocky cliffs, and sandy beaches; and on the other side, the sea-surface
conditions significantly vary from winter to summer (see the Sentinel-2 true-colour optical
images in Figure 1b,c), with the sea surface being completely frozen for most of the year
due to the very low temperatures [20]. These issues make the extraction of the glacier’s ice
front and its temporal analysis very challenging.
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Figure 1. Study area. (a) Google Earth image® of the study area that includes Ellesmere Island in
the Canadian state of Nunavut. The black square indicates the ice front area of the d’Iberville glacier
under investigation. Sentinel-2 true-colour optical images collected over the ice front of the d'Iberville
glacier on (b) 26 May 2021 and (c) 26 July 2020.
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For this purpose, we apply a methodology to extract the d’Iberville glacier’s ice
front from the multi-polarisation C-band SAR imagery, whose backbone relies on a global
threshold constant false alarm rate (CFAR) method approach. The latter is applied to the
single- and dual-polarisation features, namely the HH-polarised normalised radar cross-
section (NRCS) and a combination of the HH- and HV-polarised scattering amplitudes.
It must be pointed out that even though the core of this technique has already been
applied and validated for different coastal scenarios including the Drygalski ice tongue in
Antarctica [18], inland artificial water bodies [21], marshlands/wetlands [22], and rocky
cliffs/sandy beaches [23], this is the first time that it is applied and analysed in such a
challenging environment. In addition, even though the dynamics of the d’Iberville glacier
have already been studied in the past [24-26], there is no updated information on its recent
behaviour, i.e., the time evolution of the d’Iberville glacier has been studied up until 2004
and, to the best of our knowledge, the only large-scale glacier information that has been
provided in recent years refers to the glaciers of the Northern Hemisphere [2].

The novel contributions of this study with respect to the existing literature can be
summarised as follows:

*  An analysis of the scattering behaviour of multi-polarisation SAR features and their
ability to monitor marine-terminated glaciers.

*  An accuracy assessment of the coastline extraction algorithm in a challenging environ-
ment characterised by ice-infested seawater.

*  The provision of updated quantitative information on the time evolution of the
d’Iberville glacier ice front.

The remainder of the paper is organised as follows: the satellite data set collected over
the d’Iberville glacier is presented in Section 2, whereas the methodology applied to extract
the ice front and analyse its time evolution is described in Section 3; the experimental results
are presented in Section 4 and are critically discussed in Section 5; and the conclusions are
drawn in Section 6.

2. Satellite Data Set

In this section, the satellite data set used for the purpose of this study is described.
C-band SAR data from two satellite missions, namely the Canadian Space Agency Radarsat-
2 and the European Space Agency Sentinel-1, were considered. The former is a single SAR
satellite mission that was launched in 2007, whereas the latter consists of a constellation
of twin SAR satellites that were launched in 2014 and 2016. Three Radarsat-2 SAR scenes
were collected over the study area in dual-polarimetric fine imaging mode (HH + HV, i.e,,
a horizontally polarised electromagnetic wave was transmitted, whereas the backscattered
wave was measured on an orthogonal horizontal-vertical polarisation linear basis) from
2010 to 2012 (one scene per year). Seven Sentinel-1 SAR scenes were collected over the
study area in dual-polarimetric HH + HV interferometric wide (IW)-swath imaging mode
from 2015 to 2022 (one scene per year, except for 2016). The main characteristics of the SAR
satellite data set are listed in Table 1.

Table 1. Overview of the satellite SAR data set.

SAR Number of Imaging Polarisation Pixel Acquisition
Mission Scenes Mode Spacing (m) Period
Radarsat-2 3 Fine dual HH+HV 6 2010-2012
Sentinel-1 7 IW swath HH + HV 13 2015-2022

Independent optical data from the European Space Agency Sentinel-2 mission, whose
twin satellites were launched in 2015 and 2017 and are equipped with a multi-spectral
imager (MSI), were also collected over the d’Iberville glacier. When they were sufficiently
cloud-free and time collocated (within +3 days) with the SAR scenes, they were used to
assess the accuracy performance of the ice front extraction methodology.
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3. Methodology

In this section, the methodology adopted to extract the ice front of the d’Iberville

glacier and to analyse its dynamics is presented. The methodology has a twofold objective:
(1) the extraction of the glacier’s ice front, i.e., the boundary between the marine-terminated
glacier and the frozen/unfrozen sea surface, from a single SAR image using both the single-
and dual-polarisation features; (2) the analysis of the behaviour of the ice front over time
to estimate its advancing/retreating velocity and ice area gain/loss. A flowchart of the
processing chain is shown in Figure 2, where three main steps can be identified.

Dual-Pol
SAR Datas

!

Image-pre processing
p \ 4 N { ..................... ‘
| .
Ice front extraction . Edge detection :
Retreat estimation

Figure 2. Flowchart of the methodology.

Pre-processing step. All the SAR scenes from the data set were pre-processed using
the Sentinel Application Platform (SNAP) v 8.0 software [27] to reduce orbital errors,
speckle noise, and geometric distortions. First, radiometric calibration was performed,
and then, a5 x 5 moving average window was applied to reduce speckle, which could
hamper the identification of the ice front. Finally, range-Doppler terrain correction
was applied to map the SAR imagery in geographical coordinates, resulting in square
pixels with a spacing of 6 m and 13 m for Radarsat-2 and Sentinel-1, respectively (see
Table 1).

Ice front extraction step. A CFAR approach was used to distinguish the d’Iberville
glacier from the surrounding ice-free or ice-infested sea water, i.e., to extract the ice
front. The CFAR method was applied to the HH-polarised NRCS, indicated with o,
and to a combination of the HH- and HV-polarised scattering amplitudes, termed
0 [21,22,28]:

Oty = <|5HH|2> 1
p = (|Suu| - [Snv|) ()

where S represents the complex-valued element of the scattering matrix measured
by the polarimetric SAR sensor, i.e., the scattering amplitude, with subscripts that
refer to the transmitted and received polarisation (H and V mean the horizontal and
vertical polarisation, respectively), and the operators | - | and (-) stand for the modulus
and spatial averaging, respectively. As a result, the CFAR algorithm automatically
provides a global threshold for the 0¥ and p images, thus generating a binary image.
A false alarm probability Py, that ranged from 1073 to 10! was set as the input of the
CFAR method, depending on the SAR scene. Once the binary image was obtained, it
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was refined by conventional image processing tools, i.e., morphological filters, to sort
out clear and isolated false edges at sea. Then, the optimal Canny edge detector, which
is based on a two-dimensional Gaussian kernel, was applied to the refined binary
image to obtain the actual ice front of the d’Iberville glacier. This processing step was
performed using Matlab software version R2021b.

* Indicators’ estimation step. Once the first two steps were applied to the whole SAR
data set, the 10 ice fronts extracted for the d’Iberville glacier were imported into
the Aeronautical Reconnaissance Coverage Geographic Information System (ArcGIS)
software to quantitatively estimate the surface velocity and extent of the ice gain/loss.
The former was obtained by the ratio between the distance measured among the ice
fronts extracted from two consecutive SAR scenes and the time between them (in
years), whereas the latter was evaluated by estimating the area between the ice fronts
extracted from 2010 to 2022.

Further details can be found in [18,21,22,28], where a similar backbone algorithm was
used to extract the coastal boundary under different environments.

4. Experimental Results

In this section, the experiments undertaken by applying the methodology described
in Section 3 to the data set presented in Section 2 are shown. Three experiments were
performed. The first experiment consisted of analysing the sensitivity of the single- and
dual-polarisation features (see (1) and (2), respectively) to the different scattering scenarios,
i.e., frozen and ice-free sea surfaces (see Figure 3a,d, respectively). The second experiment
aimed to investigate the accuracy performance of the ice front extraction of of};; and p under
both sea conditions in order to find the feature that achieved the lowest root mean square
error (RMSE) between the extracted ice front and the reference one manually extracted from
the corresponding Sentinel-2 optical images. The third experiment consisted of analysing
the temporal behaviour of the d'Iberville glacier ice front using quantitative indicators such
as the ice front surface velocity and the amount of ice surface gain/loss.

For the purpose of the first two experiments, two SAR scenes collected under different
sea-surface conditions were selected from the data set according to the shortest time gap
between the SAR and MSI acquisitions (see Figure 3). The first one refers to the observation
in May 2021 during the winter season when the sea surface was completely frozen due
to very low temperatures (see the Sentinel-2 true-colour optical image in Figure 3a). The
corresponding oY and p images are depicted as graytones and false-colour images at the
decibel (dB) scale in Figure 3b,c, respectively. The second scene is relevant to the acquisition
in July 2020 during the summer season when the sea surface was completely ice-free due
to relatively higher temperatures (see the Sentinel-2 true-colour optical image in Figure 3d).
The corresponding oy;; and p images are shown in Figure 3e f, respectively.

The first experiment consisted of the analysis of the sensitivity of o};; and p to ice-
free and ice-infested sea surfaces. By visually inspecting Figure 3, it can be seen that the
separability between the marine-terminating d’Iberville glacier and the frozen sea surface is
challenging, even in the Sentinel-2 optical image, making the extraction of the ice front not
straightforward. When dealing with the HH-polarised NRCS images, it can be observed
that both the frozen and unfrozen sea surfaces appear as almost homogeneous areas that
are darker than the terminus of the glacier, which, instead, shows some roughness in the
surface pattern. In addition, the difference in backscattering between the sea surface and
the glacier appears larger in the unfrozen case than in the case when the sea surface is
ice-infested. In fact, in the latter case, the two regions look very similar, except for on
the ice front, which appears as a brighter edge. When dealing with the p images, similar
comments apply.
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Figure 3. Selected scenes relevant to frozen (a—c) and ice-free (d—f) sea surfaces. Panels (a,d) show
the reference Sentinel-2 MSI true-colour optical images; (b,e) show the graytone o7y;; images at the
dB scale; (c,f) show the false-colour p images depicted at the dB scale. In panels (a,d), cyan and white
squares indicate the sea and glacier ROISs, respectively, which are randomly excerpted for quantitative
scattering analysis (see Table 2). The four transects randomly selected for quantitative scattering
analysis are also indicated by red dashed lines, where the first and last pixels of the transect are
labelled “1” and “100”, respectively, and marked in yellow.

Table 2. Mean and standard deviation values of the considered features evaluated for the selected
ROIs shown in Figure 3a,d.

Glacier ROI
Sea ROI (Mean . Mean Contrast
SAR Feature Case + Std in dB) (Meandj];)Std in (dB)
UIO{H Unfrozen —23.8+1.0 —-15.7 +1.1 8.1
0 Unfrozen —263 £ 0.7 —21.8+09 45
ofIH Frozen —22.0+1.0 —159+1.3 6.1
0 Frozen —2524+0.8 —204 +1.1 4.8

To perform a quantitative multi-polarisation backscattering analysis, two equal-sized
regions of interest (ROIs) consisting of 100 x 100 pixels were randomly selected from the
sea and glacier areas close to the ice front (see the cyan and white squares, respectively,
which are annotated in Figure 3a,b). The statistical behaviours estimated for o{y;; and p for
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the selected ROIs under both frozen and unfrozen sea conditions are shown in Figure 4,
where experimental histograms are depicted using blue (sea ROI) and orange (glacier ROI).
In Figure 4, the rows refer to the unfrozen and frozen cases, whereas the columns refer to
o4y and p. The corresponding mean and standard deviation values of oy;; and p are listed
in Table 2. The mean contrast is also annotated as a rough indicator of the separability

between the sea and glacier ROIs in terms of multi-polarisation backscattering.
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Figure 4. Statistical behaviours of single- and dual-polarimetric features evaluated for the 10* samples
belonging to the selected ice-free and ice-infested seas (in blue) and glacier (in orange) ROIs. Rows
refer to histograms estimated for the unfrozen (a,b) and frozen cases (c,d), respectively, whereas
columns refer to histograms obtained from O’%H (a,c) and p (b,d), respectively. The corresponding
mean and standard deviation values are listed in Table 2.

When dealing with the unfrozen case, for the seawater ROI, 0f};; and p had average
values of about —24 dB and —26.5 dB, whereas they increased to approximately —15.5 dB
and —22 dB, respectively, for the glacier ROL This resulted in a mean contrast, which was
no lower than 4.5 dB on average for both features. Nonetheless, it is worth noting that the
mean contrast between the seawater and glacier ROIs provided by U%H, i.e., 8.1 dB, was
more than 3.5 dB higher than the one evaluated from p (4.5 dB).

When dealing with the frozen case, 0¥y and p were characterised by average sea
(glacier) ROI values of about —22 dB and —25 dB (—16 dB and —20.5 dB). This resulted in
a mean contrast of 6.1 dB and 4.8 dB for 0};; and p, respectively, proving that even in this
case, the HH-polarised NRCS provided a higher glacier/ice-infested seawater separability.

A deeper analysis was undertaken by evaluating the behaviour of ofy;; and p along
four randomly selected transects crossing the sea/glacier boundary. They are annotated
as red dashed lines in Figure 3a,d. The transects consisted of 100 pixels each, where
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pixels “1” and “100” refer to the transect’s sea and glacier pixels farthest from the ice front,
respectively (see yellow labels in Figure 3a,d), whereas the latter was at pixel number “50”.
The results relevant to the ice-free and ice-covered sea surfaces are shown in Figures 5 and 6,
respectively, where black and blue dashed lines refer to the UIQIH and p values obtained after
averaging along the four transects, respectively. In addition, for reference purposes, the
mean values evaluated for the sea and glacier ROIs are shown in Figure 3a,d and Table 2,
and they are annotated using the same colour coding but with continuous lines.

-10 T T
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Figure 5. Unfrozen case. Dashed lines refer to UEIH (black) and p (blue) values evaluated as an average
over the four transects shown with red dashed lines in Figure 3a,d. For reference purposes, the oy
(black) and p (blue) mean values estimated for the sea and glacier ROIs (see Table 2 and Figure 3a,d)
are depicted as continuous lines.

When dealing with the unfrozen case, it can be observed that the oj;; values were in
the range of about —25 to —22 dB for the ice-free sea surface, whereas for the glacier, they
increased to approximately —18 to —12 dB (see Figure 5). Considering the dual-polarisation
feature, i.e., p, values from about —27 to —26 dB were observed for the unfrozen sea,
whereas they increased to a range of approximately —23 to —19 dB for the glacier.

Considering the frozen case, different comments apply (see Figure 6). In fact, even
though the glacier area was closer to the ice front (pixel number “50”), the 0¥y;; and p values
were almost the same as those observed for the unfrozen case; the freezing of the sea surface
resulted in a different multi-polarisation backscattering that yielded slightly higher values
(about +2 dB) for both the single- and dual-polarisation features.

The second experiment consisted of evaluating the accuracy of the methodology used
for extracting the d'Iberville glacier ice front. The performance of the oYy and p features
were analysed under both frozen and unfrozen sea conditions. The quantitative assessment
was based on the RMSE values estimated between the ice front extracted from the SAR
imagery and the ice front manually traced from the corresponding reference Sentinel-2
true-colour optical images.
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Figure 6. Frozen case. Dashed lines refer to (T%H (black) and p (blue) values evaluated as an average
over the four transects shown with red dashed lines in Figure 3a,d. For reference purposes, the o}y
(black) and p (blue) mean values estimated for the sea and glacier ROIs (see Table 2 and Figure 3a,d)
are depicted as continuous lines.

The results relevant to the unfrozen case are shown in Figure 7, where the ice fronts
extracted from o}y and p, which are depicted in red and green, respectively, are overlapped
on the reference optical image. An inset is also shown to better appreciate the results (see
the yellow box). It can be seen that the ice fronts extracted from both features resulted in a
good visual agreement with the actual ice front profile obtained from the optical image,
even though some non-negligible false alarms occurred along the north-eastern edge of
the d’Iberville glacier ice front. A visual inspection also suggests that oY, resulted in a
slightly better accuracy with respect to p, as already inferred from the outcomes of the first
experiment. To perform a quantitative analysis, 20 points were randomly selected along
the ice fronts and the RMSE was evaluated between the peer points belonging to the ice
fronts extracted from the SAR image (0};; and p) and the ones manually traced from the
corresponding Sentinel-2 optical image. We found that o{y;; had an RMSE of 1.18 pixels,
whereas p had an RMSE of 2.97 pixels. The same analysis was performed for the frozen
case (see Figure 8). As expected, due to the more challenging scattering conditions, larger
RMSE values were obtained, i.e., 3.35 pixels for UEIH and 4.56 pixels for p.

The third experiment consisted of investigating the temporal behaviour of the d'Iberville
glacier ice front from 2010 to 2022. On the basis of the results of the previous experiments,
the ice front was extracted from the HH-polarised NRCS images of the whole SAR data set.
The results are shown in Figure 9, where the study area is masked in white, except for the
10 ice fronts extracted from oy;;, which are depicted using different colours. Figure 9 clearly
shows that the d’Iberville glacier exhibited a net retreat over the last 12 years (see the red
and yellow ice fronts that refer to 2010 and 2022, respectively). To quantitatively analyse
the retreating rate of the d’Iberville glacier, the average surface velocity was estimated by
measuring, for each couple of consecutive years in the SAR data set, the distance between
the two ice fronts computed from the same points randomly selected for the evaluation of
the RMSE divided by the number of years. The average surface velocity estimated in such
a way is listed in Table 3. It can be seen that the retreating rate of the d’Iberville glacier
varied significantly over time. In fact, the very fast retreat during 2010-2011, when the
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d’Iberville glacier had an average surface velocity of 514 m/year, corresponds to the almost
stable behaviour of the d’Iberville glacier during 2021-2022, when it was characterised
by an average surface velocity of 28 m/year. However, on average, from 2010 to 2022 the
d’Iberville glacier retreated with an average surface velocity of 160 m per year. Together
with the average surface velocity, the net ice loss from the glacier’s surface was estimated
by measuring the area between the ice fronts extracted in 2010 and 2022 (see Figure 10),
where the extent of the retreat is highlighted in cyan. The latter corresponds to an ice area
of about 2.2 km?, meaning that, on average, the d’Iberville glacier experienced an ice loss
of about 0.18 km? per year from 2010 to 2022.
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Figure 7. Accuracy assessment of the ice front extraction in the unfrozen case. Ice fronts extracted

from ‘TIO{H (red) and p (green) are overlaid on the reference optical (Red-Green-Blue, RGB) image
collected by the Sentinel-2 MSI on 26 July 2020. An enlarged version, highlighted by the yellow box,
is shown to better appreciate the results.
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Figure 8. Accuracy assessment of the ice front extraction in the unfrozen case. Ice fronts extracted

from ‘TIOJH (red) and p (green) are overlaid on the reference optical (RGB) image collected by the
Sentinel-2 MSI on 26 May 2021. An enlarged version, highlighted by the yellow box, is shown to
better appreciate the results.
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Figure 9. Ice fronts of the d’Iberville glacier extracted from the HH-polarised NRCS from 2010

to 2022.

Table 3. Average retreating surface velocities of the d’Iberville glacier ice front estimated from the

experimental results shown in Figure 9.

Year Surface Velocity (m per Year)
2010-2011 514
2011-2012 326
2012-2015 81
2015-2017 90
2017-2018 108
2018-2019 136
2019-2020 196
2020-2021 142
2021-2022 28
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Figure 10. Estimation of the d’Iberville glacier retreat extent obtained from the ice fronts extracted in

0
2010 and 2022 from oy



Remote Sens. 2022, 14, 5758

12 of 16

5. Discussion

In this section, the experimental results presented in Section 4 are critically discussed.
First, the results of the first two experiments are discussed to analyse the characteristics
and the potential of the method used for the ice front extraction. Then, the outcomes of the
third experiment are discussed against state-of-the-art studies that provided information
on the time variability of the d'Iberville glacier using remote sensing tools. The latter are
first presented with respect to the average surface velocity of the d’Iberville glacier and,
then, the behaviour of the d’Iberville glacier over time is contrasted on a larger scale by
comparing it with the temporal trends exhibited by other marine-terminated glaciers in
the same area, i.e., Ellesmere Island and the whole North Canadian Arctic. Nonetheless,
it must be pointed out that very few studies have addressed the temporal trend of the
d’Iberville glacier’s morphological features and none of them covers the same analysis
period investigated in this study.

The first experiment dealt with a sensitivity analysis of the ice front extraction to
multi-polarisation backscattering features and sea-surface conditions. Accordingly, the
behaviour of the single- and dual-polarisation parameters, i.e., o3y;; and p, was investigated
for ice-free and ice-infested seawater to gain deeper insights into the ice front extraction
capabilities. The experimental results are shown in Figures 3-6 and listed in Table 2.

With respect to the sea-state conditions, the results suggest that both the single- and
dual-polarisation features provided a remarkable mean contrast, i.e., >4.5 dB, for both
the frozen and unfrozen cases, proving that they allow for a robust and accurate ice front
extraction. However, the results also suggest that the extraction of the ice front was more
challenging when the sea surface was frozen, independent of the considered SAR feature.
In fact, the presence of sea ice resulted in a larger multi-polarisation backscattering at
sea. As a result, when moving from the ice-free to the sea-ice-infested case, the mean
contrast reduced by about 25% when dealing with JQIH and remained almost stable, i.e.,
it increased by less than 7% when p was considered. This makes the ice front extraction
of the d’Iberville glacier using satellite imagery a challenging task since there are likely
to be frozen sea-surface conditions in the study area. In fact, according to the average
temperature records obtained for the Nunavut area for the last 30 years, the minimum
temperature is below the seawater freezing point for 9 months each year [20]. Hence, the
sea-ice-infested seawater case can be considered the most frequent case when extracting
the d'Iberville glacier ice front.

With respect to the SAR feature, the results suggest that the HH-polarised NRCS
provided, on average, a larger scattering separability compared to p, regardless of the sea-
state conditions. In fact, the mean contrasts estimated for UEIH were 80% and 27% higher
than those of p under ice-free and ice-infested conditions, respectively. Hence, since p was
constructed by adding the cross-polarised information (HV channel) to the co-polarised
information (HH channel) (see (2)), by moving from the single- to the dual-polarisation
feature, the cross-polarised information contributed to the sea and glacier p values being
closer than those in the case of 0Y;;. In fact, even though for the sea surface, p values
lower than about 2.5-3 dB with respect to U%H ones were advisable, this was no longer
the case for the glacier’s surface, where the p values were significantly lower, i.e., about
4.5-6 dB, compared to those of the corresponding o3y;;. This proves that including the
cross-polarised information according to (2) does not allow for a larger contrast under
any sea-state conditions, as found in [21,22,28] but for different coastal scenarios such as
sandy beaches, cliffs, and marshlands. Hence, worse ice front extraction performance was
expected when p was considered.

The second experiment dealt with an accuracy assessment of the ice front extraction
performance. Accordingly, the ice front of the d’'Iberville glacier was extracted from both
the single- and dual-polarisation parameters, i.e., U%H and p, and, then, the RMSE was
evaluated with respect to the reference ice fronts manually traced from the corresponding
Sentinel-2 optical images. The experimental results are shown in Figures 7 and 8, which refer
to the unfrozen and frozen cases, respectively. They confirmed that (1) the methodology
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used in this study to extract the ice front of the d’Iberville glacier was effective and accurate
regardless of the sea-state conditions and SAR features since an RMSE lower than 5 pixels
was obtained in any case; (2) the ice front extraction was more challenging during the winter
season, i.e., when the sea surface was frozen since the RMSE increased by approximately
184% and 54% for O'IO{H and p, respectively; and (3) tTIO{H resulted in a better extraction
accuracy compared to p since RMSEs lower than about 60% and 27% were achieved under
unfrozen and frozen sea-state conditions, respectively. The accuracies reported in Section 4
represent fairly good results compared with similar approaches presented in the literature
to extract the coastline from C-band SAR imagery using multi-polarisation features. In fact,
mean distances of 4.6 pixels and 5.4 pixels were achieved in the extraction of the coastal
profile from p for a sandy beach and a marshland/mudflat area in [22,28], respectively,
whereas an RMSE of 2.3 pixels was obtained in [18] when extracting the ice front of an ice
tongue from o;; under ice-free sea conditions.

The third experiment dealt with a time-variability analysis of the ice front. To this aim,
two quantitative indicators were provided, i.e., the average surface velocity and the average
ice area variation. The experimental results are shown in Table 3 and Figures 9 and 10.

In this study, we estimated that the d’Iberville glacier was retreating with an average
surface velocity of about 160 m per year in the period 2010-2022. We found that the
retreat velocity significantly changed over time and that the most remarkable and fastest
retreat was observed between 2010 and 2011 (see red and orange ice fronts in Figure 9,
respectively). This behaviour is compatible with recent global warming, which is becoming
increasingly more intense than that in the past [29]. In fact, temperature records relevant to
the Nunavut area provided an average annual temperature for 2010 of —10.7 °C, i.e., 2.5 °C
higher than the mean temperature measured for the period 2010-2021.

The retreat of the d'Iberville glacier was also observed in [24] where a significantly
much larger surface velocity, i.e., about 480 m per year, was estimated. Nonetheless, it
should be pointed out that the results were obtained from aerial photographs and for the
year 1975 only. A lower surface velocity, i.e., 300 m/year, was estimated using a C-band
SAR for the year 1991 [30]. The average surface velocity in a more recent period, i.e.,
from 1999 to 2004, was estimated using optical and C-band SAR satellite instruments,
respectively, in [25,26]. Their outcomes matched quite well with our results since they
found that the ice front of the d’Iberville glacier retreated with a surface velocity ranging
from 30 m (1999-2003) to 105 m (2003-2004) per year. A longer and more recent period,
ie., 1999-2015, was investigated using optical and C-band SAR satellite imagery in [29]
where, even though the surface velocity was not explicitly estimated, they found that
the d’Iberville glacier experienced an average ice mass discharge of 0.01 Gt per year over
that period.

When comparing the behaviour of the d’Iberville glacier with other marine-terminated
glaciers in the Northern Hemisphere, reference is made to [2,29], where a comprehensive
analysis was provided for 16 glaciers in Ellesmere Island over the period 1999-2015 and for
252 glaciers in the North Canadian Arctic over the period 2000-2020. The retreating trend
with an average surface velocity of 160 m per year that we estimated for the d’Iberville
glacier in the period 2010-2022 is compatible with the large majority, i.e., 75%, of the glaciers
in Ellesmere Island, for which an average ice front retreat of about 150 m per year was
observed [29].

The average ice surface loss rate we found for the d'Iberville glacier, i.e., 0.18 km? per
year, agrees quite well with the findings presented in [2] for the marine-terminated glaciers
in the North Canadian Arctic. In fact, an almost constant net ice area loss of 0.12 km?
per year was found on average for the 252 glaciers under analysis. This means that the
d’Iberville glacier is experiencing an ice area loss that is 50% higher than those of the
other North Canadian Arctic marine-terminated glaciers. By restricting this analysis to the
overlapping period, i.e., 2010-2020, the average ice area loss rate of the d’Iberville glacier is
about 54% higher than that of the one characterising the other marine-terminated glaciers
in the North Canadian Arctic.
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6. Conclusions

In this study, the recent time evolution of the marine-terminated d’Iberville glacier
(Ellesmere Island, Canada) is addressed. To this aim, a time series of 10 dual-polarimetric
HH + HV C-band SAR imagery collected by Radarsat-2 and Sentinel-1 satellite missions
from 2010 to 2022 is exploited.

First, an unsupervised methodology based on the combination of a global threshold
CFAR approach and Canny edge detection is applied for the first time in such a challenging
scenario to extract the ice front of the d’Iberville glacier. Single- and dual-polarisation
features, namely the HH-polarised NRCS (¢};;) and a combination of the HH- and HV-
polarised scattering amplitudes (p), and two scattering scenarios, i.e., frozen and unfrozen
sea surfaces, are considered for the analysis. Then, the accuracy of this methodology is
assessed according to the RMSE metric by comparing the ice fronts extracted from the SAR
images with the corresponding ice fronts manually traced from the independent cloud-free
Sentinel-2 optical images timely collocated with the SAR scenes. Once the validation is
performed, the dynamics of the d’Iberville glacier during the study period are quantified
by evaluating, from the extracted ice fronts, the annual average surface velocity and the net
ice area loss.

The experimental results show that the HH-polarised NRCS provides more reliable
and accurate results in extracting the ice front in both the ice-free and ice-infested sea-
surface cases. With respect to the reference ice front manually extracted from the Sentinel-2
optical images, the ice front automatically extracted from oy;; has an RMSE lower than
3.4 pixels, regardless of the sea-state conditions. The results also demonstrate that since
2010, the d’Iberville glacier has been experiencing a remarkable retreat with an average
surface velocity of 160 m/year, with the most significant retreat observed from 2010 to
2011 due to the very warm local temperatures recorded for 2010. Overall, a net ice loss of
2.2 km?, i.e., about 0.18 km? per year, is estimated for the last 12 years. These outcomes
show that the d’Iberville glacier is retreating as with most of the marine-terminated glaciers
in the study area, though with a larger ice loss.
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dB deciBel

HH Horizontal transmit Horizontal receive
HV Horizontal transmit Vertical receive
InSAR INterferometric SAR

W interferometric wide

MSI multispectral imager

NRCS  normalised radar cross-section
RGB Red Green Blue

RMSE root mean square error

ROI region of interest

SAR Synthetic Aperture Radar
SNAP  SeNtinel Application Platform
std standard deviation
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