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Abstract. The Sentinel-1 synthetic aperture radar (SAR) instrument can image the polar
regions with a large area and high temporal and spatial resolutions, which is particularly
suitable for sea ice monitoring in the Arctic. In a previous study, a support vector machine
(SVM)-based method was developed to automatically extract the sea ice cover from Sentinel-1
SAR Extra Wide (EW) swath mode data in cross-polarization (horizontal-vertical, HV, or
vertical-horizontal, VH). For validation, 468 Sentinel-1 EW HV-polarized images acquired in
the Arctic are used to derive the sea ice cover with a spatial resolution of 0.96 km. We then
compared the SAR-derived sea ice cover with the Ice Mapping System (IMS) dataset, which
has a resolution of 1.0 km, and the AMSR-2 sea ice concentration (SIC, 15% is used as a
threshold for deriving sea ice cover) dataset, which has a resolution of 3.125 km, based on
pixel-by-pixel matching. The accuracies of the comparisons with the IMS and SIC data are
85.01% and 88.69%, respectively. The comparison shows that the IMS dataset is mostly
overestimates the sea ice cover, while the AMSR2 dataset is relatively underestimates the sea
ice extent. On the other hand, the sea ice cover information derived from the Sentinel-1 images
by using the proposed method well characterizes the details of the marginal ice zone (MIZ).
Furthermore, through the analysis of individual cases, the main factors that affect accuracy are
drift (or pack) ice and a high land proportion in some areas.
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1. Introduction

Sea ice is one of the important factors affecting the polar, and even global, climate system, which has
been the focus of climate researchers[1] In addition, with the melting of sea ice in the Arctic, the
strategic significance of Arctic shipping routes, mineral and fishery resource development are
becoming increasingly important[2]. To better study the Arctic, varieties of Arctic environment
datasets have been produced. The main types of datasets related to sea ice are sea ice concentration
and sea ice cover datasets. Sea ice concentration datasets are mainly obtained by inversion based on
brightness temperature data of passive microwave radiometers [3-5]. Sea ice cover datasets can be
derived from sea ice concentration datasets [6]. It is also possible to obtain the sea ice cover through
visible-infrared sensors [7] and active microwave sensors such as synthetic aperture radar (SAR). We
propose a novel method of deriving sea ice cover data by using Sentinel-1 SAR imagery acquired in
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cross-polarization [8]. Some studies have shown that the accuracies of each sea ice cover dataset are
different [9-10]. In this study, our sea ice cover products were compared with the sea ice concentration
dataset from the University of Bremen and the sea ice cover dataset from the National Ice Center of
United States to analyze the difference and accuracy of each dataset.

2. Data & Methods

2.1 Data

2.1.1 Seaice cover data derived from Sentinel-1 (SIES1)

The Sentinel-1 (S1) imagery used in this study is Extra Wide (EW) swath mode cross-
polarization (horizontal-vertical, HV) Level-1 Ground Range Detected (GRD) images, which were
mainly acquired in the Arctic marginal ice zone (MIZ) from July 1 to September 30, 2018 (see Figure
1).

In our previous study, a support vector machine (SVM)-based method was developed to
automatically extract the sea ice cover from these S1 images. In this paper, 468 sea ice cover data
(SIES1) are produced from the S1 EW HV-polarization images by using this method. Figure 1 shows
the spatial distribution of the 468 S1 images in the Arctic MIZ, in which boxes of various colors
represent the images from different dates. SIES1 data have a high spatial resolution of 0.96 km and
can be obtained in real time once the SAR image is acquired. SIES1 data mark land, water and ice
with values of -1, 1 and 0, respectively.

Figure 1. Spatial distribution of 468 S1
SAR images acquired from July 1 to
September 30, 2018. (various colors
represent images from different dates).

2.1.2 IMS sea ice extent dataset (IMS)

Interactive Multisensor Snow and Ice Mapping System (IMS, https://nsidc.org /data/G02156
Iversions/1) sea ice extent data produced by the National Snow & Ice Data Center (NSIDC) are used
for comparison with the SIES1 data. The sea ice information derived from the passive microwave
(radiometer), active microwave (SAR) and optical (multiple spectra) remote sensing sensors, as well
as in situ data, are used to produce the IMS sea ice cover product[11]. These data are updated daily. In
this study, the IMS data at a spatial resolution of 1 km is used for comparison. IMS marks “no data”,
water, land, ice and snow covered land, with values of 0, 1, 2, 3 and 4, respectively.

2.1.3 AMSR-2 Sea ice concentration dataset (AMSR2)
The sea ice concentration refers to the proportion of sea ice in a unit area, ranging from 0 to 100,
and is one of the basic parameters for characterizing the sea ice cover. The daily sea ice concentration
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product with a resolution of 3.125 km released by the University of Bremen, Germany, is selected as
another data source, and the selected product is the recent ASI data, version 5.4[12].

2.2  Comparison of Methods

Following the introduction above, the focus of this paper is on evaluating the accuracy of the
SIES1 data, based on comparisons with the IMS and AMSR2 data. The comparisons are conducted on
a spatial and temporal matchup with the pixels of the IMS and AMSR2 datasets using nearest-
neighbor collocation.

After finding the closest IMS and AMSR2 data in time, the SIES1 is compared by a pixel-by-
pixel-based nearest-neighbor matching across longitude and latitude, while the former two datasets are
recognized as the “true” sea ice conditions. The basis of this processing is to keep the three datasets at
the same resolution level. The SIES1 and IMS data have very similar spatial resolutions of 0.96 km
and 1.0 km, respectively, but the AMSR2 data have a resolution of 3.125 km. Thus, a downsampling
operation needs to be performed on the SIES1 data prior to matchup. Figure.2 shows the resampling
illustration that using a modal analysis operator. In the 3x3 grids, a value of 0 appears 5 times and is
the maximum count; therefore, the resampled grid is set to 0. The SIES1 data are downsampled to a
resolution of 0.96x3 km (equal to 2.88 km).

For the evaluation, we use the matching accuracy (MA) as a validation parameter. The correctly
matched sea ice and open water pixels are recorded as njce marcn aNd Nygrer matcns respectively.
Then, the accuracy is defined as follows:

MA = Nice Match+Mwater Match 100% (1)

Ntotal

where n;,:q; denotes the total number of grid cells in one SIES1 image.

Furthermore, the AMSR2 sea ice concentration data have values ranging from 0 to 100 in each
grid, which refers to the proportion of sea ice in a unit area. In this paper, we take 15% as a threshold
for the identification of an ice grid[13]. In other words, if the value of one grid is larger than 0.15, the
grid is thought to be filled with ice. Then, the match is conducted based on this value.

Figure 2. Resampling and segmentation of the label assignments.

3. Results & Analysis

In this study, 60,060,327 data points from the 486 SIES1 images were collocated with the IMS data,
among which 51,057,112 points were correctly matched. The overall matching accuracy was 85.01%.
In total, 6,376,611 points were collocated with the AMSR2 data, among which 5,655,363 points were
correctly matched, with an overall matching accuracy of 88.69%. The results verify the reliability of
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these data. Then, some of the features are found by analyzing the data-matching accuracy of every
image in both time and space. In the following statement, the matching accuracy of the SIES1 and
IMS data was denoted by MAys and that of the SIES1 and AMSR2 data was denoted by MAamsro.
Figure 3 shows the scatter plot of the relative relationship between the MAys and MAswsr. Values in
the 486 images, in which most of the accuracies are concentrated above 80%. One can see that there
are far more points above the red line than below the red line, which indicates that the SIES1 data are
closer to AMSR?2 data than to the IMS data. Taking the original S1 image as the evaluation standard,
the SIES1 data are relatively close to the AMSR2 data, which may indicate that the AMSR2 data can
better describe the actual sea ice cover than the IMS data.
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Figure 3. Scatter plot of the MAys values versus the
MAMsR2 values.
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Figure 4. Frequency distribution of MA s (a) and MAawsr2 (b)

Figure 4a and Figure 4b show the probability distribution of the MAysand MAawsre Values of the
486 images, respectively. Among them, the MAys with the highest frequency in Figure 4a is between
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85-90%, and 81% of the MAys values are between 75%-100%, while the MAsusr2 With the highest
frequency in Figure 4b is between 90%-95%, and 84% of the MAausr2 Values are between 80%-100%.
Compared with the former, MAawsr2 iS more concentrated. Although the above comprehensive
analysis shows that the AMSR2 data yield better matching results, it should be noted that they are
obtained under different resolutions. The resolution of IMS is approximately three times higher than
that of AMSRZ2, which is an important reason why the MAs of the AMSR2 data are better than those of
the IMS data.

3.1 Temporal Analysis

Figure 5a and Figure 5b show the boxplots for the distributions of the matching accuracies of the
IMS and AMSR2 data during July 2 - September 30, 2018, every 9 days. There was no obvious
correlation between the MA distribution and time. However, the MAys values from August had a
large fluctuation range and high dispersion, while MAausr. Values are more stable at all time points.
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Figure 5. The distributions of the MAys (a) and MAausr. (b) values for July 2 -September 30, 2018.

3.2 Spatial Analysis

As shown in Figure 6, to study the differences in the spatial distributions of the MA values, the
regions covered by the data with a matching accuracy less than 80% are shown in red. Both the IMS
and AMSR2 data show that the data distribution with low matching accuracy values is obviously
regional. Low matching accuracy values are mainly distributed in northeast of the East Siberian Sea,
the Fram Strait, the Greenland Sea, Baffin Bay, the Davis Strait and the Canadian Arctic Archipelago
(CAA). In addition, the matching accuracy values of different products in the same region are also
different. It is obvious that the coverage with low MAys values is larger than that of the MAawsr2
values.

Based on the specific analysis and research on the red areas above, we can divide them into two
categories:

® Regions where the growth and disappearance of drift (or pack) ice at the MIZ are quite drastic.
It mainly includes the Fram Strait, the Greenland Sea, Baffin Bay, the Davis Strait and the
area northeast of East Siberian Sea.

° Regions where sea ice is located in the area of a narrow strait, which mainly includes the
Canadian Arctic Archipelago.
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(a) (b)

Figure 6. Areas where the MAys (a) and MAawsr. (b) values are less than 80%.

The following selected representative data are taken as examples to illustrate the cause of low
matching accuracies.

3.2.1 Cases of the Fram Strait and the area northeast of the East Siberian Sea

The Fram Strait is an important link between the Arctic Ocean and the North Atlantic Ocean, and
it is the main outlet for Arctic drift ice in summer [14]. Sea ice has a strong dynamic effect in this
region. Figure 7 shows an S1 HV-polarization EW mode SAR image from July 21, 2018, located in
the Fram Strait. Figure 7a is the calibrated and denoised backscatter image, and Figure 7b is the SIES1
product derived from Figure 7a, in which white pixels represent sea ice and blue pixels represent water.
The SIES1 data are matched to the IMS data (Figure 7c) and the AMSR2 data (Figure 7d). The white
and blue areas represent the correctly matched pixels of sea ice and open water, respectively, in the
two comparisons. The red area indicates that the pixels of SIES1 are open water but are recognized as
sea ice in the IMS/AMSR?2 data, while the pink area indicates the opposite results. Comparing Figure
7c to Figure 7d, we find that the AMSR2 has higher MA values than the IMS data, especially in the
description of the MIZ, which indicates that a 15% concentration is a reasonable threshold to estimate
the sea ice cover or extent. The large red areas in Figure 7c indicate that the amount of sea ice cover in
the IMS data is much larger than that in the SIES1 data. Referring to the original S1 image, the sea ice
cover of the IMS data for this case is highly overestimated.
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Figure 7. An example of an S1 image (a) and its derived sea ice
cover (b) over the Fram Strait and its comparison with the IMS (c) and
AMSR2 data (d).

3.2.2 Case of the East Siberian Sea
The East Siberian Sea is mainly affected by land runoff and solar radiation in summer, which
provides continuous heat for the melting of sea ice. Figure 8a shows an image from September 12,
2018, located in the area northeast of the East Siberian Sea. Through the comparison of Figure 8c and
Figure 8d, it can be found that both the MAys and MAausr2 Values are not very high. The large pink
region in Figure 8d indicates that the sea ice coverage of the AMSR2 data is greatly underestimated. In
Figure 8c, by comparing the IMS data with the original SAR image, we find that the interstitial waters
in the original image are also considered sea ice in the IMS data. This finding indicates that the sea ice
cover of the IMS data is overestimated. However, the IMS data still give a realistic picture of the MIZ.
Drift (or pack) ice is the main resource of the low matching accuracy values of the above sea
areas. First, thin and discrete drift (or pack) ice occurs far offshore in a wide area. The IMS products
are mainly obtained by artificial interpretation based on multisource data. Once ice is detected in a
fixed area (1 km*1 km in the IMS data), this grid area is set to sea ice. Thus, the sea ice cover of the
IMS in drift ice areas can be easily overestimated. The sea ice cover of the AMSR2 data is obtained
from the retrieved bright temperature data. Considering that the bright temperature of thin drift ice is
close to that of the surrounding water and the threshold of the ice concentration is set to 15%, some
drift ice may be misclassified as water in AMSR2 products, which causes the underestimation of the
sea ice extent. Second, drift (or pack) ice can be easily affected (moved or melted) by temperature,
ocean currents and wind fields. The area and location of sea ice cover varies greatly in one day, which
makes it difficult to determine the sea ice extent in these areas. Therefore, the SIES1 data obtained
from real-time SAR data may overestimate and underestimate the sea ice extent when matching the
two daily datasets.
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Figure 8. An example of an S1 image (a) and its derived sea ice
cover (b) over the area northeast of the East Siberian Sea and its
comparison with the IMS (c) and AMSR2 data (d).

3.2.3 Case of the Canadian Arctic Archipelago

Figure 9 shows an image from September 15, 2018, located in the Canadian Arctic Archipelago.
This area is mainly covered by land, with sea ice between the straits. Due to the high proportion of
land, the total number of matching points is small. Although there are few mismatched points, the MA
values vary greatly. This phenomenon is the main reason for the low MA values in this region.
Furthermore, the abnormal phenomena of ice underestimation in the IMS data (see Figure 9c) and the
overestimation in the AMSR2 data (see Figure 9d) appear in this image. Presumably, these phenomena
are influenced by the surrounding land.
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Figure 9. An example of an S1 image (a) and its derived sea ice cover (b)
over the CAA and its comparison with the IMS (c) and AMSR2 data (d).

4. Conclusion

In this study, accuracy of the sea ice cover derived from the S1 EW data acquired in summer

2018 was evaluated with two other common sea ice cover datasets: the IMS sea ice cover dataset and
the AMSR?2 sea ice concentration dataset. The overall matching accuracy between the IMS and SIES1
data is 85.01%, and the overall matching accuracy between the AMSR2 and SIES1 data is 88.69%.
Using the S1 SAR imagery for visual validation, the SIES1 produced by our method are the closest to
the real ice conditions which can better characterizes the details of marginal ice zone. In addition, the
result shows that the IMS dataset mainly overestimates the sea ice cover, while the AMSR2 data
relatively underestimates the sea ice cover. Drift (or pack) ice and the regions with high land cover
might be the main reasons for the low matching accuracy.
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