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Abstract: Landfast ice is an integral component of the coastal ecosystem. Extracting the edge and
mapping the extent of landfast ice are one of the main methods for studying ice changes. In this
work, a standardized process for extracting landfast ice edge in the Baltic Sea using the InSAR coher-
ence image is established with Sentinel-1 radar data and InSAR technology. A modified approach
combining multiscale segmentation and morphological erosion is then proposed to provide a reliable
way to extract landfast ice edge. Firstly, the coherence image is obtained using InSAR technology.
Then, the edge is separated and extracted with the modified approach. The modified approach is
essentially a four-step procedure involving image segmentation, median filter, morphological erosion,
and rejection of small patches. Finally, the full extent of landfast ice can be obtained using floodfill
algorithm. Multiple InSAR image pairs of Sentinel-1A acquired from 2018 to 2019 are utilized to
successfully extract the landfast ice edge in the Gulf of Bothnia. The results show that the landfast ice
edge and the extents obtained by the proposed approach are visually consistent with those shown in
the ice chart issued by the Swedish Meteorological and Hydrological Institute (SMHI) over a coastline
length of 345 km. The mean distance between land–water boundary and the coastline issued by
the National Oceanic and Atmospheric Administration (NOAA) is 109.1 m. The modified approach
obviously preserves more details in local edge than the reference method. The experimental results
show that the modified approach proposed in this paper can extract the edge and map the extent
of landfast ice more accurately and quickly, and is therefore expected to contribute to the further
understanding and analyzing the changes of landfast ice in the future.

Keywords: landfast ice; interferometric synthetic aperture radar (InSAR); Sentinel-1A; edge extraction;
multiscale segmentation; the Baltic Sea

1. Introduction

Sea ice is particularly sensitive to climate change and is known as an indicator of
global climate change. It plays a vital role in marine hydrology, atmospheric circulation,
and material exchange. It also directly affects human social activities such as fishery and
ocean transportation. Landfast ice is defined as a type of sea ice that primarily forms and
remains attached to the coast and is characterized by a lack of horizontal motion [1]. In
high latitude regions, landfast ice is often used to construct ice roads for transportation
due to its long life, sufficient thickness, and stability [2,3]. At the same time, landfast ice
has great significance in the exploration of horizontal and vertical variations in common
sea ice parameters [4]. In coastal areas, the presence of fast ice threatens the development
of oil and gas and hinders operation platforms [5,6]. As a result of the impact of global
climate change, the Arctic sea ice has shown an overall retreat. Annual formation time
and extent of landfast ice changes to varying degrees. These changes are particularly
important for effective monitoring of sea ice extent, responding to sea ice disasters, and
guiding the construction of ice roads in near-polar coastal areas (such as the Baltic Sea
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and Greenland). With the development of remote sensing technology, regularly obtaining
large-scale information from space has become an effective method for sea ice identification
and monitoring [7,8].

The location of landfast ice edge affects social activities as it marks the boundary
between stationary fast ice and drifting pack ice. However, there is often no clear edge or
morphological differences between landfast ice and surrounding drifting ice in a single
image [9]. In such cases, the only way to identify the seaward landfast ice edge is to
delineate the boundary between sea ice that exhibits motion and sea ice, which remains
stationary by multiple consecutive images [9,10]. In the analysis of the changes of landfast
ice, an important objective is to obtain landfast ice edge over large area in a timely and
accurate manner. Many scholars have used various methods to detect fast ice from space,
which can be roughly divided into methods based on microwave (including synthetic
aperture radar) and on optics/thermal infrared [11]. Spaceborne synthetic aperture radar
(SAR) can obtain large-scale ocean information in all-weather conditions, without being
affected by clouds and darkness. It has been increasingly used in sea ice monitoring [12–14].
In polar and near-polar high latitude regions, the SAR images are used for mapping
landfast ice extents, assessing ice trafficability, and generating products for landfast ice
parameters [15–17]. As mentioned before, the landfast ice edge is typically extracted by
evaluating unchanged sections of ice between consecutive SAR backscatter scenes [1,18].
However, SAR backscatter is typically limited by lack of information pertaining to the
stability of landfast ice or temporarily stabilized pack ice [13].

InSAR (interferometric synthetic aperture radar) technology is sensitive to the de-
formation of sea ice as it takes advantage of the interferometric phase and coherence,
which provide information on the stability and changes in the underlying terrain with high
accuracy [2,19–21]. Landfast ice cannot move freely like surrounding drifting ice in most
cases. Landfast ice is therefore found to retain interferometric coherence to a larger extent
than drifting ice; hence, interferometric coherence can be used as an indication as to where
the ice is landfast [22].

In the 1990s, Dammert et al. [23] demonstrated that InSAR technology has great value
and potential in studying the backscattering characteristics of fast ice and sea ice mechanics
models. In later studies, InSAR was successfully used to obtain sea ice motion maps in
the Antarctic and develop highly precise topographic elevation models of glaciers [24,25].
InSAR has also provided information pertaining to landfast ice topography [14,16]. In
recent research, extracting landfast ice edge using InSAR appears promising. Meyer et al. [9]
obtained the boundary of landfast ice in the Seward Peninsula, Alaska, for 46 days by the
InSAR results of ALOS PALSAR data, which proved that InSAR technology with L-band
data can map landfast ice with high accuracy and robustness in various environmental
conditions. It was also proved that the coherence and interferometric phase of TanDEM-X
data can be used to detect sea ice in Bohai Sea [26]. Dammann et al. [22] mapped the extent
of bottomfast ice by identifying areas of near-zero phase values through ALOS PALSAR
and Sentinel-1 radar data. The results indicated that InSAR can consistently be used to map
bottomfast sea ice in different regions and salinity regimes. In another study, the extent
of Arctic bottomfast sea ice has been comprehensively assessed firstly using InSAR [13].
In several studies about the landfast ice in the Baltic Sea [20,27], landfast ice extent was
mapped with a temporal baseline of one day and 12-day, respectively. It was firstly proved
that landfast ice can preserve coherence over a temporal baseline of 12 days, which may
be used to establish sustainability for monitoring landfast ice with Sentinel-1 data. These
studies have demonstrated the potential of InSAR as a tool for extracting landfast ice edge
through local case studies.

At present, the following problems exist in extracting landfast ice edge from SAR
images. It has been proven to be difficult to discriminate landfast ice from temporarily
stabilized drifting ice when only SAR backscatter data are used [8,13]. The SAR-based
methods, including correlation-based motion detection method, need sufficient textures in
co-located pairs of SAR images when identifying fast ice [9]. A longer temporal baseline
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tends to identify smaller areas of landfast ice, while the shorter may misidentify drifting
sea ice against the landfast ice in InSAR-based observation [13,27]. Considering these
problems, an edge extraction method of landfast ice based on InSAR coherence image is
proposed. The motivation for developing this method is to provide information about the
location of landfast ice edge during the planning and execution of on-ice operations. With
this information, it is possible to determine the areas where ice is sufficiently stable and the
changes of landfast ice extent.

The InSAR interferometric coherence is a valuable remote sensing observable that
can provide information about surface processes, in particular with respect to scattering
properties, potential movement, or deformation [14,27]. In this paper, interferometric
coherence instead of backscatter intensity, as an indicator of the degree to which the sea ice
surface remains unchanged, will be used to identify the boundary between landfast ice and
drifting ice. According to a prior study [27], a compromise temporal baseline of 12 days
(relative to 1 and 46 days) is employed to ensure the high coherence and accuracy of landfast
ice extent. Interferometric processing is performed on the image pairs acquired by the
spaceborne C-band SAR sensor Sentinel-1A, and coherence images are used to identify the
landfast ice. The general idea of the proposed method is to first use image segmentation to
distinguish landfast ice from water and drifting ice, and then use morphological operations
to form edges. The study has also validated the results of the proposed method relative to
those of ice chart (published by SMHI) and conduct a comparation to another reference
method which is modified in this paper for performance evaluation in a same coherence
image. Compared with the reference method, the modified approach provides an accurate
result with more edge features, which are necessary for accurately estimating the area
of landfast ice cover and constructing ice road for transportation. It will not take more
processing time as it has a similar structure with the reference method.

Landfast ice has many definitions in the literatures [9,10,20], and they differ according
to the processes that are considered relevant to a particular study. In this paper, for
highlighting the need to consider a time interval when defining landfast sea ice, like the
definition laid out by Mahoney et al. [10], landfast ice is defined as that that is contiguous
with the coastline and remained stationary over a 12-day period in consecutive images.
Finally, the purpose of this paper is to present a method for extracting landfast ice edge
from InSAR coherence image and demonstrate its suitability for detecting landfast ice in
the study area.

The main sections of this paper are organized as follows: In Section 2, the basic
information of the study area and the data used in this paper are described. In Section 3,
the method of extracting landfast ice edge over an InSAR coherence image is introduced in
detail. In Section 4, the results are shown, along with the intermediate extracted results
of landfast ice edge and the final edge line maps. The Section 5 is the discussion and
analysis of the study results. The results are evaluated and compared with other methods,
which proves the effectiveness of this method in extracting landfast ice edge. Finally, some
important conclusions drawn from this study are given in Section 6.

2. Data and Materials
2.1. Study Area

The Baltic Sea, an inland sea in northern Europe, is one of the largest brackish water
areas in the world. The sea ice in the Baltic Sea usually occurs in the shallow coastal area of
the northernmost part of the Gulf of Bothnia in November each year. Maximum coverage
is reached in February or March of the following year [28]. In the Gulf of Bothnian, the
average annual fast ice thickness is usually 0.58± 0.13 m [29]. Then the sea ice usually lasts
until mid-May before melting. Although the seasonal ice cover of the Baltic Sea has many
similarities to that of the Polar oceans, it has many unique characteristics, which are mainly
caused by the brackish water that forms the ice, resulting in low salinity per unit volume
and porosities. In addition, the maximum ice extent in the Baltic Sea varies greatly from
year to year because of the milder climate in this area than in the Polar regions. Rainfall
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and freeze–thaw cycles can occur throughout the winter [30]. As trade increases, there is a
growing need for ice transportation in winter. Although landfast ice provides convenience
in transportation, it also brings many environmental problems. The interaction between
landfast ice and land causes the erosion of the shore and sea bottom [31]. Therefore, it
is of great significance to study the local landfast ice to avoid sea ice disasters and serve
winter transportation. As shown in Figure 1b, the northeastern coast of the Gulf of Bothnia
(24.5–25.5◦ E, 65.0–65.6◦ N) located in the northern Baltic Sea is selected as the study area.
The characteristics of high latitude and long glacial period here are particularly suitable for
the study of landfast ice.
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Figure 1. An overview of the study area: (a) Coverage of Sentinel-1 radar data, with the red and
blue boxes representing the coverage of the Sentinel-1 radar data from No. 51 orbit and No. 153
orbit, respectively; (b) Study area, with the red box representing the study area and the black box
representing the example area.

In two previous studies in the study area [20,23], X-band SAR of the Italian Cosmo-
Sky Med constellation and C-band SAR of ERS-1 were used to detect landfast ice, with a
temporal baseline of 1 day and 3 days, respectively. These SAR data with short temporal
baselines tend to be more suitable for the detection of small displacements. Recently, a
study on the Baltic Sea successfully obtained the landfast ice extent using C-band SAR
of Sentinel-1 [27]. The authors have demonstrated that the potential of Sentinel-1 data to
detect landfast ice with a temporal baseline of 12 days and indicated the advantage of a
long temporal baseline in separating fast ice from the drifting ice. Unfortunately, the study
did not consider the details of landfast ice edge as it mainly focused on ice displacement.
In a similar research in the Arctic [9], L-band SAR of ALOS was used to extract landfast ice
edge with a longer temporal baseline of 46 days as the fast ice in this region is more stable
than that in the Baltic Sea. Generally, one of the main limitations of InSAR technology in
application is the temporal decorrelation of the SAR signals. Based on the previous works,
this paper develops a modified approach of extracting landfast ice edge and focuses on its
performance in extracting landfast ice edge using Sentinel-1 data.

2.2. Data

In this paper, four InSAR image pairs constructed by eight Sentinel-1A SLC (Single
Look Complex) data acquired from July 2018 to February 2019 are used to extract landfast
ice along the coast of the Gulf of Bothnia. C-band used by Sentinel-1A is considered to be a
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relatively compromised band in sea ice detection. Compared with the L-band, it has more
advantages in the comparison of sea ice of different ages [32]. As shown in Figure 1a, the
Sentinel-1A data acquired from two different orbits covering the study area are used. A
two-orbit coverage provides more data than one-orbit coverage in the same period. Hence,
it is possible to obtain the image pairs of the same area in less than 12 days, which improves
the temporal resolution of landfast ice observation. The specific information of Sentinel-1A
data is shown in Table 1. Moreover, the ACE2 (Altimeter Corrected Elevations, Version 2)
DEM released by NASA (National Aeronautics and Space Administration) is applied to
InSAR data processing in this study [33].

Table 1. Characteristics of Sentinel-1A image pairs.

No. Master
Image

Slave
Image

Orbit
Number

Temporal
Baseline/Day

Spatial
Baseline/m

Product
Type

Pass
Direction Polarization

1 20/07/2018 * 01/08/2018 51 12 11.225 SLC descending VV/VH
2 18/12/2018 30/12/2018 153 12 7.912 SLC descending VV/VH
3 16/01/2019 28/01/2019 51 12 33.522 SLC descending VV/VH
4 23/01/2019 04/02/2019 153 12 25.198 SLC descending VV/VH

* Format: day/month/year.

2.3. Validation Data

The daily ice charts [34] published by the Swedish Meteorological and Hydrological
Institute (SMHI) and the global coastline data [35] released by the National Oceanic and
Atmospheric Administration (NOAA) are used as the reference data to validate the accuracy
of the results of landfast ice edge. The daily ice charts provide detailed information about
the types, thickness and coverage of sea ice in the Baltic Sea throughout the whole year. Ice
analysts from the SMHI use the latest available Earth observation (EO) data, mainly SAR
images, and in-situ data for producing the ice charts [17]. SAR images as the base for most
ice charts are manually interpreted by experienced analysts. The in-situ data originate
from Finnish and Swedish icebreakers, coastal ice observation stations of the Baltic Sea ice
services, and other occasional sources.

3. Methods

The reference [9] has completely presented a method to extract landfast ice edge
from InSAR data, which can be used as a reference method in this paper. Based on the
processing flow of the reference method, this paper introduces a modified approach to
extract the landfast ice edge and illustrates its performance relative to the reference method.
The methodology workflow is shown in Figure 2. InSAR provides basic images for the
intuitive interpretation of landfast ice. The proposed approach is a four-step procedure
mainly including image multiscale segmentation, median filter, morphological erosion,
and rejection of small patches, which is used to accurately obtain landfast ice edge.

3.1. InSAR Processing and Concepts

The fundamentals of InSAR technology can be found in reference [7,23]. InSAR is
a technology that measures phase differences between two SAR images acquired from
two similar viewing geometries [22]. The phase difference after coregistration can be used
to measure topography and terrain displacement [27]. The InSAR processing generally
includes image coregistration, interferogram generation, coherence image generation, flat
earth removal, interferogram filtering, low-coherence area mask, phase unwrapping, and
phase-to-height conversion [7,36]. All the aforementioned steps can be carried out with the
Sentinel’s Application Platform (SNAP) software.
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In this paper, an interferometric image pair is constructed by two Sentinel-1 SAR
images (the one with an earlier acquisition time, used as a geometric reference, will be
called the “master image” and the other the “slave image”) from different acquisition times.
The SNAP software is used for processing the satellite SAR data to generate and geocode
the coherence image. Then, the coherence image is geocoded to transfer the SAR image
coordinate system to the geographic coordinate system (WGS_1984_UTM_Zone_34N) for
subsequent processing. Over the geocoded coherence image, the edge between landfast ice
and drifting ice is extracted by the modified approach. Finally, the full landfast ice extent is
obtained using floodfill algorithm.

3.2. Coherence Image

Coherence (ranging between 0 and 1) is a measure of the quality of the interferogram,
which is high if scatterers remain unchanged and low if there is significant change in the
scattering medium [22]. The complex coherence between two complex SAR images µ1 and
µ2 is defined as [9]:

γ =
E[µ1µ∗2 ]√

E[|µ1|2]E[|µ2|2]
(1)

where E[.] is the mathematical expectation, and µ∗ is a conjugate complex. Based on the
definition, in the actual InSAR calculation, the coherence of the real data is calculated
according to Formula (2), which is transformed from Formula (1):

γ =
∑N

n=1 ∑M
m=1 µ1(n, m)µ∗2(n, m)√

∑N
n=1 ∑M

m=1 |µ1(n, m)|2 ∑N
n=1 ∑M

m=1 |µ2(n, m)|2
(2)

where M and N are the sizes of the moving window for calculating the coherence; n and
m are the row and column numbers in the window; µ1(n,m) and µ2 (n,m) are the complex
values at the image coordinates (n,m), respectively; |.|2 is the 2-norm of the data. Here, a
10 × 3 window in range and azimuth is applied to estimate the coherence.



J. Mar. Sci. Eng. 2021, 9, 1076 7 of 19

The coherence value indicates the stability and correlation of the land features between
two acquisitions. The displacement and deformation of landfast ice are usually small owing
to its stable ice body, so its coherence is relatively high. But for drifting ice or water, its
coherence is relatively low due to the influences of strong winds and changing ocean
currents. Ocean currents will constantly change the distribution of drifting ice and may
break up its body with high energy [37]. Therefore, the difference between landfast ice
and drifting ice in coherence provides an obvious discrimination (bright and dark) in
coherence image.

3.3. Approach to Landfast Ice Edge Extraction

The reference method provides a processing chain that combines a statistical CFAR
(constant false alarm rate) classification with spatial image processing steps. The final land-
fast ice edge is obtained based on the following six steps: statistical coherence thresholding,
morphological image analysis, image segmentation, patch size analysis, final morphologi-
cal closing procedure, and outline extraction. In this paper, a modified approach with four
steps is proposed to preserve more features of landfast ice edge.

The first step of the modified approach is image segmentation. Although the differ-
ence between drifting ice and landfast ice is quite obvious in coherence image, they still
share a common coherence range. Hence, a simple pixel-based threshold operator will
lead to misclassifications of pixels whose coherence values are close to the detection thresh-
old. Moreover, due to the influence of speckle noise, it is difficult to obtain continuous
high coherence region if the pixel is the unit of processing [38]. Therefore, the coherence
image should be segmented first, and the subsequent processing should be based on the
segmentation units. In view of the above, an object-oriented multiscale segmentation
algorithm [39] is used for coherence image. This algorithm analyzes the multiscale prop-
erties of watershed boundaries and gradient watershed boundaries for an image which
can provide better results in edge detection [40]. More details of this algorithm can be
found in reference [40,41]. In this paper, the Sobel operator (an edge operator) is used
to calculate gradient values and generate gradient image. After obtaining the gradient
image, quantization ranges can be created by Formula (3) to calculate a cumulative relative
histogram:

Qquant_levels = Vmin + ((quant_levels) ∗ (Vmax −Vmin))/(quant_levels) (3)

where quant_levels is a specified value representing the number of unique levels. Vmin
and Vmax represent the minimum and maximum values of the data, respectively. The
histogram can be used along with the gradient image to calculate the gradient scale-space.
Once the scale is selected, the gradient image is modified so that the pixels with gradient
magnitude less than the gradient threshold are set to have the same value with the gradient
threshold. Then watershed transformation is applied on the modified gradient image to
obtain multiscale segmentation result for the whole image.

To deal with over-segmentation, the Full Lambda-Schedule algorithm proposed by
Redding et al. [42] is used as the merging model. This algorithm merges adjacent small
patches by combining spectral and spatial information iteratively. For two adjacent regions
Oi and Oj, when the merging condition ti,j is less than the threshold λ, the two regions are
merged into one. The formula for the merging condition ti,j is as follows:

ti,j =

|Oi ||Oj |
|Oi |+|Oj |

‖ui − uj‖2

l
(
∂
(
Oi, Oj

)) (4)

where |Oi| and |Oj| denote the areas of Oi and Oj, respectively; ui and uj are the mean
values of Oi and Oj; ‖ui − uj‖ denotes the Euclidean distance between the mean value of Oi
and Oi, l(∂(Oi,Oj)) denotes the length of the common boundary of Oi and Oj. A threshold
segmentation is then ready to operate for the multiscale segmented image. The image is
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divided into three sub-regions before threshold segmentation: drifting ice, landfast ice, and
land. Then the mean coherence values of the three sub-regions are determined based on
selecting random samples. Finally, the threshold segmentation can be operated according
to the Mode method [43].

The second step of the approach is a median filter. Due to noise and other factors,
isolated patches with high coherence will remain outside the main landfast ice in the
segmented image. Hence, a filter that can remove small patches but also preserve edge is
necessary before the next step. Here, a median filtering with a window of 3 × 3 is used on
the image.

The third step is morphological erosion. The function of morphological erosion is
to further remove the patches and shrink to form edge. For a binary image, A and B are
two sets, in 2D integer space Z2, eroding the set A by structuring elements of B is defined
as [44]:

(AΘB) = {Z|(B)Z ⊆ A} (5)

A new set is created by running B over set A so that the origin of B visits every element
of the set A. Therefore, at each location of the origin of the structuring elements of B, if B is
completely contained in the set A, then the element for that location (where the origin of
the structuring element B lays) is marked as a member of the new set.

The fourth step of the approach is a rejection of small patches. Although the median
filter and morphological erosion both have the ability to remove small patches, they cannot
deal with the patches or floating fast ice outside the main body whose size are larger
than their processing window. Therefore, the remaining patches with high coherence are
completely removed by setting an area threshold.

The initial segmentation also leaves low-coherence holes in the land and landfast ice.
If trying morphological dilation repeatedly to fix these holes, it will cause a blurred edge
and feature loss. At the same time, additional operations are still required because only
a portion of the holes can be fixed. As this study focuses on the clear edge of landfast
ice, holes in the main body are of less importance. Thus, the holes are fixed as fast
ice based on the floodfill algorithm [45]. After all these steps, the landfast ice edge is
obtained eventually.

The most distinctive feature by which this modified approach differs from the reference
method is in the detection and preservation of the landfast ice edge. The edge result is
obtained from the optimal segmentation between multiscale gradient images. Compared
with edge extraction under one certain scale, this result contains more information about
edge. In addition, all the latter steps after image segmentation are considered to avoid the
loss of edge feature. The median filter in the second step is an edge-preserving filter. In
fixing the inside holes, the routine operation in the reference method uses the morphological
dilation. However, it is replaced with floodfill algorithm for preserving the edge and fixing
all holes.

The edge extraction is usually aimed at the seaward landfast ice edge. For the land-
ward edge, the existing coastline data is generally used to replace it. However, the coastline
changes year by year in coastal areas severely eroded by fast ice [46]. Inaccurate results
can be caused by using low-resolution or untimely updated coastline data. This study
adds the work of extracting landward landfast ice edge and validates the performance of
the modified approach. Sentinel-1A provides a large amount of available data given its
high spatial resolution and temporal coverage. Thereby, Sentinel-1A data from the summer
ice-free period of the observation year are used to construct the image pair. The difference
in coherence between land and sea surface can be used to extract the land–water boundary
as the landward edge of landfast ice through the same technical method.

4. Results

The main research results include coherence images, intermediate processing results
of landfast ice edge extraction, and edge line maps. Section 4.1 shows the coherence image
obtained by the InSAR and the intermediate results by the modified approach. Section 4.2
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shows the landfast ice edge obtained by the reference method and modified approach on
coherence images.

4.1. Coherence Image and Intermediate Processing Results

The coherence image of the example area is shown in Figure 3a, where the grayscale
of coherence image indicates the stability and correlation of sea ice during the interval time
when the image pair is acquired. Figure 3b–f shows the edge extraction process based on
the modified approach. The isolated high-coherence patches are removed after median
filtering, morphological erosion, and rejection of small patches in sequence (Figure 3c–e).
The holes with low coherence are fixed by floodfill algorithm (Figure 3f).
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4.2. Landfast Ice Edge Line Maps

Four image pairs are used to extract three seaward edge lines of landfast ice at different
times and one land-water boundary in ice-free summer. The image pairs used are shown
in Table 2. Figures 4 and 5 show the edge line maps of landfast ice obtained by modified
approach and reference method, respectively. The red curves are the seaward edge lines of
landfast ice, and the blue curve is the land–water boundary.

Table 2. Statistical parameters of segments.

Statistical Parameters Value (km2)

Minimum −0.66
Maximum 0.61

Mean 0.00
Standard Deviation 0.07

Sum Positive 4.40
Sum Negative −3.04

Number of segments (only area > 0.1 km2) 12
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extracted by image pair 3 (see Table 1); (d) The seaward edge lines of landfast ice extracted by image pair 4 (see Table 1).
The blue line represents the land–water boundary and the red lines represent seaward edge lines of landfast ice.
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Figure 5. The extracted results by the reference method: (a) The seaward edge lines of landfast ice extracted by image pair 2;
(b) The seaward edge lines of landfast ice extracted by image pair 3; (c) The seaward edge lines of landfast ice extracted by
image pair 4. The blue line represents the land–water boundary extracted by modified approach and the red lines represent
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5. Discussions and Analysis
5.1. Coherence under Different Conditions

The Sentinel-1A IW data contain two polarization modes: VV polarization and VH
polarization. Different polarization modes have different responses to features. Taking
the image pair 3 (see Table 1) as an example, image pairs under VV and VH polarization
are constructed respectively to study the impact of different polarization modes on edge
extraction. It can be seen from the coherence statistics (Figure 6) that, under VV polarization,
the mean coherence value of landfast ice is 0.63, whereas that of drifting ice is 0.26, and
the difference between them is 0.37. Under VH polarization, the mean coherence value
of landfast ice is 0.33, whereas that of drifting ice is 0.24, and their difference is only
0.09. Therefore, the divisibility between different objects is higher under VV polarization.
Since the co-polarization of the C-band is more sensitive to the dielectric constant and
surface roughness of objects than cross-polarization [47] and the landfast ice edge under
VV polarization is clearer than that under VH polarization, further analysis concentrates
on the VV polarization mode.
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In InSAR technology, the temporal baseline of image pairs determines how long
sea ice remains stationary before it can be classified as fast ice. To select the appropriate
temporal baseline, image pairs with different temporal baselines are constructed in the
study area, and then coherence statistics is performed. As shown in Figure 7, the overall
mean coherence gradually decreases as the time interval of the temporal baseline increases.
Under the temporal baseline of 12 days, the mean coherence values of fast ice and drifting
ice are 0.63 and 0.26, respectively, and their difference is up to 0.37. When the temporal
baseline is increased to 24 days and 36 days, the coherence difference between the fast
ice and drifting ice is only 0.02 and 0.01, respectively, which can no longer meet the
requirements of extracting landfast ice edge. The ice charts show that the thickness of
sea ice increases from 10–30 cm to 40–55 cm within 36 days. Influenced by temporal
de-coherence factors, severe de-coherence phenomenon can occur when sea ice changes
significantly. In theory, the longer the temporal baseline is used, the more accurate the
landfast ice extent is obtained. But the longer baseline also means an increased probability
of de-coherence. It is the best solution to select the longest temporal baseline considering
the available coherence images, so the temporal baseline in this paper is 12 days.
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5.2. Verification of Landfast Ice Edge

For evaluating the extracted seaward landfast ice edge, ice charts published by SMHI
are used for verification. Daily ice charts are easily available on the SMHI website. The
primary publication format of the ice chart is a PDF product, so the vector form of landfast
ice extent is not available in this product. Nonetheless, these charts still can be roughly
geocoded by their latitudes and longitudes. After geocoding, ice charts and landfast ice
edge are shown in the same geographic coordinate system for direct visual comparison. It
is noted that this is only a rough comparison. The main purpose is to validate the overall
shape and distribution, not the precision of landfast ice edge.

The results are shown in Figure 8. The seaward landfast ice edge extracted in this paper
are generally consistent with those in ice charts. Because of high resolution of Sentinel-1A,
the edge lines show more details in the results. All the three results of seaward landfast
ice edge from different periods provide consistent results with ice charts, confirming the
potential of the method in monitoring the changes of landfast ice extent. However, some
differences are observed in a few regions. One reason is that the edge of the landfast ice
must be simplified to cater to the rough scale when drawing ice charts. In addition, since
the definition adopted in this paper is similar to that proposed by Mahoney et al., landfast
ice is defined as is contiguous with the coastline and remains stationary over a 12-day time
period in consecutive images. This difference can be explained by the ice chart preparation
process where the ice analysts tend to avoid overestimating the expansion of the landfast
ice by consolidated ice in order to indicate probable wind-induced break-off zones and that
way to diminish risks caused by rapid day-to-day changes [17].
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landfast edge lines extracted in this paper.

This paper also gives the result about the distance that landfast ice edge move from
one image pair to the next. From image pair 2 to image pair 3, landfast ice edge moves
about 19.9 km, as more sea ice becomes stable. From image pair 3 to image pair 4, landfast
ice edge is nearly unmoved. This is probably because the ice conditions are stable during a
short-time observation.

Ice charts are only used to roughly verify the extent and changes of landfast ice due to
lack of precise vector data. In order to further illustrate the performance of the modified
approach, a comparison with the reference method is provided below. This comparison is
carried out on the same coherence image from image pair 3. Figure 9 shows the comparison
process of the two methods. The visual interpretation indicates that these two methods
provide very approximative results with landfast ice edge, thus proving the applicability
of the modified approach. The main difference between the two methods is the elaboration
degree in landfast ice edge. From two cases in Figure 9, the edge of reference method is
coarser without many features. These features are replaced with a simple line because of
the edge distortion caused by the processing of the reference method. On the contrary,
these edge features are preserved in the result of the modified approach.
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reference method.

For quantitative comparison, an area analysis of relative extraction difference is per-
formed. The result is shown in Figure 10. The area differences of extracted landfast ice are
described by many positive and negative segments. Negative (in red) segments indicate
relative underestimation by the reference method while positive (in blue) segments indicate
a relative underestimation of landfast ice extent by the modified approach. The statistical
analysis of these segments in Table 2 shows that the two methods provide very close
results with landfast ice area differing by only 1.36 km2 over a coastline length of 345 km.
Moreover, the segments have a low value in mean, standard deviation and number of
segments, indicating the stability of the modified approach in extracting landfast ice. In
brief, the modified approach not only has a satisfying segmentation effect on the whole
image, but also preserves more details in local edge. It is confirmed that the modified
approach is suitable for extracting landfast ice edge.

5.3. Verification of the Land–Water Boundary

The land–water boundary extracted by image pair 1 is compared with the global
coastline data released by NOAA to evaluate the performance of the method proposed in
this study.

Figure 11 shows the comparison process of the land–water boundary. The two results
provide a similar display on the whole area, which are consistent with the actual terrain
without large deviations. Either of them meets the need for coastline mapping. Specifically,
in a large area where the coastline is relatively straight, the land–water boundary is better
than the coastline data and is closer to the actual topography. While in a small area with
many offshore islands and a tortuous coastline, more islands close to the coast and main
rivers entering the sea are mapped in the coastline data. As a result, the NOAA global
coastline is better than the land–water boundary here.

Similarly, statistical parameters of distance from the land–water boundary to the
NOAA global coastline are calculated as shown in Table 3. And a frequency histogram of
sampling points (Figure 12) is generated to analyze the distance distribution. The statistical
results show that over the 345 km long coastline, the mean distance from the land-water
boundary to the coastline data is 109.1 m, the standard deviation is 99.8 m, and 84% of the
sampling points are within 200 m. The validation of results illustrates the stability and
reliability of the method used in the mapping tasks of the land–water boundary.
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Table 3. Statistical parameters of the land–water boundary.

Statistical Parameters Value (m)

Minimum 0
Maximum 684.5

Mean 109.1
Standard Deviation 99.8
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5.4. Comparison with SAR-Based Methods

In this paper, landfast ice edge is extracted based on the coherence images. Rather
than SAR amplitude image, the coherence image can be used to detect the movement trend
of sea ice within 12 days and distinguish the moving drifting ice from the stationary ice.
SAR-based methods generally need sufficient textures in SAR images. However, sea ice
textures have different electromagnetic interaction behaviors and gray levels, which may
result in misinterpreted observations and imprecise SAR classifications [48].

As shown in the SAR amplitude image (Figure 13), regardless of VV polarization
or VH polarization, thin sea ice exhibits high variability in backscatter magnitude and
polarization difference, making it difficult to distinguish it from open water and fast ice [49].
The high sensitivity of sea ice to the incidence angle leads to complex changes in backscatter
magnitude between different types and even in the same type of sea ice [50]. Subtraction
and cross-correlation of colocated image pairs will not yield accurate results unless a
coastal flaw lead between the landfast and drifting ice is present. Therefore, a single
amplitude image is insufficient to identify the boundary of the fast ice. The amplitude
image contains substantial information about the features, and it has many advantages in
sea ice classification. When only focusing on fast ice though, using the coherence image
can be convenient and reliable to quickly distinguish the fast ice from other types of sea ice.
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6. Conclusions

In this paper, the landfast ice edge in northernmost Gulf of Bothnia is extracted using
InSAR technology with the image pairs of Sentinel-1A. With the interferometric coherence
image, a modified approach of extracting the landfast ice edge based on multiscale seg-
mentation and morphological erosion is proposed. This approach takes the advantages
of interferometric coherence and multiscale behavior of edge to distinguish the fast ice
from drifting ice. As a result, the seaward landfast ice edge and land–water boundary
are successfully obtained. Through this study, some important conclusions can be drawn
as follows:

(1) Based on InSAR technology, the landfast ice edge can be detected with high accuracy.
The interferometric image pair with VV polarization and the temporal baseline of
12 days can help extract landfast ice edge and achieve a balance between coherence
and accuracy.

(2) Over a coastline length of 345 km in the study area, the difference in area between
landfast ice obtained by the modified approach and reference method is only 1.36 km2.
The mean distance between the land–water boundary and the reference coastline
released by NOAA is 109.1 m, and the standard deviation is 99.8 m. Compared with
other methods, the method proposed in this paper performs well in terms of stability
and accuracy. It also provides more details about the local landfast ice edge.

(3) During the observation period (December 2018–January 2019), three landfast ice edge
line maps are successfully obtained. The area of landfast ice are 170.2 km2, 1447.2 km2,
and 1450.4 km2 in the three periods. The results demonstrate the potential of the
proposed method in monitoring the landfast ice extent and studying the changes of
fast ice.

Since the extraction of landfast ice edge still falls under InSAR-based methods, the
choice of the temporal baseline is limited by the satellite revisit cycle and the coherence
will be influenced by de-coherence factors. When constructing the image pairs, one needs
to consider the changes that may occur in the sea ice. This paper presented a method to
extract landfast ice edge when the coherence image is available. With following radar
system plans in the future, the improvement of multi-band, multi-sensor, and short revisit
cycle will provide more potential and possibilities for the research of landfast ice.
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