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Abstract

:

The satellite-based techniques for the monitoring of extreme ice features (EIFs) in the Canadian Arctic were investigated and demonstrated using synthetic aperture radar (SAR) and electro-optical data sources. The main EIF types include large ice islands and ice-island fragments, multiyear hummock fields (MYHF) and other EIFs, such as fragments of MYHF and large, newly formed hummock fields. The main objectives for the paper included demonstration of various satellite capabilities over specific regions in the Canadian Arctic to assess their utility to detect and characterize EIFs. Stereo pairs of very-high-resolution (VHR) imagery provided detailed measurements of sea ice topography and were used as validation information for evaluation of the applied techniques. Single-pass interferometric SAR (InSAR) data were used to extract ice topography including hummocks and ice islands. Shape from shading and height from shadow techniques enable us to extract ice topography relying on a single image. A new method for identification of EIFs in sea ice based on the thermal infrared band of Landsat 8 was introduced. The performance of the methods for ice feature height estimation was evaluated by comparing with a stereo or InSAR digital elevation models (DEMs). Full polarimetric RADARSAT-2 data were demonstrated to be useful for identification of ice islands.
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1. Introduction


An extreme ice feature (EIF) is an ice feature that could cause an extreme design load on an offshore platform from a fixed-structure point of view, ice scouring seafloor facilities or significant ship damage. EIFs include rubble fields, ridges, hummocks, stamukhi, icebergs, ice islands and multiyear (MY) floes. An ice ridge is a line or wall of broken ice forced up by pressure [1]. A rubble field is an area of many ridges with similar characteristics. Multiyear ice floes (pieces of ice 20 m or more across) are old ice floes that have survived at least two summers’ melt and are much thicker (up to 4 m and more [2]) than younger ice. Stamukhi are pileups of deformed sea ice that are grounded to the sea floor and are found in shallow water. A hummock is defined [1] as a hill of broken ice that has been forced upward by pressure. The hummock field can produce significant seabed gouging (up to 3.5 m in depth), fragmented during the grounding process [3]. The presence of EIFs in the Canadian Arctic has been a topic area of interest for many years with records available starting from 1946 [4]. EIFs in the Beaufort are most likely to occur along the northwest edge of the Queen Elizabeth Islands and in the pack ice of the Arctic Ocean [5]. More recently, the warming Arctic appears to have affected both the occurrence and characteristics of these ice features. With the increasing impact of climate change, the hazardous ice features remain a threat to stationary and mobile infrastructure in the southern Beaufort Sea [6] because of the increased frequency and relative velocities of certain ice hazards [7].



Ice islands are generated as a result of calving from glaciers and ice shelves that are present along the east coast of Canada and the Beaufort Sea. The size of the ice islands may be up to 1000 or more square miles and their thicknesses up to 75 m. In the Beaufort Sea, ice islands are large tabular icebergs that calve from the ice shelves located along the northern coasts of Ellesmere and Axel Heiberg islands and drift into the Arctic Ocean where they circulate in a clockwise direction for many years [5]. Although definitions vary, ice islands can also be described as any tabular icebergs whose waterline lengths range from hundreds of meters to many kilometers, generally have freeboards under 20 m and an overall thickness of up to 55 m [8]. However, Beaufort Sea ice islands generally have maximum dimensions of tens of meters or smaller. Beaufort Sea ice islands predominantly come from Ellesmere Island ice shelves, which are a combination of fresh and salt water ice formed from snowfall and sea-ice accretion. The low freeboards of ice islands make them challenging to detect and their low drafts allow them to pass over continental shelf areas.



For decades, upward-looking sonar have been used to study ice in the Beaufort Sea, and for the last 30 years, satellite imagery have been used to report on surface ice conditions. One of the first remote sensing studies to detect EIFs was conducted by Pilkington et al. [5], who used satellite imagery and concluded that a spatial resolution of at least 15 m on both radar and optical is required for detecting EIFs with 500 m diameters. By comparing RADARSAT-1 and Quickbird images [9], it was concluded that RADARSAT-1 Extended High images were best at detecting ice features. Fine-mode images provided more details, but it was difficult to identify new features in the data. Quickbird images provided exceptional detail, but clouds and darkness were severe limitations. Rubble fields were difficult to detect during freeze-up and in land-fast ice, but they could be characterized using satellite SAR. During break-up, grounded rubble fields would persist after other ice had melted and it was possible to detect them even with RADARSAT-1 ScanSAR imagery. Work by [9] indicated that RADARSAT-1 fine-mode data with 8 m resolution were good at characterizing but not identifying many ice features of interest. The best resolution to detect EIFs was RADARSAT-1 Extended High with 18 to 27 m resolution. Studies have been carried out with multiple SAR acquisition frequencies, but other differences in imaging parameters make it difficult to make definitive conclusions regarding the preferred frequency band. Comparisons between C-band and L-band data [10] indicated that L-band data had better contrast between deformed and level ice and tended to image the full extent of deformation, whereas only select parts of the deformation were visible in C-band. There are many operational SAR sensors at various frequencies and polarizations. The systems reviewed in paper [10] are suitable for EIF monitoring, but there are trade-offs for their use. The current trends of increasing air temperature at northern high latitudes have been at more than twice the rate of the global average since the middle of the 20th century. Climate warming has significant impacts on northern infrastructure, hydrology and ecosystems, precipitation and snow depth and the global climate [11]. Radar backscattering properties can be extremely sensitive to the freeze/thaw states of the surface [12]. Snow cover, especially wet snow, may influence SAR backscatter, including polarimetric scattering mechanisms [13,14]. Therefore, the interpretation of SAR signals from targets with variable dielectric properties can be limited without understanding the actual scattering processes.



In a study conducted by Canatec [15], ENVISAT 30 m data were utilized along with RADARSAT-2 fine-mode data (8 m) for distinguishing small features. Only some of the data sources were of sufficient resolution to detect such targets. ENVISAT and RADARSAT-2 Wide (both 30 m resolution) were suitable for targets that covered 2–3 pixels. RADARSAT-2 ScanSAR Wide (100 m resolution) and MODIS (240 m resolution) were too coarse to detect targets of the minimum size. RADARSAT-2 ScanSAR Wide imagery could not clearly identify MY floes because of its resolution, despite several “bright returns” from locations known to contain MY ice.



Aerial and satellite SAR sensors are capable of collecting data with multiple polarizations. With full polarimetric data, it is possible to resolve the unique signatures associated with particular radar scattering mechanisms related to different surface features. Therefore, full polarimetry offers, in principle, a means of discriminating between different ice features in terms of physical properties that generate these unique scattering processes. Polarimetric decompositions have been used to identify three types of FY sea ice (i.e., deformed ice, rough ice and smooth ice) and wind-roughened open water [16]. Work by [17] demonstrated the capabilities of detecting icebergs in sea ice using polarimetric decompositions by relating the dominant volume scattering mechanism to glacial ice.



Ice ridges and icebergs pose a major threat to both ships and offshore facilities, and these features have to be considered for structural design loads on a ship hull [18]. Satellite observations can be used for sea ice ridge identification and characterization [19,20,21]. Icebergs in open water have been operationally monitored with SAR satellites over the last two decades [22,23].



In the past, various studies have been undertaken to address the presence of EIFs in the Beaufort Sea, including their impact frequencies, sizes and thicknesses. Ice features that fit into this category include large ice islands and ice-island fragments, rubble fields, multiyear hummock fields (MYHF) and other EIFs, such as fragments of MYHF and large, newly formed hummock fields.



Airborne electromagnetic surveys [24] enabled observations of the thickness of different sea ice types and EIFs in the Canadian Beaufort Sea. In the seasonal ice zone, there are regions with heavily deformed ice thicker than 10 m, and occasional multiyear hummock fields of similar thicknesses occur. Satellite data cannot directly measure EIF thickness, although it is possible to measure the freeboard (height above water surface) of ice floes [25] and icebergs in open water [26] using radar altimetry. Single, very-high-resolution (VHR) electro-optical satellite images can be used to estimate the height of ice features from shadows [27]. The usage of stereo VHR electro-optical images enable extraction of sea-ice and iceberg topography, which can potentially serve as an indicator of ice feature thickness. The advanced single-pass interferometric capability of TerraSAR-X/TanDEM-X (TDM) satellites can also be used to extract sea-ice local surface topography [28] and iceberg topography [29]. A comparison of a digital elevation model (DEM) extracted from stereo VHR electro-optical images with a DEM based on TDM InSAR [30] demonstrated also the possibility to detect icebergs in sea ice with high accuracy, which is an important practical task.



The goal of this paper is to investigate and demonstrate possibilities of identification and characterization of EIFs in the Canadian Arctic using satellite data. The focus will be on hummocks and ice islands because they pose significant risks for offshore infrastructure. We will use VHR electro-optical, Landsat-8, RADARSAT-2 and TDM data to demonstrate the feasibility of achieving this goal. Portions of the Canadian Arctic are ice covered for much of the year and EIFs can persist for several years. Developing tools that automate the process of identifying EIFs can be used to develop an inventory of hazardous features that can be used for risk management for transportation or other marine operations in the area.




2. Study Area and Data


2.1. Study Areas


The main study areas were in the Canadian Arctic, specifically the Beaufort Sea and Baffin Bay. Based on many years of C-CORE monitoring experience, these areas were selected as having high probability for EIF locations. Also, the Beaufort Sea is largely a closed sea and extreme ice features in the area tend to persist for several years. There is an interest in developing an inventory of this region, to assess the risk they pose for transportation and resource exploration. VHR, medium- and low-resolution electro-optical and infrared data including Landsat 8 and moderate-resolution imaging spectroradiometer (MODIS) were used for research. VHR and medium-resolution SAR and VHR electro-optical and infrared satellites were tasked over areas of the Lincoln Sea, Meighen Island, Baffin Bay, Axel Heiberg, Prince Patrick and Borden Islands. Figure 1 shows all sub-areas that were monitored.




2.2. Satellite Data


In 2013–2014, 84 RADARSAT-2 (RS-2), 10 TerraSAR-X (TSX) and 8 COSMO-SkyMed (CSK) images were acquired. One GeoEye-1 image (Copyright of DigitalGlobe, presently it is MAXAR Technologies) was acquired over Meighen Island in September 2013, one SPOT-6 (Copyright of Airbus Defence an dSpace) mono image over Prince Patrick Island and three SPOT-6 stereo pairs over Borden Island in April of 2014. During the analysis, 40+ Landsat 8 and MODIS images were also analyzed. In addition, 32 TDM single-pass InSAR pairs and one Pléiades stereo pair were acquired over Baffin Bay in 2016. One stereopair of WorldView-2 (Copyright of DigitalGlobe, presently it is MAXAR Technologies) and 17 TDM InSAR pairs (Copyright of DLR) over sea ice near the Axel Heiberg Island in 2014. For the images used in the following figures, the specific image acquisition dates are provided.




2.3. Validation Information


The collection of field measurements in the Arctic was not performed under our project. However, the validation of the DEM extraction methods are often performed by inter-comparison with DEMs extracted by other techniques, for example, airborne stereo photo or lidar [31,32]. The results of single-pass TDM InSAR DEM validation with ICESat data show that the absolute height errors of the TDM DEM are small, mostly on the order of 1–2 m [33]. A comparison of TDM InSAR DEM for various landcover classes with airborne lidar shows relative accuracy between 1.9 and 5.9 m [34]. A similar relative height error of 2 m was reported [35] for the production of global TDM DEM based on the comparison with laser scanning DEMs, SRTM data and ICESat points. The method of height from shadow was used to measure the great pyramid in Giza by observing the length of the shadow in the 6th century B.C. [36]. It was used with optical satellite data for ridge height estimation [27,37] and for building height estimation with validation showing the absolute error within 1.24 m–3.76 m [38]. The problem of building height extraction from VHR and high-resolution SAR images was extensively investigated and several solutions have been proposed [39,40,41,42,43]. The height retrieval accuracy was evaluated using ground data and lidar digital surface model and was dependent on SAR resolution [40]. For spotlight (1 m resolution) TerraSAR-X images, the mean absolute height errors varied between 1 and 3.4 m, and the standard deviation of height errors were between 1.3 and 5.8 m depending on type of the buildings (primarily, roof shape).





3. Methods and Results


3.1. Electro-Optical and Infrared


3.1.1. VHR Data


Very-high-resolution (VHR) satellite imagery is now approaching the quality of airborne observations, which were used for many decades for sea-ice reconnaissance [1,44]. Imagery acquired by VHR optical satellites can be used for qualitative image interpretation to identify various sea-ice features and is especially valuable when detailed ground validation is not available. Optical imagery has been used to map pressure ridges to verify bright features in SAR images [45], and imagery acquired by a VHR airborne camera were used for the operational planning of navigation through drifting ice [46]. An overview of the retrieval from VHR satellite imagery of five sea-ice parameters including melt pond coverage, open water fraction, ridge height, floe size and openings and closings [37]. Thus, an expert can easily identify EIFs in a VHR image. Brian Wright, who had many years of expertise with EIFs in the Beaufort Sea and other areas, was consulted to assist in interpreting VHR satellite data and detecting EIFs.



Ice islands in the Beaufort Sea appear “striped” in optical imagery and are more visible in winter when the snow is dry. One defining characteristic, along with their enormous size and tabular shape, is the rolling terrain of almost parallel hills and troughs of similar size and depth. Hills are typically parallel to prevailing wind direction and shore. The ridges of multiyear land-fast sea ice also give a striped appearance, but of a smaller scale than those of ice islands/ice shelves [47]. A typical ice island has a convex, wavy surface and is usually smoother than the surrounding ridged sea ice (Figure 2). Ice-island fragments are similar to ice islands but have two main differences. First, ice-island fragments have smaller sizes (we considered their size to be less than 100 m). Second, they very often appear as small features with sharp edges.



The appearance of hummocks, including MYHFs, in VHR electro-optical and infrared images is provided in the following sections.




3.1.2. Stereo-Photogrammetry


Ice islands and their fragments rise up to 10 m above the ocean surface, and this freeboard may be captured by any remote sensing technology capable of extracting 3D information (topography) at high resolution. The most common satellite-based method of extracting a digital elevation model (DEM) (a 3D representation of a terrain’s surface elevations) is the stereo-photogrammetric method. In addition, the method called height from shadow [48] can be useful to validate the DEM height of ice features [27].



Stereo datasets acquired by VHR optical and SAR satellites were analyzed. Stereo SPOT 6 imagery was acquired over Axel Heiberg Island. Stereo images allow sea-ice topography to be estimated after extracting DEM. For a sea-ice environment that also includes a snow layer, the DEM includes the snow surface and may also be referred to as a digital surface model (DSM). PCI Geomatica Orthoengine (now called CATALYST Professional) and the ERDAS photogrammetric module were used to generate the DEM.



Testing different software parameters on SPOT 6 stereo images demonstrated that a DEM of sea ice and large icebergs can be extracted. DEM generation over ice fields in the Canadian Arctic with along-track SPOT5 HRS stereo data has previously been described in [31]. The results demonstrated that stereoscopy can perform well over ice and snow-covered surfaces. The DEM accuracy is acceptable for estimating the relative elevation of extreme ice features with respect to each other or the surrounding ice, but to estimate absolute elevation with respect to sea surface height, ground control points (GCPs) must be collected. Figure 3a shows SPOT 6 imagery (acquired on 27 April 2014) over EIFs including ice islands, ice-island fragments, ridges, new forming hummocks and MYHFs. Figure 3b shows an example DEM corresponding to an area in the SPOT 6 imagery. It can be seen that the height over the ice surface (including snow) of hummocks varies from 3 to 4 m for MYHF and up to 25m for forming hummocks. The height of ice islands is about 5 to 7 m, which is consistent with the freeboard of Ward Hunt Island, where many of the ice islands are expected to originate from. The DEM is a valuable source of ground-truth information for EIF analysis.



Stereo imagery and the produced DEM were analyzed to understand the maximum height and possible thickness of EIFs, which allows for better EIF identification and quantitative characterization. The height information provided by a DEM is useful for identifying smaller EIFs. For example, the small MYHF in Figure 4 appears to be similar to the rubble field of Figure 4c in the WorldView-2 image (acquired on 29 April 2014). However, using the DEM, these features can be clearly distinguished because MYHFs have higher freeboard than rubble fields (compare Figure 4b with Figure 4d). The height of MYHF above the sea surface (including snow) spans from 2 m to 4 m (Figure 4b), whereas a rubble-field elevation (Figure 4d) varies from 0 m to a maximum of 1.6 m (the mean is below 1 m).



A DEM is used as an additional source of ground-truth (verification) information for EIF identification and can also be used to generate a topographic map of sea ice and snow surface.




3.1.3. Height from Shadow


In sunny and cloud-free conditions, all features protruding from the level ice surface produce shadow. The method for height estimation using a single high-resolution image is to analyze the ice-feature shadow, which is dependent on the orientation of the feature. The developed algorithm [27] facilitates the extraction of ice-feature height from shadow and the deriving of statistical information on ice deformation parameters.



In the work [49], a vertically downward-looking camera mounted on a helicopter was used to collect photographs with ground resolutions of 0.5–0.8 m. The ice-feature height H was calculated from the measured shadow length     L   B S     (Figure 5) and from knowing the sun elevation angle     ε   s u n     as


  H =   L   B S     t a n ⁡ (   ε   s u n   )  



(1)







However, the approach described by Equation (1) cannot be applied to satellite imagery, which is collected from different angles (e.g., elevation angle for our GeoEye-1 image is 74.57°).



The height can be derived from the shadow considering image-acquisition geometry without utilizing the rational polynomial coefficient (RPC) and the sensor (camera) model [50]. In this method, the height, H, was calculated as


  H =     L   P S        1     t a n   2       ε   s u n       +   1     t a n   2       ε   s a t       −   2 c o s ⁡ (   α   s a t     − α   s u n   )   t a n     ε   s a t       t a n     ε   s u n           



(2)




where     α   s u n     is the azimuth angle of the sun;     ε   s u n     is the elevation angle of the sun;     α   s a t     and     ε   s a t     are the azimuth and the elevation angles of the satellite, respectively (Figure 5a); and     L   P S     is the measured distance between the image of the top of the ridge and the shadow (Figure 5b).



Equation (2) was applied to analyze the height of different ice features using height-from-shadow techniques and to compare the height to DEM. Figure 6 shows a WorldView-2 image containing ice-island fragments. The red line over the edge of the fragment was used for height estimation. The stereo DEM of these ice-island fragments was compared to the height profile in Figure 6 (bottom) extracted using Equation (2) along the shadow base. It can be seen that the height from shadow provides a height estimate of about 3.5 to 4 m. Similar height values can be found in the DEM for this ice-island fragment. The quantitative comparison between these two techniques can be found in paper [27].



More EIF (ice-island fragments and forming hummocks) shown in Figure 7 were also investigated with the height-from-shadow method, and the results were compared to stereo DEM (Table 1). The comparison shows good agreement between the two methods. The error of height estimation for ice-island fragments is about 5–10% but about 15% for the hummock peak.




3.1.4. Landsat 8


Pansharpened Image


Landsat 8 measures different ranges of frequencies (bands) along the electromagnetic spectrum. Among 11 bands, we used the panchromatic band (0.500–0.680 µm) with 15 m resolution to pansharpen the 30 m resolution RGB color composite image.



Figure 8 shows the forming process of hummocks near Axel Heiberg Island. A fragment of one stereo SPOT 6 image and DEM over the same area is shown in Figure 3.



EIFs have certain properties that allow each feature to be detected and identified in optical imagery. First of all, MYHF and ice islands are much thicker than the surrounding sea ice. When a feature protrudes from the ice surface it creates brightness (intensity) variation in the image because of shadow and its bright pattern generated from the feature side oriented toward the sun. Another reason for brightness variation is that very often the EIF surface may have different roughness from other sea ice. The intensity variation in optical satellite imagery appears as texture, which is very often a specific property for certain EIFs. However, multiyear floes and rubble fields may have similar textures resulting in an ambiguity in feature identification when only the visible bands of optical images are used. A stereo DEM was used as an additional source of ground-truth information, which is a good indicator of EIF thickness.




Thermal Infrared


Landsat 8 has two thermal infrared (TIR) bands of 100 m resolution: Band 10 with the range of 10.6 to 11.2 µm and Band 11 with the range of 11.5 to 12.5 µm.



For detecting EIFs in Landsat 8 imagery, a new method can be introduced that utilizes the TIR band for improving the identification of thicker ice features. The improvement is possible because thicker features have colder temperatures than the surrounding sea ice and appear dark and have the contrast from other ice features in the thermal image. The Landsat 8 thermal band has the following main limitations for identifying EIFs:




	
A coarse resolution (100 m);



	
Sensitivity to the presence of even small amounts of cloud;



	
Missing thermal contrast variation for the ice area at the edge of sea ice and open water;



	
Thermal contrast may be caused by other features; in some cases thermal contrast was observed from multiyear floes and land-fast ice features;



	
In the summer months, when snow is wet or ice is covered by melt pounds, the thermal band may not generate sufficient contrast for automated detection of thicker features.








The following Figure 9 shows the typical appearance of EIFs in VHR imagery, a stereo DEM, and visible and thermal bands of Landsat 8.



In optical-imagery ice islands have brighter and darker sides (Figure 9a,c) because of variation of the local sun-incidence angle. Ice-island thickness, as shown in Figure 9b, is a major factor that facilitates its identification. The same ice island can be identified in Landsat 8 using the visible (Figure 9c) and thermal (Figure 9d) bands.



Ice-island fragments are similar to ice islands, but they are much smaller. The thermal signature in Landsat 8 can be visible only when there is a cluster of fragments shown as dark areas because the resolution (100 m) of the thermal band in many cases is coarser than the size of an individual fragment. Absence of thermal contrast may lead to missing individual fragments with automated detection.



MYHFs can be identified based on textural information in combination with thermal contrast (Figure 10). As shown in Figure 10b, MYHFs are thicker than ice floes. Figure 10a–d show two MYHFs, with the larger one in the middle and the smaller one (the same as shown in Figure 4) in the top right corner. Greater thicknesses of MYHFs generate temperature difference between the MYHF and adjacent ice resulting in thermal contrast, as is shown in Figure 10d.






3.2. SAR


3.2.1. Single-Pass InSAR


The advantages of using an interferometric SAR (InSAR) method for detecting and characterizing icebergs in sea ice have been demonstrated [30]. Single-pass TanDEM-X InSAR data enable analysis of iceberg topography and detect icebergs in sea ice with a high probability of detection. The same single-pass TDM InSAR technique was applied to extract the topography of forming hummocks (Figure 11a). The TDM pair of the StripMap mode, incidence angle 43°, HH polarization and high resolution (slant range 1.2 m, azimuth 3.3 m), was acquired on December 12, 2014. The values of stereo DEM (29 April 2014), extracted from VHR WorldView-2 images, show that the height of the hummock peaks approached 25–29 m. However, the values of InSAR DEM over peaks of the same hummock is only about 18–21 m. The difference between VHR optical and InSAR DEMs of about 28% can be explained by the time difference between the SAR and optical images of more than seven months, including summer when the hummock peaks melted. Another reason for the lower values of InSAR DEM over peaks can be justified by a coarser resolution (3.3 m for TDM data vs. 0.5 m for WorldView-2 data), which makes the InSAR method less sensitive for sharp height variations.




3.2.2. Polarimetry


The polarization of a radar wave is the orientation of the electric field, and signals can be transmitted and received with multiple polarizations. Four possible linear polarizations are HH, VV, HV and VH, where the first letter refers to the transmit polarization, and the second letter refers to the receive polarization (H refers to horizontal and V to vertical).



Full polarimetric data allow analysis of different scattering mechanisms through polarimetric decompositions [51]. The Pauli polarimetric decomposition, which represents three major scattering mechanisms (surface (shown in blue), volume (green) and double bounce (red)), was applied on RADARSAT-2 (RS-2) FQ data and found to be useful for indicating glacial ice (icebergs and ice islands). Icebergs were detected in a color composite image (FQ27, 26 September 2013) as green features (representing volume scattering) and highlighted by blue circles in Figure 12. It is interesting to note that glacial ice features were more readily distinguished with full polarimetric data than with single- and dual-pol data.



In addition to an FQ mode, RS-2 has an FQ Wide mode that covers 50 km by 25 km with the same resolution. Pauli decomposition was applied to an FQ20W image acquired on 7 March 2014. Since that time (September 2013), the ice has dispersed, but it can be seen that one ice island (highlighted by red circle) frozen into sea ice is still in the same place (Figure 12 (bottom)). This experiment confirms that an FQW image can also be used for the detection of glacier ice features.



Another combination of dual-pol channels of the RS-2 standard mode improved the possibilities of glacial-ice identification. Color composites of standard beams S1, S4 and S8 (incidence angles are 20, 34 and 49 degrees, respectively) were analyzed. It was found that S8 was better at identifying glacial ice than imagery acquired with lower incidence angles.



Several dual-polarized RS-2 and TSX datasets have been acquired. Various combinations of dual-polarized imagery, as well as color composites generated from both satellites, were analyzed. Color composites of dual-polarized RS-2 standard beam mode S8 imagery (acquired on 3 March 2014) are shown in Figure 13. Original radar images are HH (a) and HV (b). An RGB color composite (c) was generated from an RS-2 image as HH—red, HV—green and HH—blue. The Landsat 8 image used as verification is shown in Figure 13d. It can be seen from the Landsat 8 image that an ice island and multiyear hummock fields were present. The ice island, with a waterline length of about 370 m, can be identified in the color composite image (Figure 13). The ice island is circled in Figure 13c and is shown also on (e) and (f). Large hummocks are identified in the HV channel of the SAR image and even better in the color composite image and demonstrate how these features can be detected over large areas, as RS-2 standard images have swath coverage of 100 km. Color composites are useful for identifying band combinations and can be used in the future as the basis for automated algorithms.




3.2.3. Height from Shadow


In addition to the interferometric technique, there are also techniques that make it possible to estimate elevation parameters by analyzing a single SAR image. The freeboards of icebergs and ice islands can be reconstructed using height from shadow.



Discontinuous objects, such as icebergs, produce shadows in a SAR image (Figure 14). In this case, we can use shadows to determine the iceberg height from the shadow dimensions using Equation (3).


h = s cos(θ)



(3)




where s is length of the shadow in the slant range direction, and θ is the incidence angle.



Figure 15 shows an iceberg shadow and the extracted elevation profile. The DEM generated using single-pass TDM InSAR can be used for verification of the extracted elevation. We can see that extracted elevation values range from 5 to 18 m, which corresponds to the InSAR DEM values.




3.2.4. Shape from Shading


Iceberg surface topography can be extracted from the shape-from-shading technique [52,53]. In this technique, the relationship between the backscatter coefficient is linked to the local incidence angle (governed by the slope angle) used to reconstruct elevation information (topography) of a smooth surface based on its initial height. This method is feasible to measure topography from only one SAR intensity image, but it also requires information of coarse scale elevation. In our case, we used the freeboard estimated using the height-from-shadow technique described above.



This method considers that the SAR intensity is a function of the backscatter coefficient, resolution, incidence angle and slope. The ice backscattered coefficient is assumed to be constant, and it is known for X-band. Using an intensity image, we can estimate and consequently calculate an elevation increment (dH) for every resolution cell. The overall shape is calculated by integrating dH over the entire image. The results are strongly affected by speckle noise, and using speckle filtering is required to make this method robust.



The resulting DEM (Figure 16, top), generated using the shape-from-shading method applied to a single TerraSAR-X image, was compared with the interferometric TDM DEM (shown in Figure 15) by calculating the statistics of DEM differences (Figure 16, bottom). The comparison on a large iceberg (length greater than 120 m) demonstrated a good correlation between DEMs. The bias of DEM difference was 0.6 m, and the standard deviation was 2.7 m. It can be observed that the highest values of DEM difference (Figure 16, bottom) correspond to the edge of the iceberg, caused by a layover phenomenon.




3.2.5. Stereo-Radargrammetry


The stereo-radargrammetric method for DEM generation requires the collection of a stereo pair of images acquired from different incidence angles. Ultra-fine and fine-quad RS-2 images were acquired with different incidence angles to extract the DEMs of sea-ice and iceberg topography. Features common to both images are matched to estimate the stereo parallax, which can be used to calculate an elevation model of the area; therefore, this method is sensitive to dynamic environments such as sea ice. PCI Geomatica (CATALYST) Orthoengine was used to generate the DEMs of the RS-2 data of sea ice around areas near Meighen Island and in Baffin Bay with the technique described in [32].



Stereo pairs of images were tested in OrthoEngine, with varying parameters with or without applying speckle filters for separate test cases. Tests of stereo images show that a DEM of sea ice and large icebergs can be extracted; however, image matching quality is low for rubble fields, the smooth surfaces of multiyear (MY) ice and young level ice. Dynamic features, such as ice islands in Baffin Bay, can be displaced during the time difference for stereo data acquisition.



For the Baffin Bay data, RS-2 fine-quad FQ11 and FQ26 (Figure 17a,b) datasets were acquired with one day of time difference, and ice islands were not expected to move during that time period. After analyzing the DEMs extracted from the fine-quad data (Figure 17c), a number of icebergs could be found, which corresponded with the images.






4. Discussion


This study demonstrated the feasibility of existing satellite-based techniques for identifying and characterizing EIFs with a focus on hummocks and ice islands. The use of VHR electro-optical images enables identification of EIFs, relying on analyst experience. In addition, the VHR data can be applied to extract EIFs with the height-from-shadow technique. Height from shadow for ice ridge characterization is limited in the case when the ridge is aligned with the Sun’s illumination direction because, in this case, the shadow is broken into smaller patches and the ridge height cannot be accurately extracted.



The most accurate method for topography characterization and identification of EIFs is to apply the VHR electro-optical stereo DEM. This method demonstrated good agreement with other techniques including height from shadow. There are two main obstacles for wide application of VHR electro-optical data including stereo datasets for monitoring large Arctic areas: (i) high cost of imagery and (ii) small size of scene. With the current trends in the rapid development of new satellite constellations (e.g., Planet), the availability of VHR and high-resolution data is expected to improve in the future. In addition, the electro-optical and infrared imagery (VHR and medium resolution) are affected by visibility conditions because of the presence of clouds and fog, as well as the polar night phenomenon when the Sun remains below the horizon in winter months.



Medium-resolution Landsat-8 data are an important source of information for detection and identification of EIFs. As was demonstrated, the TIR band provides thermal contrast helpful to identify and detect thicker EIFs (hummocks and ice islands). The usage of the TIR band was limited for summer months when the ice surface warms up and starts melting. Also, TIR band resolution (120 m) is too coarse to observe small ice features. The main advantages of Landsat 8/9 are free data availability for all users, systematic coverage of the Canadian Arctic and the large image swath (185 km) allowing the monitoring of extended AOIs. Therefore, this data source is currently preferred in studying extreme ice features in the Canadian Arctic or the Arctic Ocean.



The single-pass InSAR technique using TDM data demonstrated excellent performance in the 3D mapping of hummocks and ice islands. The advantages of this technique are the all-weather and at-night capabilities that allow high confidence in operational data tasking. With an upcoming single-pass SAR mission such as Harmony, the usage of the InSAR method for sea-ice applications will become a commodity [54]. Potentially, this method can become operational for EIF monitoring.



The interesting results were achieved with the use of a single high-resolution SAR image for extracting height information from height from shadow and topography from shape using shading techniques. Results comparison with InSAR DEM demonstrated good performance. The main limitation of the shape-from-shading technique is the requirement of low or moderate topography of EIF. It is suitable for ice-island topography characterization but may not be so helpful for hummocks with high peaks. The high peaks problem can be addressed with the height-from-shadow method. These techniques, based on a single image, require VHR or high resolution, which are available with current and upcoming NewSpace constellations (e.g., ICEYE and Capella) and have the potential to become cost-efficient tools for EIF surveillance. However, both height from shadow and topography from shape using shading techniques require additional implementation for fully automated performance.



Full- and dual-polarimetric data are proven sources of information for sea-ice typing for many years. A volume-scattering component (HV) can be used to distinguish ice islands from sea ice, which has lower salinity and a lower volume component. The main limitation of full-polarimetric RS-2 data is its small image size compared to the ScanSAR images widely used for sea-ice monitoring. In addition, the polarimetric scattering mechanism may be influenced as temperature increases [12].



The new results on DEM extraction from an RS-2 stereo pair demonstrated the possibilities of the stereo radargrammetric technique for EIF applications. However, the stereo SAR data acquisition may require a substantial time difference in acquisition for a stereo pair (one day or more) and, therefore, will be limited for monitoring moving EIFs. In addition, the validation of stereo SAR results over sea ice require validation with more accurate data, such as VHR electro-optical stereo DEM.




5. Conclusions


The investigated techniques potentially can be used to detect and monitor EIFs in the Arctic. The proven methods can be based on single and/or stereo VHR electro-optical and infrared (EOIR) data, multispectral Landsat 8/9 imagery and VHR and high-resolution SAR data, including single-pass InSAR. The demonstrated single-image-based technique such as height from shadow can provide useful elevation information for EIF identification and characterization. These results are very important for multiple practical applications but especially in the offshore industry. Future work will be focused on automating these satellite-based techniques with machine learning, including deep learning algorithms. The data fusion of different bands can be investigated to improve detection confidence.
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Figure 1. Map of Study Areas. 
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Figure 2. Ice island (a) and ice-island fragments (b) in WorldView-2 image. Images © DigitalGlobe, 2014. 
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Figure 3. A fragment of one of stereo SPOT 6 imagery (a) over Axel Heiberg Island used to generate DEM (b) over the corresponded area. SPOT 6 image © Airbus Defence and Space 2014. 
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Figure 4. MYHF on a WorldView-2 image (a) and DEM (b); rubble field shown in WorldView-2 image (c) and in DEM (d). Images © DigitalGlobe, 2014. 
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Figure 5. Acquisition geometry for image of the ridge: (a) the azimuth and the elevation angles for the sun and the satellite, (b) explanatory diagram of the ridge and shadow. 
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Figure 6. WorldView-2 image with ice-island fragments with red line indicating edge used for height estimation (a); stereo DEM of these ice-island fragments (b); and height profile extracted using Equation (2) along the shadow base (c). Images © DigitalGlobe, 2014. 
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Figure 7. WorldView-2 images of ice features used to estimate height from shadow. Images © DigitalGlobe, 2014. (a)—ice island, (c)—forming hummock, (b,d)—ice island fragments. 
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Figure 8. Monitoring the hummock-forming process with pansharpened Landsat 8 images. Landsat 8 images courtesy of the U.S. Geological Survey. 
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Figure 9. Ice island: (a) WorldView-2 image; (b) perspective view of Stereo DEM; (c) Landsat 8 pansharpened RGB bands; (d) Landsat 8 thermal infrared band, shown as dark areas. WorldView-2 Images © DigitalGlobe, 2014. Landsat 8 images courtesy of the U.S. Geological Survey. 
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Figure 10. Multiyear hummock fields: (a) WorldView-2 image; (b) perspective view of Stereo DEM; (c) Landsat 8 pansharpened RGB bands; (d) Landsat 8 thermal infrared band. WorldView-2 images © DigitalGlobe, 2014. Landsat 8 images courtesy of the U.S. Geological Survey. 






Figure 10. Multiyear hummock fields: (a) WorldView-2 image; (b) perspective view of Stereo DEM; (c) Landsat 8 pansharpened RGB bands; (d) Landsat 8 thermal infrared band. WorldView-2 images © DigitalGlobe, 2014. Landsat 8 images courtesy of the U.S. Geological Survey.
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Figure 11. Single-pass TDM InSAR DEM over hummock (a); WorldView-2 image (b) and stereo DEM over the same area (c). WorldView-2 images © DigitalGlobe, 2014. 
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Figure 12. Icebergs in sea ice shown in GeoEye-1 image, acquired on 22 September 2014 (top) and in RS-2 RGB image of Pauli decomposition (    H H + V V     blue,     H H − V V     red and     H V     green) of FQ mode (26 September 2013) (middle) and FQW (7 March 2014) (bottom). GeoEye-1 satellite image courtesy of GeoEye-1 © DigitalGlobe (presently it is MAXAR Technologies). RADARSAT-2 Data and Products © MDA Ltd. (2013)—All Rights Reserved. 
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Figure 13. Color composites of dual-polarized RS-2 imagery of standard beam mode S8 acquired on 3 March 2014: HH (a), HV (b), RGB color composite image (HH—red, HV—green, HH—blue) (c), and Landsat 8 image (d); (e) is the enlarged color composite, and (f) is Landsat 8 of ice island. Landsat 8 images courtesy of the U.S. Geological Survey. RADARSAT-2 data and products © MDA Ltd. (2014)—all rights reserved. 
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Figure 14. Geometry of SAR data acquisition (θ—incidence angle) over ice island with freeboard (h). 
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Figure 15. Shadow of iceberg highlighted in red rectangle in TerraSAR-X image (a); extracted elevation profile using Equation (3) (b); DEM generated using single-pass TDM InSAR pair (c). TerraSAR-X/TanDEM-X data © DLR. 
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