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Abstract

:

The marine-terminating glaciers are one of the biggest contributors to global sea-level rise. Research on this aspect of the effects of global climate change is developing nowadays in several directions. One of them is monitoring of glaciers movements, especially with satellite data. In addition to well-known analyzes based on radar data from available satellites, the possibility of studying glacier displacements from new sensors, the so-called microsatellites need to be studied. The main purpose of research was evaluation of the possibility of applying new high-resolution ICEYE radar data to observe glacier motion. Stripmap High mode were used to obtain velocities for the Jakobshavn glacier with an Offset-Tracking method. Obtained results were compared with displacements obtained from the Sentinel-1 data. The comparative analysis was performed on displacements in range and azimuth directions and for maximum velocity values. Moreover, correlation plots showed that in different parts of glaciers, a comparison of obtained velocities delivers different correlation coefficients (R2) in a range from 0.52 to 0.97. The analysis showed that the scale of movements is similar from both sensors. However, Sentinel-1 data present underestimation of velocities comparing to ICEYE data. The biggest deviations between results were observed around the maximum velocities, near the Kangia Ice Fjord Bay. In the analysis the amplitude information was used as well. This research presents that data from the ICEYE microsatellites can be successfully used for monitoring glacial areas and it allows for more precise observations of displacement velocity field.
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1. Introduction


Observing the ice-sheet all over the world is recently a topic of increasing importance, especially in the face of a constantly warming climate. Faster decreasing of ice masses in polar regions leads to sea-level rise [1]. Moreover, rapid detachment of the large parts of mountain glaciers causes a direct threat to human safety. Melting of ice cover and glaciers in Greenland is one of the main contributors to global sea-level rise in the world. Due to that fact, it is essential to monitor and get to know better this phenomenon. What is more, probably in perspective of few decades, the melting process will intensify [2]. Observing such movements and analysis of their dynamics changes over the years, provide us information that is necessary for a better understanding of the phenomenon that occurs in these areas [3]. Such knowledge allows better estimation of the pace of glaciers melting, the results of this process, and determining the causes of an increase in the speed of glacier motions [4].



Monitoring of glacier regions has been the subject of research for scientists from different disciplines for many years. At the beginning in-situ measurements were the only way to monitor glacial areas. However more secure methods of the monitoring were developed such as a photogrammetric survey [5]. The development of remote sensing techniques made it possible to observe these areas in a more accurate way also from a space. Optical imagery has found its application in monitoring changes in the position of the glacier fronts [6], as well as in determining the speed of their movement. For these purposes, the feature tracking method was developed [7,8]. It allows for determining the speed of chosen area by analyzing the changes of the positions of the characteristic objects on a series of images [9]. Further technological development and the appearance of high-resolution multispectral images increased the accuracy of observations [10]. An important aspect in studying glaciers is determining the thickness of the glacial cover, as well as its changes over time. For this reason, to determine the vertical changes in glacial areas are used such methods like altimetry [11] and radar interferometry, which allows the creation of high-quality digital terrain models [12,13,14,15,16,17].



However, the advent of satellite radar imagery made it possible to start monitoring glaciers with greater precision and regardless of the current weather conditions. The differential interferometry technique (DInSAR), which is applied in many world’s regions, allows determination of displacement with high accuracy, but it has some limitations. Changes that appear in areas of snow cover or mountain glaciers are characterized by the relatively high speed of daily changes, which causes a significant decrease in signal coherence in these areas [18]. For this reason, DInSAR is not always the appropriate method to obtain reliable results, despite satisfactory results in some areas [19,20]. The alternative method for determining displacements in the glacial regions is an Offset-Tracking (OT) technique, that uses information about the intensity of reflected signal [21,22,23,24]. This technique has found wide application not only in glacial regions but also in mapping other rapidly changing areas like earthquakes [25], volcanoes [26] or even mining areas [27]. This technology is usually used to determine displacements in range and azimuth direction. Other researchers started to determine vertical displacements with the use of data from different orbits or combining offset tracking method with differential interferometry [28,29]. The combination of these methods makes it possible to determine a complete velocity vector in the area where the intensity of movements is very diverse [30]. These studies are particularly important because they allow better estimation of changes in the balance of glacial masses [31]. Furthermore, it is possible to assess changes in the thickness of ice cover and estimate the contribution of individual glaciers to sea-level rise, especially considering independent altitude or meteorological data. Accurate analysis of velocities obtained from offset tracking technique improved possibilities of analyzing accelerations and deformations in glacial areas, which can lead to interruption of their surface [32]. Due to that fact, detecting spots where fissures can show up and monitoring the intensity of the calving process is possible [33]. The offset tracking method has many applications in both mountain glaciers [34,35,36] and polar regions [37,38,39]. It allows for almost real-time mapping of entire regions, such as Greenland [40] or Antarctica [41]. Moreover, usage of radar data improved investigation of such problems like ice classifications [42] or assessment of the grounding line position [43,44,45]. Thanks to that it is possible to show the impact of e.g., increase of average air temperature on glacier’s terminus retreat [46]. Other researchers focused on a problem connected with superglacial lakes drainage and its influence on changes in glaciers speeds [47,48], or usage of SAR data for better understanding the surge process [49].



Despite there are plenty of researches using the offset tracking method, its precision is usually determined as 1/10–1/30 of the pixel size of used SAR images [50]. An increase in data resolution can improve the accuracy of detected movements and analysis of short and dynamic changes such as calving events. What is more, in the case of marine-terminating glaciers, smaller terrain pixel allows more precise determination of terminus position. Because of it, areas of floating ice where the waving of water causes vertical movements can be excluded from the analysis. This research aim is to check the possibilities of using high-resolution radar images from ICEYE microsatellites to observe glaciers. Comparative analyses were performed with the use of Sentinel-1 data. Publicly available data from the Sentinel-1 satellites provide data with a resolution nearly four times lower than that of the ICEYE microsatellites. ICEYE mission started in January 2018 and delivers images with a resolution up to 0.25 m. So far new data from microsatellites has not been analyzed in terms of the possibility of using their potential for applications in glacial regions. This article presents a comparison of the results obtained from the Sentinel-1 and ICEYE mission. It shows the advantages and disadvantages of both data sources in the analysis of glaciers velocities on selected example.




2. Materials and Methods


2.1. Study Area


The research was carried out for the Jakobshavn glacier located in the western part of Greenland (Figure 1). So far it was one of the fastest moving glaciers in the world. Its record speed reached 46 m/day in 2012–2014 [51]. The glacier covers an area of 110,000 km2, its length is about 65 km, and the estimated thickness reaches 2 km. Because of its record speeds that vary over the years, the Jakobshavn glacier became the object of diverse research. Already in the 90s of the twentieth century, using the possibilities of satellite imagery, the changes of this glacier over 30 years were observed [52]. This research showed that the retreat of glacier terminus is slowing down. There also have been significant increases in calving rate during periods of higher temperatures. Moreover, the influence of ocean temperature changes and tides on velocities and glacier thickness was investigated [53,54]. The influence of ice melange on the position of the glacier front and its stability was also analyzed [55].




2.2. Satellite Mission Overview


In this research, new high-resolution radar images from ICEYE satellites were used. They are included in the microscale due to the small size of the sensors. Their weight reaches approx. 85 kg. Currently, the constellation consists of 10 satellites X1–X10 [56]. These satellites work in an X-band at a frequency of 9.65 GHz with left and right look directions. ICEYE offers products acquired in two modes: Spotlight (High) and Stripmap (High). The highest accuracy can be obtained for images collected in Spotlight High mode where pixel size reaches the value of 0.25 m. Scenes cover an area of 25 km2 (5 km × 5 km). The ICEYE sensors are imaging only in vertical polarization (VV) and deliver images with only amplitude information (Ground Range Detected—GRD) or amplitude and phase information (Single Look Complex—SLC). Due to the extensive research area, Stripmap High products were used. This mode is imaging in strips of 30 km × 50 km (approx. 1500 km2) with a resolution of 0.5 m × 3 m. Due to the kind of applied method, GRD products with a square field pixel were used, ultimately achieving a spatial resolution of 2.5 m × 2.5 m.



The results for the Jakobshavn glacier calculated based on ICEYE products were compared with the result from the Sentinel-1 satellites. The Sentinel-1 mission consists of 2 satellites imaging in C-band at a 5.4 GHz frequency. The mass of 1 satellite is about 945 kg (10 times more than the ICEYE satellite). Orbiting the Earth in tandem (Sentinel-1A and Sentinel-1B), they can deliver images every 6 days. In research were used images acquired in the Interferometric Wide (IW) mode. Data are collected in passes with the width of 250 km and with the resolution reaching in range and azimuth directions: from 2.7 m × 22 m to 3.5 m × 22 m. SAR images are acquired in two kinds of polarization: HH and HV. For purposes of this research horizontal polarization was used. Data from the Sentinel-1 satellites are available in few formats but for velocities calculation, products from level-1 (GRD) were used. These images have pixel size 10 m × 10 m. In the case of ICEYE satellites, the pixel size of images was 4 times smaller than for Sentinel-1 products.




2.3. Data and Method


For purposes of this research images for the Jakobshavn glacier from 5 and 9 January 2021 for the ICEYE mission and from 3 and 9 January 2021 for the Sentinel-1 mission have been used (Table 1).



The displacements of the Jakobshavn glacier were calculated with an Offset-Tracking method. The preparation of data was different for both sensor types (Figure 2). In the case of the Sentinel-1 data, in the first step precise orbits were attached to each SAR image. The ICEYE products contain this information and due to that, in first stage speckle filtering was applied. This step is required due to the fact, that SAR images have inherent like “salt and pepper” texturing called speckles. It degrade the quality of the image and make interpretation of features more difficult. Spatial filtering reduce significant speckle noise. In analysis the Lee-Sigma filter was used as the best compared to other filters [57]. An alternative option is using multilooking processing to speckle noise reduction [58], but in this case, the image resolution is changed as a result of aggregation of pixel in groups. The aim of this research was to check the effectiveness of ICEYE products also resulting from high resolution images, therefore this solution has not been tested.



Further calculation steps were similar for both sensors. For image coregistration, Copernicus Digital Elevation Model with a 30 m resolution was used. Then, on image pairs, groups of pixels with corresponding intensities of reflection were searched. In this process, the image is searched with a registration window. Its size depends on the maximum predicted velocity of the analyzed area. Corresponding points called Ground Control Points (GCP) are searched for in a given area. Afterward, the distance between these points is calculated and then it is converted into the velocity of the object. For both sensors, the calculation parameters were selected (Table 2) so that the results were of the same resolution in a 100 m by 100 m grid. In the last stage, the obtained results were geo-referenced to perform comparative analyzes in one coherent reference system. Characteristic glacier areas were selected to create correlation plots from results obtained from ICEYE and Sentinel-1 data. Due to different time interval of analysis from ICEYE and Sentinel-1, the shift in range and azimuth direction was converted into the velocity values. This allowed to compare the results from both sensors despite differences in acquisitions dates. The correlation coefficients were calculated for movements in range and azimuth directions, and maximum velocities. The changes along the glacier profile are also presented. To assess changes in the bay area, the amplitude images showing terminus position and snow-ice cover were used.





3. Results


The obtained results allowed us to determine the displacements in the Jakobshavn glacier area, illustrating the pace of changes at the beginning of January 2021. The calculation period for the Sentinel-1 mission was 6 days and for ICEYE data—4 days. For this reason, analyses were performed on velocities in range and azimuth directions and maximum velocities in m/day (Figure 3).



Data from the ICEYE microsatellite show positive displacements in the range direction in snow cover surrounding the Jakobshavn Glacier. For Sentinel-1 data values in this region have opposite signs. In the area of main glacier flow, the movement pattern is similar on both results with negative vales suggesting displacement in Kangia Ice Fjord Bay direction (Figure 3). In the case of movements in the azimuth direction, both sensors show a clear separation of the positive value from the negative value. The displacement distribution in the bay area is also different.



The distribution of maximum velocities is comparable for both sensors, especially in parts located deeper in the land. The differences in the results are increasing with approaching the terminus and the bay. Both velocities obtained from Sentinel-1 and ICEYE data show an increase in speed in the bay direction. Despite the similar spatial distribution of observed movements, there are differences in the bay area. The maximum velocity from high-resolution ICEYE data reaches 41 m/day. For Sentinel-1 data, maximum velocity reaches the values of 36 m/day in a similar location.



The calculated velocities for both sensors were compared on a correlation plots in 4 different testing areas (Figure 4). For analysis purposes, the regions of the diverse dynamics were selected. The first testing area is in the inland part of the glacial tongue with relatively slow speeds (area 1). The next field is in the area of bigger displacements values (area 2). The next regions are part of the glacier with higher intensity of movements (area 3) and surrounding of the terminus position (area 4). The sizes of the testing areas were selected to cover only the area of the glacial tongue, without its surroundings. Due to the low velocities in the tail of the glacier and its widening in this region, the 1st area is the largest. Fields 2 and 3 have a similar size. Area 4 has the smallest size so that the speeds compared with each other are located only in the glacier front, where the movements reach their maximum values. For selected areas, correlation plots were defined for the range and azimuth movements as well as for the maximum values. In addition, along the entire glacier, a profile was selected to show speed changes obtained from Sentinel-1 and ICEYE data in the whole area.



In selected areas, point grids were generated and information about velocities from both sensors was extracted. The values are presented in correlation plots for each of the analyzed regions (Figure 5). The obtained correlation coefficients (R2) were in the range from 0.52 to 0.97. For all testing areas, the highest values were obtained for displacements in the azimuth direction. Excluding the area of the glacier terminus, R2 for this component was in the range 0.96–0.97. In the case of displacements in range direction, coefficients reached lower values in a wide range from 0.52 to 0.93. Area 3 is the most consistent in the results obtained from both sensors. The correlation coefficient for the maximum velocities was 0.93. Also in this area, data from both ICEYE and Sentinel-1 provided results with almost the same values, hence the fitted trend line is very close to the y = x function. The biggest differences in calculated velocities were obtained in area 4—the area of the terminus position. The correlation coefficient in this area is 0.71 but there are significant deviations between the results from both sensors are visible. The plot show the underestimation of the speed values in Sentinel-1 data comparing to ICEYE results. The results in areas 1 and 2 are quite similar. These regions reflect slower parts of a glacier. In the case of the azimuth component, the R2 reaches a value of 0.96. A significantly lower correlation is visible on graphs for the range component. The correlation coefficient is in the range from 0.52 to 0.56.



In the last stage of the analysis, a profile was drawn along the entire glacier through its central part. Along the profile, information was collected on the velocities measured by both sensors depending on the distance from the glacier front (Figure 6). For both sensors, the maximum velocities are achieved just beyond the front of the glacier. The process of glacier movement slows down with the distance from the terminus. Both profiles agree to the value and nature of the phenomenon. In some parts of the Jakobshavn glacier, an underestimation of velocity calculated from Sentinel-1 data is visible. The most dynamic changes are in the area where a glacier flows to the bay. The biggest deviations between results from both sensors are observed in this region. The differences are at the level of a few m/day.




4. Discussion


The use of higher resolution data from the ICEYE microsatellites showed higher velocities in the glacier front region with a difference of +5 m/day (14%) compared to the results from the Sentinel-1 data. Due to difference in pixel size of the Sentinel-1 and ICEYE data, it can be concluded that the obtained differences in observations are significant and show higher values of movements observed with the use of high-resolution ICEYE data. This may result from the OT method itself, which, by aggregating a group of pixels, assigns them averaged values of movements. A higher resolution of the ICEYE data allows the detection of changes in smaller areas compared to the Sentinel-1 satellite. This is also visible in greater diversification of the pattern of movements visible in the displacement distributions. The results from the Sentinel-1 satellite data are smoother than those from the ICEYE data (Figure 4).



The analyzes performed on the profile data show that the difference in the observed velocities does not depend on the scale of the phenomenon, except the Kangia Ice Fjord Bay area. The differences in this area may occur due to floating snow-ice cover in the bay. This cover is clearly visible in the photos presenting the amplitude values (Figure 7). In the case of the Sentinel-1 products, there is no visible cut-off of the glacial tongue from the snow-ice cover floating in the waters of the bay. On the product from the ICEYE microsatellite, the terminus can be clearly distinguished from the waters in the bay with a small part of snow-ice masses. These parts of floating materials are registered in the calculation process as smaller movements in the front of the glacier. In addition, the images from 9 January show large variations in the Kangia Bay area despite the data collection on the same day. This is due to the different polarization of both sensors. In case of Sentinel-1 it is horizontal polarization (HH) in relation to ICEYE product with vertical polarization (VV) of radar signal.



A higher resolution of the ICEYE images allows a more precise determination of the glacier border or the location of the fissures. It is especially important in terms of the displacement analysis, to distinguish the part of the glacier which is located on stable land from floating sea-ice. In both images, this border in the central part of the glacier is visible because of the big width of the fissure between both parts (Figure 7). The SAR images from ICEYE make it possible to determine this border in a more accurate way in the side parts of the glacier.




5. Conclusions


Comparative research on the movement of the Jakobshavn glacier carried out based on the offset tracking method and images from the Sentinel-1 and ICEYE satellites allowed for an unequivocal determination of the glacier’s speed throughout the entire observation range. As research shows, a higher resolution of ICEYE products compared to S-1 allows more precise identification of glacier details, especially in the terminus area. Imaging of the floating ice on S-1 is impossible. Thanks to the higher resolution, detection of velocities in different parts of the glaciers based on ICEYE data gives slightly higher values comparing to S-1. This can be an effect of an averaging pixels with larger areas in S-1 data. It can be clearly seen in the front of the glacier. These differences reach values approx. 14% of Sentinel-1 velocity. The researches carried out so far derived information about movements to 46 m/day [51]. In selected for this research period, the maximum velocity was about 36 m/d for S-1 data and 41 m/d for ICEYE data. In the presented research, the scale of these speeds was confirmed by analyzing the images of the ICEYE satellite, but the results show that the Jakobshavn glacier is slightly slowing down. Such promising results allow the planning of further research on the possibilities of glacier displacement detection based on ICEYE microsatellites, especially about the accuracy of determining the displacement and velocity vectors. The use of new sensors from microsatellites opens up new possibilities in the prediction and future trends in the problem of glacier calving. Thanks to the use of such data, it is possible to better observe changes taking place in the Arctic regions. More accurate forecasting models can provide information on the rate of change associated with glaciers calving and thus could help to reduce the obnoxious effects of climate change and global warming.
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Figure 1. Location of the study area—Jakobshavn Glacier (A) in Greenland (B) with testing areas and profile). 
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Figure 2. Data processing for ICEYE and Sentinel-1 missions. 
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Figure 3. Distribution of displacements in range and azimuth directions and maximum velocities obtained using radar images from the ICEYE and Sentinel-1 sensors. 
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Figure 4. Areas where detailed comparative analyzes were applied and a field profile. The map shows the maximum velocity of glacier movement obtained based on the ICEYE satellite. 
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Figure 5. Correlation plots for selected parts of the glacier for the area in the interior of the glacier (area 1), in area of higher velocities (area 2), in area of high-intensity movements (area 3), in the area of maximum values near the terminus (area 4). 
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Figure 6. Velocities along the glacier profile from Sentinel-1 and ICEYE data. 
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Figure 7. Amplitude images from radar data acquired on 5 and 9 January 2021 by the ICEYE satellite and 3 and 9 January 2021 by the Sentinel-1 satellite. 
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Table 1. Specification of the products.
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	Date
	Sensor
	Acquisition Mode
	Incident Angle [°]
	Heading [°]
	Pixel Spacing
	Swath Width
	Polarization
	Orbit

Direction





	3 January
	S-1A
	Interferometric Wide
	30.3–45.6
	203.7
	10 × 10 m
	250 km
	HH
	desc



	5 January
	X4
	Stripmap High
	26.9–30.1
	196.5
	2.5 × 2.5 m
	30 km
	VV
	desc



	9 January
	S-1B
	Interferometric Wide
	30.3–45.6
	203.2
	10 × 10 m
	250 km
	HH
	desc



	9 January
	X7
	Stripmap High
	18.0–22.4
	198.4
	2.5 × 2.5 m
	30 km
	VV
	desc
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Table 2. Parameters selected for calculations using the offset-tracking technique.
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	Parameter
	ICEYE
	Sentinel-1





	Max velocity [m/day]
	50
	50



	Registration window width [pxl]
	128
	128



	Registration window height [pxl]
	128
	128



	Grid azimuth spacing [pxl]
	40
	10



	Grid range spacing [pxl]
	40
	10
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