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Abstract

:

Although measurements of thickness and internal structure of glaciers are substantial for the understanding of their evolution and response to climate change, detailed data about polythermal glaciers, are scarce. Here, we present the first ground-penetrating radar (GPR) measurement data of Irenebreen, and high-resolution DEM and orthomosaic, obtained from unmanned aerial vehicle (UAV) photogrammetry. A combination of GPR and UAV data allowed for the reconstruction of the glacier geometry including thermal structure. We compare different methods of GPR signal propagation speed determination and argue that a common midpoint method (CMP) should be used if possible. Our observations reveal that Irenebreen is a polythermal glacier with a basal temperate ice layer, the volume of which volume reaches only 12% of the total glacier volume. We also observe the intense GPR signal scattering in two small zones in the ablation area and suggest that intense water percolation occurs in these places creating local areas of temperate ice. This finding emphasizes the possible formation of localised temperate ice zones in polythermal glaciers due to the coincidence of several factors. Our study demonstrates that a combination of UAV photogrammetry and GPR can be successfully applied and should be used for the high-resolution reconstruction of 3D geometries of small glaciers.
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1. Introduction


For the understanding of thermal regime, dynamics and following response to climate change, detailed data about the internal structure, volume, and distribution of temperate ice in polythermal glaciers are necessary [1]. It is especially crucial to determine glacier volume as precisely as possible, especially when small glaciers are considered [2,3]. Despite the long history of glacier studies in Svalbard, measurements of ice thickness of individual glaciers with geophysical methods or drillings are still scarce [4,5,6,7], etc., due to the remote location of the archipelago. The same can be stated about the determination of the distribution of cold and temperate ice [5,6,7], etc.



For the determination of precise glacier volume, it is important to obtain a high-resolution digital elevation model (DEM). In cases when large areas are studied, usually data from satellite sensors, aerial photographs or even digitised topographic maps are used ([8], pp. 14–27), [9,10]. When individual glaciers are considered, also GNSS measurements of the glacier surface elevation [11] and LiDAR data [3,12,13] are used; however, the acquisition of LiDAR data can be time-consuming, logistically challenging, and requires expensive equipment with related transportation costs to the areas of high altitude. In the recent decade, an increase in glacier surface DEMs obtained via photogrammetric processing of aerial photographs obtained by UAVs can be observed [14,15,16,17,18,19,20,21,22].



Various remote sensing methods are used for glacier volume and internal structure investigation (for review refer to [23]). Particularly detailed information about glacier internal structure can be obtained using ground-penetrating radar (GPR). Since the first attempts to apply GPR to glacier studies [24] (pp. 4–6), a range of its application has been found [3,4,7,14,25,26,27]. Observing that water inclusions in temperate ice causes intense scattering of GPR signal [5,6,28] provided a powerful tool for detailed mapping of thermal structure of glaciers.



In this paper, we present a case study where data obtained with GPR and UAV are used to create a high-resolution geometry model of a polythermal glacier located in north-western Svalbard. The aim of this study is to demonstrate that UAV and GPR data integration are the most optimal method today for the characterisation of small glacier geometry including the ice surface and bed topography, ice thickness and thermal structure. New data allows us to reveal the volume of the glacier, and temperate ice as well. We discuss the issue of measurements of GPR signal propagation speed, which are crucial for both cold and temperate ice, if a high-resolution geometry of the glacier must be acquired.




2. Study Area


Our study area is located at Kaffiøyra region on Oscar II Land in north-western Spitsbergen. It covers an area of 2582 km2, 70% of which is represented by glaciers, stretching across nearly 1600 km2. The glacierised area consist of ice plateaux with land-terminating valley glaciers bordered by two larger tide-water glaciers [29]. Irenebreen is a valley glacier to the south of Waldemarbreen and is bordered by the Kristinefjella and Gråfjellet mountains to the north. The area of Irenebreen totals 2.90 km2 [30]. Irenebreen has two major accumulation basins—northern and southern cirque (Figure 1a,b). The surface of the glacier is uneven and reveals a substantial cross-sectional asymmetry to the south [31].



The glacier snout is situated at approximately 150 m a.s.l. on average, whereas its southern accumulation basin (cirque) reaches more than 700 m a.s.l. The greatest altitude increase occurs on the glacier snout up to about 300 m a.s.l., and, above that—up to 400 m a.s.l.—the glacier surface becomes almost flat. The northern accumulation basin (cirque) is situated lower than the southern one and its largest area is at 400–450 m a.s.l., remaining slightly concave. Due to the orientation of the mountain ranges, the glacier’s surface also slopes mainly to the south-west [32].



On Irenebreen, snow accumulation increases from the glacier front towards two accumulation basins, and the mean snow density ranges from 264 to 401 kg m−3 [33,34]. The mean annual mass balance of Irenebreen in 2002–2020 was −1.05 m w.e. and it has become more negative in the last decade [35]. Similar to other glaciers of this region, Irenebreen’s snout is clearly retreating, and its length has decreased by 1200 m with respect to its maximum range in 1909 [31,36].



Climate research regarding the Kaffiøyra region has been conducted since 1975 at the Nicolaus Copernicus University Polar Station, mainly in the summer seasons [37]. The annual mean air temperature on Kaffiøyra in the years of 2013–2019 was −1.8 °C. The air temperature in summer ranged from −4.2 °C to a maximum record of 18.9 °C, with an average of 5.2 °C. In summer, the temperature is quite stable due to the potential 24-h insolation during the polar day. The average daily temperature amplitude in summer is only 2.4 °C. However, there is a significant increase in air temperature (of over 15 °C), especially due to foehn winds [38]. The rapid and substantial changes in mass balance of glaciers, which have been occurring in recent years are also reflected in a growing rate of shrinkage of glacier surface area. This negative mass balance is mainly attributed to the climate change in this region, and with an increase in mean air temperature in particular (30).




3. Materials and Methods


In this study, field data were gathered in August 2021. Data on the glacier thickness and thermal structure were obtained with GPR. Orthomosaic and DEM of the glacier was obtained using UAV equipped with RTK (real time kinematics) system. In total 4 days were spent to record all the GPR profiles. Additionally, one day was necessary to record common midpoint method (CMP) data and to conduct UAV survey.



3.1. GPR Survey


GPR has been proven to be an effective tool for glacier thickness and inner structure mapping [39,40,41,42]. Approximately 21 km of GPR profile lines were recorded on Irenebreen (Figure 2). GPR measurements were performed using hand-held Zond-12e (Figure 1e) GPR system in combination with 38 MHz (nominal frequency in the air) antenna. We used the antenna with the lowest frequency that is compatible with the Zond GPR system to ensure maximum possible signal penetration depth as the signals with higher frequency are absorbed more quickly [43] (pp. 4–38). Considering the size of the survey area, UAV-based GPR system was considered but we chose to apply a hand-held system as there are frequent strong winds as well as heavy precipitation in the survey area [37]. The main range of frequencies of the obtained reflections were in the interval from 25 MHz to 50 MHz. During the survey, a maximum time window of Zond GPR (2000 ns) was used to allow the signal penetration up to the glacier bed. Spacing between the individual GPR soundings (traces) was close to 5 cm.



Prior to conducting the survey, a way-point plan, which was used for navigation across the glacier, was created that allow researchers to fallow evenly distributed GPR profile grid across the glacier. GPR profiles were mainly oriented transverse to the ice flow direction in order to ease data recording process and to better characterize the possible englacial conduit system [14]. The distance between transverse profiles was set to 150 m considering the optimal time frame to cover the whole glacier during the field campaign in 2021. One 3-km-long profile oriented parallel to the main ice flow direction was also recorded. During the survey, Garmin Montana 610 GNSS receiver was used to follow the way-point plan, while the precise positioning of the GPR profiles were determined using GNSS receivers (Emlid Reach RS2). Precise measurements of the location of the GPR profile lines were conducted with ~50 m step.



The GPR data were processed and interpreted with Prism 2.61 software following basic guidelines for GPR data processing [43] (pp. 33–37). The processing steps included a manually adjusted time-dependent signal gain function, background removal filter, Ormsby band-pass filter with a low frequency cut off at 10 MHz and a high frequency cut off at 71 MHz, and migration [43] (p. 36) using with the common midpoint method (CMP) determined GPR signal propagation speed. Topographical correction was performed using elevations from DEM, which was generated from UAV photogrammetry.



During the data interpretation, the two-way travel time for the basal reflections, as well as the upper limit of the intense scattering zones were determined for each recorded radargram along its whole length. Distances between individual travel-time measurements were chosen to fully characterize changes in the glacier bed as well as the upper limit of the intense scattering zone. The distinct hyperbolae were manually mapped to obtain points with coordinates and depth. Obtained travel time values were exported to ESRI ArcMap 10.8.1 for further ice thickness and intense scattering zone extent calculations.



The GPR signal propagation speed was determined using a common midpoint method (CMP) that has been used in various types of environments [44,45,46] including glaciers [47,48,49]. The exact position for the CMP measurement point was chosen using common offset radargrams. The location where glacier surface and bed were relatively smooth was chosen. Additionally, we restricted the possible location of CMP measurements to an area where glacier thickness was not greater than ~50 m to ensure that clear and strong reflection from the glacier bed will be received, even when the separation of transmitter and receiver antennas will be large. During the measurements, both antennas were moved apart with respect to a central fixed position in a direction perpendicular to the glacier flow direction. The distance between separate traces was set to 1 m, while the final distance between transmitting and receiving antennae was 98 m. The exact value of GPR signal propagation speed was calculated using t2x2 graph [50].



Additionally, we calculated GPR signal propagation speed via englacial hyperbolic reflections, which have been proven to give satisfactory results in many cases [11,15,51,52,53]. For this approach, the available hyperbola fitting function was used in the Prism 2.61 software to determine the dielectric permittivity (ε) for each hyperbola. For all figures and models presented in this paper, if not stated otherwise, with the CMP determined ε was used.



We performed time-to-depth conversion using a constant ε regardless of the thermal structure of the glacier. Such an approach was used because it is not possible to distinguish any individual hyperbolae inside the temperate ice zone that could be used for ε calculations. Similarly, in the location where the CMP measurements were performed, only cold ice was present. It was evident from the common offset profiles that signal losses in area where temperate ice is present were too big to record a clear reflection from the glacier bed during CMP measurements. Thereby, we did not perform CMP measurements in places where both, cold and temperate, ice was present.



The error of the calculated depth values was determined using the approach described by Navarro and Eisen [54] (pp. 195–231). During error calculations, it was assumed that uncertainty of the determined time values was ~1/2 of the wavelength of received reflections, which corresponds to 14 ns, while for the uncertainty of the GPR signal propagation speed according to [55], 2% error was assumed for the value obtained with the CMP method. The error for the value obtained via inspection of englacial hyperbolic reflections was calculated using a statistical approach. It should be noted that in some places, directly at the margins of the glacier, the possible uncertainty of the calculated depth values could be higher due to steep slopes of the glacier bed.




3.2. GNSS


Ground-control points (GCP) and GPR profile points were measured with Emlid Reach RS2 GNSS receiver. The acquisition time of each point was 5 s. GNSS receiver (rover) sampling rate was set to 5 Hz, which results in 25 GNSS measurement samples per point. The reference base station was placed near the Nicolaus Copernicus University Polar Station on a permanent geodetic point. Rover log files were processed against the reference base station log files in Emlid Studio software. Additionally, Phantom 4 RTK log files from each flight were processed too. The timemarks from the UAV GNSS receiver were used for the precise image coordinate extraction. Aerotas XLS workbook was used for these purposes. Recent studies proved, that Aerotas XLS workbook is a good open-source alternative for this task [56].



After the application of the post-processed kinematic (PPK) technique, >90% of all points were acquired with FIX solution. Average RMSE of GPR profile points and GCP points was ~2 cm. A total of 85% of all flight trajectories were processed with FIX solution; the other 15% were processed with FLOAT solution. The close inspection of FLOAT measurements allowed for making a conclusion that FLOAT trajectories are very similar to FIX solution and their error should not be substantially larger. High mountains were partly blocking the reception of satellite signals by the receiver, which sometimes resulted in a non-fixed solution.




3.3. UAV Survey and Photogrammetric Processing


UAV survey on Irenebreen was carried out in 2 days—21–22 August 2021. Automatic mission flights were executed by DJI Phantom 4 RTK UAV platform. Mission planning was accomplished in DJI GS RTK software. In order to get constant ground sampling distance (GSD) within the flight, as well as minimize risks of collision, terrain following function was used. As a source of elevation data, the Arctic DEM was used. It was planned that the flight altitude would be 100 m above the Arctic DEM. Such flight altitude would result in 2.74 cm/pix GSD. Since the Arctic DEM was produced from older satellite images, the altitude of the glacier surface had changed. Thus, the real flight altitude was ~120–130 m above glacier surface. The GSD varied from 3.29 to 3.56 cm/pix. The mission was planned with 80% front and 60% side overlap. Recent imagery from Planet CubeSat class satellites was used for the mapping of the glacier outline. The resultant polygon was imported as KML file and used for mission extent. Mission planning was designed following authors experience in previous studies [15,16,17,57] and latest publications, related to Phantom 4 RTK UAV system [58,59,60,61].



In total, 4979 images were acquired in 5 flight plans. All images were considered to be suitable for photogrammetric processing. Some images in the highest parts of the glacier were foggy but after the photogrammetric processing, they successfully aligned with other images.



Georeferencing was established by GCPs and precise UAV trajectories. A total of 25 GCPs were distributed across the glacier (Figure 3). The glacier was divided in 5 parts in a way that each part could be captured with 1–2 UAV batteries. Since Phantom 4 RTK continuously records all GNSS observations, they can be post-processed afterwards and precise coordinates of each image can be computed. Recent studies have shown that only 4 GCPs, or even less, are sufficient for high precision results [62,63]. However, we distributed 5 GCPs across each part of the glacier, i.e., 25 in total, in order to have backup solution, in case the PPK method would not produce results with sufficient precision. After the post-processing, 3 GCPs were excluded since their calculation solution was FLOAT. All GNSS log files (from GNSS rover and UAV flights) were processed using PPK methodology in Emlid Studio software.



Photogrammetric processing was carried out in Agisoft Metashape 1.7.4 software. The processing parameters were set according to the authors latest experience [14,15,16,17,57] and the newest methodological approaches recommended by [18,19,64]. The acquired images were imported in the software and aligned with the following settings:




	
Alignment accuracy: high;



	
Key point limit: 50,000;



	
Tie point limit: 0;



	
Reference preselection: source.








After all images were successfully aligned, a reference was imported in the project—GCP locations and image coordinates from RTK flights. The camera locations were optimised with the default parameters (Optimize cameras). Markers were divided into 2 categories—control points and check points. Markers with poor precision were excluded from the project. Dense cloud was built with the following settings:




	
Quality: high;



	
Filtering mode: mild;



	
Confidence computation: enabled.








In the result, ~700 million points were created and afterwards filtered by confidence. All points with confidence level < 5 were excluded from the project. DEM (resolution 8.6 cm/pix) and orthomosaic (resolution 4.3 cm/pix) were created with the default settings. DEM was produced from the dense point cloud with an average point density of 136 points/m2. The generated DEM and orthomosaic were exported in WGS 84/UTM zone 33N coordinate system and imported in ESRI ArcMap 10.8.1 for further processing.



The average camera location error was 32 cm—19.8 cm XY error and 25.1 cm Z error. The highest error values were located near the margin of the survey area, where the flight path was near high mountains. Such behaviour can be described with a lower image amount near the margins and relatively higher flight altitude due to the terrain following function. UAV was ascending up near the mountains to avoid possible collisions and to maintain the constant ground sampling distance. The average GCP RMSE was 19.27 cm—6.7 cm XY error and 18.1 cm Z error. RMSE of check points was 14.8 cm—9.3 XY error and 11.5 Z error. In total, 12 control points and 10 check points were used. The average reprojection error of this survey was 0.72 pix.




3.4. Reconstructing the Geometry of Irenebreen


The construction of the Irenebreen ice thickness model (1 m spatial resolution) included the delineation of glacier outline from the orthomosaic and the application of kriging interpolation (ArcMap) with optimised parameters according to the spatial distribution of the measured GPR ice thickness data points, which were manually mapped during the GPR data interpretation in Prism 2.61 software to fully characterise the variations in the ice thickness. The manually obtained ice thickness points were exported for the use in ArcMap. The outline of the glacier was converted into points and included in the interpolation assuming the ice thickness of 0.5 m, which gives the most realistic interpolated values near the glacier margins. As the resolution of generated DEM is very high contrary to the ice thickness model, the elevation of the glacier bed also was reconstructed by interpolation from the same data points. The value of the glacier bed elevation was determined by subtracting the measured ice thickness from the surface elevation obtained from the generated DEM. The volume of ice was calculated from the ice thickness model using the ArcMap ‘Surface Volume’ tool of 3D Analyst extension. ArcScene 10.8.1 was used for the three-dimensional visualization purposes of the generated models. Similarly, the models of the temperate ice area were created. The outline and thickness points of the temperate ice were manually delineated in Prism 2.61, exported to ArcMap, and used for the generation of the ice thickness models. For the evaluation how different GPR signal propagation speed values can influence the total calculated glacier volume, we generated three ice thickness models using different GPR signal propagation speed values. First, we used the CMP-determined value; second, we used the value determined from englacial hyperbolic reflections, and; third, we applied a value for cold ice, which has been widely adopted in the scientific literature ~168 m ms−1 (ε = 3.2) [25,52,65,66].





4. Results


4.1. GPR Signal Propagation Speed


For the conversion from time to depth values in recorded radargrams, GPR signal propagation speed must be known. We determined GPR signal propagation speed with two methods.



We identified many hyperbolic reflections across the glacier (Figure 4). We presume that the majority of them are linked to englacial conduits as has been noted in many studies [14,67,68,69]. Nonetheless, some could also be linked to crevasses or englacial debris bands or large boulders [70], especially close to glacier margins. We were able to use 75 hyperbolic reflections for the GPR signal propagation speed determination. It was calculated that the corresponding ε was equal to 3.34 ± 0.05 at the 95% confidence level (corresponding GPR signal propagation speed of 164.04 m ms−1).



In radargram that was obtained by recording CMP measurements, a clear reflection from glacier bed is evident (Figure 5a). It was possible to identify reflection from the glacier bed on all 99 recorded traces. Using obtained measurements, it was calculated that the corresponding ε was equal to 3.14 with the corresponding squared correlation coefficient 0.999 (Figure 5b) (corresponding GPR signal propagation speed of 169.18 m ms−1). Considering the arguments of [50], we assume that value of GPR signal propagation speed is determined with 2% error.




4.2. Ice Thickness, Surface and Subglacial Topography


The maximum measured ice thickness of Irenebreen reaches 145 m. The average ice thickness is 49 m. Calculated depth uncertainty near the glacier margin, where the ice depth is ~10 m is ±1.20 m, while at the highest part where ice thickness is ~145 m, it is ±3.13 m.



The ice volume equals to 143,956,421 m3 (0.14 km3) (Figure 6b). If for the volume calculations a value of ε = 3.34 is used (164.04 m ms−1), ice volume equals to 139,491,377 m3 and with ε = 3.2 (167.59 m ms−1) it equals to 142,158,464 m3. Thus, the highest difference in the ice volume, calculated form ice thickness models generated using different GPR propagation speeds, reached 3%.



The area with the greatest ice thickness is located in the south-eastern cirque of Irenebreen and coincides with the circular subglacial depression (Figure 6b,c). Exactly downstream from this depression, an elevated bedrock bump is found, which causes the locally extensional glacier stress regime. This is reflected also in the glacier surface, where the most crevassed area of Irenebreen is found (Figure 1c,e and Figure 6a). The more central part of the glacier surface comprises a shallow subglacial depression. Thus, the longitudinal profile of the surface of Irenebreen comprises areas of a prominent steepness (bumps) interrupted by areas of lesser steepness (depressions).



Altogether, the glacier bed decreases in the direction of the glacier terminus from 794 to 94 m a.s.l. Thus, the amplitude of the glacier bed altitude reaches 700 m. The irregular subglacial topography seems to be well inherited in the glacier surface and it is reflected in the glacier stress pattern as well. The elevated and lowered parts of glacier surface coincide very well with the pattern of subglacial topography and ice thickness (Figure 6a–c and Figure 7a).



The glacier surface is cut by several supraglacial stream systems (Figure 1d and Figure 6a). Several of the supraglacial streams begin at a close distance for the glacier terminus but the two largest incised stream systems develop at higher altitude (<400 m a.s.l.). The northern largest supraglacial stream seems to collect meltwater from all northern cirque of the glacier. These streams, in the same place, are observed for many years [31,32]. Nearby the glacier terminus, highly meandering streams are visible due to the lower surface inclination (Figure 1d). The mean slope angle of the glacier is 13 degrees. The steepest part of the glacier excluding the steep slopes of glacier cirque, is the southern part close to the highest mountain ridge. These slopes have mainly north-western exposition, thus receiving lesser amount of solar radiation (Figure 7a,b). The southern marginal part of the glacier is considerably steeper than the northern one.




4.3. Extent and Geometry of Temperate Ice


By examining the obtained radargrams, it was evident that in the most part of the glacier almost none or very weak internal reflections occur. Only in the upper part of the glacier, as well as at two areas close to the glacier southern margin, intense internal scattering of the GPR signal can be seen (Figure 4, Figure 8c and Figure 9b).



The area of the intense scattering zone that is located in the upper part of the glacier (accumulation area) occupies 0.46 km2. According to numerous studies where direct temperature measurements in boreholes were correlated with GPR survey results in attempts to explain such intense scattering [5,6,14,28,65,68,71,72], we interpret it as indication of temperate ice. The volume of temperate ice in Irenebreen equals to 16,950,676 m3 (0.017 km3). Considering the extent of the Irenebreen glacier (2.90 km2) and volume (0.14 km3), the horizontal distribution of the temperate ice is 16% but the volume reaches 12% of the total glacier volume. The average thickness of the temperate ice is 36.5 m, while its maximum thickness reaches 89 m in local subglacial deepening (Figure 8a,b), which also coincides with the thickest ice region (Figure 6b). Thus, the thickness of the temperate ice correlates very well with the thickness of all the glacier ice.



Considering that the average thickness of ice, solely in the area where the temperate ice is distributed, equals 73 m, the average temperate ice thickness is exactly two time less. Thus, the temperate ice layer on average occupies half of ice thickness in its distribution area, which is also well visible in Figure 8d. The maximal measured depth of the upper surface of the temperate ice layer (from the glacier surface) is 76 m, but the mean depth of the surface of the temperate ice layer is 43 m. The range of the altitude of the temperate ice surface stretches from 364 to 649 m a.s.l., although it could stretch slightly higher because the highest GPR profile begins some 200 m from the uppermost glacier margin, where the altitude of the glacier surface reach ~750 m a.s.l.



Two small intense scattering areas, which are located in the southern part of the glacier, occupy only 0.11 km2 (Figure 4 and Figure 9b). Contrary to the upper reaches of the glacier, these zones of intense scattering begin almost at the glacier surface. Several, rather distinct hyperbolas can be clearly seen in unmigrated data in the upper part of those zones (Figure 4 and Figure 9a). Those observations as well as observations from the field suggest that in the upper part of those zones, deep crevasses have formed in the relation to steep bedrock slopes.





5. Discussion


5.1. UAV Survey


In this study, we used UAV and GPR data integration to construct the glacier geometry. Using DJI Phantom 4 UAV with RTK system and placing 25 GCPs, we were able to map a larger area just in one day. The only downside of this method is the availability of a reference base station throughout the survey to provide PPK corrections for UAV trajectories. In our previous study of the adjacent glacier (Waldemarbreen) in 2019, we a used DJI Phantom 4 Pro V2.0 setup with many (~50) GCPs [57]. This survey setup required more than twice as long a time, because of GCP placement. Thus, the RTK system allows substantially shorten the time necessary for field-campaign, but the question of the sufficient number of GCPs and following RMSE remains disputable.



Peppa M.V. et al. in their study [62] mention that overall RMSE of their survey was less than 1 × GSD. The flight altitudes of their surveys were around 50–70 m, therefore for Phantom 4 RTK GSD at these altitudes was ~16 mm. The authors conclude that a combination of nadir and oblique images, as well as image acquisition on different heights can improve the overall precision of the survey.



Sanz-Ablanedo et al. concluded [73] that a total RMSE of the survey can be ~2 times GSD if more than 2 GCPs are used for each 100 images in the survey. With a bigger GCP count, the overall RMSE will decrease, but not indefinitely. In our survey, the average GSD was 4.29 cm/px according to Agisoft Metashape report. We acquired 4979 images and placed 25 GCPs (22 were used in the post-production), which equals to ~2 GCPs per 100 images. The average RMSE of check points was 14.8 cm, which is more than 3 times higher value than GSD. From our observations with greater flying altitudes, it gets more difficult to find the exact position of the center of GCP on the obtained images. We used GCP markers that are 50 cm × 50 cm in size. With the calculated GSD, they are ~11 pixels wide on the source images. The center of the GCP is less than a pixel. Average RMSE of the check points in pixels was 0.422 pix. In contrast, RMSE of image coordinates from the RTK module was 32 cm. Since the image acquisition is instantaneous, RMSE from such measurements is 0. The provided RMSE in Agisoft Metashape report is calculated based on GCPs and self-calibrated bundle adjustment. For higher accuracy, lower flight altitudes are required. In harsh polar conditions, it means that such a survey will consume more battery power and will take several days to complete. The use of multiple RTK UAV systems may be considered for faster performance.



It is obvious that with the development of new methods for georeferencing of the UAV imagery, new error estimation methods are needed. These estimation methods must include ground reference and flight reference combined in a single metric that will describe the accuracy of the survey. For now, there are many solutions for GNSS signal corrections, including RTKlib and Emlid Studio. These programs are suitable for Stop-and-Go surveys as well as trajectory corrections. However, they lack the possibility to calculate image coordinates for DJI Phantom RTK UAV system. The main problem is camera sensor position synchronization with the UAV position. We used Aerotas XLS workbook [56] that appeared to be a useful solution for this type of task. The terrain-following function of DJI Phantom RTK system allowed us to obtain constant GSD throughout the survey. Additional GCP control proved the high accuracy of the model. Using UAV, it was possible to create a high-resolution glacier surface model that was used to perform smooth topographic correction for the obtained GPR profiles.




5.2. GPR Data Processing and Interpretation


Typically for cold ice GPR signal propagation, a speed value of ~168 m ms−1 (ε = 3.2) is used [25,52,65,66]. This value is usually obtained in a laboratory by undertaking measurements in pure crystalline ice [74] (pp. 198–246), as well as in samples of glacier ice [75,76]; also, this value is obtained in most cases of direct measurements in the field, where glaciers consist of cold ice [24] (pp. 32–48).



In this study, we used two methods to calculate GPR signal propagation speed. With the CMP method, we obtained value of 169.18 m ms−1 (ε = 3.14). This value corresponds well with typical values that are reported for cold ice. It is a little bit higher but still in the uncertainty range of 2% that we adopted from [55]. Taking into account the previously mentioned study, we adopted with the CMP method determined GPR signal propagation speed value for further calculations.



As a second method we used internal hyperbolic reflections. This method is comparatively easy to use as it does not require additional measurements in the field, contrary to the CMP method. As a result, it is used quite often [11,51,52]. We obtained a value of 164.04 m ms−1 (ε = 3.34) that fits in the interval of values that are reported for temperate glaciers 167.59–139.78 m ms−1 (ε = 3.2–4.6) [7,52,77,78,79]. Nonetheless, we were able to sample hyperbolas only in regions where cold ice is present. Furthermore, we would expect a value that is closer to 167.59 m ms−1 (ε = 3.2). It is rather hard to explain such difference because value of 167.59 m ms−1 (ε = 3.2) does not fit in our determined uncertainty range (3.34 ± 0.05). Usually, such deviations are addressed to out of plain reflectors or linear features (in this case englacial conduits) that are crossed not perpendicularly [80] (pp. 625–649). Although the aforementioned issues would increase the obtained GPR signal propagation speed value, not decrease it. In our case, we explain this issue with ambiguities during hyperbola identification. In many cases, there were several overlapping hyperbolas, and the reflections themselves were weak. We calculated glacier volume using ε = 3.14 (169.18 m ms−1) and ε = 3.34 (164.04 m ms−1). Obtained volume difference is 3%. Our results show that whenever possible CMP or direct correlation of GPR reflections to borehole data are advisable and hyperbolic reflections should be used as a last option for GPR signal propagation speed determination.



During the calculations, we did not take into account the snow cover thickness. Nonetheless, almost all of the glacier was snow-free. There were some small areas in both cirques as well as along Southern margin of the glacier where snow was present, but the snow cover was very thin. Also, we were not able to reliably identify it on the recorded GPR profiles. Considering the previously mentioned facts, ice volume is very slightly overestimated. As snow cover was thin and only present at some places, we assume that corresponding volume error is below 1%.



In this study, we were unable to measure GPR signal propagation speed in temperate ice. Subsequently, we calculated the volume of the glacier and the volume of temperate ice using single value of GPR signal propagation speed (corresponding ε = 3.14 (169.18 m ms−1)). This results in overestimation of calculated volume of temperate ice and subsequently, the whole glacier. Temperate ice values as high as ε = 4.6 (139.78 m ms−1) are reported [52] and we do not exclude the possibility that this value could be even higher. If value of ε = 4.6 (139.78 m ms−1) were used instead of 3.14 (169.18 m ms−1), average thickness of temperate ice would decrease from 36.5 m to 30.2 m while maximum thickness would decrease from 89 m to 73.6 m. Accordingly also the volume of temperate ice would decrease to 14,004,666 m3. This volumetric difference equals to 17.4%. and can be considered as substantial, suggesting the importance of the GPR propagation speed in temperate ice, which is still not a sufficiently addressed issue in glaciological studies. In this study, we used single GPR signal propagation speed value for the whole glacier and did not use different values for temperate ice, as we were not able to measure it. We also abstained from using the GPR signal propagation speed value for temperate ice that was obtained in similar studies. We did this because GPR signal propagation speed can vary greatly in temperate ice, if water content in the ice changes [52]. It leads to a wide range of possible values (ε = 3.5–4.6 (160.25–139.78 m ms−1) [6]), and it is ambiguous to choose a value that would be appropriate for this particular glacier. We argue that, if the detailed geometry of glacier must be reconstructed, it is necessary to obtain direct measurements for GPR signal propagation speed value in temperate ice. If it is not possible to use englacial hyperbolic reflections or CMP measurements, direct correlation of GPR data and boreholes must be used. Furthermore, a combination of GPR and reflection seismic data could be used if it is not possible to drill boreholes. GPR propagation speed in cold ice could be determined with hyperbolic reflections or CMP. In areas where temperate ice is present, seismic reflection method could be used to determine the thickness of the glacier, and, in turn, this data could be used to calculate GPR propagation speed in temperate ice.




5.3. Internal Structure of Irenebreen


During the survey, we discovered a wide area of the intense GPR signal scattering in the upper part of the glacier (Figure 8). Such observations are common across Svalbard valley glaciers (e.g., [5,6,28]) and are usually interpreted as indicator of temperate ice. Our observations reveal that Irenebreen, similar to its neighbouring Waldemarbreen [14] is indeed a polythermal glacier with cold ice and a basal temperate ice layer, the volume of which reaches 10% to 12% of all glacier volume depending on the used GPR signal propagation speed in the temperate ice. The existence of possible basal temperate ice has been suggested by Sobota [31] due to the presence of icings in the forefield of Irenebreen. However, it should be noted that icings were missing during the field campaign in August 2021 (Figure 1b), although they have been observed at least since 1938 and every year from 2002 to 2020 [31,35]. This alarming sign of melting is closely related to the warming trend observed in all Svalbard [81] and in the Kaffiøyra region particularly, where summer air temperature has increased by 1.2 °C from 1975 to 2017 [37]. Thus, it should be considered that icings in front of glaciers in the Kaffiøyra region may be missing during summers, thus their existence or absence cannot be always used as a proof for the polythermal glacier regime. As already pointed out by several studies [68,69,82], the existence of icings is not always a proof for polythermal glacier ice as well.



The presence of temperate ice in Irenebreen is not surprising, as such thermal structures have been reported for similar valley glaciers in Svalbard [6,83] including the neighbouring Waldemarbreen [14]. However, it has distinct peculiarities. The presence of temperate ice is found only in the southern cirque. The northern glacier cirque contains only cold ice. This could be explained by the differences in altitude and ice thickness. The southern cirque extends at least 200 m higher reaching 700 m. The differences in ice thickness are essential, because the maximum ice thickness in the northern cirque reach only 83 m, while in the southern cirque it is 145 m (measured), being almost two times larger. Similar ice thickness is recorded in the neighbouring Waldemarbreen [14], which also contains temperate ice of similar thickness in its cirque. A simplified explanation of the lack of temperate ice in the northern cirque of Irenebreen could be a missing threshold ice thickness of 80–100 m, which is required for temperate ice to persist [84]. The other factors are high ELA and lack of crevasses, which could lead to the freezing of meltwater and related release of latent heat. In contrast, all supraglacial meltwater in the northern cirque seems to be drained by the extensive supraglacial streams (Figure 6a and Figure 7a). The area of temperate ice in the southern cirque coincides well not only with the area of the thickest ice (Figure 6b), but also with the most crevassed part of the glacier (Figure 1c,e and Figure 6a,b) that on the other hand is related to subglacial topography. Thus, the formation of temperate ice could be ongoing nowadays due to the refreezing of rain and meltwater that is known as cryo-hydrologic warming effect [85]. Nevertheless, such a thick layer of temperate ice at least partially could be considered as a relict form the Little Ice Age (LIA) because of a larger extent (by at least 35–36%) and associated thickness and velocity of the glacier.



Additionally, it can be a proof that due to climate warming (mainly a large ablation during summer and enhanced surface runoff due to melting snow, firn and ice, limited water percolation and refreezing in firn) Irenebreen may evolve into a cold glacier type, as other Svalbard glaciers (e.g., [14,31]).



We also observed the intense scattering, not only in the upper part of the glacier, but also in two small areas that are located along the southern lateral margin of the glacier (Figure 4 and Figure 9b). These zones of intense scattering begin almost at the glacier surface and in the upper part of them several hyperbolas can be clearly seen (Figure 4 and Figure 9a). We link these hyperbolas to deep crevasses. According to [42], who observed similar phenomena in an Alpine glacier, we suggest that intense water percolation occurs in these places. Furthermore, the geometry of these zones and characteristics of GPR signal suggest the occurrence of local areas of temperate ice, which are formed due to latent heat release from percolated meltwater in deep-seated crevasses. The survival of these local temperate ice zones most likely is related to the insulating effect of firn and snow cover that is mainly present all year round in this northern exposition slope. This finding emphasizes the possible formation of localised temperate ice zones in polythermal glaciers due to the coincidence of several specific factors (slope steepness and exposition, shadow, snow cover, crevasses, meltwater refreezing).





6. Conclusions


Our study demonstrates that an integrated approach of UAV and GPR survey is probably the most effective solution today for the high-resolution reconstruction of small glacier geometry. Such a simultaneous survey allows for obtaining DEM and ice thickness and internal structure data, which can be used for the integrated representation of the glacier surface characteristics, including slope and aspect, subglacial topography, thermal structure, and ice volume.



The maximum ice thickness of Irenebreen reaches at least 145 m, but the average thickness is 49 m. The ice volume is 0.14 km3, and 12% of it consists of temperate ice with an average thickness of 36.5 m (two time less than the average ice thickness in this part of the glacier) and the maximum thickness of 89 m. New GPR data reveal that Irenebreen is a polythermal glacier with basal temperate ice layer located mainly in the higher (southern) glacier cirque. Two small areas of temperate ice are found also in the ablation area along the southern margin of the glacier and are related to the intensive water penetration and re-freezing, which warms the adjacent ice.



Our results suggest that whenever possible CMP or direct correlation of GPR reflections to borehole data are advisable and hyperbolic reflections should be used as a last option for GPR signal propagation speed determination. Uncertainty in the value of GPR signal propagation speed in temperate ice can seriously impact calculations in temperate ice volume. We argue that, if a detailed geometry of glacier must be reconstructed, it is necessary to obtain direct measurements for GPR signal propagation speed value in temperate ice. If it is not possible to use englacial hyperbolic reflections or CMP measurements, direct correlation of GPR data and boreholes must be used.
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Figure 1. (a) Location of the study site in 2021; (b–f) Characteristics of the glacier surface in 2021. Black arrows in (c,e) show the main uplift in the glacier surface with the most prominent crevasses. Black arrows in (d) mark the main meandering supraglacial streams in the NW part of Irenebreen. Black arrows in (f) mark the outline of snow in the accumulation area in August that coincides well with the glacier area in shadow. A red circle shows a researcher to indicate a scale; (g) CMP measurements are being conducted. Note the cross-cutting pattern of crevasse traces and closed crevasses indicating compressional stress regime. 
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Figure 2. Location of the GPR profile lines and common midpoint (CMP) measurement site. 
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Figure 3. UAV flight coverage areas on orthomosaic of Irenebreen in August 2021. 
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Figure 4. GPR profile 10. Note that the profile is unmigrated for better identification of hyperbolic reflections. For the location of the profile see Figure 2. 1—glacier bed; 2—englacial hyperbolic reflection; 3—zone of intense scattering. 
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Figure 5. (a) During CMP measurements obtained radargram; (b) Constructed t2x2 graph. 
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Figure 6. Geometry of Irenebreen. (a) Hillshaded image of the glacier surface and adjacent mountain slopes; (b) Ice thickness and the horizontal distribution of the temperate ice; (c) Subglacial topography; (d) 3D model of the subglacial topography and the distribution of reflections from englacial hyperbolae. 
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Figure 7. Surface characteristics of Irenebreen. (a) Slope; (b) aspect. 
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Figure 8. (a,b) 2D and 3D representation of the temperate ice; (c) GPR profile No. 17. The location is shown by black line in (a); (d) Profile of glacier surface, temperate ice layer and bedrock surface. The location is shown by a red line in (a). 
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Figure 9. Comparison of (a) unmigrated and (b) migrated GPR profile No. 5. For the location of profile see Figure 2. 1—glacier bed; 2—englacial hyperbolic reflection; 3—zone of intense scattering; 4—reflection from deeply incised supraglacial stream. 






Figure 9. Comparison of (a) unmigrated and (b) migrated GPR profile No. 5. For the location of profile see Figure 2. 1—glacier bed; 2—englacial hyperbolic reflection; 3—zone of intense scattering; 4—reflection from deeply incised supraglacial stream.



[image: Remotesensing 14 00456 g009]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
12°6I'O"E 12°Q'0“E 12°1?'0"E

78°49'0"N 78°40|'30"N

78°39|'30"N

. GPR profiles and their No.

N
0 500 1000 m
1 I’ A

78°40'0"N 78°40'30"N

78°39'30"N

12°6'0"E

12°9'0"E 12°12'0"E





nav.xhtml


  remotesensing-14-00456


  
    		
      remotesensing-14-00456
    


  




  





media/file18.png
25071

N
N
(%)

)
S
S

Altitude (m a.s.l.)

f—
~
ok

—_—
9]
e

250

Altitude (m a.s.l.)
Q
4

1501

250 500 750 1000
Distance (m)





media/file16.png
12°10'0°E 12°12'0°E

78"49'0"N

C3 Temperate ice outline
~~ Temperate ice thickness contours
Temperate ice thickness, m

89
N,

~ C3 Glacier outline

78°40'15"N

N
AO
|_;I

78°3 9"'45"N
!

12°100°E 12°120'E

CNNW

glacier bed

100 200 300
Distance (m)

T

78°40'0"N

d

CZ Temperate ice outline
~~ Temperate ice thickness contours
Temperate ice thickness, m

89
0

00 . 800 1 000
Distance (m)

200 400 6

1200

1400





media/file2.png
12°20'0"E






media/file5.jpg
78°4030N

78°400°N

754090N

T8 300N

T83930N

4 Checkpoints |
® GCPs |

— —— Flights |
|
50  1000m
i i gy

Ze0E 70 ZroE

783930






media/file3.jpg
78°400N 78°4030N

783930

[ GPRprofies

—
and their No.

prom e

Tea0oN

783950N





media/file1.jpg





media/file7.jpg
NNW. SSE






media/file10.png
Time (ns)

Traces

6.5

t> (s 10-13)

7.5

8.5





media/file12.png
1 2o6l.0..E

1 2°9.'0"E

12°12'0"E

(7% Glacier outline
" Glacier surface contours
Elevation (ma.s.l.)

840,5
-
B 947

| N
500 1000 m

1 J A

78°400'N 78°40'30"N

78°39'30°N

12°6'0"E

12°6'0"E

12°9'0"E

12"9"0"E

12°12'0"E

12°12'0"E

78°40'0"N 78°40'30"N

78°39'30"N

C:S Glacier outline
~~ Glacier bed contours

Glacier bed elevation (m a.s.l.)

[ 794 ]

o

78°39'30"N

[ N
500 1000 m A
1 1 1 |

12°6'0"E

12°9'0"E

1
12°12'0"E

1 2"6I'0"E 12"9.'0"E

12°12'0"E

78"40I'30"N

78°39'30"N

e 3m
® 86m

-7 794 m
- 94 m

z
o
©
=]
5y
ool
~
z
=3
- O
A
S
(23 Glacier outline
~~ lce thickness contours
': b :‘, Temperate ice outline
Local temperate ice areas
Ice thickness g
- 139 m L g
o
[ | 2
0Om ~
N
500 1000 m
1 1 |
T T T
12°6'0"E 12°9'0"E 12°12'0"E

Reflections from englacial hyperbolae
Depth from glacier surface

" Temperate ice outline
" Glacier bed contours
Glacier bed elevation (m a.s.l.)





media/file9.jpg
45 55 6.5 75 85
£(s101)






media/file0.png





media/file14.png
78°40'30"N

78°39'30"N

(a)

(b)

rd 12°6'0"E 12°9'0°E 12°12'0"E g 12°6'0"E 12°9'0"E 12°12'0"E
| | | = | |
=k S | ‘ = 3 T —| — o
% | 3 R e
M~ "g I
o N
[ 500 1000 m
| I ] | A
| |
=y =5
& @
©w P
e~
0-7 P 13-16
=
g 7-10 |l 16-23 3 Aspect
@ | 3 |
2 10-11 [l 23-42 |2 O — I Flat (- 1) [ South (157.5— 202.5)
e __g [
11-12 [l 42-90 8 B North (0 - 22.5) I southwest (202.5 - 247 5)
1213 R I Northeast (22.5-67.5) [l West (247.5-202.5)
500 1 000 m i | [ |East (67.5— 112.5) B Northwest (292.5 - 337.5)
, | . ! I | B southeast (112.5 - 157.5) il North (337.5 - 360.5)
12°6'0°E 12°9'0"E 12°12'0"E 12°6'0"E 12°9'0"E 12°12'0"E





media/file8.png
NNW SSE

(98}
S
<

Altitude (m a.s.l.)

2501

500 Distance (m) 1000 1500





media/file11.jpg





media/file6.png
2..om.mwmowm

N.OE.0Y.8. N.0.0Y.8.

L

o

u -

N

o 2
<
(@)
@
-
(]
(O]
=
@)
4

L

o

S

o

L

o

o

o

® GCPs
— Flights

i

1000 m

500
!

12°12'0"E

NLOE.0v+8/ NW0.0b.8.

N.OE.6E.8/

12°9'0"E

12°6'0"E





media/file15.jpg





media/file17.jpg
250 o 1000

E 75
Distance (m)





