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Abstract

:

Geodetic mass changes in the Svalbard glaciers Austre Lovénbreen and Pedersenbreen were studied via high-precision real-time kinematic (RTK)-global positioning system (GPS) measurements from 2013 to 2015. To evaluate the elevation changes of the two Svalbard glaciers, more than 10,000 GPS records for each glacier surface were collected every year from 2013 to 2015. The results of several widely used interpolation methods (i.e., inverse distance weighting (IDW), ordinary kriging (OK), universal kriging (UK), natural neighbor (NN), spline interpolation, and Topo to Raster (TTR) interpolation) were compared. Considering the smoothness and accuracy of the glacier surface, NN interpolation was selected as the most suitable interpolation method to generate a surface digital elevation model (DEM). In addition, we compared two procedures for calculating elevation changes: using DEMs generated from the direct interpolation of the RTK-GPS points and using the elevation bias of crossover points from the RTK-GPS tracks in different years. Then, the geodetic mass balances were calculated by converting the elevation changes to their water equivalents. Comparing the geodetic mass balances calculated with and without considering snow depth revealed that ignoring the effect of snow depth, which differs greatly over a short time interval, might lead to bias in mass balance investigation. In summary, there was a positive correlation between the geodetic mass balance and the corresponding elevation. The mass loss increased with decreasing elevation, and the mean annual gradients of the geodetic mass balance along the elevation of Austre Lovénbreen and Pedersenbreen in 2013–2015 were approximately 2.60‰ and 2.35‰, respectively. The gradients at the glacier snouts were three times larger than those over the whole glaciers. Additionally, some mass gain occurred in certain high-elevation regions. Compared with a 2019 DEM generated from unmanned aerial vehicle measurement, the glacier snout areas presented an accelerating thinning situation in 2015–2019.
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1. Introduction


Glaciers are an important component of the cryosphere, playing an important role in global climate change, and are often considered to be essential climate indicators [1,2]. In light of rapid global climate change, glacier loss is a major contributor to increases in sea level; therefore, glacier mass balance has become an important subject of research [3,4]. There are various methods for estimating glacier mass balance, including direct measurements by stakes and snow pit surveying [5,6], modeling methods based on the high correlation between the mass balance and selected meteorological parameters [7], and geodetic methods involving the comparison of two surfaces at different times [8,9]. To determine the applicable cases for glaciological and geodetic methods, these methods are often compared for validation and calibration [10,11,12,13].



Svalbard (74°N–81°N; 10°E–35°E) is covered by a large number of small glaciers and ice caps, which compose 60% of the archipelago [14]. The total glaciated area on Svalbard is 34,560 km2, which is approximately 6% of the worldwide glacier cover, except for Greenland and Antarctica [15]. Most glaciers in Svalbard are polythermal glaciers, which are sensitive to climate changes; therefore, it is important for scientists to monitor and study the glaciers of Svalbard. Many scientists, especially Norwegian scientists, have performed studies on the glaciers in Svalbard. The glaciers Kongsvegen and Kronebreen have been widely studied for a significant amount of time [16]. Since the Chinese Arctic Yellow River Station was built in 2004, Chinese researchers have focused on Arctic glaciers, carrying out long-term studies on Austre Lovénbreen and Pedersenbreen in Svalbard [17]. Chinese researchers have investigated the volume of Austre Lovénbreen and Pedersenbreen [18] and estimated the mass loss of Pedersenbreen during the periods from 1936 to 1990 and from 1990 to 2009 [9]. The velocities of the two glaciers have also been studied, and the latest research has discussed the fastest ice flow region of Austre Lovénbreen by combining modeling methods with in situ surveying methods [19].



Since the Little Ice Age (LIA), the glaciers in Svalbard have been retreating. Bamber and others suggested that an increased thinning trend occurred in recent years based on aerial surveys performed in 1996 and 2002 [8]. Małecki concluded that mass changes became more negative in central Svalbard glaciers by comparing elevation changes over the periods 1960–1990 and 1990–2009 [20]. Hagen et al. estimated the annual mass balance for the whole of Svalbard to be −0.1 m water equivalent (w.e.) during the period 1979–2000 [21]. Nuth and others estimated that the annual mass balance of the southern and western Spitsbergen glaciers in Svalbard during the period 1936–1990 was −0.30 m w.e, according to geodetic mass balance estimate from aerial photography [22]. Norwegian researchers observed the mass balance of the two glaciers, Austre Broggerbreen and Midtre Lovenbreen, adjacent to Austre Lovénbreen during the period 1966–1988, finding that the ice surface decreased by 8.9 m and 7.5 m, respectively [14]. A French team comprehensively investigated Austre Lovénbreen, and concluded that the annual mass balance of the glacier during the period 1962–2013 was around −0.2 m w.e., and the annual mass balance in 2008–2015 was about −0.4 m w.e. [23]. In our study, we mainly used real-time kinematic global positioning system (RTK-GPS) data to map the surface topography and analyze the interannual geodetic mass balance of Austre Lovénbreen and Pedersenbreen via elevation changes, which is of significance as a reference for traditional glacier mass balance estimates.




2. Study Area


The glaciers Austre Lovénbreen (12.09°E; 78.527°N) and Pedersenbreen (12.175°E; 78.515°N) are located in Svalbard in the Arctic (Figure 1) and are 6.2 km and 10 km away from the Chinese Arctic Yellow River Station, respectively. These two glaciers are recognized as polythermal valley glaciers, lying in a mountainous area, with the highest peak reaching 1017 m. Austre Lovénbreen has an area of 4.5 km2 with an altitude between 50 m and 550 m [23]. According to previous research, the glacier valley of Pedersenbreen is V-shaped rather than U-shaped [18], with an area of approximately 5.6 km2 and an altitude between 60 m and 650 m. Pedersenbreen has a narrower snout than Austre Lovénbreen, and both glaciers are relatively flat, and both are covered with small amounts of debris as the elevation increases gradually from the north to the south.



The Svalbard area, where the two glaciers are located, has a polar oceanic type climate mainly affected by the North Atlantic current. This climate is characterized by cooler summers and warmer winters than other regions with similar latitudes [24]. According to the weather station in Ny-Ålesund, where the Chinese Arctic Yellow River Station is located, the annual mean temperature during the past 30 years (1981–2010) was −5.2 °C, with the mean temperatures of 3.8 °C and −12 °C of summer and winter, respectively. The annual average precipitation is 427 mm w.e., which is mainly concentrated in winter and autumn dominated by snow [25]. The annual temperature and precipitation during the earlier period (1961−1990) were −6.3 °C and 385 mm, respectively, indicating that an obvious climate change occurred in the different periods [25]. Overall, the entire archipelago has experienced a warming trend of approximately 0.5 °C every decade since 1960 [26].




3. Data and Methods


3.1. Data


The 20-stake observation network on Austre Lovénbreen and five observation stakes along the central line of Pedersenbreen were placed in July 2005 [27]. The movement of these stakes has been annually monitored with high-precision GPS instruments for glacial movement and mass balance studies [17]. In April 2013, April 2014, and May 2015, high-density RTK-GPS points on the surface of Austre Lovénbreen and Pedersenbreen were collected via a snowmobile carrying GPS equipment, and the GPS tracks are shown in Figure 2. The base station is located at the Yellow River Station in Ny-Ålesund. The main purpose of this survey was to map the surface digital elevation model (DEM) and to estimate surface changes. The height data from the GPS measurements were ellipsoidal heights, which needed to be converted into altitudes above sea level. An elevation benchmark near the glaciers (<10 km) was set in Ny-Ålesund. According to a previous study [18], the geoidal height at this point was calculated as 35.158 m, which was used to convert the measured GPS heights to altitudes above sea level. Because we used the relative change of elevations in this study, the tectonic movement at Ny-Ålesund was neglected, since the two glaciers move together with the earth’s crust motions.



In order to evaluate the quality of the RTK surveys, all crossover points between different RTK profiles in one survey period were picked out, and the height differences of crossover points are shown in Table 1. In general, these small elevation differences proved the relatively high precision of the field surveys in 2013–2015.



Snow cover measurements were performed on Austre Lovénbreen in April of 2013, 2014, and 2015 by a French team working in the area. A Pico drill was used to measure the depth and density of the snow covering the glacier. In addition, ArcticDEM [28] topographic data and ice-surface DEMs of the glacier snouts created by unmanned aerial vehicle (UAV) photogrammetry in 2019 were employed as supplementary data for the investigation of geodetic changes.




3.2. Comparison of Interpolation Methods


Different DEM resolutions have an important impact on ice-surface-elevation change studies [29]. To reveal the impact of different resolutions on the interpolation results and to select a suitable interpolation resolution, we compared different interpolation resolutions, including 0.2 m, 0.5 m, 1 m, 2 m, and 5 m. According to previous studies, interpolation is an important source of uncertainty in mass change studies using DEMs [30,31]. Different interpolation methods need to be compared to determine the most suitable method for generating the DEM. Several widely used interpolation methods were examined—inverse distance weighting (IDW), ordinary kriging (OK), universal kriging (UK), natural neighbor (NN), spline interpolation, and Topo to Raster (TTR) interpolation. IDW determines z-values using a linearly weighted combination of a set of sample points. The influence of known points on the interpolated values, based on their distance from the output point, can be controlled by defining the power. Kriging is an advanced geostatistical procedure that generates an estimated surface from a scattered set of points via z-values; it requires previous exploratory work on input data to determine the parameters that have an important impact on the interpolation results [32]. Two widely used kriging methods are OK and UK. OK assumes that the variation in the z-values is free of drift. UK is a typical geostatistical method that is based on spatial autocorrelation models. It assumes that the spatial variation in the z-values is determined by the drift and a random error [33] and is suitable for data with an obvious trend. The NN approach interpolates a value by finding the closest subset of input samples to an unknown point and applies weights to them based on their proportionate areas [34]. The surface interpolated by splines passes through the input samples and is smooth everywhere except at the locations of the input samples [35]. TTR is based on thin-plate smoothing splines; it creates smooth, continuous surfaces passing through all the input points and aims to produce a raster of the drainage structure [36]. In this study, we selected a spherical model as the semivariogram model for OK, a linear drift model for UK, and a regularized spline for spline interpolation.



In total, 75% of the RTK-GPS points were randomly selected as training data for interpolating the DEM, and the rest were used as testing data. To evaluate the accuracy of the interpolation results, the errors at the testing points were evaluated by subtracting the interpolated values from the ground records of the vertical coordinates. Root mean square errors (RMSEs) were calculated for every interpolation method to assess their performance. All analyses were performed in ArcGIS 10.3 (Environmental Systems Research Institute, United States).




3.3. Estimation of Geodetic Changes


Based on the interpolation results, the optimal interpolation method was chosen for analyzing the interannual geodetic glacier changes. The surface-elevation changes were analyzed by subtracting one DEM from a later DEM. In addition, the trend of geodetic glacier changes was studied in detail by calculating the elevation differences in the crossover points from the RTK-GPS tracks in different years. The mass change research in our study belonged to the geodetic method and was based on real-time kinematic (RTK)-global positioning system (GPS) data, which are advantageous for long-term studies.



If we ignore the influence of ice flux on the mass balance, elevation changes can be converted into geodetic mass balances independent of dynamics [22]. Glacier mass change needs to be transformed from an ice equivalent into a water equivalent, which means that the density of glacial ice and snow should be estimated. Density assumptions or models for converting the geodetic glacier volume change to mass change have been explored in many studies [37,38].



The net geodetic mass balance of a glacier can be calculated from the area-weighted mass balances of different elevation ranges, similar to the traditional mass balance calculation, as in formula (1):


  B =   ∑   i = 1  n   B i   S i   



(1)




where B is the net geodetic mass balance, and Bi and Si are the geodetic mass balance at different elevation bins and the corresponding percentage of the projected area between two contour lines, respectively. By calculating the average elevation changes obtained from the crossover points in the different elevation bands, the geodetic mass balance can be obtained with a density model of the ice surface.



For an investigation with such a short time interval, a density model is needed to convert the ice-surface changes in a glacier into the water equivalent for a mass balance study, and in situ snow data are important for estimating the geodetic mass balance. Taking snow depth into consideration, the mass balance at a point can be calculated as in formula (2):


  b = Δ h  ρ i  +  (   s 2  −  s 1   )   (   ρ s  −  ρ i   )   



(2)




where b is the annual mass balance at a given point calculated by the geodetic method (represented by the water equivalent); ∆h is the elevation change; ρi is the ice density (assumed to be 900 kg/m3); ρs is the snow density (assumed to be 400 ± 100 kg/m3); and s1 and s2 represent the snow depths for the first year and the following year, respectively. The snow depth at a given point can be calculated from the interpolation of the snow depth data obtained from in situ snow depth measurements. Accordingly, the mass balances for an entire glacier can be calculated from interpolation.





4. Results


4.1. Comparisons of Different Interpolation Resolutions and Methods


Taking the RTK-GPS data of Pedersenbreen measured in 2013 as an example, we compared the DEMs generated by IDW with spatial resolutions of 0.2 m, 0.5 m, 1 m, 2 m, and 5 m. More than 2800 testing points were used to examine the vertical accuracy of the DEMs derived from the five interpolation resolutions. All the mean errors in Table 2 are close to zero but do not seem to be related to the resolution. However, the quality of the interpolation result was mainly assessed by RMSE (root mean square error). Table 2 illustrated that the RMSE was smaller with a higher resolution, which means that the elevation extracted near the RTK-GPS tracks was more accurate at a higher resolution. Similar conclusions could also be drawn from other interpolation methods at different resolutions.



There were few differences found between the DEMs with resolutions of 0.2 m, 0.5 m, and 1 m based on a comparison of the RMSEs; the differences were at the millimeter level. Considering the limit of the sampling interval of RTK-GPS data, the resolution of the DEM should be appropriate to avoid meaningless interpolation at an over-detailed scale, which would increase the computational burden. Therefore, the final resolution of the DEM in our study was set to 0.5 m. Then, the DEMs generated by different interpolation methods with a resolution of 0.5 m were compared, and the statistics of the errors are shown in Table 3. OK, NN, and spline had similar results; they each had a small RMSE and range, and their mean errors were close to zero, which means that these methods could be considered candidates for generating the DEM. IDW showed the extreme maximum and minimum values and a larger RMSE compared to other methods. The unsatisfied estimation from IDW in this study confirmed the results from other research [39,40]. Although UK had the lowest mean error, the RMSE showed that it was not an optimal method for the surface interpolation of glaciers. TTR had a smaller mean error than NN and spline, but its RMSE was larger than OK, NN, and spline, so we did not consider it when generating the DEMs of the glaciers.



We compared the DEMs generated by OK, NN, and spline interpolation (Figure 3), and the hillshade effect was added to the DEMs to evaluate their smoothness. Although OK produced the lowest RMSE, the surface generated by OK was not as smooth as we would expect, whereas the glacier surface generated by NN interpolation was smooth. The surface generated by spline interpolation had some abnormal regions in which the values varied greatly from the other interpolation results. We selected NN interpolation as the most suitable method for analyzing the surface topography in this study. In fact, there was no single ideal interpolation method for all ice terrains; the interpolation method was chosen according to the terrain topography and the type of data analysis needed.




4.2. Glacier Surface Elevation Changes


The DEMs of the two glacier surfaces in 2013–2015 were derived from NN interpolation. According to the 2013 DEM in Figure 3 the surface DEM of Pedersenbreen generated by NN interpolation is smoother than that of the other interpolation methods, and the lowest elevation is approximately 56 m at the northern part of the glacier terminus. The elevation differences between years were acquired by comparing the DEMs, and the elevation differences between 2013 and 2014 are shown in Figure 4. For Austre Lovénbreen, we subtracted the 2013 DEM from the 2014 DEM and found that the range of the surface-elevation differences was extremely large, as it could not be applied to the range of elevation changes of a glacier in a year; similar results were found for Pedersenbreen. The errors of DEM differences were calculated in Table 4; although the mean errors of the two glaciers seem to indicate possible elevation changes in 2013–2014, and the extremely large ranges in Table 4 are not suitable for interpreting the range of elevation changes. The spatial distribution of the elevation differences in Figure 4. is not in accordance with the fact that ice elevations do not change drastically over such a short time interval, assuming the glacier is in a steady state. This discrepancy is ascribed, in part, to the data source of the DEM, as the abnormal regions are mainly distributed at edges with steep topography that do not have GPS tracks in either 2013 or 2014. A similar result was also obtained by comparing the DEMs in other years.



The RTK-GPS points measured in 2013–2015 were not dense enough to cover the entire glacier, resulting in abnormal elevation difference values at certain regions where the RTK-GPS points were sparse. Misleading elevation change results might be obtained by DEM comparisons. Therefore, an alternative method was proposed: calculate the elevation difference in the crossover points from the RTK-GPS tracks in different years, where the glacier surface changes could be partly revealed by those points.



We derived the boundaries of the two glaciers in 2013–2015, as shown in Figure 5. Considering the retreat of the glacier terminus beginning in 2009, and to ensure that we studied the crossover points in glaciated regions, some crossover points located in the glacier terminus were removed according to their boundaries, and the remaining points were used to study the elevation changes.



The elevation differences in the crossover points of the RTK-GPS tracks from different years in the glaciated regions are shown in Figure 6. From 2013 to 2014, the elevation differences ranged from −2.3 to 1.7 m in the study region (Austre Lovénbreen and Pedersenbreen), and the values of most points were negative. From 2014 to 2015, the elevation difference in the two glaciers was −2.0 to 1.9 m, and the values of most points were positive. By observing the distribution of elevation difference at the crossover points, we found that the trend in the elevation difference was more obvious than that calculated by the DEM. The elevation difference gradually increased from north to south, and its value changed from negative to positive. Combined with glacier topography, the altitude had an important impact on elevation changes because elevation changes were negative in most regions with lower altitudes. Higher altitude regions had a less negative elevation change, and, at even higher regions, the elevation increased. In general, the elevations in high-altitude regions were increasing, and the elevations in low-altitude regions were decreasing.



We derived a continuous raster of the elevation differences using NN interpolation (Figure 7), and the results illustrated that there was a good relationship between the change in elevation and the corresponding elevation of the two glaciers. In the figure, the color gradient corresponds to the elevation.



The regional distribution of the surface-elevation change is obvious. Austre Lovénbreen and Pedersenbreen experienced significant losses at their terminuses. However, there were some obvious regions of accumulation at the lower elevations of Austre Lovénbreen, such as the western margin area and the eastern tributary margins. Pedersenbreen also exhibited an obvious accumulation region at a relatively low elevation (at the eastern margin), which was mainly due to the mass compensation caused by an avalanche around the edge of the glacier in 2015. These regions are marked in Figure 8. There was an ablation region at the east margin of Austre Lovénbreen (marked with the number 4), which was probably caused by an avalanche that occurred in 2013 but not in 2015, which caused the extremely high elevation measured in 2013. Based on the hillshade topography of the Arctic DEM around the glacier (Figure 8), we found that the mass flow path corresponded to the elevation change area at the edges of the glaciers where slopes were steep.




4.3. Geodetic Glacier Mass Balances


The average annual changes in different elevation bands were obtained from the crossover points, and the results are shown in Table 5. For Austre Lovénbreen, the surface elevation of the entire glacier covered 100–600 m, while Pedersenbreen covered a larger elevation range of about 60–650 m. As shown in the table, there was an obvious relationship between mass change and elevation. The elevation changes in low-altitude areas were negative, indicating that these areas were thinning, and the elevation changes in high-altitude areas were positive, where mass accumulated. In addition, the mass changes varied greatly in different years. In 2013–2014, except for a small amount of accumulation above 500 m, the elevation in most areas of the two glaciers decreased, and the two glaciers seemed to have experienced widespread mass loss. During 2014–2015, the mass accumulation of both glaciers occurred above 300 m, and both glaciers seemed to have a positive mass balance.



The snow depth and density of the two glaciers were not completely recorded in this study, and it was difficult to estimate the precise mass density of the glaciers. Therefore, we tentatively used the elevation changes to indicate geodetic changes over the years. In our study, using the elevation changes at different elevation bins as Bi (the geodetic mass balance at different elevation bins) according to formula (1), together with the data in Table 5, we calculated different years’ geodetic changes, which were actually the mean surface elevation changes of the two glaciers, as shown in Table 6.



According to Table 6, Austre Lovénbreen and Pedersenbreen experienced various mass changes in different years. The mass balance was negative in 2013–2014, while it was positive in 2014–2015, but the geodetic balance in 2013–2015 was not completely in accordance with the sum of the mass balances from 2013–2014 and 2014–2015. However, the bias was at the centimeter level, meeting the error level threshold we anticipated. In addition, some differences could be obtained from comparisons; for example, in 2013–2015, Austre Lovénbreen experienced a more serious mass loss than Pedersenbreen, which experienced a mass gain.



To illustrate the relationship between elevation changes and the surface elevation more directly, scatterplots are shown in Figure 9. There appeared to be a significant correlation between the elevation and the elevation change in 2013–2015. In general, both glaciers showed that the correlation was slightly lower in one-year intervals than in a two-year interval. The correlation at the glacier snout differed from the correlation for the entire glacier area; the ice melted more dramatically in the glacier snouts at elevations between 100 m and 200 m, according to the elevation change trend. According to Figure 9, the mass loss trend of Austre Lovénbreen was more dramatic than that of Pedersenbreen. This finding was consistent with the mass balance results in Table 6.



We evaluated the trends of the surface-elevation changes in different years. The corresponding equilibrium line altitudes (ELAs) of Austre Lovénbreen in 2013–2014, 2014–2015, and 2013–2015 were 490 m, 287 m, and 375 m, respectively, and the ELAs of Pedersenbreen in 2013–2014, 2014–2015, and 2013–2015 were 550 m, 285 m, and 385 m, respectively. Shifts in the ELA are often considered to be good indicators for assessing glacial imbalances and estimating mass budget changes [41]. The ELAs in our study differed greatly in different years, and the long-term ELA seemed to be a more reliable indicator. According to the French team, the average ELA of Austre Lovénbreen in 2008–2014 was 431 m [23]. The annual elevation gradient of the geodetic mass balance of Austre Lovénbreen in 2013–2015 was 2.60‰, which means that in the accumulation region, the accumulation increased by 260 mm for every increase of 100 m in the elevation. In contrast, in the ablation area, the ablation increased by 260 mm for every decrease of 100 m in elevation. Accordingly, the annual elevation gradient of the geodetic mass balance of Pedersenbreen was 2.35‰.



Estimating the mass balance of a glacier must consider changes in the entire area; however, field surveys can cover most regions of glaciers, except for high-elevation regions and margins where the slopes are steep. Therefore, in no-data regions, especially at the margin of the glacier snout where the ice melts quickly, it is necessary to make an appropriate estimate of the mass change value. At glacier snouts, the elevation changes need to be corrected. According to the relationship between elevation changes and the elevation (Figure 9), the elevation change from 100 to 200 m for Austre Lovénbreen and the elevation change from 60 to 200 m for Pedersenbreen could be corrected. Some previous studies have made density assumptions of 900 kg/m3 in the ablation area, and 500 to 600 kg/m3 in the accumulation area, dominated by firn [15,37,42,43]. If we ignore short-term changes in the vertical firn density, we can assume that the density of the glacier surface is 900 kg/m3 in the ablation area and 500 kg/m3 in the accumulation zone when converting elevation changes into mass balances, represented by their water equivalents. Finally, the geodetic mass balances of Austre Lovénbreen and Pedersenbreen in 2013–2014, 2014–2015, and 2013–2015 are shown in Table 7. Because winter snow accumulation in Svalbard does not vary greatly between years, the mass changes of glaciers are mainly dominated by the melting of snow and ice in summer [44]. If we assume that snowfall is invariable, in our study, the geodetic balance in 2013–2014 should be approximately equal to the mass balance in 2013 calculated by the glaciological method, and the geodetic balance in 2014–2015 should be close to the actual mass balance in 2014.





5. Discussion


There are some factors that may influence the accuracy of mass-balance assessments. We let April to April of the next year be a balance year for the mass balance study, while September to September of the next year is usually considered a hydrological year in the Arctic in the classic glaciological method. Different survey time-spans may lead to some discrepancies in comparisons with the glaciological method. Taking Austre Lovénbreen as an example, the net mass balances computed by the French team were −1.111 m w.e. in 2013, 0.010 m w.e. in 2014, and −0.552 m w.e. in 2015 [23]. According to the mass balance obtained by the French team, the geodetic mass balance of Austre Lovénbreen in 2013–2014 in Table 7 should be approximately equal to the sum of the summer mass balance in 2013 and the winter mass balance in 2014. In addition, the geodetic mass balance in 2014–2015 should be close to the sum of the summer mass balance in 2014 and the winter mass balance in 2015. However, our study appeared to underestimate the mass loss in 2013, which might be partly ascribed to ignoring snow depth. On the other hand, it is difficult to calculate the mass balance accurately by a simple linear simulation, as the elevation changes in the lateral zones of the glacier are smaller than the change in the glacier’s center [22], and the classic glaciological method may not consider potential subglacier mass changes. Although there may be some discrepancies, the mass balance change trend in our study was consistent with the trend calculated by the French team, which means that the method proposed here to calculate the geodetic mass balance is valid. Similar geodetic methods with high-density GPS data were also applied to other regions. Repeated differential GPS surveys were carried out on Gangju La glacier, Bhutan Himalaya; the annual and decadal geodetic mass balances calculated from the GPS points and snow depth showed consistency with the direct mass balance observed from stakes [6]. Marinsek and Ermolin compared the elevation differences from kinematic GPS surveys on Bahía del Diablo glacier on the Antarctic Peninsula in 2000–2001 and 2010, finding that the geodetic mass balance calculated based on elevation change was close to the glaciological mass balance [45].



Snow depth data of Austre Lovénbreen were obtained from the French team for validation and comparison over the same period (during 2013–2015). The snow depth distributions of Austre Lovénbreen (Figure 10a–c) demonstrated that the snow depth logically increased from north to south, with shallower snow depths at lower elevations and more snow accumulation at higher elevations, representing a positive relationship between snow depth and elevation. According to Figure 10d–f, more snow remained because of glacial accumulation in 2014 than in the other two years combined. In addition, Austre Lovénbreen experienced similar snow accumulation at relatively low elevations in 2013 and 2015, even though 2013 was shallower; in contrast, in the upper cirques of the glacier, there was clearly a deeper snow depth in 2015 than in the two other years. This situation was in accordance with the analyses we performed with RTK-GPS data; hence, we believed that the main difference between 2014 and 2015 was that the snow at relatively high elevations in 2014 did not melt completely during the melting season. In contrast, very little snow survived the summer of 2013, and little or no accumulation was observed. To accurately calculate the mass balance of Austre Lovénbreen, the interpolated snow depths in three years measured by snow cores were removed from the crossover points of the RTK-GPS tracks. Then, ice-surface elevation changes were calculated, as shown in Figure 10d–f. In conjunction with snow depth, the ice changes and snow changes were calculated separately.



According to formula (2), the mass balances of crossover points in different years could be calculated; in addition, the mass balances for the entire glacier could be calculated from natural neighbor interpolation. As the previous study suggested, the density of the winter snowpack was between 350 and 450 kg m−3 for the Austfonna ice cap, Svalbard [46]. With the assumed ice density of 900 kg/m3 and the assumed snow density of 350 kg/m3 in this study, the mass changes in the crossover points of the RTK-GPS tracks were estimated with the ice changes and snow changes and then interpolated, as shown in Figure 11. For the region without data, an appropriate approximation of average mass balance was performed by extracting the mass balance values in the surrounding areas covered by the mass balance interpolation results, and the corresponding area percentages of the no-data regions and data covered region were calculated. Then, the mass balances of the entire glacier were estimated from the area-weighted mass balances; the results are shown in Table 8. The mass balance of Austre Lovénbreen in 2013–2014, shown in Table 8, was close to −0.760 m w.e., which was the sum of the summer mass balance in 2013 and the winter mass balance in 2014. The mass balance in 2014–2015 was close to 0.136 m w.e, which was the glaciological mass balance recorded by the French team over the same period. Although some discrepancies still exist in comparison with the actual observation results, the mass balance results calculated when considering snow depth seemed to be more reasonable than those calculated while ignoring snow depth.



There was a large mass loss ascribed to ice melting in 2013. However, the deeper snow in 2014 compensated for the elevation change, leading us to underestimate the ice loss. To explain this phenomenon more directly, we estimated the geodetic mass balance without snow depth data at a point with formula (3):


  b = Δ h ρ  



(3)




where b is the mass balance, ∆h is the elevation change, and ρ is the estimated average density of the ice and snow mixture. If formula (2) and formula (3) are both true, and the elevation change is not 0 m, then the relationship between the assumed average density and the snow depth can be obtained as formula (4):


  ρ =  ρ i  +  (   s 2  −  s 1   )   (   ρ s  −  ρ i   )  / Δ h  



(4)




where ρi is the ice density; ρs is the snow density; and s1 and s2 represent the snow depths for the first year and the following year, respectively. The snow density and ice density are assumed to be invariant. Taking the years of 2013 and 2014 as an example, s2 is far larger than s1, and ∆h is less than 0 m in most regions; hence, only when the average density ρ is larger than the ice density ρi, we can obtain the correct geodetic mass balance. We usually assume the average density to be less than the ice density. However, over a relatively long time interval, the elevation change is considerable, and the snow depth can be neglected in comparison with the ice change; thus, the mass balance can be more accurately calculated with the elevation change data. In fact, over a short time interval, the results of the density assumption are inconsistent with the results obtained, considering limited volumetric changes [37]. This means that, ignoring snow depth, which varied greatly during our research period, might have resulted in a larger bias in the mass balance over a short time interval.



Using a UAV-generated DEM of glacier snout in 2019, we calculated the elevation differences of the glacier snouts between 2013 and 2019 by comparing the DEMs of different years; the results are shown in Figure 12, according to which the two glacier snouts experienced serious mass loss from 2013 to 2019, and the elevation decreased by 17 m in maximum. In order to precisely compare the elevation changes, we only extracted the 2019 surface elevations at crossover points whose positions were derived from RTK-GPS tracks in 2013 and 2015 (Figure 12). At these specific point locations, inside the 2019 DEM coverage, the mean elevation changes in different years were calculated as in Table 9. Although the 2019 DEM covered only the snout area of each glacier, the point elevation changes presented a clear tendency from 2013 to 2019. The mean value of elevation changes in 2015–2019 was two to three times as much as that in 2013–2015, which proved that both glaciers are in an accelerating thinning situation, at least over their snout areas.



In this study, we evaluated the smoothness and accuracy of the interpolated glacier surface using different methods, and NN was finally chosen for our RTK-GPS data interpolation. However, the optimum interpolation method depends on the characteristics of the source data, the complexity of the terrain, and the desired properties of the interpolated result. Therefore, we need to evaluate the interpolation methods cautiously in other instances. The terrain itself, the density, and the uncertainty of input data are also important factors in choosing interpolation methods. For example, NN interpolation will ignore details of the terrain, which fits well with glacier surfaces but may not be suitable for complex terrains. Accuracy and smoothness are usually our desired properties. However, the little experience can be obtained from previous studies. For instance, kriging was applied to analyze the mass balance of Storglaciären [47]. Some researchers have used IDW to create a continuous surface of thickness values along the branch lines at the bed of a glacier [48]. In other studies, spline interpolation was chosen to generate the DEM of Alpine glaciers [49]. Bo and others used NN interpolation to build regional DEMs within the Antarctic ice sheet [50]. Mölg concluded that Kriging and Topo to Raster showed robust and reliable results in a mass balance study on the Conejeras glacier, Colombia [51]. Pellitero and others presented a semi-automated method to generate ice thickness from bed topography along a palaeoglacier flowline by applying the standard flow law for ice and generating the 3D surface of the palaeoglacier using multiple interpolation methods, in which IDW and kriging performed well in volume estimation [52]. Kääb chose spline, kriging, and IDW approaches to interpolate surface elevation changes along contour lines on the Svalbard glacial Edgeøya, and the volume change estimations using three interpolation methods were similar [53].



To widely interpret the trends in the geodetic mass balance distribution of Arctic glaciers, we compared the elevation changes and the geodetic mass balance of Austre Lovénbreen and Pedersenbreen. They experienced similar geodetic mass balances: a serious mass loss in 2013–2014 and a slight mass accumulation in 2014–2015. Nevertheless, some differences can be noted, as Austre Lovénbreen displayed stronger thinning than Pedersenbreen. The elevation range distribution of these two glaciers may explain this difference [17] because the area percentage of Pedersenbreen in higher altitude regions is larger than Austre Lovénbreen.



In addition, high-density RTK-GPS measurements require considerable in situ work, considering the complexity of RTK-GPS surveys. Therefore, surveys were only carried out in 2013, 2014, and 2015. Due to this limited time, the mass change results may not be completely consistent with the long-term trends; we found that geodetic balances varied greatly in 2013–2015. For a short-term trend, there seems to be some uncertainty in estimating mass balances by the geodetic method, which requires caution when converting the elevation changes estimated with RTK-GPS data into mass balances. Long-term RTK-GPS data covering the entire glaciers are required for additional comprehensive analyses, which would contribute to future comparative studies with the glaciological method.




6. Conclusions


Based on RTK-GPS data, the surface-elevation changes and the geodetic mass balances of Austre Lovénbreen and Pedersenbreen were preliminarily studied. The following conclusions could be drawn from our analysis.



	(1)

	
We compared different interpolation methods, and NN interpolation was more suitable for generating the surface DEMs of glaciers.




	(2)

	
The elevation changes across different years were estimated both by the differences in the DEMs and the differences in the RTK-GPS track-derived crossover point elevations; the latter was more suitable for estimating elevation changes linked to the corresponding altitude.




	(3)

	
Ignoring the effect of snow depth over a short time interval might lead to a larger bias in the mass balance, especially when the snow of the following year is far deeper than that of the first year during a negative balance period. However, for a study spanning a long time interval (more than 10 years), the snow depth could be neglected in comparison with the ice change. Therefore, caution must be exercised when estimating mass balances with elevation change data from only a few years, and the mass balances estimated with RTK-GPS data might be more accurate for investigations over a longer time interval.




	(4)

	
The average ELA and the annual elevation gradient of the geodetic mass balance of Austre Lovénbreen in 2013–2015 were 375 m and 2.60‰, respectively, and those of Pedersenbreen were 385 m and 2.35‰, respectively. The gradients of the two glaciers were three times larger at the glacier snouts, according to the elevation changes at the crossover points from the RTK-GPS tracks. In the study period, Austre Lovénbreen experienced a more serious mass loss than Pedersenbreen, and both glaciers were in accelerating thinning status at snout areas.
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Figure 1. (a) Sketch view of Austre Lovénbreen and Pedersenbreen and (b) the locations of the glaciers in Svalbard. 
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Figure 2. Real-time kinematic global positioning system (RTK-GPS) tracks in different years: (a) 2013, (b) 2014, and (c) 2015. 
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Figure 3. DEMs (digital elevation models) of Pedersenbreen in 2013 generated from different interpolation methods: (a) OK (ordinary kriging), (b) NN (natural neighbor) interpolation, and (c) spline interpolation. 
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Figure 4. Elevation differences in 2013–2014. 






Figure 4. Elevation differences in 2013–2014.



[image: Remotesensing 11 02890 g004]







[image: Remotesensing 11 02890 g005 550] 





Figure 5. Glacier boundaries of (a) Austre Lovénbreen and (b) Pedersenbreen. 






Figure 5. Glacier boundaries of (a) Austre Lovénbreen and (b) Pedersenbreen.



[image: Remotesensing 11 02890 g005]







[image: Remotesensing 11 02890 g006 550] 





Figure 6. Elevation differences in the crossover points of the RTK-GPS (real-time kinematic global positioning system) tracks from different years: (a) 2013–2014, (b) 2014–2015, and (c) 2013–2015. 
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Figure 7. Elevation differences in different years interpolated with the crossover points: (a) 2013–2014, (b) 2014–2015, and (c) 2013–2015. 
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Figure 8. Hillshade topography and elevation changes for Austre Lovénbreen (left) and Pedersenbreen (right) from 2013 to 2015. The dashed ellipse marked regions represent ablation areas (green color, number 4) and accumulation areas (red color, number 1, 2, 3, 5) near the margins of the glaciers. 
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Figure 9. Scatterplot of the ice-surface elevations versus the surface-elevation changes (unit: m) for Austre Lovénbreen (a–c) and Pedersenbreen (d–f) in different years. 
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Figure 10. Spatial distributions of snow depth observed in (a) 2013, (b) 2014, and (c) 2015 and ice-surface elevation changes in the crossover points of the RTK-GPS (real-time kinematic global positioning system) tracks after removing the snow depth of Austre Lovénbreen in (d) 2013–2014, (e) 2014–2015, and (f) 2013–2015. 
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Figure 11. Mass balances calculated considering the snow depth of Austre Lovénbreen in (a) 2013–2014, (b) 2014–2015, and (c) 2013–2015. 
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Figure 12. Elevation changes for the glacier snouts of (a) Austre Lovénbreen and (b) Pedersenbreen from 2013 to 2019. The 2019 boundaries of two glaciers were extracted from UAV (unmanned aerial vehicle) images. The crossover points were extracted from RTK-GPS (real-time kinematic global positioning system) tracks between 2013 and 2015. 
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Table 1. Elevation differences of the crossover points between different RTK (real-time kinematic) profiles. The Mean and RMSE (root mean square error) are the primary indicators for data quality evaluation.






Table 1. Elevation differences of the crossover points between different RTK (real-time kinematic) profiles. The Mean and RMSE (root mean square error) are the primary indicators for data quality evaluation.





	

	
Austre Lovénbreen

	
Pedersenbreen




	
Year

	
Count

	
RMSE

	
Max

	
Mean

	
Count

	
RMSE

	
Max

	
Mean






	
2013

	
332

	
0.078 m

	
0.779 m

	
−0.020 m

	
143

	
0.080 m

	
0.313 m

	
−0.007 m




	
2014

	
573

	
0.061 m

	
0.582 m

	
0.002 m

	
527

	
0.080 m

	
0.437 m

	
0.000 m




	
2015

	
766

	
0.097 m

	
1.147 m

	
−0.011 m

	
307

	
0.077 m

	
0.367 m

	
0.004 m
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Table 2. Errors in the IDW (inverse distance weighting) interpolation results with different resolutions (unit: m).
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	0.2 m
	0.5 m
	1 m
	2 m
	5 m





	Mean
	0.004
	0.035
	0.021
	−0.035
	−0.023



	RMSE
	0.359
	0.363
	0.366
	0.393
	0.444



	Max
	4.096
	4.158
	4.106
	3.631
	4.104



	Min
	−2.425
	−2.385
	−2.582
	−2.951
	−2.648



	Range
	6.521
	6.543
	6.688
	6.582
	6.752
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Table 3. Errors in different interpolation methods (unit: m).
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	IDW
	OK
	UK
	NN
	Spline
	TTR





	Mean
	0.035
	0.024
	0.011
	0.028
	0.029
	0.027



	RMSE
	0.362
	0.092
	0.214
	0.095
	0.099
	0.187



	Max
	4.158
	0.7167
	1.345
	0.694
	0.725
	1.567



	Min
	−2.385
	−0.687
	−1.418
	−0.721
	−0.714
	−1.690



	Range
	6.543
	1.404
	2.763
	1.415
	1.439
	3.257







IDW, OK, UK, NN, and TTR are abbreviations of inverse distance weighting, ordinary kriging, universal kriging, natural neighbor interpolation, and Topo to Raster interpolation, respectively.
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