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Abstract

:

Climate warming has become indisputable, and it is now crucial to increase our understanding of both the mechanisms and consequences of climate change. The Antarctic region is subjected to substantial changes, the trends of which have been recognized for several decades. In the South Shetland Islands, the most visible effect of climate change is progressive deglaciation. The following review focuses on past glaciological studies conducted on King George Island (KGI). The results of collected cryosphere element observations are discussed herein in a comprehensive manner. Our analysis showed that there is a lack of temporal as well as spatial continuity for studies on the basic mass balance parameters on the entire KGI ice dome and only Bellingshausen Dome has a relatively long history of data collection. The methodologies of past work, which have improved over time, are also discussed. When studying the glacier front fluctuations, the authors most frequently use a 1956 aerial photography as reference ice coverage. This was the case for seven papers, while other sources are seldomly mentioned. In other papers as many as 41 other sources were used, and therefore comparison to photos taken up to 60 years later can give misleading trends, as small glaciers may have both advanced and retreated in that time. In the case of glacial velocities there is also an apparent lack of consistency, as different glaciers were indicated as the fastest on KGI. Only Lange, Anna, Crystal, Eldred, and eastern part of Usher glaciers were determined by more than one author as the fastest. Additionally, there are gaps in the KGI Ground Penetrating Radar (GPR) survey area, which includes three ice domes: the Warszawa Icefield, the Krakow Icefield, and eastern part of King George Island. Ideas for further work on the topic are also suggested, allowing for easier access to data and thus contributing to a better understanding of glacier development mechanisms.
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1. Introduction


Polar regions are considered very sensitive indicators of climate change. Although knowledge on this subject is common, the relationships between climate change and the recession and transgression of glaciers are complicated [1]. Numerous research studies have focused on these relationships while attempting to explain the mechanisms by which the climate impacts the state of ice in polar regions [1,2,3,4,5,6,7].



To completely understand the complexity of the phenomena and processes occurring in glaciers and their relationship with the natural environment, glaciers should be considered dynamic open systems, i.e., systems of internally coordinated elements with a specific structure [8]. The main feature of a glacier system is the mass exchange process consisting of mass transfer and release [9].



The basic building material in a glacier is ice; glaciers form through the transformation of accumulated snow. Ablation is a process that involves the loss of glacier mass during melting, along with meltwater outflow, calving, drifting, and sublimation [1]. The difference between the amount of accumulated glacial material in the form of snow or ice and the lost mass is called the glacier mass balance [6]. By recognizing this mass balance and determining its factors, we can set the course of modern glacier evolution research and recognize the climatic conditions that influenced the existence of glaciers in the Pleistocene [8]. When determining glacial mass balance, geodetic measurements are also carried out. To provide information on changes in glacier surface heights over time, various digital elevation models (DEMs) have been compared. The relevant data sources include Global Positioning System (GPS) measurements, laser scanning data, aerial and satellite photogrammetry, and digitized topographic maps. Less frequently used techniques for mass balance estimations include climatological and hydrological methods and ice mass flow velocity measurements taken in glacial cross-sections located below the equilibrium line (EL) [1,9].



Glacial mass balance and the processes controlling its fluctuations are key factors to address when aiming to understand and forecast climate change. Monitoring mass balance components is one of the fundamental activities of glaciological research. Locally, in an ice basin, stored snow and ice affect the outflow of water from a glacier. On the global scale, glacier volume fluctuations directly affect ocean levels [10]. The mass balance of glaciers depends on climatic conditions. However, integrative relationship is mutual, as the presence of glaciers and ice domes critically impact the atmosphere. Consequently, these interactions lead to weather and climate changes from the local scale to the global scale [6].



In situ studies have many disadvantages, such as high financial outlays and spatial limitations. Practical glacier research methods used in modern glaciological studies include the use of aerial and satellite remote sensing data primarily collected during regional-scale observations [11]. When determining glacier dynamics, a particularly important feature is glacial movement, as this feature is critical in the exchange of glacial mass. Glacial movement allows ice to flow below the EL and affects the shape and surface features of a glacier. It is therefore a fundamental process that must be considered to obtain a complete understanding of the change mechanisms taking place in the cryosphere.



The most commonly used methods for measuring glacier flow involve direct GPS measurements, glacial monitoring using time-lapse surveys and remote sensing techniques utilizing optical and radar satellite images [12]. Due to the different physical characteristics of various glacier components, particularly interesting measurement results can be obtained by using a ground-penetrating radar (GPR), which allows the thickness of snow, firn, and ice to be measured [13]. It is also possible to date annual glacier mass increases and estimate the mass balance size of a glacier using this technique. Applying GPR to polythermal glaciers can help differentiate between temperate and cold ice. In addition, shallow probing allows glacial zones to be separated [14]. However, information obtained using GPR is limited to only the profile line, while satellite radar data (e.g., Synthetic Aperture Radar (SAR)) are related to the glacial surface. Thus, collating GPR and SAR data can provide very valuable information, e.g., glacier mass balance estimations, EL locations, superimposed ice ranges, the water contents in glaciers or the direction of canalized subglacial runoff. When using such methods to estimate the water content in a glacier, it is also possible to determine the polythermal structure of the glacier [14].



In this work, we aim to indicate the state of research on the dynamics of the ice dome located on King George Island (KGI) in the South Shetland archipelago in relation to estimating the mass balance of the icefield, determining the local factors affecting glacier movement, and modelling the glaciers and their responses to external factors. This work will allow us to obtain a complete overview of changes in the local glacial environment and to indicate the functions of its various components. Identifying elements that require further observation may help create a complete dome evolution model covering both the past and the far future.




2. Study Site


KGI belongs to the South Shetland archipelago and is separated from the Antarctic Peninsula by the Bransfield Strait. The island was discovered in 1819 by William Smith [15,16]. Its area is approximately 1250 km2, and 90% of the island is covered with glaciers (Figure 1) [17]. Due to the relatively easy access to the island, KGI hosts the largest concentration of research activities in Antarctica, with 10 year-round and 3 summer research stations managed by Argentina, Brazil, Chile, China, Ecuador, Peru, Poland, Russia, South Korea, the USA, and Uruguay [18].



KGI is influenced by a subpolar and marine climate. The icefields on the island are influenced by marine climatic conditions, making them more vulnerable to climate change than continental ice caps [19]. The main factor responsible for the observed decrease in the surface areas of these glaciers is the average annual air temperature, which was −2.5 °C from 1948–2011. During this period, large temperature variability was noted; e.g., from 1948–1950, the average annual air temperature was the lowest, amounting to −3.6 °C. A previous data analysis showed significant warming on this island, with the warming rate reaching 0.19 °C per decade (Figure 2A) [20]. A study by Plenzler et al. [21] regarding the local climatic conditions was based on data collected at Arctowski Station from 2013–2017. Data from this period of analysis confirmed the increase in the average annual air temperature, which was recorded at −1.7 °C. As a result, the ice dome on KGI has been reduced by about 7% of the glacial cover area since 1956 [22]. A similar trend has been observed in the glacier mass balance changes. As example, in the period from January 2008 to January 2011, a decrease in the mass balance of the entire icefield of −0.64 ± 0.38 m w.e. a−1 was recorded [23]. The research performed to date on the parameters that compose the mass balance of glaciers on KGI is summarized in Table A1.




3. Mass Balance Parameters


The study of glaciers on the South Shetland Islands began in the 1950s. The first mass balance measurements were taken in 1957 on the Keller Peninsula, near former Base G, by FIDS, marking beginning of the first of three glacier research phases. The second phases was initiated in the late 1970s by Orheim’s observations [24], as discussed in Orheim et al. [25,26]. The third phase began in approximately 1985 with the intensive exploration of the ice domes on KGI and Nelson Island by Brazilian, Chilean, German and Russian scientists [27]. In the following subsections, we provide a review of the research performed to date on the parameters that compose the mass balance of glaciers and the temporal diversity of the ELA courses on KGI glaciers. Summaries of these results are provided in Table A1 and Table A2.



3.1. Ablation


Although accumulation is the collection of processes that build a glacier, in this work, we first discuss the ablation of glaciers on KGI, the observations of which initiated glaciological research on the island. The first glaciological studies performed at KGI, on the Keller Peninsula, were carried out as a part of Base G work from 1957–1960 and focused on measuring the Flagstaff Glacier. The earliest data obtained from these studies presented a summer-season ablation magnitude of 750 mm w.e. a−1 [28]. Observations on Flagstaff Glacier were continued by Stansbury [29]. During the period from 3 February to 21 April of 1959, average ablation of 544 mm w.e. a−1 was observed, while in the summer season of 1959/1960, the recorded ablation was 1310 mm w.e. a−1. Even then, these interseasonal differences in the ablation volume, and hence also in the mass balance, were ascribed to the occurrence of northern winds. In 1960, the atmospheric movement led relatively warm air masses to the KGI, resulting in the higher ablation recorded in the region in this year [27].



Meteorological studies conducted during the austral summer of 1990/1991 were used to obtain surface heat balance and ablation estimations on Ecology Glacier. Near the meteorological station, ablation stakes were read at 100 m a.s.l. The obtained ablation value for the period from 17 December 1990, to 16 January 1991, was 735 mm w.e. [30,31]. After extrapolating this value to the entire ablation season lasting 2.5 months, an ablation magnitude range of 1500–2000 mm w.e. Braun obtained [27], twice the value reported by Orheim and Govorukha [26]. This difference resulted from an assumption by Bintanja [30] of the measuring period, the average temperature of which was warmer by approximately 1.5 °C than the average temperature calculated for a longer period.



Between 2 December 1997 and 12 January 1998, during the research conducted by Braun et al. [32] on the impacts of large-scale atmospheric circulation on the KGI ice dome, ablation measurements were taken from 15 ablative stakes drilled in the profile passing through the Bellingshausen Dome (BD) and Arctowski Icefield (AI) at an altitude of 100 to 385 m a.s.l. In addition, ablation measurement points were located at automatic weather stations (AWSs) at heights of 85, 255, 385 m a.s.l; however, the location of the measurement point at 385 m a.s.l. was moved on 17 December 1997, to a height of 619 m a.s.l. Readings from these stakes were made regularly, every 2–7 days, during the AWS control period. The amount of ablation measured on the lowest-drilled stake was determined to be 383 mm. The collected data also allowed the spatial distributions of ablation on the AI and BD to be determined, amounting to 260 mm w.e. [33].



During the austral summers of 1995/1996, 1997/1998, and 1999/2000, the established AWSs functioned in collecting meteorological data on the BD and AI. Based on the collected materials, Braun et al. [34] published heat balance results on the BD and AI. The created model produced a high correlation coefficient (r2 = 0.99) between the measured and estimated ablation [32], allowing the ablation rates of the investigated glaciers to be estimated. The locations of the AWSs and the daily ablation rates at individual heights are presented in Figure 3. In addition, the average modelled ablation rate was extrapolated over the entire ablation season, i.e., December to March (120 days). The obtained results were approximately 750 mm w.e. a−1 in 1995/96 (AWS A), 1100 mm w.e. a−1 in 1997/98 (AWS 1) and 1150 mm w.e. a−1 in 1999/2000 (AWS 2).



In 2012/2013, field work was carried out to determine the mass balance of the Ecology and Sphinx Glaciers, treating them as one glacial system. Sobota et al. [35] determined the February 2012 ablation value of Ecology Glacier to be >700 mm w.e. a−1. The methodology utilized and research results obtained by Sobota et al. [35] when studying this glacial system are thoroughly described, which refers to glacial mass balance.



The ablation phenomenon progresses with a variable intensity not only within one balance year but also in long-term observations [8]. So far, existing research has focused on determining the ablation sizes of KGI glaciers, and many contributing studies have been performed at irregular intervals. To obtain more precise data, it is necessary to trace the courses of the mass balance components (ablation and accumulation) over a relatively long period while maintaining data continuity. This long-term information could critically increase our knowledge about the processes associated with the glacier-climate relation. Obtaining such data also improves the function of models that predict future glacier changes [36].




3.2. Accumulation


From 1985–1992, the Chinese Antarctic Expedition carried out glaciological parameter observations on the AI and BD. Sixteen shallow boreholes were drilled (at depths of 15.0–80.3 m) at 8 locations at altitudes of 380, 510, 610, 702 m a.s.l (AI) and 110, 150, 185, 252 m a.s.l (BD). Wen et al. [37] emphasized that the accumulation rate observed between 1985 and 1992 at the summit of the AI (2480 mm w.e. a−1) was higher than that reported by Zamoruyev [38] (2000 mm w.e. a−1) in 1968 due to increased precipitation in the KGI region. Field studies carried out by Jiankan et al. [39] from October 1991 to January 1993 included the acquisition of an ice core at the top of the BD (240 m a.s.l.). Of the 6 boreholes drilled in the 20 × 20-m area, the deepest was 80.2 m. The calculated accumulation rate was 700 mm w.e. a−1. In the summer season of 1995/1996, Simões et al. [40] bore a hole (with a 49.9-m depth) on Lange Glacier at an altitude of 690 m a.s.l. The derived ice core allowed the age of the deepest available ice layer to be estimated at 1922 (±4 years). The calculated mean net accumulation rate over the period of approximately 73 years was 590 mm w.e. a−1. The author of the study noted that the accumulation rate he obtained was 1/4 lower than that observed from an ice core obtained during the Chinese Antarctic Expedition (2480 mm w.e. a−1). Additionally, he referred to the observations of Ferron [41] and Bernardo [42] and said that in the 1957–1994 period, Lange Glacier showed large mean annual accumulation rate fluctuations, oscillating from 100 to 1200 mm w.e. a−1. Seasons with high accumulation have also been correlated with the occurrence of El Niño events. The ice cores obtained in the works described above allowed for analyses of the stratigraphy, chemical compositions and internal structures of the studied glaciers.



During the field measurements made by Rückamp et al. [43] at the turn of January and February 2007, a total of 23 ablation stakes were installed on the AI and on the central part of the KGI ice cap. The purpose of these measurements was to determine the accumulation fluctuations of the analyzed glaciers. The first reading took place at the turn of December 2007 and January 2008; however, due to very high snowfall, the ablation stakes were completely buried. The replacement measurement was performed by using a GPR with a 200-MHz antenna to determine the thickness of snow remaining above the stake. In the 2007/2008 season, all stakes were found using this method. In the following season (2008/2009), only 8 measurement points located on the AI were detected. These ablation stakes were located between 390 and 639 m a.s.l (AI) and on the central part of the ice cap between 428 and 691 m a.s.l. Based on the measurements obtained, the accumulation value on the AI in the 2007/2008 season was between 3680 and 5047 mm w.e. a−1, while in the 2008/2009 season, it was between 1574 and 3184 mm w.e. a−1.



Research focusing on glacial processes on KGI began only in the 1980s. These measurements covered a larger area of the island than that covered by the previous ablation measurements (i.e., the AI, the central part of the ice cap, and the BD). This drilling also provided a wider picture of the pace of glacier-forming processes on KGI. Despite these activities, glaciological information has not yet been systematically collected on KGI. Thus, we suggest that subsequent undertakings related to the observation of glacial processes should have a continuous character.




3.3. Mass Balance/ELA Variation


A particularly important element of research on glacier balance and glacial fluctuations is the identification of points with balanced accumulation-to-ablation ratios (glacial mass balance = 0). By combining these points at any time of the year, it is possible to determine the transient equilibrium line (TEL); in a system of fixed dates at the end of the summer season, the TEL is the annual equilibrium line that separates the ablation zone from the accumulation zone. The line connecting the points of zero annual mass balance is called the ELA. This line can also be determined by observing the distribution of snow fallen last winter, either as ice or firn. At any time during a year of study, the boundary separating these zones can be called the transient snow line (TSL). The location of this line at the end of the summer season, when the glacier mass is the smallest, determines the firn line altitude (FLA). This is an important indicator due to its good correlation with the ELA position. On temperate glaciers, the FLA usually coincides with the ELA, whereas these lines differ in cases of polar- and subpolar-zone glaciers. Superimposed ice can form at the snow cover base, and the ELA lies at the lower limit of this ice. As a result, at the end of the ablation season, the ELA may be found below the snow cover line [6]. Many authors, however (e.g., [44,45,46]), agree with the assumption that the firn line designated in late summer can be roughly treated as the ELA. Table A2 presents the collated results of ELA and FLA fluctuation observations collected on KGI glaciers. This comparison confirms the lack of regularity in glacier measurements. To date, the majority of the derived results relate only to the BD.



The first glaciological data were obtained during the Base G (1957–1960) operation. In the first year, the location of the FLA on Flagstaff Glacier was determined. After two years of observing this glacier, the FLA had decreased by almost 70 m. The average FLA for all glaciers above Admiralty Bay was also determined in 1960 [29]. The net mass balance was calculated for Stenhause Glacier in the 1957/1958 and 1958/1959 seasons [47,48]. A large research undertaking called the Soviet Antarctic Expedition, from 1968–1971, had the intention of determining the mass balance of the entirety of KGI. A profile extending across the island was created (Figure 4), along which 97 ablation stakes were drilled. The areas of the BD and AI (a fragment of the profile up to the 30th stake) were covered by an even denser network of measurement points. The net mass balance results obtained for the western part of the island at individual heights are given in Figure 5. These measurements also allowed the ELAs to be determined for the 1969/70 and 1970/71 balance seasons [26]. During the austral summers of 1972/1973 and 1973/1974, exploration was carried out within Fildes Peninsula, and based on the collected data, the ELA of Stenhouse Glacier was determined [48]. Further research was conducted only from the mid-1980s. Observations then covered Ecology Glacier and Fourcade Glacier, as well as larger areas such as Admiralty Bay, Arctowski Icefield, Warszawa Icefield, and the entire KGI. However, these studies obtained mostly residual information, covering only individual balance years or short 2–5-year measurement periods.



One of the best-recognized areas on the KGI in terms of glacial processes is the BD. Ren [50] and, further, Ren at al. [51], designated the ELA of the BD for the 1985/1986 season. Further measurements were made by the Chinese Antarctic Expedition, with the purpose of calculating the mass balance and ELA of the dome for the seasons between 1985/1986 and 1991/1992. This work was particularly focused on the last season, in which the study was based on measurements collected at irregular intervals from a network of 64 ablative poles and 15 snow shades between 3 November 1991, and 7 November 1992. The results showed that the mass balance fluctuated slightly compared to those obtained in previous BD studies. In combination with data obtained from 16 ice cores (shallowly drilled at depths of 15.0–80.3 m), it was possible to estimate the mass balance over the last 20 years. In addition, a new climatic method was used to estimate mass balance fluctuations based on meteorological data obtained from the Frei Meteorological Center station, located just 3 km from the BD. The altitudinal difference between this station and the ELA was 150 m. The authors of the study assumed that the gradient between the average precipitation at the station and the average accumulation on the ELA was constant. The accumulation deflections on the ELA were equal to the annual precipitation anomalies recorded at the Frei Center. Likewise, deflections in the average summertime temperature at the ELA were equal to the anomalies observed at the Frei Center. By using the water equivalent, the mass balance fluctuations covering the balance seasons ranging from 1971/1972 to 1991/1992 were calculated. During the first 13 years, negative mass balance was mainly observed on the BG, while the 21-year trend showed a value of almost zero (Figure 6) according to Wen et al. [37,52]. Mavlyudov [53], using a network of 29 ablation stakes, performed mass balance measurements on the BD from 2007–2012 and determined the height of the balance line during this time. The stakes were read at the beginning of November each year. The average ELA height for the observed pentad was approximately 180 m a.s.l. The same author also referred to studies dating back to the 1960s, and the data he compiled are provided in Figure 2B.



Detailed observations of mass balance fluctuations were also obtained on the Fourcade Glacier, which is part of the Warszawa Icefield, by Falk and Sala [46]. In November of 2010, at an altitude of 230 m a.s.l., an AWS was installed on the border of the Fourcade Glacier and Polar Club Glacier drainage basins, and an ablation stake was drilled nearby. Measurements were taken at the beginning and end of the summer season, i.e., in November 2010, from February–March 2011, and from January–March 2012. During the summer expedition (January–March 2012), the ablation stake position was changed, and the stake was placed in the accumulation zone at an altitude of 434 m a.s.l. Therefore, the 2011/2012 season was not included in the subsequent balance analysis. Further measurements were recorded until May 2015 at 10–14-day intervals. The results showed a negative glacier mass balance throughout the measurement period, with balance values varying between −97 and −201 mm w.e. a−1.



The latest results reported in Fourcade Glacier research, by Falk et al. [17], were based on the ablation stake network described above. Two transects were located between the Warszawa Icefield peak and the border between the Fourcade and Polar Club Glaciers. In addition, a transect was established along the Fourcade Glacier Ridge on the Barton Peninsula on the opposite side of the Potter Inlet (Figure 7). Readings from these measurement points were taken at the beginning and end of the summer field research period from 2010–2012. During the austral winter of 2012/13, the measurement points were monitored every 10–14 days, while from 2013–2016, measurements were taken every 20–30 days. The mass balances between 2010 and 2016 measured in both transects are displayed in Figure 8.



The meteorological and climatic data obtained from the AWS installed on the glacier, meteorological observations obtained at Carlini Station and long-term climate observations collected at Bellingshausen Station were also analyzed herein. It has been concluded that the positive surface air temperature trend has recently exhibited halting behavior. These data, together with the determination of the accumulation area ratio (AAR) and ELA, were used to define the conditions of Fourcade Glacier. When the ELA reaches the value above the highest point on the glacier (490 m a.s.l.), assuming that the accumulation zone reaches a height of zero, despite the observed climate trends, the Fourcade Glacier will continue to recede. According to the author’s research, the glacier will reach an equilibrium state when it extends its ends between the altitudinal lines of 110 and 230 m a.s.l. These lines correspond to AAR values of 0.8 and 0.5, respectively [17,54].



During the research conducted by Pudełko et al. [55], who attempted to determine the rate of glacial retreat, aerial photographs, theodolite measurements, GPS surveys and satellite images were used. The available data covered the period from 1979 to 2018. This allowed to notice changes in the ELA locations on glaciers within ASPA 128. The results show that from 1967–1999, the ELA increased from approximately 140 m a.s.l. up to 220 m a.s.l. The highest ELA level was recorded in 2006. The author emphasized that 2006 was the warmest year in the 2001–2007 period. The displacement of ELAs to relatively high glacial regions may result in the complete disappearance of small cirque glaciers in the ASPA 128 area. A similar situation also occurred on the Keller Peninsula near the Brazilian Ferraz station, where the small cirque glaciers located below a 250-m-a.s.l. altitude disappeared almost completely.



At the turn of 2012 and 2013, field measurements were performed on the Ecology and Sphinx Glacier systems. The mass balances of the two glaciers were measured using 13 ablation stakes in January 2012 and February 2013 (covering the entire accumulative and ablation season). The mean net mass balance of the Ecology and Sphinx Glacier systems in 2012/2013 was 178 mm w.e., and the average ELA was 156 m a.s.l. The observed group of glaciers showed a spatially variable mass balance that was dependent on the thickness of snow cover on the glacier until the end of the ablation season (except on the front part of the glacier). The spatial distribution of ablation, the mass balance, and the mass balance height distribution derived during the examined period are presented in Figure 9 [35].



In addition to direct glaciological studies that aimed to obtain information about the status of glaciers, data have also been obtained using remote sensing techniques. The first observations of the ELA position on KGI obtained using satellite images were made by Simões et al. [22]. They analyzed channel 3 (0.79–0.89 mm; the near-infrared spectrum) of a multispectral image obtained from the SPOT-2 satellite at the end of the summer season (19 February 1988). This allowed the designation of the TSL as the boundary between two zones: the snow zone, which had a high reflection coefficient, and the ice zone, which had a low reflection coefficient. According to the TSL determined at the end of the ablation season, the ELA in the area of the glaciers flowing down to Admiralty Bay in 1988 was 350 m a.s.l. Using radar images from the ESR-1/SAR satellite, the locations of two superimposed ice zones were also determined, but these zones did not coincide with the zones designated by the SPOT imagery [56]. Later, field studies conducted in the 1994/1995 season showed that the FLA changed in location to a height of 450 m a.s.l. [22].



Further remote sensing tests were conducted by Braun and Rau [57] and Braun et al. [58] to determine the balance line height on the BD. The authors used 40 satellite images from the European Remote-sensing Satellite (ERS) 1/2, covering the period from July 1992 to November 1999. The observations of changes in the backscatter coefficient at moderate glacial altitudes allowed us to determine bare-ice zones. FLA studies were conducted starting from the 1991/1992 season until 1998/1999, bypassing the 1994/1995 summer season. In the 1990s, the FLA oscillated from approximately 200–220 m a.s.l. The maximum recorded value was 250–270 m a.s.l.; this value was recorded during the 1996/97 balance season.



Climate factors are primarily responsible for changes in glacial systems. The impacts of oceans and the impacts of the orographic and topographic conditions of the ground surface and surrounding glaciers are less important [59]. It is therefore important to keep data series on both the state of glaciers and climate change covering as long timespans as possible. As in the case of the research focusing on accumulation and ablation described in the previous sections, researchers did not perform tests to determine the mass balances of glaciers on KGI on a continuous basis. Only the BD has a relatively long history of collected data compared to the other KGI glaciers. The necessary work regarding the collection of data representing KGI glaciers should be carried out on the largest possible scale and should involve cooperation among the many research centers present on the island. Remote sensing methods are particularly useful glaciological observations in cases over large regions and inaccessible areas. Based on such techniques, Figure 10 shows the retreat of exemplary glaciers from 1956 to 2020 on KGI. However, the presence of a research station offers greater possibilities for direct measurements. A good example could be the coordination of a permanent glaciological monitoring programme of the Warszawa Icefield by Henryk Arctowski Polish Antarctic Station due to the short distance of this glacier from the dome and the technical capabilities of the utilized methods. Continued field inspections with the support of remote sensing methods will allow us to determine the direction of ice dome development at KGI, the primary research goal of the authors discussed above.





4. Ice-Front Fluctuations


The Antarctic Peninsula (AP) is considered to be among the global regions receiving the largest impact from global warming. Meteorological data from Bellingshausen Station show an annual rising air temperature trend from 1968–2015 of 0.013 °C/per year [7]. Nevertheless, the AP is characterized by high spatial variability in terms of the responses of the local glaciers to these occurring climate changes [60].



Research by Cook et al. [61] tracked glacier front fluctuations on the AP. More than 2000 aerial photographs were taken between 1940 and 2001, and over 100 satellite images were used for this purpose. The resulting maps covered a range of 244 tidewater glaciers on the AP and surrounding islands, including KGI. It should be noted that the analysis covered glaciers that were calving directly into the water. These included both tidewater glaciers and ice shelves. On each glacier, a perpendicular line was drawn to its front. This resulted in 22,000 measurements of the glacier fronts at 5-year intervals. Of the 244 glaciers analyzed, 212 glaciers (87%) showed recession from the earliest known position of the glacier front. The remaining glaciers were characterized by relatively small advancements. Figure 11 shows the number of glaciers undergoing advancement and recession at particular time intervals, as observed by Cook et al. [61]. The results also showed the existence of a clear transition between the average advancement and average retreat timing of the glaciers. This transition began to gradually move south during the study period. The analysis also showed the progression of 62% of the glaciers between 1945 and 1954, whereas between 2000 and 2004, the number of glaciers in recession was as high as 75%. The obtained results strongly correlate with the occurrence of climate warming. However, according to Cook et al. [61], the speed of the transition between advancement and recession testifies to the existence of other reasons for the retreat of glaciers in the region, separate from climate warming. Such factors may include increased precipitation or changes in ocean temperatures [62,63,64] which, however, are more complex processes and can also be related to climate change.



The oldest known remote sensing source for the KGI glacier range involves aerial photographs taken at a scale of 1:27,000 by FIDS during the austral winter of 1956/57 [56]. Based on these pictures and data from the ERS-1/SAR, Landsat Multispectral Scanner (MSS) and SPOT high visible resolution (HRV) satellites (Table 1), Simões and Bremer [56] made comparisons of the fronts of selected glaciers on KGI during the 1956–1992 period. The results show clear recession in some fast-flowing glaciers. The authors of these studies provide examples of Lange Glacier and Wit Stwosz Glacier (the Kraków Icefield), which, in the period from 1956 to 1992, moved back by approximately 1000 m and 800 m, respectively. Similar changes in glaciers were also observed on Livingston Island [65].



Other studies that focused on observing changes in glacier surfaces included a study analyzing the entire ice dome covering KGI. Simões et al. [22] used SPOT HRV satellite images and aerial photographs taken by FIDS in 1956 to study this ice dome (Table 1). By comparing these two sources, the authors concluded that of all the separated glacial catchments, 45 glaciers retreated with magnitudes ranging from several hundred to 1000 m between 1956 and 1995. Six of these glaciers (Lange, Wit Stwosz, Vieville, King George, Hector and Destruction Bay Glaciers) retreated 500 m or more. According to previous research, Lange Glacier showed the greatest rate regression over the observed period, retreating by 1 km and losing 2 km2 of its area. The only glacier that exhibited advancement, Usher Glacier, located in the northern part of the island, advanced 600 m during the period considered. The other glaciers remained stagnant with an error limit of ±50 m. In summary, the entire KGI ice dome decreased in area by 89 km2 between 1956 and 1995, translating into a loss of 7% of the ice dome area [43,56]. The article published by Rückamp et al. [43] presents the retreat rate results derived through observations of KGI glaciers over the 2000–2008 period. Using remote sensing materials in the form of satellite images (Table 1), the KGI ice cap was calculated to have decreased by 20.5 km2 during the investigated period, equal to approximately 1.6% of the island’s area. The most intense surface area reductions occurred among the tidal glaciers flowing into King George Bay. The glacier area decreased by approximately 10.3 km2 in the 1956–1995 period and by 5.8 km2 in the 2000–2008 period. The most stable situation, in which the glaciers showed only slight fluctuations, took place on the northern coast of KGI [43]. It was also noted that rock outcrops have a stabilizing effect on the fronts of glaciers. When the connection to a rock acting as a support is lost, the glacial front retreats to the next anchor point. Rückamp et al. [43] also indicated a much higher rate of retreat of the tidal glacier in Potter Cove (of several hundred meters) between 2000 and 2008, in comparison to the glacier ending on land on the Potter Peninsula, which lost a relatively small area. This difference in the recession rates of tidal and land-based glaciers is a result of their different dynamic characteristics. The lack of change in the ice flow rate measured in relatively high sections of the dome since 1997 [75] shows the dominant role of ice calving, which is the main mechanism of ablation. Ice calving causes large ice mass losses in short time frames compared to surface ablation [76]. Consequently, the slight loss of the glacier surface on the Potter Peninsula was ascribed to surface ablation [43]. Park et al. [66] attempted to analyze changes in the ranges of glaciers in Marian Cove and Potter Cove, located in the western part of KGI. The utilized observations were based on aerial photographs taken on 20 December 1956 and 4 January 1989 (Table 1). Additional aerial photographs of Marian Cove were taken on 21 December 1986 by the Chilean Air Force. This research was complemented by topographic measurements of the Marian Cove ice cliffs made in January 1994 by the Korea Ocean Research and Development Institute (KORDI) [77]. Studies have shown that a decrease in the area of ice cliffs in Marian Cove of 526,935 m2 occurred between December 1956 and January 1994. However, between December 1986 and January 1989, glacial advancement was also recorded. The area by which the glaciers had increased was 44,699 m2. The most likely cause of this glacial advancement was the low-temperature period recorded on KGI between 1986 and 1989 (Figure 2A) [66]. The ice cliffs in Potter Cove reduced in area by 360,600 m2 between December 1956 and January 1989. Although the ice cliffs in both analyzed coves had similar surface areas (Marian Cove: 9.5 km2, Potter Cove: 9.4 km2) and were located at a short distance from each other (approximately 5.3 km), the sizes of the lost areas of these glaciers differed significantly. Park et al. [66], when discussing the cause of this difference, pointed to the different bathymetric conditions of these coves affecting glacier front-ground stabilization. The depth of Marian Cove is approximately 130 m while that of Potter Cove is only 30 m [78]; thus, the terminus of the glacier in Potter Cove is strongly agglomerated.



The next KGI glacier research was that of Macheret and Moskalevsky [73]. Aerial photographs and a topographic map of Lange Glacier constructed at a scale of 1:50,000 at the Institute of Ecology of the Polish Academy of Sciences from a photogrammetric survey conducted in 1988–1989 and SPOT imagery were compared (Table 1). The terminus of Lange Glacier was established to have moved back by 0.7 ± 0.1 km between 1956 and 1988 and by 1.0 ± 0.1 km between 1956 and 1991. This information provided an overall areal value of 2 km2 (6.6%) by which the area of Lange Glacier decreased over the 35 years of study [22]. Macheret and Moskalevsky [73], based on meteorological data collected at Bellingshausen Station (1968–1996), showed a positive trend of 1.4 °C in the average annual air temperature along with a decreasing precipitation trend between 1969 and 1996. A similar trend was also identified in studies of ice cores taken from Dolleman Island and the Palmer Land Plateau in the southern part of the AP. The results showed that since 1960, the average annual air temperature has increased by 1.3 °C [79]. Therefore, the retreat of the Lange Glacier face over the observed 35-year period was presumed to be consistent with this regional climate change. However, Macheret and Moskalevsky [73] observed that some of the glaciers in close proximity to Lange Glacier between Commander Peak and Wegger Peak did not exhibit similar change trends. Between 1956 and 1991, these glaciers showed an advance of 0.6 ± 0.1 km. It is assumed that the reasons for this difference in glacier behavior were the different conditions in subglacial topographies, bottom conditions, ice flows, or surging behaviors of the glaciers. Surging was suggested for example for Baranowski Glacier by Sziło and Bialik [69] although there have been no direct observations of this phenomenon so far. Despite the aforementioned regional warming trend, the glaciers in the northern part of KGI showed slight changes in their surface areas between 1978 and 1992 [56]. Based on the established assumptions regarding the occurrence of regional warming encompassing KGI, Lange Glacier is thought to be a dynamic and sensitive element of the island’s ice sheet. Further observations of this glacier may provide valuable information on the fluctuations caused by short-term climate warming [73]. Braun and Grossmann’s research [74] focused on changes in the positions of glacier heads in the Admiralty Bay and Potter Cove region. These analyses were based on aerial photographs taken in 1956, topographic maps of Admiralty Bay (1990), and SPOT satellite images (Table 1). The results of Braun and Grossmann’s [74] observations showed heterogeneous behaviors of the glaciers flowing into Admiralty Bay. These differences were particularly evident when the glaciers were divided into tidewater glaciers and land-terminating glaciers. Large glaciers (e.g., Polar Club Glacier, Lange Glacier, Dobrowolski Glacier, and Vieville Glacier) showed large surface area losses. Ecology Glacier (classified as a land-terminating glacier) retreated 270 m (loss of 0.37) between 1956 and 1992 [74,80]. These results show that the recession of Admiralty Bay glaciers did not occur equally over the examined period. This process depends on many factors, such as subglacial runoff, ice velocities, ice thickness, water temperatures, topography, buoyancy forces, accumulated strain, ice cliff height, and the water depth [81]. These differences can be explained by the dynamic adaptation of glacial tongues to new, stable positions. However, in the case of land-terminating glaciers, for which the recession is relatively similar, climate change is the dominant factor affecting glacial recession [74].



Another study of ice-front fluctuations focused on four small glaciers (Babylon, Ferguson, Flagstaff and Noble Glaciers) located on the eastern slope of the Keller Peninsula (Figure 12). This peninsula is located in the central part of KGI in Admiralty Bay. The materials used by Simões et al. [67] to assess changes in the surface areas of glaciers included a topographic map at a scale of 1:25,000 [82], SPOT-4 satellite photographs, aerial photographs, and topographic surveys (Table 1). Figure 13A presents the results of the undertaken observations. The explored glaciers exhibited several characteristic features in common, causing them to respond very quickly to climate change. The first feature was their size; all four glaciers were small. Their total area was only 296,186 m2. The largest of them, Noble Glacier, had a surface area smaller than 0.14 km2 and had no connection with the main KGI ice cap. Another feature is the proximity of these glaciers to the pressure melting point. The third feature is the low-altitude locations of the glacial fronts (e.g., Noble Glacier: 320 m a.s.l.) [67,83]. Looking at the study as a whole, the ice cap on the Keller Peninsula was found to have decreased by 476,058 m2. This value represents 62% of the total area of all four glaciers over the 21 years of observation [67]. These results correlate with the general trend of retreating glaciers on KGI [21], associated with the increase of 1.1 °C in the average air temperature on the island from 1947 to 1995 (data from Ferraz Station) [83].



Future research will focus on the front position fluctuations of Collins Glacier, also known as the Bellingshausen Dome [70]. Later in this work, the name Bellingshausen Dome will be used to refer to this glacier. Bellingshausen Dome is a small dome (with an area of approximately 15 km2) located on the Fildes Peninsula in the western part of KGI. The source material for the observed front fluctuations of the Bellingshausen Dome is shown in Table 1. The results of these analyses, which are presented in detail in Figure 13B, indicate that between 1983 and 2006, the area of the Bellingshausen Dome decreased by 0.639 km2, equal to 8.42% of its surface area. In particular, the northern and western parts of the dome shrank. Simões et al. [70] concluded that the Bellingshausen Dome responded relatively slowly to climate change during the observed period. The uneven dome surface shrinkage rate suggested that the glacier’s reaction was a complex phenomenon that was dependent on many other factors in addition to air temperature fluctuations. These other factors included the areas of the dome with low ice thicknesses and relatively high solar radiation on the western slopes of the glacier. However, it is believed that the current steady and rapid retreat of the Bellingshausen Dome is caused by regional climate warming.



Da Rosa et al. [71] presented a compilation of data from Wanda Glacier on the southern coast of KGI. The research period covered the years 1979–2011. Satellite images derived from SPOT, QuickBird and COnstellation of small Satellites for the Mediterranean basin Observation (COSMO)-SkyMed were used to analyze the glacier front fluctuations (Table 1). The data representing the year 1979 were likely obtained from aerial photographs or maps, but this information was not included in the research methodology. The results show that during the whole 1979–2011 period, Wanda Glacier lost 31% of its area, corresponding to an area of 0.71 km2 and a retreat rate of 22 m per year. The area of the glacier in 2011 was 1.56 km2. The detailed course of the recession of Wanda Glacier is shown in Figure 13C. According to the data, the recession rate was relatively slow between 2000 and 2011 compared to that observed between 1979 and 2000. Da Rosa et al. [71], based on these results, indicated that Wanda Glacier lost its pinning point during the calving process that was occurring while the glacier still a tidal glacier. This feature significantly affected the rate of retreat of this glacier in comparison to those of other glaciers flowing into the Martel Inlet. Wanda Glacier’s current recession rate is in line with the trend observed among other KGI glaciers [84,85].



Past observations also included analyses of the directly neighboring Ecology Glacier and Sphinx Glacier located on the west coast of Admiralty Bay [35]. Both glaciers were treated as one, termed the Ecology and Sphinx glacier system (ESGS). This research aimed to analyze the impacts of climate change on the retreat rate of this glacier system from 1979 to 2012. For these analyses, cartographic materials [86] were used, as well as GPS field studies performed in 2012. The results show that the ESGS lost 41% of its area (3195 km2) from 1979 to 2012. Between 2007 and 2012, this loss was 3% (276 km2). For the whole research period, therefore, an overall loss of 3471 km2 was obtained. The average retreat rate of the ESGS (2007–2012) was also determined to be 16.6 m per year. The factor responsible for these changes in ESGS was the increased air temperatures in the South Shetland Islands region [35,87].



The ice height changes associated with Ecology Glacier were also studied [68]. In addition, new data on the subject also allowed for the changes in the front of Ecology Glacier to be analyzed. The materials used to perform these analyses are shown in Table 1. The results suggest that while the front of Ecology Glacier was relatively stable, the fastest glacier front withdrawal was observed from 1979–1988 and from 2007–2012. These sudden recession phases coincided with stages in which the front of the glacier was located in relatively deep water. From 1956–1979, 1999–2003, 2012–2016, the glacier exhibited slow recession due to the presence of the glacier front near bedrock outcrops. According to Pętlicki et al. [68], factors that control the recession rate of Ecology Glacier (as reflected in multiyear observations) included the topography of the rocky ground, the presence of anchor points, and the depth of the proglacial lagoon.



Baranowski Glacier is located on the west coast of Admiralty Bay. The analysis of changes in the glacial front position performed by Sziło and Bialik [69] covered the period from 1956 to 2018 (Figure 13D). The materials used for this analysis are presented in Table 1. The results showed that Baranowski Glacier remained stable between 1956 and 1978. The front of the glacier was located in a bay, approximately 130 m from the current coastline. Further fluctuations exhibited uneven trends, dividing the glacier into northern and southern parts. In 1979, the northern part advanced by 5–15 meters compared to its location recorded in 1956. In 1980, Baranowski Glacier was divided into two tongues; the north tongue terminated in water, while the south tongue ended on land. From 1989–1995, recession was recorded in the northern tongue at a rate of 15 m per year. This phenomenon was related to the increased average air temperature. By 1995, the northern tongue had retreated from tidewater and both tongues terminated on land. Based on the collected data, the rate of recession calculated for the northern tongue from 1995–2000 was 42 m/year; in the 2001–2002 period, this rate was 65 m per year. The recession rate of the southern tongue from 1995–2000 was 33 m per year. The period spanning from 2003 to 2018 was characterized by the stabilization of the position changes of the Baranowski Glacier front. This stabilization was explained by the occurrence of local cooling on the AP [7,88]. After 2016, the front of Baranowski Glacier partially retreated by 50 m due to the occurrence of a warm summer and a very warm winter. A recession course comparison performed by Pętlicki et al. [68] between Ecology Glacier and Baranowski Glacier showed that, despite the short distance between them, there was a lack of compatibility between the periods of greatest recession of the two glaciers. Furthermore, by using the thermal channel of Landsat satellite imagery (acquired on 4 February 2003), the water temperature in Staszek Cove was shown to have reached 5.0–5.5 °C. The warm waters of the bay critically impacted the retreat of Baranowski Glacier [69]. Currently, it is difficult to predict the further course of Baranowski Glacier recession due to the lack of available data representing the ground topography. This situation may suggest future actions aimed at supplementing these data and maintaining constant glaciological monitoring.



Over the last six decades, the west coast region of the AP has experienced a significant increase in air temperature (3.0 °C). This warming has contributed to the retreat of 87% of the glaciers in this area [70]. This trend is also clearly visible in the research results discussed in this chapter. The small KGI dome is influenced by the polar oceanic climate regime [89], in which the summer-month temperatures oscillate above 0 °C [83,90], further intensifying the recession phenomenon. An additional factor that can affect KGI glacial melting is the observed warming of the South Ocean [91]. Nevertheless, there are many other causes not related to global warming that are responsible for these melting glaciers, and this separate factors (i.e.,: bathymetry and glacier geometry) are particularly evident when analyzing tidewater glaciers that show highly nonlinear dynamic behaviors [43,81]. Climate conditions are responsible for the long-term condition of glaciers, as has been especially observed for tidewater glaciers [92]. The recession of the KGI dome can therefore be considered a response to main factor affecting local glaciers: climate change.



Data on archival ice-front fluctuations of the KGI dome are relatively recent. The oldest maps date back to the discovery of the island in 1819. However, the data representing glacier boundaries are questionable and therefore cannot be used for research [93]. The oldest sources on this subject, to which the research described in this section relates, are the archival aerial photographs taken by FIDS in 1956. The following have very varied precision characteristics when being used to determining the extent of glaciers. The most valuable data types are aerial photographs, GPS field measurements, and the new generation of satellite images with resolutions even smaller than one meter [94]. The scientific papers presented in this chapter show that field research has not been continuously conducted on KGI and that many areas of the island have never been subjected to detailed ice-front fluctuation observations. Monitoring of this phenomenon, which has been conducted for several decades, is a particularly good example of the use of remote sensing tools. These tools are useful for obtaining glacial observations in large-surface-area ice-covered regions and difficult-to-access locations [74]. Such places include the ice cliffs surrounding KGI [66]. Regular monitoring of the positions of glacier fronts can serve as a primary element when modelling the responses of ice caps to regional climate change [71], the primary purpose of the research described herein.




5. Glacial Velocities


To understand the mass balance of glaciers, it is necessary to determine the flow velocities of the glaciers. Ice discharge is largely dependent on glacier velocity. An acceleration or deceleration in glacier flow indicates a change in the ice mass balance [95,96]. Obtaining seasonal and interannual knowledge regarding ice velocity variability is critical for understanding how glaciers and ice caps respond to climate change. Ice velocity data also provide information on the possible impacts on water resources, sea-level variabilities, and glacier-related hazards [97,98].



The first surface ice velocity observations on KGI were conducted on Stenhouse Glacier and Flagstaff Glacier on the Keller Peninsula (Figure 12) [28]. The Stenhouse Glacier measurements were made from mid-August to December 1957 at 14-day intervals. An additional measurement was performed on 26 March 1958, to calculate the summer-season ice movement magnitude. The results suggested that the ice displacement velocity ranged from 20 to 100 cm per day in the lower parts of the glacier. The measurements collected on Flagstaff Glacier showed that the ice movement was too small to be detected in short-term observations; thus, the obtained results were considered unreliable.



Later, Simões et al. [67] observed the Noble Glacier. Using the established triangulation grid on the glacier, the positions of 10 ablation stakes drilled into the snow to a 2-m depth were determined. This fieldwork was carried out from January to February 1993 and repeated from January to February 1994. Based on the results obtained for 8 stakes (two stakes were lost during the study), the surface velocity of the Noble Glacier was found to have fluctuated from <0.01 m a−1 at an altitude of approx. 310 m a.s.l. to 4.49 m a−1 in the lower parts of the glacier.



Subsequent trials were performed to determine the velocities of glaciers covering the entire KGI area. Moll et al. [99] used differential radar interferometry (DInSAR) for this work. Images acquired from the ERS 1/2 satellite included 17 tandem pair missions performed from 1995 to 1999. Finally, only the tandem pair from 23/24 October 1995, was used. Additionally, during the summer field research campaign, differential GPS (dGPS) measurements were made and applied to create a DEM. In the AI area, 60 stakes were drilled and mounted with dGPS antennas. Measurements were performed during 6-week field studies performed in each summer season (1997/1998, 1999/2000, and 2004/2005). The ice velocities obtained using these two methods showed a high degree of correlation. Places characterized by high movement rates corresponded to the main outlet glaciers of the KGI ice cap (Figure 14).



From 1997–2009, the AI and the central part of the KGI ice cap were analyzed in research aiming to define ice-flow dynamics [75]. This research can be divided into short-term and long-term observations. The short-term measurements were based on 109 measuring points in the form of stakes drilled 2 m into the firn; 62 stakes were installed directly on the AI, while the rest were placed in the central region of KGI. It should be noted, however, that not all of the stakes were measured every season. Due to the presence of glacial crevasses, the research area covered only the relatively high parts of the dome (>300 m a.s.l. on the AI and >400 m a.s.l. in the central KGI region). The stake positions were measured with dGPS at 20–30-day intervals, and the annual values were extrapolated. The results of these observations are presented in Table 2. In the years 2007–2009, long-term observations were also made. For this purpose, 60 stakes were installed in early 2007. In 2007/2008 and 2008/2009, the measuring points were covered with snow; therefore, GPR (200 MHz) and dGPS were used to detect their locations. With this method, 29 points were detected in the 2007/2008 season, and 11 points were detected in 2008/2009. The results of these studies showed slight differences between the monthly and annual measurements with a coefficient of determination (r2) equal to 0.99.



Further ice velocity observations performed on KGI concerned Wanda Glacier, which flows from the Kraków Icefield to Martel Inlet [71]. The ice movement surface speed was determined using 20 stakes drilled in December 2007. Their exact locations were determined using dGPS. These measurements were repeated in the summer season of 2011, and the obtained data showed that the highest recorded ice movement speed was 2.2 cm d−1. A comparison of the results with previous measurements [99] showed that the surface movement speed of Wanda Glacier decreased in 1995 (10 cm d−1). Due to the small size of this glacier, its relatively low ice movement speed, the local thermal conditions, and the glacial retraction rate (compared to those of other KGI glaciers), Wanda Glacier is characterized by its quick response to climate change.



Research on glacier surface velocities was also described by Osmanoğlu et al. [23]. The results were based on data obtained from the Phased Array-type L-band synthetic aperture radar (PALSAR) system aboard the Japanese Advanced Land Observing Satellite (ALOS) using a 1270-MHz L-band frequency. The obtained satellite images had a resolution of 9 m × 5 m and covered the period from 27 January 2008 to 5 March 2010. The results were limited to the edge of the KGI ice cap and its major outlet glaciers, and the derived surface structures (e.g., crevasses) allowed the authors to receive a sufficiently strong signal for analysis. The areas with the fastest ice velocities were located in the northern part of KGI. The highest observed value was >225 m a−1. Figure 14 shows the regions characterized by high ice velocities.



The research work by Falk et al. [17] focused on Fourcade and Polar Club Glaciers; the locations of these glaciers are shown in Figure 7 and Figure 10B, respectively. During the summer field research campaign (November 2010–March 2013), the ablation stake positions were precisely measured using dGPS. These measurements were taken every 10–14 days (every 20–30 days during the winter of 2013). The results showed that the average speed of the stakes was <1 m a−1 above 250 m a.s.l., while below this height, the average speed was >6.3 m a−1.



Similar to most of the glaciological studies conducted on KGI, the oldest data concerning the speed of glacier movements were obtained in the 1950s. The analysis of the scientific works described in this chapter shows a lack of continuity in the conducted measurements. Notably, the research conducted directly in the field covered only a few glaciers. In addition to these studies, laser scans of glacier surfaces can provide important supplemental information. Pętlicki [100] showed that the surface ice velocity of the Emerald Icefalls reached a maximum value of 2.32 ± 0.12 m/d. However, only analyses performed using satellite technology provided sufficient data to cover the entire territory of the island [23,99]. Moll and Braun [99] determined the maximal velocity for the entire KGI to be 120 m per year based on a tandem pair from 23/24 October 1995. High-resolution satellite images are of great importance for studying the dynamic ice sheet behaviors [74]; nevertheless, the quality and application feasibility of these imagery depend on the cloud cover conditions in the analyzed area and on the snow cover degree. SAR satellite imagery, which is independent of the abovementioned factors, is particularly useful here. Measurements performed with dGPS are highly precise; however, its limitations in inaccessible areas (e.g., strongly crevassed areas) are obvious [101]. Only regular and continuous ice velocity measurements performed using both direct glacier speed measurements and remote sensing techniques will broaden the existing knowledge about the responses of glaciers to climate change [71].




6. Stratigraphy and Structure


Obtaining knowledge regarding the thickness of an ice sheet and its dynamically active parts is the key to understanding the current states and dynamic conditions of glaciers as well as their responses to climate change. To determine the direction of ice sheet evolution, we need, among other information, data corresponding to the height of the glacier surface, the ice thickness, and the subglacial relief. This information is typically obtained using deep ice core drilling, radio-echo sounding, or satellite imagery techniques [49].



The first ice structure studies performed on KGI were carried out by members of the Soviet Antarctic Expeditions in April 1970. For this purpose, snow pits were dug, and ice-penetrating radar with a 440-MHz frequency was used [26,102,103]. The firn/ice boundary was identified at a depth ranging from 12–20 m. The average ice thickness on the BD was 100 m, though the ice thickness exhibited large variations [26].



Further ice structure studies focusing on the AI on KGI were described by Simões and Bremer [56] and Simões et al. [22]. These analyses were based on the following ice thickness measurement campaigns carried out between 1970 and 1996:




	
A radio-echo sounding (RES) survey carried out by the Russian Academy of Science in 1970 [26],



	
An airborne radio-echo sounding survey carried out by the British Antarctic Survey (BAS) in 1975,



	
Sino-Uruguayan field work conducted in 1991/1992, and



	
Russian-Brazilian cooperative research performed from 1995–1996 [49].








Additionally, SPOT HRV satellite images (taken on 19 February 1988, 31 March 1992, and 29 March 1995) were used along with maps prepared using aerial photos taken by FIDS in 1956/1957. The SPOT scenes were rectified based on a ground network containing 51 control points. The ice thickness results are shown in Figure 15. The top of the ice sheet was found to be located directly above the subglacial ridge trending SW to NE. The ice thickness at this point was 86 m. The maximum recorded ice thickness on the AI was 357 m.



From 1985–1992, glaciological studies were carried out by the Chinese Antarctic Expedition. During this time, 16 ice cores were collected, ranging in length from 15.0 to 80.3 m. Wen et al. [37] analyzed glacial stratigraphy based on five of these ice cores, one of which was taken from the top of the BD (252 m a.s.l.), and the other four of which were obtained from the AI (380, 510, 610, and 702 m a.s.l.). The results of these observations showed that the firn located at the top of the BD had a thickness reaching 7 m. The remaining AI cores consisted mainly of firn and snow. The analysis showed the ice-firn passage at a depth of 45 m with the increasing presence of liquid water; this finding was then confirmed by GPR surveys. Wen et al. [37] suggested that large surficial water layers may exist under the AI summit.



From 1991–1993, field work on KGI involved drilling activities. At the summit of the AI (702 m), a core with a depth of 80.2 m was collected. This core showed nine visible volcanic deposits, which were subsequently subjected to mineral and chemical analyses. From the results, a number of volcanic eruptions were identified to have occurred in the South Shetland Islands before 1650 [39]. Between 1875 and 1925, many volcanic eruptions were identified; these eruptions may have originated from Deception Island. The period between 1650 and 1800 was relatively calm, but was followed by a period of increased volcanic activity. The volcanic ash layers recorded in the ice core were largely consistent with the Deception Island eruptions reported by Siebert et al. [104]. The results obtained by dating the volcanic sediments collected from the ice core from the top of the AI are presented in Table 3.



Other glacier structure studies were performed in 1995 along the main divide of the KGI ice cap [49] by Russian, Brazilian, and Chilean scientists within the framework of the 41st Russian Antarctic Expedition and International Glaciological Expedition (Federal University of Rio-Grande do Sul). These measurements were performed between 8 and 12 December and covered a distance of 55 km (Figure 4). The location of the main divide of the KGI ice cap was determined based on a SPOT satellite image mosaic (compiled using images taken on 29 February 1988, 31 March 1991, and 29 March 1995). Monopulse radar with a central frequency of 40 MHz was used to obtain ice measurements; 109 soundings were carried out at points separated from each other by approximately 500 m. The positions of these measuring points were determined by means of GPS data (±200 m). The results showed that the thickness of the ice ranged from 250 to 300 m at approximately 72% of the points. The thickness of the ice around the AI peak was 317 m, and the maximum value was recorded at the top of the central part of the KGI ice cap (327 m).



In austral summer 1995/1996, at the top of the AI (690 m a.s.l.), a 49.9-m-deep ice core was taken at the flat ice-divide of Lange Glacier with the help of an electromechanical drill. Additionally, six shallow drillings were made to depths of 6 m at different heights on the dome (at 575, 600, and 670 m a.s.l.) [40]. The results of this elucidated showed the differentiated stratigraphy of Lange Glacier. The individual ice layers ranged from a few millimeters thick to several centimeters thick, and the age of the deepest layer was estimated to be 1918. Density was also measured in the collected cores, and the transition between the firn and ice layers was identified at a depth of 35 m. Travassos and Simões [105] related this fact to the presence of water at a depth of 37 m.



In the period from December 1996 to January 1997, additional GPR measurements were made in the Lange Glacier area, the results of which are described by Macheret and Moskalevsky [73]. The utilized methodology and measuring equipment were consistent with those applied in the 1995 measurement campaign. On the basis of a satellite image derived from SPOT (acquired on 30 March 1991), crevassed areas were identified and excluded from the study area (these areas were located in the lower regions of Lange Glacier). Sixty-five percent of the radar measurements showed clear reflections from the bed, and the greatest ice thickness was 308 m. The upper part of Lange Glacier was characterized by complex subglacial relief. According to the data obtained in 1995 and 1996/1997, the subglacial relief was found to largely correspond to the glacier surface topography [49,73]. The researchers suggested that Lange Glacier is well suited for observing glacial fluctuation reactions to short-term climate warming and because of the detailed ice thickness on Lange Glacier this is a good location to report on velocity as well.



Other studies focusing on the Lange Glacier structure were reported by Travassos and Simões [105]; in their work, data were collected during the summer of 1997/1998. Several GPR profiles were made; however, only the longest profile (1266 km) was the main focus of the analysis, alongside three other, shorter (80-m) profiles. Data were acquired with a Pulse Ekko IV radar system equipped with a bistatic unshielded 50-MHz antenna. One of the main goals of the performed measurements was to verify the detectability of individual ice layers by GPR. For this purpose, the obtained GPR results were compared with the results obtained from the 49.7-m-deep ice core collected a year prior. The minimum ice layer thickness required for detection by GPR (in this case, using a 50-MHz antenna) was found to be 22 cm. For detailed information on the relevant radar antenna settings, please refer to the above-discussed work. The analyzed ice core was also used to calibrate the relatively shallow ice layers in the obtained GPR results, revealing, among other information, the presence of water reservoirs located approximately 30 m below the ice surface. The resulting radargram of the longest obtained profile (1.266 km), along with the corresponding interpretation, is shown in Figure 16.



Another analysis of KGI ice cap structure data was performed based on GPR measurements obtained in 1997 and 2007 [87]. During the 1997 field campaign, a monopulse GPR system with a 50-MHz antenna and dGPS equipment were used, whereas during the 2007 field campaign, an antenna with a central frequency of 25 MHz was used. The total length of the measured profiles was approximately 1200 km, which translated to an area of approximately 200 km2, as shown in Figure 17; this region covered the relatively high, less- crevassed parts of the dome [23]. The obtained radar data showed an average glacier thickness of 250 m. The maximum ice thickness was recorded in the eastern part of the central ice cap (422 m). Radar profiling also made it possible to create a 3D model of the bedrock and surface topography, the results of which were published in the work by Blindow et al. [87]. The data obtained can now be used as a reference in future work monitoring the effects of climate change on ice cover.



Subsequent studies were carried out on Fourcade Glacier (Figure 7) [106]. Two ground-based GPR measurement profiles and a series of helicopter-borne measurements were made along a total length of 298 km. Lee et al. [106] focused on all three profiles. Detailed information on the analyzed data is presented in Table 4. The helicopter-borne radar system consisted of a single antenna mounted between the helicopter skids. The average flight altitude was 12.73 m, and the average cruising speed was 18.8 m/s. The flight altitude was determined based on the first radio signal refractions. The obtained results indicated a smooth ice surface and an irregular ice bottom, a characteristic feature of Fourcade Glacier. The authors did not rule out the presence of an englacial channel due to the strong diffraction patterns observed. The maximum ice thickness along the analyzed profiles was 66 m near the northeast end of profile G2. Using migration velocity analysis (MVA)—the algorithm of which is described in detail by Stolt [107]—ice water content calculations were also performed along the G1 profile (0.00–0.09%).



The work of Rückamp and Blindow [108] described the results of the summer field campaign performed in 2008/2009. During this time, airborne GPR measurements were carried out over the northern part of KGI (on the BD, the AI and the central part of the KGI ice cap). The main reason for using airborne GPR was to investigate the thickness of ice over the highly crevassed areas not accessible by traditional land-based fieldwork methods. The chosen study area spanned nearly 200 km2. The BGR-P30 impulse system was used; this process was described in detail by Blindow [109], Eisenburger et al. [110], and Blindow et al. [111]. A 30-MHz antenna was installed on the helicopter deck; at a data acquisition speed of 10 Hz and helicopter cruising speed of 35 knots, this allowed for a data acquisition rate of 500 traces per kilometer. The average height of the antenna above the ice surface was 40 m. The results of these measurements showed that the maximum ice thickness in the observed area in the central part of the KGI ice cap reached 422 m. Furthermore, the maximum ice thickness on the AI was 397 m ± 9 m. The average ice thickness in this region was 238 m ± 5 m based on the data from 2008–2009 this was smaller than that measured in the central part of the island. The presence of a water layer at a depth of 40 m (700 m a.s.l) was also recorded. The depth at which water was present decreased with height (25 m at an altitude of 400 m a.s.l.), and water fully disappeared below the height of 250 m a.s.l. Using the interpolated grids, the authors established that the ice volume in the 465-km2 (±10 km2) area was 88.2 km3. Based on dGPS data, a DEM was developed to represent the highest points on the researched domes; the maximum height of the AI was 702 m a.s.l., that of the central part of the KGI ice cap was 727 m a.s.l., and that of the BD was 265 m a.s.l. The conducted radar tests also allowed a DEM of the bedrock topography to be constructed, and the bedrock topography was found to be characterized by high variability. The depressions of the bed are well correlated with the maximum ice thickness. Areas below sea level were also detected, reaching a maximum level of 91 m b.s.l. The use of several methods (terrestrial and airborne GPR) allowed for the collection of a complete set of data, taking into account the places inaccessible for only terrestrial GPR. Nevertheless, the eastern part of ice cap KGI, the Warszawa Icefield and the Kraków Icefield were not included in the GPR measurements.



In January 2011, research was carried out to determine the internal structure and thermal regime of Wanda Glacier. The results of this work were published by da Rosa et al. [112]. A subsurface interface radar (SIR) GPR created by Geophysical Survey Systems Inc. (GSSI) with a monostatic antenna (100 MHz) was used for these measurements. Seventeen longitudinal and transverse sections were measured. The high resolution achieved using the high-frequency radar allowed for a detailed analysis of the upper glacier surface; this facilitated the identification of the firn-ice transition but was also influenced by the thermal characteristics of the ice [113]. The received radargrams are described in detail in the aforementioned work. The maximum ice thickness in the lower region of the glacier was approximately 25 m, while in the central and upper regions, the maximum ice thickness was approximately 60 m. The longitudinal profile measured along the central flowline (SW-NE) showed ice thicknesses ranging from 5 to 35 m. These results indicate smooth glacier bedrock topography. Internal reflections were visible on the radar sections, confirming the presence of a firn layer. The presence of supraglacial, englacial, and subglacial channels was also demonstrated. Moreover, strong horizon reflections testified to the presence of a seasonal water table at the glacier surface. These features describe the thermal conditions of the Wanda Glacier. Da Rosa et al. [112] believed that the use of GPR with a 100-MHz-frequency antenna is suitable for temperate glacier research. However, water inclusions cause strong scattering at this frequency, and this scattering negatively affects the diagnosis of the firn-ice transition and bedrock reflections. The small size and thermal conditions of Wanda Glacier cause this glacier to be very sensitive to climate change.



The scientific papers described in this chapter show that radio-echo sounding is a frequently adopted method for measuring the structure of ice. In recent years, this tool has been adapted for use in a variety of glaciological studies. It is especially useful when studying the polar regions due to its noninvasiveness and the very good penetration ability of radio waves in ice [114]. Particularly good results can be obtained when using this method to determine the thickness of ice. High-frequency radars provide information with a sufficient resolution for defining the firn/ice boundary [113]. Areas in which direct field measurements are impossible or dangerous can be analyzed using a helicopter with a GPR installed below the deck.



The overall results obtained using these techniques reveal some important features and values. The measured maximal ice thickness on KGI was 422 m; this measurement was obtained in the central part of the KGI ice cap. The thickest ice layer on the AI measured 357 m. Most of the examined areas exhibited irregular bed topography. Liquid water layers at depths of 25 to 40 m below the ice surface were also detected. Ice cores were collected, analyzed, and compared with historical volcanic eruption records in the South Shetland Islands. The deepest deposited volcanic deposits were identified as being sourced from an eruption that took place in 1812.



The research described in this chapter has resulted in the extensive collection of data representing the stratigraphy and structure of glaciers. The use of radar and GPS techniques allows for continuous and regular data updates. Extending the research area to include the entirety of KGI would make it possible to apply the current knowledge to future observations of the impacts of glacial reactions on climate change. GPR data can also be used as inputs in the World Glacier Inventory (WGI) of Glaciers and Ice Caps (GIC). This database collects information on over 130,000 glaciers around the world. The need for such a database has been emphasized by many researchers, including Radić and Hock [115] and Osmanoğlu et al., [23], who pointed out the representation of these data in the WGI. Data describing the structures of KGI glaciers are crucial for numerical modelling, as they enable the dynamics and evolution of island ice sheets to be determined [49,108].




7. Summary and Conclusions


The present-day changes observed in the cryosphere have many negative implications that are of great importance on the global scale. The declining surface areas of glaciers, snow, and permafrost may amplify global warming in a variety of ways. The greatest problem is the ocean level rise resulting from a positive feedback loop. The consequences of this process will be felt most strongly in the most densely populated coastal areas and by island countries; it will be necessary to relocate the populations located in these regions. Terrestrial and marine life will also be adversely affected. Another effect of the progressing disappearance of the cryosphere is the impact of this process on the water resources found in dry climates, as well as on the conditions of the ecosystems located in these regions [116]. Understanding the laws governing glacial systems would allow us to avoid the threats associated with the destructive activities of glaciers, such as floods, ice avalanches, ice-mud or ice-debris runoff, and glacial surges that can damage to the technical infrastructures in inhabited areas [14]. On the other hand, glacial activities may also be associated with positive economic impacts. Water from glacial areas is of great importance in the production of green energy, in agricultural activities, and for domestic water resources [87,117]. Glacial tourism can be an important part of national economies. A good example is New Zealand; this nation houses over 3000 glaciers, and due to the current glacial retreat trend, the tourist economy and tourists themselves have been forced to adapt to changes in the accessibility of these glaciers. Continuous research and glaciological observations can be helpful tools for guiding these adaptations [118].



The research studies discussed in this paper focused mainly on KGI, which is part of the South Shetland Islands. The nearby AP is a transition zone that experiences various climatic conditions. These variations are especially notable between the temperate northern region and the polar south region. The characteristic location of the AP, which forms a physical barrier to tropospheric circulation, makes this region highly sensitive to climate change [74].



Glacial research conducted on KGI has focused primarily on the features and factors that make it possible to forecast the development of ice cover in this region. The observations of ice domes and individual glaciers clearly reveal a continuing negative mass balance trend. This trend has been confirmed in ice front fluctuation research and by the changes in glacial geometry determined using satellite and aerial images as well as GPS measurements. Lee et al. [119] also noted the necessity of obtaining bathymetric information characterizing the bays to which the observed glaciers flow. Obtaining data on glacier velocities has also been an important element of KGI research. However, while only a few glaciers have been involved in direct fieldwork, the use of satellite imagery has made it possible to obtain information covering the entire island. The radio-echo sounding method has been used most often to obtain data on the stratigraphy and structures of glaciers. Ice thickness and subglacial topography information are especially useful for this work. This knowledge is then used to plan other glaciological studies as well as to facilitate numerical modelling. However, as Plewes and Hubbard [114] pointed out, data gaps still exist for small, temperate ice masses. There are also gaps in the area of KGI covered by radar surveys. These regions include the eastern part of KGI and the Warszawa and Kraków Icefields (Figure 18). Technological advances in radar glaciology may allow for the widespread use of devices to directly observe ice structures in these difficult-to-access regions and facilitate the collection and comparison of data [114].



Glacial measurements and observations provide information that can be used as input data in numerical models. The use of mathematical models to understand how glaciers have reacted to past climate change has been validated in past geomorphological and geological studies. Understanding these mechanisms allows glacier development to be forecasted while considering various climate scenarios. The accuracy of these forecasts can only be improved with the inclusion of quantitative fundamental data sets sourced over as long timespans as possible. Short-term observations are unreliable for the numerical modelling of glaciers [43].



KGI is a very attractive test site for conducting research aiming to better understand the poorly studied glaciers of the South Shetland Islands [43]. The main potential of this island lies in its accessibility for logistics operations. Many local ice forms, such as the AI, the BD and the glaciers flowing out of the Warszawa Icefield, have been the subject of glaciological observations. Ecology Glacier is an example of a glacier located close to Arctowski Station; many interdisciplinary studies in the fields of glaciology, meteorology, and microbiology have been conducted on this glacier [68]. Applying these advantages by continuing and expanding the spatial scope of these studies can provide a rich input database for use in future research. Thus, this study area provides a vast potential to research these processes from the very beginning.
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Table A1. The research performed to date on the parameters that compose the mass balance of glaciers on KGI glaciers.






Table A1. The research performed to date on the parameters that compose the mass balance of glaciers on KGI glaciers.





	
Location

	
Measuring Period or Date

	
Elevation (m a.s.l.)

	
Accumulation

	
Ablation

	
Mass Balance

	
References




	
[mm w.e. a−1]






	
KGI Ice Cap (Arctowski Icefield, Central and East Part)

	
1957/1958–1970-71

	
240

	
−

	
−

	
500−700

	
[26]




	
Arctowski Icefield

	
Coring from 1985–1992, 18 m depth

	
380

	
1175

	
−

	
−

	
[37]




	
Arctowski Icefield

	
Coring from 1985–1992, 18 m depth

	
510

	
1630

	
−

	
−

	
[37]




	
Arctowski Icefield

	
Coring from 1985–1992, 18 m depth

	
610

	
2040

	
−

	
−

	
[37]




	
Arctowski Icefield

	
Coring from 1985–1992, 18 m depth

	
702

	
2480

	
−

	
−

	
[37]




	
Arctowski Icefield

	
2 December 1997–12 January 1998

	
−

	
−

	
260

	
−

	
[34]




	
Arctowski Icefield

	
2 December 1997–12 January 1998

	
85

	
−

	
383

	
−

	
[32]




	
Arctowski Icefield

	
Decemebr 1999–March 2000

	
255

	
−

	
1150

	
−

	
[34]




	
Arctowski Icefield

	
2007/2008

	
390

	
3680

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2007/2008

	
417

	
4120

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2007/2008

	
488

	
3756

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2007/2008

	
489

	
3735

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2007/2008

	
552

	
3976

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2007/2008

	
568

	
4839

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2007/2008

	
612

	
4634

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2007/2008

	
622

	
3994

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2007/2008

	
631

	
4388

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2007/2008

	
639

	
5047

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2008/2009

	
390

	
3184

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2008/2009

	
417

	
1639

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2008/2009

	
488

	
1854

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2008/2009

	
489

	
1574

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2008/2009

	
552

	
−

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2008/2009

	
568

	
2244

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2008/2009

	
612

	
2611

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2008/2009

	
622

	
−

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2008/2009

	
631

	
2133

	
−

	
−

	
[43]




	
Arctowski Icefield

	
2008/2009

	
639

	
2590

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
428

	
3891

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
434

	
3942

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
454

	
3361

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
515

	
4178

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
520

	
4321

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
538

	
3639

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
561

	
4180

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
593

	
4950

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
594

	
4157

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
627

	
4574

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
652

	
4288

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
658

	
4911

	
−

	
−

	
[43]




	
Central part

	
2007/2008

	
691

	
4279

	
−

	
−

	
[43]




	
Bellingshausen Dome

	
Coring in 1991, 80.2 m depth

	
240

	
700

	
−

	
−

	
[39]




	
Bellingshausen Dome

	
1971–1991

	
−

	
−

	
−

	
−4.5

	
[37,52]




	
Bellingshausen Dome

	
1971–1972

	
−

	
−

	
−

	
−68.1

	
[52]




	
Bellingshausen Dome

	
1972–1973

	
−

	
−

	
−

	
−59.3

	
[52]




	
Bellingshausen Dome

	
1973–1974

	
−

	
−

	
−

	
−229.1

	
[52]




	
Bellingshausen Dome

	
1974–1975

	
−

	
−

	
−

	
−35.2

	
[52]




	
Bellingshausen Dome

	
1975–1976

	
−

	
−

	
−

	
−36.8

	
[52]




	
Bellingshausen Dome

	
1976–1977

	
−

	
−

	
−

	
−8.5

	
[52]




	
Bellingshausen Dome

	
1977–1978

	
−

	
−

	
−

	
30.1

	
[52]




	
Bellingshausen Dome

	
1978–1979

	
−

	
−

	
−

	
−175

	
[52]




	
Bellingshausen Dome

	
1979–1980

	
−

	
−

	
−

	
62.9

	
[52]




	
Bellingshausen Dome

	
1980–1981

	
−

	
−

	
−

	
−4.1

	
[52]




	
Bellingshausen Dome

	
1981–1982

	
−

	
−

	
−

	
−68.1

	
[52]




	
Bellingshausen Dome

	
1982–1983

	
−

	
−

	
−

	
−160.7

	
[52]




	
Bellingshausen Dome

	
1983–1984

	
−

	
−

	
−

	
−157.7

	
[52]




	
Bellingshausen Dome

	
1984–1985

	
−

	
−

	
−

	
126.2

	
[52]




	
Bellingshausen Dome

	
1985–1986

	
−

	
−

	
−

	
189.8

	
[52]




	
Bellingshausen Dome

	
1986–1987

	
−

	
−

	
−

	
56.2

	
[52]




	
Bellingshausen Dome

	
1987–1988

	
−

	
−

	
−

	
−189.2

	
[52]




	
Bellingshausen Dome

	
1988–1989

	
−

	
−

	
−

	
33.1

	
[52]




	
Bellingshausen Dome

	
1989–1990

	
−

	
−

	
−

	
93.3

	
[52]




	
Bellingshausen Dome

	
1990–1991

	
−

	
−

	
−

	
467.9

	
[52]




	
Bellingshausen Dome

	
1991–1992

	
−

	
−

	
−

	
163

	
[37]




	
Bellingshausen Dome

	
November 1991–November 1992

	
45

	
−

	
−

	
1430

	
[37]




	
Bellingshausen Dome

	
November 1991–November 1992

	
90

	
−

	
−

	
1100

	
[37]




	
Bellingshausen Dome

	
November 1991–November 1992

	
140

	
−

	
−

	
550

	
[37]




	
Bellingshausen Dome

	
November 1991–November 1992

	
185

	
−

	
−

	
520

	
[37]




	
Bellingshausen Dome

	
November 1991–November 1992

	
252

	
−

	
−

	
410

	
[37]




	
Bellingshausen Dome

	
Coring from 1985–1992, 18 m depth

	
110

	
650 *

	
−

	
−

	
[37]




	
Bellingshausen Dome

	
Coring from 1985–1992, 18 m depth

	
150

	
540 *

	
−

	
−

	
[37]




	
Bellingshausen Dome

	
Coring from 1985–1992, 18 m depth

	
185

	
970 *

	
−

	
−

	
[37]




	
Bellingshausen Dome

	
Coring from 1985–1992, 18 m depth

	
252

	
530 *

	
−

	
−

	
[37]




	
Bellingshausen Dome

	
December 1995–March 1996

	
35

	
−

	
750

	
−

	
[34]




	
Bellingshausen Dome

	
December 1997–March 1998

	
85

	
−

	
1100

	
−

	
[34]




	
Bellingshausen Dome

	
2007–2012

	
−

	
752.8

	
−900

	
−147.3

	
[53]




	
Bellingshausen Dome

	
2007/2008

	
−

	
654.4

	
−736

	
−81.6

	
[53]




	
Bellingshausen Dome

	
2008/2009

	
−

	
565.2

	
−1259

	
−693.8

	
[53]




	
Bellingshausen Dome

	
2009/2010

	
−

	
800.6

	
−426

	
374.6

	
[53]




	
Bellingshausen Dome

	
2010/2011

	
−

	
1034,4

	
−941

	
93.4

	
[53]




	
Bellingshausen Dome

	
2011/2012

	
−

	
709.5

	
−1139

	
−429

	
[53]




	
Stenhouse Glacier

	
1957/1958

	
−

	
−

	
−

	
−50

	
[48]




	
Stenhouse Glacier

	
1958/1959

	
−

	
−

	
−

	
−50

	
[29]




	
Stenhouse Glacier

	
Summer season 1959/1960

	
−

	
−

	
1310

	
−

	
[29]




	
Flagstaff Glacier

	
Summer season 1957/1958

	
130−230

	
−

	
750

	
−

	
[28]




	
Flagstaff Glacier

	
3 February–21 April 1959

	
−

	
−

	
544

	
−

	
[29]




	
Fourcade Glacier

	
2010/2011

	
−

	
−

	
−

	
−134

	
[46]




	
Fourcade Glacier

	
2012/2013

	
−

	
−

	
−

	
−201

	
[46]




	
Fourcade Glacier

	
2013/2014

	
−

	
−

	
−

	
−97

	
[46]




	
Fourcade Glacier

	
2014/2015

	
−

	
−

	
−

	
−196

	
[46]




	
Lange Glacier

	
73-year average, coring in 1995/96,

	
690

	
590

	
−

	
−

	
[40]




	
Ecology Glacier

	
December 1990–January 1991

	
100

	
−

	
735 **

	
−

	
[31]




	
Ecology and Sphinx glacier system

	
2012–2013

	
−

	
−

	
−

	
178

	
[35]








* winter accumulation. ** ablation for period 17 December 1990–16 January 1991.
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Table A2. The collated results of ELA and FLA fluctuation observations collected on KGI glaciers. * winter accumulation.






Table A2. The collated results of ELA and FLA fluctuation observations collected on KGI glaciers. * winter accumulation.





	Balance Year
	Location
	ELA/FLA [m a.s.l.]
	References





	1957
	Flagstaff Glacier
	198
	[29]



	1959
	Flagstaff Glacier
	130
	[29]



	1960
	Admiralty Bay
	300
	[29]



	1969/70
	Bellingshausen Dome
	140
	[26]



	1970/71
	Bellingshausen Dome
	170
	[26]



	1972/73
	Stenhouse Glacier
	<100
	[48]



	1973/74
	Stenhouse Glacier
	<100
	[48]



	1985/86
	Bellingshausen Dome
	150
	[50,51]



	1988
	Admiralty Bay
	350
	[22]



	1985–1989
	South Shetland Islands
	<100
	[120]



	1991/92
	Bellingshausen Dome
	140
	[37]



	1991/92
	Ecology Glacier
	about 100
	[31]



	1991/92
	Bellingshausen Dome
	160
	[58]



	1992/93
	Bellingshausen Dome
	200
	[58]



	1993/94
	Bellingshausen Dome
	200
	[58]



	1993
	Admiralty Bay
	300–350 *
	[56]



	1994–1995
	Admiralty Bay
	450
	[22]



	1995/96
	Bellingshausen Dome
	200
	[58]



	1996/97
	Bellingshausen Dome
	250−270
	[58]



	1996/97
	KGI
	250
	[58]



	1997/98
	Bellingshausen Dome
	180−200
	[58]



	1998/99
	Bellingshausen Dome
	200−220
	[58]



	2006/07
	Admiralty Bay
	290
	[55]



	2007/08
	Bellingshausen Dome
	225
	[53]



	2008/09
	Bellingshausen Dome
	225
	[53]



	2009/10
	Bellingshausen Dome
	about 40
	[53]



	2010/11
	Bellingshausen Dome
	180
	[53]



	2011/12
	Bellingshausen Dome
	220
	[53]



	2012/13
	Ecology and Sphinx glacier system
	156
	[35]



	2010–2015
	Fourcade Glacier
	260 +/− 20
	[17]



	2010–2015
	KGI
	330 +/− 100
	[54]



	1991–1999
	South Shetland Islands
	165–250
	[121]
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Figure 1. Borders of the glaciers located on KGI and the locations of the following year-round research stations: 1—Great Wall, 2—Estación marítima de Bahía Fildes, 3—Julio Escudero, 4—Eduardo Frei, 5—Bellingshausen, 6—Artigas, 7—King Sejong, 8—Jubany, 9—Arctowski, and 10—Comandante Ferraz. 






Figure 1. Borders of the glaciers located on KGI and the locations of the following year-round research stations: 1—Great Wall, 2—Estación marítima de Bahía Fildes, 3—Julio Escudero, 4—Eduardo Frei, 5—Bellingshausen, 6—Artigas, 7—King Sejong, 8—Jubany, 9—Arctowski, and 10—Comandante Ferraz.



[image: Remotesensing 14 02736 g001]







[image: Remotesensing 14 02736 g002 550] 





Figure 2. Mean annual air temperatures at Bellingshausen Station from 1969–2016 (A); and ELA changes on the Bellingshausen Dome (B). 
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Figure 3. Locations and operation times of the AWSs on KGI during the different field campaigns and the corresponding ablation rates. Modified with permission from Braun et al. [34] published by ProAntar, 2004. 
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Figure 4. Track of RES measurements obtained in December 1995 by Macheret et al. [49] and the line of stakes obtained by Orheim and Govorukha [26]. 
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Figure 5. Net mass balances and ELAs on KGI, recorded from 1969–1971 mainly on the BD and AI. Reprinted with permission from Orheim and Govorukha [26], published by Cambridge University Press, 1982. 
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Figure 6. Accumulation curve of net mass balance at observation sites on the BD. Reprinted with permission from Wen et al. [37], published by Cambridge University Press, 1998. 
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Figure 7. Map of the research area on KGI including the locations of the ELA and mass balance stake along two transects, PG0x and PG1x (where x is a placeholder for stake number) within the Fourcade Glacier catchment, modified from Falk et al. [17]. 
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Figure 8. Specific summer, winter and net mass balances (bs, bn, and bw, respectively) in m w.e. derived from the mass balance stake observations collected at transects PG0x and PG1x from 2010 to 2016, based on data from Falk et al. [17]. 
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Figure 9. Mass balance map of the Ecology and Sphinx Glacier systems from 2012–2013. Adapted with permission from Sobota et al. [35], published by Cambridge University Press, 2015. 
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Figure 10. Retreating glaciers from 1956 to 2020. The background image is based on a Sentinel-2 satellite image (acquisition date: 19 January 2020). (A) West shore of Admiralty Bay; (B) Potter Peninsula region; (C) Area of Mackellar and Martel inlets. Blue line stands for TSL based on Simões and Bremer [56]. 
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Figure 11. Numbers of glaciers undergoing advancement and recession in particular time intervals [61]. 
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Figure 12. Areas of four glaciers (1—Babylon, 2—Ferguson, 3—Flagstaff, and 4—Noble) in 2000. The locations of the front of Stenhouse Glacier are shown in 1979 and 2000. The background image is based on a Sentinel 2 satellite image (acquired on 19 January 2020), based on Simões et al. [67]. 
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Figure 13. (A) Areas of the four cirque glaciers studied on the Keller Peninsula in 1959 (only for Noble Glacier), 1979 and 2000 [67]. (B) Frontal retreat of the Bellingshausen Dome between 1989 and 2006 [70]; (C) The total area and retreat rate of Wanda Glacier from 1989–2011 [71]. (D) Multiyear frontal fluctuation rates of Baranowski Glacier (1956–2018) [69]. 
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Figure 14. Places characterized by high ice velocities. (1)—The areas of high movement rates (more than 30 cm per day) calculated on basis of available tandem pair (DInSAR) from 23/24 October 1995. Reused with permission from Moll et al. [99], published by IEEE, 2006; and (2)—the areas of high average ice velocities (more than 200 m per year) calculated on basis ALOS PALSAR imagery between January 2008 and January 2011. Adapted with permission from Osmanoğlu et al. [23], published by Cambridge University Press, 2013. 
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Figure 15. Ice thickness of Lange Glacier. The data used to construct the figure were obtained with permission from Simões and Bremer [56] published in 1995 and interpolated based on the data reused with permission from Macheret and Moskalevsky [73] published by Cambridge University Press, 1999. 
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Figure 16. GPR-derived AB-zoned profile obtained based on radar responses, adapted with permission from Travassos and Simões [105] published by ProAntar, 2004. 
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Figure 17. Area in which GPR fieldwork was performed from 1997–2007, adapted with permission from Blindow et al. [87] published by Cambridge University Press, 2010. 
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Figure 18. Schematic map of areas covered by historical GPR measurements. The red area was covered by past measurements; the grey area was not covered by past measurements. 
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Table 1. Materials used in all previous ice-front-fluctuation studies.






Table 1. Materials used in all previous ice-front-fluctuation studies.





	No.
	Type of Data
	Acquisition Date
	References





	1
	Aerial photographs
	21 December 1986
	[66]



	2
	Aerial photographs
	4 January 1989
	[66]



	3
	Aerial photographs
	1979
	[67,68,69]



	4
	Aerial photographs
	February 2003
	[70]



	5
	APC misc sheet 1
	1986
	[43]



	6
	COSMO-SKYMED
	February 2011
	[71]



	7
	ERS-1 SAR PRI
	24 July 1992
	[72]



	8
	FIDS aerial photographs
	20 December 1956
	[22,66,67,69,72,73,74]



	9
	Fildes Peninsula topographic map
	1983
	[70]



	10
	KORDI topographic survey
	1994
	[66]



	11
	Landsat
	4 February 2003
	[69]



	12
	Landsat
	14 January 2007
	[69]



	13
	Landsat
	5 February 2018
	[69]



	14
	Landsat 2
	8 February 1989
	[70]



	15
	Landsat-3 MSS
	20 December 1979
	[72]



	16
	Map of Admiralty Bay
	1990; ice front positions: 1978/1979
	[68,69,74]



	17
	Map of ASPA 128
	Topographical surveys 2000/01
	[68,69]



	18
	Photogrammetric survey
	1988/1989
	[73]



	19
	Pleiades 1A
	25 December 2012
	[68]



	20
	QuickBird
	12 September 2005
	[43]



	21
	QuickBird
	26 October 2006
	[43]



	22
	QuickBird
	30 August 2006
	[43]



	23
	QuickBird
	21 February 2006
	[70,71]



	24
	SPOT
	19 February 1988
	[43,74]



	25
	SPOT
	23 February 2000
	[43]



	26
	SPOT74
	31 March 1991
	[73]



	27
	SPOT HRV XS
	29 February 1988
	[72]



	28
	SPOT panchromatic
	17 November 1992
	[74]



	29
	SPOT XS
	26 November 1994
	[74]



	30
	SPOT XS
	29 March 1995
	[69,74]



	31
	SPOT XS
	23 February 2000
	[70,74]



	32
	SPOT-1 HRV
	19 February 1988
	[22,71]



	33
	SPOT-2 HRV
	31 March 1992
	[22]



	34
	SPOT-3 HRV
	29 March 1995
	[22,43,71]



	35
	SPOT-4
	23 March 2000
	[67,71]



	36
	TerraSAR-X
	5 December 2007
	[43]



	37
	TerraSAR-X
	3 August 2008
	[43]



	38
	TerraSAR-X
	7 August 2008
	[43]



	39
	TerraSAR-X
	13 August 2008
	[43]



	40
	Terrestrial Laser Scanning
	2016
	[68,69]



	41
	Topographic surveys
	1992/93
	[67]



	42
	Topographic surveys
	1993/94
	[67]
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Table 2. Surface velocities measured on the KGI by dGPS [75].
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Maximum [m a−1]

	
Minimum [m a−1]






	
AI

	
South-eastern region

	
112.1

	
0.7




	
North-western region

	
63.7




	
Central part of the KGI Icefield

	
88.2

	
3.3
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Table 3. Visible volcanic deposits obtained from an ice-core probe [39].
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	Depth [m]
	Year
	Historical Record





	21.29
	1955
	1956



	40.39
	1907
	1905 or 1909 or 1912



	44.26
	1893
	-



	45.40
	1888
	-



	47.01
	1882
	-



	48.12
	1878
	-



	48.76
	1876
	1871



	56.44
	1841
	1842



	60.92
	1817
	1812
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Table 4. Technical information on the measuring equipment used during the field work performed at Fourcade Glacier in 2006/2007.
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Date

	
Profile

	
Length [m]

	
Method

	
Central Frequency of the Utilized Antenna [MHz]

	
Type of Antenna






	
November

2006

	
G1

	
470

	
Ground-based GPR

	
100 and 500

	
shielded




	
H1

	
470

	
Helicopter-borne radar

	
100

	
shielded




	
December

2007

	
G2

	
490

	
Ground-based GPR

	
50

	
unshielded
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