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Abstract

:

The study presents findings from comparative analyses of high-resolution differential digital elevation models (DEM of Difference—DoD) based on terrestrial laser scanning (TLS) surveys. The research was conducted on the 0.2 km2 Scottbreen valley glacier foreland located in the north-western part of Wedel-Jarlsberg Land (Svalbard) in August of 2013. The comparison between DTMs at 3-week intervals made it possible to identify erosion and depositional areas, as well as the volume of the melting glacier’s terminus. It showed a considerable recession rate of the Scottbreen (20 m year−1) while its forefield was being reshaped by the proglacial Scott River. A study area of 205,389 m2, 31% of which is occupied by the glacier (clear ice zone), was included in the repeated TLS survey, which was performed from five permanent scan station points (registered on the basis of five target points—TP). The resultant point clouds with a density ranging from 91 to 336 pt m−2 were converted into DEMs (at a spacing of 0.1 m). They were then put together to identify erosion and depositional areas using Geomorphic Change Detection Software (GCD). During the 3-week interval, the retreat of the glacier’s snout ranged from 3 to 9 m (mean of 5 m), which was accompanied by an average lowering of the surface by up to 0.86 m (±0.03 m) and a decrease of ice volume by 53,475 m3 (±1761 m3). The deglaciated area increased by 4549 m2 (~5%) as a result of the recession, which resulted in an extensive reshaping of the recently deglaciated area. The DEM of Difference (DoD) analyses showed the following: (i) lowering of the glacial surface by melting and ii) predominance of deposition in the glacier’s marginal zone. In fact, 17,570 m3 (±1172 m3) of sediments were deposited in the glacier forefield (41,451 m2). Also, the erosion of sediment layers having a volume of 11,974 m3 (±1313 m3) covered an area equal to 46,429 m2 (53%). This occurrence was primarily based on the washing away of banks and the deepening of proglacial stream beds, as well as the washing away of the lower parts of moraine hillocks and outwash fans.
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1. Introduction


Over the past few decades, it has been observed that changes to the environment of High-Arctic regions result in a negative glacier mass balance, which leads to an increased recession [1,2,3,4,5,6,7,8]. Glacier surface changes that have been recorded since the end of the Little Ice Age (LIA), which affect the development of the glacier’s forelands in this part of the Arctic, have been mostly measured by glaciological methods [4,5,9,10,11]. However, geodetic methods and non-invasive remote sensing methods have been used more and more often in recent decades [12,13,14,15,16].



Seasonal measurements along the set of longitudinal or/and cross profiles have been employed to measure glacier surface elevation changes and its retreat rates. This simple and popular method makes use of ablation stakes, which are anchored to the glacier, and allows for monitoring the rising or lowering of the ice surface along the set transects. Additionally, the precise establishment of the stakes’ transect position by means of the real time kinematic Global Navigation Satellite Systems (rtk-GNSS) facilitates specifying the horizontal component of the glacier’s movement. It also makes it easier to monitor changes to the reach of the glacier terminus at the point where visible contact is made between ice and initial sediment-landform assemblages e.g., [4,17,18,19]. However, using this method to assess changes to Scottbreen’s volume only generates very approximate numerical values, a relatively small amount of data (number of point measurements), and results that are exclusively limited to selected measurement cross-sections [19]. Moreover, the said method fails to provide information about the possibility of surface changes in the entire glacier area. Typically, findings obtained by this method present only the horizontal component of changes in the terminus position, and that simply gives a very general idea about the movement of the glacier surface, the velocity of which is estimated to be approx. 1 m year−1. This is the case because of the method’s relatively low accuracy (0.05–0.1 m) as well as a considerable bias error that is connected with the measuring stake’s deviation in the measurement process [20].



Employing remote sensing tools leads to considerably greater possibilities. Tele-detection methods, which include satellite radar and photogrammetry measurement [12,21,22], are most often used in assessing recent transformations of the glacier land system. These methods provide the means to assess changes in the geometry (width, length, surface, and height) of the surface [23], as well as the volume [12]. However, such methods are mostly used for measuring ice caps and large valley glaciers [15] due to the low resolution of available data.



Furthermore, methods based on data obtained from low- and medium-altitude flights are equally popular. A photogrammetric analysis of stereo-pairs of an air photo was used to assess frontal position changes e.g., [5,23,24,25]. Also, ground-based photogrammetry was used to measure the ice cliff’s position [26,27,28]. Moreover, on the basis of terrestrial photogrammetry in the 1980s, a hypsometric map of the Scottbreen tongue and foreland was made and used as a background for thematic maps [29]. At present, particularly in research on small valley glaciers or their parts, small autonomous Unmanned Aerial Vehicle Systems (UAS/UAVS) equipped with digital cameras [30] are utilised more and more often, along with Structure from Motion (SfM)—a terrestrial photogrammetric range imaging technique—which is employed in estimating three-dimensional structures from two-dimensional image sequences at a small-scale [31,32,33].



Light detection and ranging LiDAR have become the more frequently used methods among the group of remote sensing techniques. Airborne laser scanning (ALS), which is based on the data obtained from medium-altitude flights, provides data of considerably higher resolution than satellite data (up to several pt m−2) [34,35,36,37]. ALS-based DEMs feature spacing that ranges from a few decimetres to a metre and it facilitates comparative analyses of medium- and small-size glaciers. Nonetheless, due to infrequent flights, this method fails to provide the possibility of assessing changes occurring at short temporal intervals, which might be caused by phenomena such as extreme weather. Intensive precipitation or a considerable increase in temperature (or both of these phenomena coinciding) may trigger a thaw of the snow cover in the central and upper part of the glacier, which could in turn cause an intensive surface runoff. Should such flows have large energies, both the glacier’s tongue and the whole marginal zone may be remodelled. In such cases, Terrestrial Laser Scanning (TLS) guarantees a good measurement efficacy [38,39]. This ground-based, active imaging method yields rapidly acquired, accurate, dense 3D point clouds of surfaces by high-precision laser rangefinder. Employing repeated stationary multi-station surveys facilitates both measurements of geometric parameters and an advanced interpretation of the development of landforms [40,41,42,43,44,45].



The aim of this paper is the estimation of short time changes within the scope of the terminus and the forefield of the Scottbreen using TLS-based high-resolution surveys. This technique provides data on the topographic surface with an average density reaching over 1000 pt m−2, while the DEM of difference analysis allows assessing of surface changes and sediment budgeting of the valley glacier as well as the inner marginal zone, which has been newly unveiled as a result of the glacier’s intensive recession e.g., [46,47,48,49].




2. Study Area


The research into changes to the glacier terminus zone was performed in the catchment area of the valley glacier located in the NW of Wedel-Jarlsberg Land in the Bellsund region of Spitsbergen (Figure 1A). The glacial catchment of the Scottbreen covers an area of 10.1 km2 (Figure 1B). The catchment is 40% covered by the valley glacier. At present, the Scottbreen is in the phase of intensive recession, it is 3.1 km in length, and its width ranges from 1.1 to 1.8 km (Figure 1C, Table 1). The Scottbreen shares its firn field with Blomlibreen (Figure 1B). In 2013, the glacier’s highest areas peaked at 502 m a.s.l., whereas its concave terminus fell between 85–89 m a.s.l. This is reflected in the longitudinal profile (Figure 1C). The equilibrium-line altitude (ELA) for the glaciers of Spitsbergen’s west coast was estimated by Hagen et al. [50] at approximately 400 m a.s.l. The equilibrium line, according to field observations made in the ablation season of 2013, was situated at a height of approximately 530 m a.s.l. In light of georadar profiling done in the spring of 2009, the Scottbreen was confirmed to be a typical polythermal, subpolar glacier of high geographic latitude [51] with its terminus frozen to the bed. The layer of cold ice at a thickness of approximately 75 metres stretches along the longitudinal profile of the radar scan (up to 470 m a.s.l.) (unpublished). The relief of the upper section of the valley shows two different parts, which are clearly recognizable and can be distinguished as: (1) the upper part covering the mountain valley glacier and (2) the recently-deglaciated inner marginal part (an area limited by the terminal moraine rampart) with a system of distribution channels within the outwash plain, which is separated from the east by the terminal moraine ridge [52,53] (Figure 1B). An englacial and subglacial drainage was concentrated in the main outflow located in the southern part of the glacier terminus. It is here that the Scott River begins with a glacial regime as follows: glacial feed (90%), snow melting (4%), precipitation (4%), and permafrost feed (2%), which drains the non-frozen part of the basin [54].



The study was performed in an area spanning 205,389 m2, within the actively transforming glacier terminus’s deglaciation zone (31% of the analysed area) and its forefield (69%) (Figure 1B).



Geomorphology


Glacier zone (clear ice zone). The analysed area covers the front of the glacier (100 m to 200 m in width) with an area of 62,558 m2 (1.6% of the whole glacier area). The constantly tilted glacier zone has an average slope of 10° (Figure 1C) and is deeply cut through by subglacial outflow channels (winding, meandering development patterns, 100 to 160 m in length). Depositional landforms are represented by numerous polygenetic ridges of glacial sediments, which originate from complicated glacitectonic processes within the area of the cold-based glacier terminus. The inventory of the forms within the terminus area includes concentrations of cryoconite holes, which remain on the ice surface as small cones after the snow cover has melted.



Glacier forefield. The marginal zone of the Scottbreen features a number of polygenetic landforms (terminal and lateral moraines, ground and fluted moraine, rôche moutonnée covered with a thin layer of the ground moraine), fluvioglacial (inner marginal outwash plain, eskers, kame terraces) and periglacial (as solifluction covers). This part of the glacier base is characterised by the greatest dynamics in morphogenetic processes due to the rate of the glacier’s recession [52]. Between 2012 and 2013, this resulted in the annual merging of the uncovered, 10 to 20 metres wide area [53], which was being intensively reshaped by fluvioglacial processes, with the non-glaciated part of the catchment (Figure 2).



A constant build-up of the inner marginal outwash plain, which has been observed since the 1930s to have a 20-m annual recession, has caused the present glacier terminus to be separated from the terminal moraine ridge by approximately 700 m (Figure 2). This area is characterised by modern geomorphic processes transforming glacigenic landforms left after the glacier had receded (a particularly well-developed ground moraine with the forms of subglacial transportation: e.g., fluted moraine, supraglacial debris stripes emerging from longitudinal foliation and the ablation moraine) as well as fluvioglacial (outwash plains, kame terraces, eskers, subglacial glaciofluvial channel filling, kettle holes etc. (Figure 2)).



The area is being intensively reshaped as a result of the action of proglacial waters that are distributed by a system of channels into the area of the inner marginal outwash plain [56]. The effect of the annual changes in the range of the main source of sediment is a multilayer occurrence of cones of various age levels. The youngest, which stretches at the gate outlet in the ice-moraine ridge, is shaped by the braided system, whereas older levels (located lower) are flat and diversified with paleochannels. Beds that cover the channel of the Scott River distribute large amounts of mineral material deposited in the form of oblong intra-bed screes [57,58].





3. Methods


3.1. Data Acquisition. TLS and rtkGPS Surveys


The analyses of short-term changes of physical/geometric parameters within the glacier terminus and its marginal zone, including the assessment of the changes to the ice budget and sediments, were performed using Terrestrial Laser Scanning (TLS) technology. Comparative field research was done by means of the Leica ScanStation C10 mid-range laser scanner at 3-week intervals between July and August of 2013 (i.e., in the period of the Scottbreen’s greatest ablation activity). This device facilitates stationary laser measurement of 3D positioning with a maximum speed of 50,000 points per second [pt s−1] and within a maximum range of 300 m [59]; it also uses a green impulse laser (with the wave length of 532 mm), which can penetrate small depths of water [60]. Furthermore, measurement data obtained in the form of a single ‘point cloud’ makes up a ‘model space’ that is characterised by 3D position accuracy of up to 6 mm at distances up to 100 m [59]. In the course of the research, the measurement was made using pre-set spacings of ‘middle resolution’ (0.1/0.1m at 100 m), which mapped the measured area with approximately 5 million points [M pt] (from each of the measurement sites). The average density of the points for the ‘model space’ reached 360 points per square metre [pt m−2]. Both measurement campaigns employed the known coordinates (KC) method described by Kociuba [53,58], where each measurement is taken from a known coordinate point and the scanner’s rangefinder is oriented towards one of the target points (belonging to a network of fixed coordinates). The analysed area was scanned from five measurement stands positioned on stable roche moutonnée culminations so as to obtain full information concerning the topographic area. The network of measurement points was marked permanently by means of seven ablation stakes (Figure 1C) whose position was established with rtkGPS measurements (TopCon Hiper II was used in the Base/Rover system). Lastly, the points were used alternately as measurement stands and reference points for connecting individual ‘model spaces’ into the integrated Digital Surface Model (DSM).




3.2. DEM Parameters and Data Analysis


Using the KC method allowed passing over both the time-consuming process of transforming the system from the local to the geographic, and also the ‘manual’ registration process for individual ‘model spaces’ [61]. Predefining the scanner’s position before commencing the measurements makes it possible for the obtained ‘point clouds’ to be georeferenced and thus automatically merged into a single 3D model during the import process of the Leica Cyclone 8.1 software (Leica Geosystems AG, Heerbrugg, Switzerland). The accuracy of the model integration was determined by the precision of rtkGPS measurements. The position was established on the basis of a signal from at least nine satellites of the Global Positioning System (GPS) and the Global Navigation Satellite System (GPS+GLONASS; both a Global Positioning System (GPS) and its Russian equivalent named Globalnaya Navigacionaya Sputnikovaya Sistema (GLONASS)) by averaging out five measurement epochs (the number of samples used for averaging out the coordinates). Also, the range of the measurement ambiguity of the predefined receiver was set so as to make sure that vertical and horizontal deviation did not exceed 0.02 m [62]. DMSs that contained from 19,308,739 M pt to 71,535,423 M pt were obtained, which corresponds to a density of 336 to 90 pt m−2.



The first measurement was made on 28 July, and the next one on 18 August 2013 following a 3-day heavy rainfall, which was caused by an inflow of south-west air masses. Both DSMs were further transformed into high-resolution digital elevation models (DEMs) that made up the basis for further quantitative analyses of: (i) transformations of the topographic surface and (ii) balancing the erosion-deposition budget. The TLS points (DSMs) were imported and processed to the DEM by means of the LP360 4.4 software (GeoCue Group Inc., Huntsville, AL, USA) with a mean spacing of 0.1 m. Research into the physical parameters (differences of height and volume) and the analysis of the differences of the topographic surface were made by means of the Geomorphic Change Detection (GCD 7.4.4) plug-in version for ArcGIS 10.8 software (ESRI, Redlands, CA, USA). In order to calibrate the DoD calculation, an approach based on the spatially variable assessment of the error was applied. The DEM quality was strictly related to the quality of the survey data [63]. Since the maximum TLS survey error for each measurement (0.006 m on 50 m) was lower than the rtkGPS reference points network location error (0.02 m) (both scanner and target points), the highest value was taken as the minimum level of detection (minLoD) for both DEMs, and it was used as a uniform error to calculate the surface error of each DEM. Thus, any predicted elevation changes below 0.02 m were not included in the results of the DoD analysis. Finally, the ‘propagated error’ function was used to detect changes between DEMs [63,64]. Comparative studies involving the application of the DEM of Difference (DoD) method [63] were applied in calculating erosion and deposition (volume and area) e.g., [65,66,67].




3.3. Meteorological Measurements


Meteorological observations were made between 10 July and 18 August in the 2013 melt season. Main meteorological parameters (temperature, humidity, pressure, wind) were recorded with a 10-min sampling frequency using the Campbell measurement station located 2 m above ground level. The Calypso Meteorological Station was located on a raised sea terrace within the Calyspostranda plain (in the close neighbourhood of the abandoned Calypsobyen settlement) (Figure 1A).




3.4. Direct Glaciological Measurements


Measurements of surface ablation were made every 5 days between 13 July and 17 September of 2013. Said measurements were taken at seven points on the glacier surface (Figure 1B,C). The ablation stake’s position by rtk-GNSS along with the pole’s height above the glacier surface were both sampled.





4. Results


4.1. Meteorological Conditions


Temporal variations of the meteorological conditions are illustrated in Figure 3. Minimum and maximum temperature values were recorded over a period spanning the glacier’s morphological changes (from 28 July to 18 August 2013) and were respectively noted as 2.7 °C (on 13 August) and 8.6 °C (on 17 August). In the same time span, a considerable increase in temperature was accompanied by above-average precipitation. The highest daily precipitation of 16.8 mm was recorded on 14 August. Total rainfall on four consecutive days between 13 and 16 August amounted to 46.9 mm, i.e., 43% of the total precipitation in the analysed summer season and 66% in the period covering measurements of the glacier’s morphological changes (28 July–18 August).




4.2. Geomorphic Change Detection Analysis by TLS-Based DEMs


Differential analyses of DEMs show significant changes to the topographic surface both of the glacier and its forefield, which suggests there to be extensive dynamics of geomorphic processes during the measurement period. The analysed area may be considered to be comprised of three cascade-positioned zones, which differ in the type of dominating geomorphic processes, and which refer to the morphological and genetic division of the basin: (1) glacier’s front zone, which undergoes intensive surface ablation; (2) recently deglaciated area, a dynamic, unstable narrow zone with intensive morphological transformations that was created in the analysed period as a result of glacier retreat; and (3) inner marginal zone, a stable zone with an equilibrium of erosional and depositional processes (Appendix A; Figure 4).




4.3. Morphological Changes


4.3.1. Glacier Zone (Clear Ice Zone)


Nearly all of the Scottbreen tongue’s area underwent a dynamic lowering in the analysed period. Over the area ~63,000 m2 of the glacier ice, the decrease of its surface dominated (99%). The volume of melted ice was 53,475 m3 (±1761 m3) in the 3-week timespan (Appendix A. The surroundings of the main meltwater channel situated in the southern section of the glacier tongue, which drains into the Scott River, were affected by the greatest changes in thickness (Table A2; Figure 5(Ba)). What is more, these changes were connected to an intensification of vertical erosion within the superglacial channel in the time of the precipitation-ablation flood. The maximum channel depth reached 4.0 m. The DoD of Scottbreen’s glacial zone also shows an intensive surface ablation with a lowering in the related area of the surface. However, the observed lowering of the glacier’s tongue does not show any major differentiations within the study area. Ultimately, the depth of the lowering in Scottbreen’s tongue surface was on average 0.86 m (±0.03 m) and its average net thickness difference was 0.84 m (±0.02 m) (Table A2).



Only 1% of area (731 m2) containing a positive vertical component (surface rise) was registered within the designated ablation zone (Table A2). The greatest accretion in the area was observed in the northern part of the tongue, within the debris outcrop, which stretched crosswise for approximately 120 m in relation to the movement of the glacier (Figure 5(Bb)). The greatest increase there was registered at ~1 m. Additionally, a small feature was noted in the central part of the ablation area, approximately 130 m to the west of the Scottbreen’s tongue, which rose to 0.5 m in the analysed period. It may be supposed that the feature is probably an initial outcrop of the surface moraine, whose continuation could be observed in the zone at the tongue’s edge. This represents an interesting effect of the transport of supraglacial morainic material along the area’s longitudinal foliation.




4.3.2. Recently-Deglaciated Area (Zone)


In the relief of the narrow, newly uncovered area, a number of new landforms created by the glacier were mapped. Around 94% of the surface in this zone lowered by 0.58 m (±0.03 m) (as a result of melting ice, retreat of the terminus or thawing of buried ice), while the total volume of melted ice was 2494 m3 (±122 m3) (Table A3). The width of the zone varies with the intensity of morphogenetic processes within the glacier’s tongue (Figure 4). Due to the registered changes, the zone’s width may be assessed to be approximately 10–12 m in the northern part of the research area, around 5–7 (max 12.0 m) in its middle part, and roughly 8–10 m in the southern part. The rate of the glacier’s retreat, which was recorded in the TLS measurements, seems to confirm earlier information about the average annual recession rate of Scottbreen’s terminus. Based on juxtaposing of the available photogrammetric material and field studies, the recession rate was noted to be 23 m per year in the 1990–2012 period. Correspondingly, Zagórski and Bartoszewski [19], Reder and Zagórski [57] and Reder [68] obtained similar research results for Scottbreen’s recession rate.



The detection of changes in such a narrow zone is very difficult due to the area’s intensive morphodynamics taking place over a very short time span, and the instability of the landforms in the deglaciation area caused by successively melting buried ice. In the northern part of the area, the deglaciation resulted in overbuilding the eastern zone of the one recently deglaciated, and also the simultaneous lowering of the area that directly converged with the terminus. The development of a small alluvial cone (at approximate maxima: height—1.0 m, width—20.0 m, length—10.0 m) as well as a visible increase in material fraction (clearly seen in the DSM) were the effect of an increase in both the energy and the flow of the glacier’s small marginal outflow (Figure 5(Bc)). To the south of this area, intensive ablation and retreating of the glacier terminus led to an almost complete blurring of about 1.0 m of the high ridge on the surface moraine (Figure 5(Bd)). This area is characterised by the development of small fluvial channels (approximately 2.0 m in width), the washing away of the bed’s surface, and, in its central zone, the simultaneous overbuilding of the alluvial fans found in the adjacent marginal zone. The next test area (Figure 5(Be)) suggests a domination of glacigenic processes, which developed the inner marginal zone. The degradation of buried ice resulted in the lowering of the surface. Forms that were consolidated by the morainic material show a variety of surface changes—a small rising or lowering (the ridge of the surface moraine along the longitudinal foliation). Subglacial accumulation esker forms (built of loose sediments, mostly sand and gravels) of several metres in length were uncovered in the middle area as a result of the glacier’s front retreat (Figure 5(Bf)). These forms ranged from 4 to 5 m in width and their height did not exceed 0.5 m. The esker ridge was cut by small supraglacial currents where it came in direct contact with the glacier’s terminus. Within this area, erosion processes driven by fluvioglacial processes dominate, despite noting distinct accumulation forms there. However, the greatest changes were registered in the southern part of the research area (Figure 5(Ba)). There the proglacial river bed developed laterally in a northern direction as a result of the fluvioglacial processes intensifying. Moreover, there was degradation of the surface moraine ridge, which was found to be transversing the direction of the glacier’s movement. As a result, debris cones of several meters in width developed. Further, an area that exhibited features of dead ice was recorded in the southern part of the test area—it underwent a morphogenesis that differed from that of the active glacier’s terminus. A recession rate similar to the one in the specified test areas was not registered within the dead ice, however, intensive lowering of the surface (1.5–2.0 m) was observed, which was accompanied by modelling of the sheet’s edge by ablation waters.




4.3.3. Glacier Forefield—Inner Marginal Zone


In the analysed period, the recorded marginal zone was reshaped both by erosion and by deposition processes. The detected surface changes indicate a slight dominance of areas with surface lowering at 46,429 m2 (62%) in relation to areas of surface rising at 41,451 m2. This trend is reversed for volume, with deposition at 17,570 m3 (±1172 m3) and erosion of 11,974 m3 (±1313 m3). The above-mentioned were accompanied by average elevation changes ranging from +0.42 m (±0.03 m) to −0.21 m (±0.02 m), respectively (Table A4). The erosion mostly covered the concentration zone of the glacier waters’ main draining system in the research area’s southern part, which contains a system of beds distributing proglacial outflow to the NE. The northward shift of the main outflow zone was accompanied by the development of small alluvial fans, a mid-channel, and lateral bars in the abandoned channels as well as in the central and southern part of the valley floor. (Figure 5(Ba,Bg)). Moreover, intensified side erosion was created as a result of the Scott River’s multi-current proglacial braided patterns towards the north. These processes resulted in an intensive undercutting of the southern edges of the ground moraine’s middle sheet. The deposition of sediment with its thickness of 0.3 m caused the overbuilding of the glacigenic landform complex—an ice-moraine ridge and a lateral moraine separated by fluvioglacial landforms i.e., a sandur cone with two outwash hollows. The eastern part of the main zone, which drained the glacier, and the NW part of the cone, which contained the outwash hollows, were both overbuilt. Small changes took place within the culmination of moraine hillocks in the N and SE parts of the cone (Figure 5(Ba,Bg)). Nearly the whole area, which was predominated by forms both of the bed and the lateral moraine, was reshaped by mass processes characteristic of the periglacial environment.






5. Discussion


The inner marginal outwash fan, which is separated by terminal moraine ridges, makes up an interesting research object for studies on contemporary morphogenesis as well as activities of glacial and fluvioglacial processes. However, research work in this zone typically concerns the recession/advance rates of the glacier terminus e.g., [11,52,57], but it seldom refers to the quantitative assessment of the effects of glacial retreat e.g., [35,47,48,69,70]. Research findings to date have suggested that the present direction of geomorphic changes in the glacial forefield zone of the High Arctic results from the following factors: (i) global (climate-driving factors), (ii) regional (geographic latitude, location with respect to land areas and seas, exposure to predominant winds), and foremost, (iii) local (structural conditions, lithology of sediments, genesis, the glacier’s type and thickness, exposition and tilting of the firn zone, and the glacier’s trough). These factors are decisive in the development and the functioning of temporal or periodical sediment deposition zones, which occur in front of the quickly retreating glacier terminus. The growth rate of glacier-uncovered surfaces significantly affects the contemporary dynamics of the geomorphic processes in the entire inner marginal zone [44].



This study shows short-term erosion and deposition distributions for each analysed area. In the clean ice zone, surface lowering is dominant (99%) due to rapid ice melting. In the 3-week period, the average lowering of the glacier terminus surface was recorded to be 0.84 m (0.04 m per day). By contrast, this is much higher than the average (2.2 m per year; 0.13 m per 3-week period; and 0.006 m per day, respectively), which was noted over a 3-year span between 2010 and 2013 [44]. By comparison, a slightly lower rate (0.39 m per 3-week period and 0.02 m per day, respectively) was determined for the retreat of the Sólheimajökull glacier over a period of 14 years [16]. Furthermore, surface lowering also dominates (95%) in the narrow zone of the recently-deglaciated area, which results in an average decrease of 0.54 m (3-week rate) and 0.026 m (daily rate), respectively. It is worthy to note that a slight predomination of surface rising (53%) was only recorded in the glacier’s forefield zone. This slight advantage of deposition equates to an average increase of 0.064 m over the 3-week period (0.004 m per day). In the above-mentioned 3-year span, some much lower average rates had been determined for Scottbreen’s near forefield (0.025 m—annual; 0.001 m—3-week; and 0.0001 m—daily, respectively), whereas these rates were comparatively two-times higher for its intramarginal outwash fan (0.059 m; 0.003 m and 0.0002 m, respectively) [44]. However, this zone was observed to have different trends in its various cold regions. Similar average values but of surface lowering (−0.05 m—annual; 0.003 m—3-week; and 0.0001 m—daily, respectively) were determined for the Midtre Lovénbreenand (NW Svalbard) forefield over a 2-year period, and these were based on comparisons between LiDAR-derived DEMs/DoD. In reference to those values, average surface lowering was even higher (0.7 m per year; 0.04 m per 3-week period; and 0.002 m per day, respectively) for the moraine downwasting [37]. Quantitative analyses (Table A1, Table A2, Table A3 and Table A4) show a dominance of surface lowering in the clear ice zone (ice-melting) and in the recently deglaciated zone (erosion). In the inner marginal zone, where there is a considerable balance of surface elevation changes, erosion is roughly equal to deposition. It is also where periodic sediment deposition is generally separated from the lower parts of the valleys by the terminal and lateral moraine rampart. The river valley that cuts this rampart crosswise performs a transit role in this system, however, it traps the coarsest fractions of the sediments [71]. Dislodged pebbles and boulders feed the sediment load of the river but are transported over small distances only, which causes aggradation to predominate on the bottoms of proglacial rivers [44]. This study shows that an intensive deglaciation was accompanied by considerable changes in the morphology of the uncovered ice areas [72], which resulted in erosion (most often) as well as deposition (less frequently), within the landforms that had already existed and the newly created landforms—often very ephemeral. The area’s overbuilding, which was recorded in the ablation zone (in the northern part of the terminus) at the outlet of the debris, refers to zones of thrust faults. The fault zones create a discontinuity along which some debris is transported to the glacier surface. However, an increase within the area of the analysed scree crest is not connected to increased sediment transport from the glacier’s bedrock, but is rather caused by the fact that ice, which is devoid of its rock cover, undergoes an intensive ablation. Such a mechanism of sediment transmission and formation of crosswise ridges in the surface moraine, which has been widely described in literature e.g., [73,74], is characteristic of polythermal glaciers with a base of frozen terminus. The analysed landform is ephemeral and its functioning time depends on the permanence of an ice core covered with supraglacial debris. An analogous form at a later developmental stage was recorded in the southern part of the terminus. Only a small-area, maximally 0.5 m high elevation took place within the area of the ridge whose length is approximately 80 m. This is connected to the fact that the form situated closer to the edge of the terminus underwent intensive washing away processes.



Meteorological observations recorded throughout the summer melting period together with ablation measurements at the Scottbreen show an asynchronism between precipitation as well as ablation volumes within the glacier’s area and the ’morphological effect‘ in the newly uncovered areas. A precipitation episode, which had been noted at the beginning of the observation period (approximately 35% of the volume of recorded precipitation), resulted in a small area lowering (0.2 m) in a part of the Scottbreen’s terminus. Between 7–18 August 2013, the glacier surface at stake SC1 (Figure 1B) decreased by 29 cm and at stake SC2 by 33 cm. That same year in the period from 13 July to 18 August, before the rainfall episode, SC1 showed that the surface decreased at a fairly constant pace, which averaged a max of 20.3 cm. In the same period of time, SC2 (Figure 1B) showed that the mean value of the glacier surface descent was 18.8 cm. The causes of such a state might be found in an increased capacity to retain precipitation waters in the Scottbreen’s accumulation zone and water percolation in empty areas of the snow, firn, and ice [75,76,77,78]. Percolation is a slow process that efficiently stopped the surface flow of ablation-precipitation waters down the glacier’s surface. The rainfall episode (from 13 to 16 August) contributed to an increased surface ablation of the glacier, in particular in its terminus part (registered area lowering at SC1—0.75 m (Figure 1B,C), and by comparison of the average area lowering at DoD—1.1–1.5 m). In fact, such an extensive area lowering was caused not only by record precipitation together with a considerable increase in the average air temperature, but it is also influenced by the release of water retained in snow and firn that were stored in higher glacial zones. This was accompanied by a simultaneous intensive flow down the glacier’s surface area within the ablation zone.



The methodology of comparative studies showed considerable development of glacial and proglacial landforms located in the glacier’s recently deglaciated and inner marginal areas, which resulted from above-average weather conditions. The effects of the 3-day rainfall with its volume being close to the multi-annual sum (registered in the melt period) suggest that events of an above-average character within a very brief timescale may diametrically alter the short-term transformation trend. The glacier’s ablation rate, the range of area lowering, or the changes in the volume of forefield landforms, which occur as a result of these episodic events, may equal or even exceed annual mean values that have been registered. Research to date [19,57,68] has documented the glacier’s terminus retreat to be at a rate of 3 to 22 m annually (Figure 2). Moreover, Kociuba [56] estimated the annual (2010–2013) mean ice loss in this zone at 2.2 m year−1, which corresponds to the water equivalent of 2.0 m3 from each square meter. The intensive ice-melting leads to concentrated runoff of sub- as well as supraglacial waters and results in a considerable reshaping of ephemeral landforms within the newly uncovered parts of the valley. Corresponding research that was performed using the glaciological method on the intensive ablation zone of the glacier’s terminus confirmed the value of the mean lowering of the glacier’s surface, which was registered as per the DoD results. In the analysed period, the mean lowering registered at SC1 (Figure 1B,C), in a location approximately 70 m over the glacier’s longitudinal profile, equalled 0.75 m. All these values were additionally confirmed by the juxtaposition of numerical terrain models, which had been obtained from the available photogrammetric depictions and terrain studies (by GPS of the glacier’s surface) over the 1990–2012 period. In that same period, the glacier’s surface in its terminus part lowered by approximately 58 m and averaged out at an annual value of 2.3 m. These values are fully compatible with the results obtained at the time of field studies in 2012. Then, during the 5 weeks of the ablation period, the glacier’s area lowered by 1.2 m in its terminus zone.




6. Conclusions







	
The foreland of the Scottbreen—a typical valley glacier that has undergone dynamic transformations connected with its terminus, which in turn have retreated at a rate of 22 m year−1—makes up an interesting research study into the contemporary development of newly deglaciated areas. Comparative measurements in the 3-week period at the turn of July and August of 2013 introduce a new quality into spatial analyses of glacial areas. They have made it possible to perform quantitative and qualitative evaluations on the range and direction of landform development. The spatial analysis on the dynamics of geomorphic processes that shape said zone has given rise to tracing short-term landform transformations under conditions of progressive degradation of the glacial catchment’s cryosphere in the sensitive High-Arctic environment.



	
Three zones were distinguished with respect to the differences in the dynamics of geomorphological processes: (i) the glacier front zone, which is characterised by a glacier surface lowering rate of 2 m year−1; (ii) the recently deglaciated zone with dynamic geomorphic processes, which worsens during extreme and above-average meteorological events (e.g., heavy rainfall, rapid increase in air temperature); and (iii) the inner marginal zone, which is relatively stable and characterised by an erosion/deposition balance.



	
The range of transportation of supraglacial debris is limited. The majority of newly provided debris that comes from the glacier’s ablation is deposited in a narrow, recently deglaciated zone (up to 12 m). Here, a predominance of aggradation was registered in the analysed 3-week period. Moreover, redeposition of sediments into the inner marginal zone is restricted by a range of hills in the terminus and lateral moraines located at the foot of the zone, which includes numerous intramoraine fluvial basins (or, less frequently, basins that are not drained by any outflow) catching the supraglacial debris. However, during the period of above-average floods, the scree deposited in the basins may be channelled to the basins’ lower parts where it overbuilds the landform of the inner marginal outwash plain.



	
It has been shown that in a very short timescale, rapid meteorological phenomena can result in relief changes that are diametrically different from the rates and directions of annual and perennial changes. The occurrence of events characterised as above-average, i.e., high precipitation and an increase in temperature during the 3-week comparative period (July–August 2013), cause the glacier’s area to lower by up to 3.5 m—this is nearly two times more than the annual mean (2 m year−1) in the 2010–2013 period.



	
The conducted analysis on the dynamics of spatial changes in the proglacial zone may contribute to a better understanding of the way modern processes shape the forefield of the glacier’s terminus. Detailed comparative analyses confirmed the high precision and efficiency of high-resolution TLS-based DEM as a tool for inventorying and tracking high-dynamic development of glacial and proglacial landforms. This tool is particularly useful in analysing ephemeral landforms (from several days to several weeks long). This study’s adopted methodology for performing both measurements and comparative analyses on high-resolution models of investigated areas is far more universal and effective than methods that have been traditionally used in glaciology. Consequently, the amount of data provided during a single measurement cycle and the comparability of the findings should be the basis for implementing the TLS-based DEM analysis as a standard tool in a new comprehensive approach to conducting glaciological and geomorphological research into glacier forefields.
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Appendix A


Changes in spatial parameters of the studied area calculated volumetrically with reference to the total volume of ice/material net change recorded by the DoD (both melting/erosion and deposition) from 28 July to 18 August 2013. [Table A1] The entire analysed area; [Table A2] the terminus of the Scottbreen in the range of 28 July 2013; [Table A3] the area uncovered to 18 August 2013 (recent-deglaciated area); [Table A4] the glacier forefield—inner marginal zone.
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Table A1. The entire analysed area.






Table A1. The entire analysed area.





	
Attribute

	
Raw

	
Thresholded DoD Estimate:






	
Areal Metrics

	

	

	

	




	
Total Area of Surface Lowering (m2)

	
143,326

	
108,948

	

	




	
Total Area of Surface Raising (m2)

	
62,063

	
42,225

	

	




	
Total Area (m2)

	
205,389

	
151,173

	
74%

	




	
Total Volumetric Metrics

	

	

	
± Error Volume

	
% Error




	
Total Volume of Surface Lowering (m3)

	
66,049

	
65,647

	
±3082

	
5%




	
Total Volume of Surface Raising (m3)

	
17,945

	
17,741

	
±1194

	
7%




	
Total Volume of Difference (m3)

	
83,994

	
83,388

	
±4276

	
5%




	
Total Net Volume Difference (m3)

	
−48,103

	
−47,905

	
±3305

	
−7%




	
Vertical Averages:

	

	

	

	




	
Average Depth of Surface Lowering (m)

	
0.46

	
0.60

	
±0.03

	
5%




	
Average Depth of Surface Raising (m)

	
0.29

	
0.42

	
±0.03

	
7%




	
Average Total Thickness of Difference (m) for Area of Interest

	
0.41

	
0.41

	
±0.02

	
5%




	
Average Net Thickness Difference (m) for Study Area

	
−0.23

	
−0.23

	
±0.02

	
−7%




	
Percentages (by volume)

	

	

	

	




	
Percent Elevation Lowering

	
79%

	
79%

	

	




	
Percent Surface Raising

	
21%

	
21%

	

	




	
Percent Imbalance (departure from equilibrium)

	
−29%

	
−29%
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Table A2. The terminus of the Scottbreen in the range of 28 July 2013.






Table A2. The terminus of the Scottbreen in the range of 28 July 2013.





	
Attribute

	
Raw

	
Thresholded DoD Estimate:






	
Areal Metrics

	

	

	

	




	
Total Area of Surface Lowering (m2)

	
62,558

	
62,250

	

	




	
Total Area of Surface Raising (m2)

	
911

	
731

	

	




	
Total Area (m2)

	
63,469

	
62,981

	
99%

	




	
Total Volumetric Metrics

	

	

	
± Error Volume

	
% Error




	
Total Volume of Surface Lowering (m3)

	
53,479

	
53,475

	
±1761

	
3%




	
Total Volume of Surface Raising (m3)

	
164

	
162

	
±21

	
13%




	
Total Volume of Difference (m3)

	
53,643

	
53,637

	
±1781

	
3%




	
Total Net Volume Difference (m3)

	
−53,315

	
−53,313

	
±1761

	
−3%




	
Vertical Averages:

	

	

	

	




	
Average Depth of Surface Lowering (m)

	
0.85

	
0.86

	
±0.03

	
5%




	
Average Depth of Surface Raising (m)

	
0.18

	
0.22

	
±0.03

	
7%




	
Average Total Thickness of Difference (m) for glacier terminus

	
0.85

	
0.85

	
±0.02

	
5%




	
Average Net Thickness Difference (m) for Area of Interest

	
−0.84

	
−0.84

	
±0.02

	
−7%




	
Percentages (by volume)

	

	

	

	




	
Percent Elevation Lowering

	
79%

	
79%

	

	




	
Percent Surface Raising

	
21%

	
21%

	

	




	
Percent Imbalance (departure from equilibrium)

	
−29%

	
−29%
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Table A3. The area uncovered to 18 August 2013 (recent-deglaciated area)






Table A3. The area uncovered to 18 August 2013 (recent-deglaciated area)





	
Attribute

	
Raw

	
Thresholded DoD Estimate:






	
Areal Metrics

	

	

	

	




	
Total Area of Surface Lowering (m2)

	
4495

	
4302

	

	




	
Total Area of Surface Raising (m2)

	
356

	
247

	

	




	
Total Area (m2)

	
4851

	
4549

	
94%

	




	
Total Volumetric Metrics

	

	

	
± Error Volume

	
%Error




	
Total Volume of Surface Lowering (m3)

	
2497

	
2494

	
±122

	
5%




	
Total Volume of Surface Raising (m3)

	
55

	
54

	
±7

	
13%




	
Total Volume of Difference (m3)

	
2552

	
2549

	
±129

	
5%




	
Total Net Volume Difference (m3)

	
−2441

	
−2440

	
±122

	
−5%




	
Vertical Averages:

	

	

	

	




	
Average Depth of Surface Lowering (m)

	
0.56

	
0.58

	
±0.03

	
5%




	
Average Depth of Surface Raising (m)

	
0.16

	
0.22

	
±0.03

	
13%




	
Average Total Thickness of Difference (m) for Area of Interest

	
0.53

	
0.53

	
±0.03

	
5%




	
Average Net Thickness Difference (m) for Recent-Deglaciated Area

	
−0.50

	
−0.50

	
±0.03

	
−5%




	
Percentages (by volume)

	

	

	

	




	
Percent Elevation Lowering

	
98%

	
98%

	

	




	
Percent Surface Raising

	
2%

	
2%

	

	




	
Percent Imbalance (departure from equilibrium)

	
−48%

	
−48%
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Table A4. The glacier forefield—inner marginal zone.






Table A4. The glacier forefield—inner marginal zone.





	
Attribute

	
Raw

	
Thresholded DoD Estimate:






	
Areal Metrics

	

	

	

	




	
Total Area of Surface Lowering (m2)

	
80,495

	
46,429

	

	




	
Total Area of Surface Raising (m2)

	
61,106

	
41,451

	

	




	
Total Area (m2)

	
141,601

	

	
62%

	




	
Total Volumetric Metrics

	

	

	
± Error Volume

	
% Error




	
Total Volume of Surface Lowering (m3)

	
12,372

	
11,974

	
±1313

	
11%




	
Total Volume of Surface Raising (m3)

	
17,773

	
17,570

	
±1172

	
7%




	
Total Volume of Difference (m3)

	
30,145

	
29,545

	
±2486

	
8%




	
Total Net Volume Difference (m3)

	
5400

	
5596

	
±1760

	
31%




	
Vertical Averages:

	

	

	

	




	
Average Depth of Surface Lowering (m)

	
0.15

	
0.26

	
±0.03

	
11%




	
Average Depth of Surface Raising (m)

	
0.29

	
0.42

	
±0.03

	
7%




	
Average Total Thickness of Difference (m) for Area of Interest

	
0.21

	
0.21

	
±0.02

	
8%




	
Average Net Thickness Difference (m) for Glacier Forefield

	
0.04

	
0.04

	
±0.01

	
31%




	
Percentages (by volume)

	

	

	

	




	
Percent Elevation Lowering

	
41%

	
41%

	

	




	
Percent Surface Raising

	
59%

	
59%

	

	




	
Percent Imbalance (departure from equilibrium)

	
9%

	
9%
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Figure 1. (A) Location of the research area in Spitsbergen: (1) ridges and slopes; (2) glaciers; (3) glacier forefield; (4) marine terraces; (5) rivers and lakes; (6) sea; (7) Calypsobyen Meteorological Station; (8) rtkGNSS base station; (9) study area. (B) Aerial photo with study area of the Scottbreen forefield: (1) Scottbreen outline on 7 August 2013; (2) study area; (3) longitudinal profile line with a set of the ablation stakes. Source of the aerial photo: Google Earth Pro; the stage on 17 August 2013. (C) Scottbreen’s longitudinal profile with a set of the ablation stakes. 






Figure 1. (A) Location of the research area in Spitsbergen: (1) ridges and slopes; (2) glaciers; (3) glacier forefield; (4) marine terraces; (5) rivers and lakes; (6) sea; (7) Calypsobyen Meteorological Station; (8) rtkGNSS base station; (9) study area. (B) Aerial photo with study area of the Scottbreen forefield: (1) Scottbreen outline on 7 August 2013; (2) study area; (3) longitudinal profile line with a set of the ablation stakes. Source of the aerial photo: Google Earth Pro; the stage on 17 August 2013. (C) Scottbreen’s longitudinal profile with a set of the ablation stakes.



[image: Resources 10 00002 g001a][image: Resources 10 00002 g001b]







[image: Resources 10 00002 g002 550] 





Figure 2. A geomorphic sketch of the actively transforming glacier’s forefield zone: (1) clear ice zone (photo date: 17 August 2013); (2) ground moraine; (3) terminal- and lateral-moraine; (4) outwash plain; (5) rivers and lakes. Source of the aerial photo: Google Earth Pro. 
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Figure 3. Comparison of changes in mean daily air temperature and mean daily precipitation during 2013 melt season: (1) average temperature, (2) daily precipitation sum, (3) analysed period. 
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Figure 4. High-resolution hillshades model of study area from 28 July 2013. (1) clear ice zone, (2) recently-deglaciated zone, (3) glacier forefield—inner marginal area. 
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Figure 5. (A) DEM of Difference (DoD) for test area. Hillshades from the more recent survey in the DoD are shown behind the DoD for context. Landforms in the actively reshaped glacier terminus zone; described landforms marked by rectangles (from a to g). (B) Glacigenic and fluvioglacial landforms (from a to g). 
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Table 1. Main features of Scottbreen.
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Morphometric

	
Mass Balance and Geometric Changes






	
glacier basin area (km2)

	
ca. 6

	
mass balance (w.e.)

	
−0.81 (1990–2012)




	
glacier area (km2)

	
4.4 (2012)

	
avg. terminus position change (m year−1)

	
−15 (1895–2012)




	
length (m)

	
3100 (2013)

	
observed surges (year)

	
ca. 1880




	
width (m)

	
1100–1800

	
area changes (km2)

	
−1.52 (1895–2012)




	
max. elevation (m a.s.l.)

	
502

	
average thickness changes (m year−1) ablation area (>350 m a.s.l.)

	
−57 (1936–2005)

−58 (2005–2012)




	
min. elevation (m a.s.l.)

	
85 (2013)

	
average thickness changes (m year−1) accumulation area (>350 m a.s.l.)

	
0 (1936–1990)

−0.62 (1990–2019)




	
accumulation area (km2)

	
1.6

	
flow velocity (m year−1)

	
ca. 1




	
ELA (m a.s.l.)

	
400 (2003)

530 (2013)

	

	




	
aspect

	
N (accumulation area)

NE (tongue)

	
Glacier type




	
max. thickness (m)

	
ca. 160

	
drainage

	
supraglacial, inglacial, subglacial




	
volume (km3)

	
ca. 0.301 (2009) [55]

	
thermal regime

	
polythermal




	
avg. slope (°)

	
ca. 5

	
morphologic

	
valley, subpolar high latitudes, ground based
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