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Abstract

:

Small Arctic coastal catchments and coastal lagoon systems are some of the most vulnerable to climate change. Glacial retreat and the development of glacial lakes and drainage systems provide opportunities for hazardous events such as GLOFs. We observe that the stability of lagoons and their associated barriers are controlled by the frequency and magnitude of storms approaching the coasts, access to sediment supplies and resilience to sea-level rise. Based on multidecadal remote sensing data, we were able to identify the rate of glacial recession, the development of glacial lakes, vegetation response to climate change and a GLOF event, and shoreline and lagoon responses to the environmental shifts within the small catchment. Here we present an example of lagoon system evolution where a glacial outburst flood exerted significant control over lagoon drainage and coastal barrier stability.
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1. Introduction


Climate change is particularly visible in the Arctic, which is reinforced by so-called Arctic amplification and has warmed nearly four times faster than the global average [1]. This is especially noticeable with regards to the rapid loss of snow cover, which has been reduced by about half since the summer of 1979, and with respect to the amount of sea ice, which has decreased by 80% since the 1980s [2]. At the same time, there has been an accelerated recession of glaciers and major changes in the thermal state of permafrost [3]. In the small catchments (here defined as <10 km2), environmental changes, i.e., glacier retreat, geomorphological process activation [4], shorter snow cover occurrence or vegetation expansion, and longer melting seasons [5], are rapidly becoming visible. With the ongoing glacial retreat since the Little Ice Age maximum, glacial lakes are being formed, and drainage systems are developing to form the new proglacial landscapes. Deepening of the active layer has been observed [5], showing the increase in geomorphological activity to be visible. These factors highlight the importance of research in small catchments as these areas are fragile and can quickly shift from the glacial to the paraperiglacial type.



Arctic coasts are extremely vulnerable to climate change [6], with the influence of warmer temperatures on the functioning of coastal zones having been seen to be profound [4,5,6]. Changes occurring in warmer Arctic lands and seas concentrate in the coastal zones [7], resulting in, i.a., increased coastal erosion [8,9]. Additionally, the lack of sea ice, which plays a protective role [10], results in an increase in the length of the wind path. This means more energy is transmitted to the waves, which in turn enhances their erosional capabilities [11]. The majority of studies, however, refers to mid-latitude and tropical coastal zones with only limited insight into Arctic lagoon responses. Here we present the first remotely sensed proof showing that significant control of lagoon drainage and coastal barrier stability can be exerted by glacial outburst floods from local rapidly retreating glaciers. It is important to mention that over the last few decades, most of the coastal research has focused on mechanisms controlling the evolution of the ice-rich permafrost coasts of Alaska, Yukon or Siberia, whereas less attention has been paid to still glaciated parts of the regions such as the Canadian Arctic Archipelago, Greenland or Svalbard [12,13,14,15]. In these Arctic islands, fluxes of sediments released from the melting glaciers are transported by rivers and supply prograding deltas, tidal flats, beaches, spits or lagoon barriers [16,17,18,19,20].



Occurring almost simultaneously with changes in the Arctic coastal geomorphology, proglacial zones of rapidly retreating glaciers have experienced severe modification, with the accelerated formation of new glacial lakes and associated glacial outburst floods (GLOFs) [21,22,23,24,25]. As recent studies have shown, the Svalbard Archipelago also follows the global trend of rapid glacial lake development since the end of the Little Ice Age (LIA) [22] and the occurrence of glacial floods [22,26].



With ongoing glacial retreat from the LIA maximum, new water bodies are being formed, and drainage systems are developing to form the new proglacial landscapes. The increase in geomorphological activity is visible due to the deepening of the active layer [5]. These changes occurring in the small systems, i.e., small catchments, are rapidly seen, as small catchments are sensitive indicators of climate change in the Arctic environment [27].



In this paper, we present the results of remote sensing analyses of a unique interplay between changes observed in a small coastal catchment with developing glacial lake systems and the stability of the coastal lagoon in Svalbard (Figure 1). To our knowledge, we have identified the first example of the impact of a GLOF event (August 2022) on the complete runoff of an Arctic lagoon. Our secondary aim was to detect and quantify GLOF influence on spatiotemporal changes in vegetation in the small Arctic catchment.




2. Materials and Methods


2.1. Study Site


Small catchments are numerous on Svalbard, but they differ in terms of the extent of glaciation, aspect, elevation, river systems, presence of lakes and types of lakes. Rekvedbukta is situated on Albert I Land, ca. 8 km south of Magdalenefjorden. The study area (8 km2) is presented in Figure 2. The bedrock of the catchment is composed of Mesoproterozoic (migmatite and banded gneiss) [28,29] and Ludlow–Pridoli (granitoid rocks) age Smeerenbugfjorden Complex [29]. In the lower parts of the catchment, the bedrock is covered with unconsolidated Holocene materials: moraines, glaci-fluvial and marine deposits [29]. A thrust fault line cuts through the beach [29]. In the central part of the valley, a flattened fluvial area is located with mixed glaci-fluvial material. The beach is composed of moraine (the SE part) and marine (the NW part) material. On the southern slopes of Aasefjellet, numerous talus cones stretch over its entire length. Smaller talus cones can be observed on the Knausen and Knivsegga slopes. The upper part of the catchment is covered by glaciers—Nepebreen and Knivseggbreen (nor. breen = glacier)—with their moraines marking the LIA extent. Both glaciers are linked with Gullybreen, which seeps into the Magdalenefjorden. Besides the two glaciers, there are two unnamed glacial lakes in the catchment that are located on the glaciers’ forelands, and a lagoon (Rekvedtjørna) is located right behind the coastal barrier. The glacial lakes are connected to the lagoon by streams. The foothills of the Aasefjellet slope are covered with vegetation.




2.2. Detection of Glacier, Catchment and Coastal Changes


To properly analyse the changes that have taken place along the Rekvedbukta coastline, we used a range of available remote sensing data. It is important to note that our analysis also included the forelands of the Nepebreen and Knivseggbreen, as well as the runoff zone of the rivers draining these glaciers.



The Svalbard archipelago has, due to its long tradition of research, received numerous environmental and, above all, remote sensing studies [31,32,33,34]. These range from the available, archival topographic maps from the first scientific expeditions to high-resolution satellite images from the last decade. In order to observe the evolution of the coastline in our study area in more detail, we selected a number of aerial and satellite images that we used directly in our analysis (Table A1). The oldest data are from an aerial campaign taken in 1936 by the Norwegian Polar Institute, while the most recent data are from the Planet and Sentinel satellites. For the 1936 aerial photographs, we additionally used the orthophotomap [34]. In addition, we also used data from multiple Landsat satellite missions. All data were appropriately filtered and only scenes with no or low cloud cover were selected. The resolution of the images themselves was good enough to allow a comparative analysis of coastal changes, glacier forelands, as well as of the glaciers themselves. Given the variability in the resolution of the different data sources, we also carried out error propagation analyses to indicate the magnitude of the possible error made during the analysis of the individual remote sensing data. The aspect map was created in ArcMap 10.7.



To demonstrate the changes in the selected small catchment areas over the past decades, we used Geographical Information Systems (GIS) tools and analyses. For this purpose, glaciers, glacial lakes, lagoons and coastlines were vectorised (manually) and measured on the above-mentioned remote sensing images (on which cloud cover and shadows caused no problems for vectorisation) in ArcMap 10.7. For the most recent data, characterised by the best quality (from 3 to 10 m resolution), the rate of shoreline change was calculated using the Digital Shoreline Analysis System (DSAS) available in ArcMap as an add-in. DSAS bases its operation on input data, which are the baseline and shorelines stored in the geodatabase as feature classes [35]. The baseline was generated at a distance of 20 m from the shorelines and was 1671 m long, covering almost the entire barrier coast from the tip of the spit system in the south and the tidal inlet to the lagoon in the north (Figure 1). The shorelines were vectorised, and the corresponding dates were added to the attribute table. In addition, decadal shoreline changes were also calculated with DSAS using remote sensing images from 1936, 1985, 1990, 1999, 2011, 2015, 2020 and 2022. However, the resolution of the available images from the selected years varied from 3 m to 30 m. A higher level of uncertainty in the data was considered, which can be determined by DSAS. The level of uncertainty ranged from 3–15 m depending on the resolution of the image: the worse the resolution, the greater the uncertainty. For this study, the barrier coast blocking the lagoon system was divided into 84 transects of 20 m length. The maximum search distance from the baseline was set to 200 m, which was then clipped to the maximum shoreline extent. Shoreline change statistics were then calculated for the generated transects with a confidence level of 95%. DSAS allowed us to calculate three different parameters characterising shoreline shifts over the 1936–2022 period: [35,36,37,38] End Point Rate (EPR)—the distance between the youngest and oldest shoreline, divided by the time passed between the youngest and oldest shoreline; Shoreline Change Envelope (SCE)—the distance between the furthest and closest shoreline from the baseline, for each transect; Net Shoreline Movement (NSM)—the distance between the youngest and oldest shoreline [35,36,37,38].



Using ArcScene 10.7, a 3D catchment model (for the year 2022) was created to enable us to compare with an aerial oblique photograph from 1936 [39].



We used the Normalised Difference Vegetation Index (NDVI) for two purposes: firstly, to show how the surface area of the vegetation has changed since the 1970s and secondly, how the GLOF event affected the NDVI values. The NDVI was calculated in ArcMap 10. 6. 1 with the standard formula [40]:


NDVI = (NIR − RED)/(NIR + RED)











The following bands were used for the following dates: 1976 and 1980 bands 6 and 7 [41], for 1990, 2000 and 2011 bands 3 and 4 [42,43] and for 2020 bands 8 and 4 [43]. Parts of the used scenes covered with shadows or clouds were excluded from the analysis. For the NDVI GLOF analysis, we used Sentinel-2 data [44] with a 2 × 2 m resolution.



The second index we used in our work was the Normalised Difference Water Index (NDWI). The purpose of the use of this index was to find the areas covered by water. Based on this index, we were able to determine the extent of surface water (in this case, glacial lakes and lagoon), as well as to use satellite images in which the Earth’s surface was obscured by partial cloud cover, preventing the adequate interpretation of the scenes in visible light (RGB) spectra [45]. NDWI was calculated in ArcMap 10.8 using the formula [45]:


NDWI = (GREEN − NIR)/(GREEN + NIR)













3. Results


3.1. Deglaciation and GLOF Events


Deglaciation of the analysed area is one of the most important processes for the changing landscape. Given that the oldest material for our analysis is an aerial image from 1936, the glaciers considered in our study were already in the deglaciation phase after the termination of the LIA. According to all the different authors, the LIA ended around 20–30 years before 1936 which, instead, is part of the warm 1930s. The furthest extent of the glaciers during the LIA can therefore be directly related to the position of the end-moraines, which at some point began to bound each other, forming a medial moraine separating Nepebreen and Knivseggbreen (Figure 3). We therefore analysed a number of satellite and aerial photographs to show the deglaciation process of both glaciers. In 1936, both glaciers were still in direct contact with the end-moraines and since then we have only observed their retreat.



We had to take into account the varying resolution of the data used, so we distinguished the limits of the glacier’s extent at an average frequency of every decade (Table 1).



Nepebreen, with a southwestern aspect (Figure 3), is characterised by an annual retreat rate of approximately 4.55 m/year, which is faster than the western-facing Knivseggbreen’s retreat rate of 3.1 m/year. In addition to the retreat of the glacier fronts themselves, a localised narrowing of the glaciers is also evident, so that they no longer fill the entire valley, as can be seen, for example, in satellite images from the 20th century (Figure 4).



With the retreating glaciers, a glacial lake appeared within the frontal moraine in 1936 on the foreland of Nepebreen, which has developed steadily since then, and in the summer season of 1999, a glacial lake was also formed on the foreland of Knivseggbreen. The lake at Nepebreen was in direct contact with the glacier until 2022 and filled all the free space within the frontal moraine left by the retreating glacier. The lake at Knivseggbreen was originally an ice-contact lake, too, but had already lost its direct contact with the glacier by the late 1990s. Both lakes are classified as end-moraine glacial lakes. The instability of the moraine in front of Knivseggbreen led to the dam bursting and the glacial lake outflows. The first GLOF event occurred back in 1999. After this event, the lake did not form again until the summer season of 2017, when the lake is visible in the satellite image from the 11th of August, only to drain as a GLOF event, as seen in the September 2017 satellite images. After this event, there were five more GLOF events (2018, 2019, 2020, 2021, 2022), which we were able to record by analysing the satellite images. The last known GLOF event occurred in 2022 (Figure 5).



From the perspective of our work, the most interesting GLOF event appeared to be that of August 2022. Using the available remote sensing data, we narrowed down the moment (day) of the GLOF occurrence as much as the quality of the available data and, above all, the cloud cover allowed (Figure 6). With the aim of using as many images as possible to analyse the GLOF event, we used multispectral scenes (Figure 6B,C). Multispectral scenes allowed us to observe this runoff zone despite the unfavourable partial cloud cover. By modifying the scene display with the near-infrared channel, the area occupied by water could be highlighted. On the 1 August, the area of the glacial lake at Knivseggbreen was approximately 0.05 km2; at the same time, the lagoon area was c.a. 0.17 km2 (Figure 5). An important satellite image was taken on the 11 August and shows that the glacial lake at Knivseggbreen has significantly reduced its surface area since the 1st of August (−0.02 km2, equal to 33% areal loss), while causing the lagoon to fill with sediments and decrease in area by 12:17 UTC (−0.01 km2, 7% loss). At the same time, a small sediment outflow with an area c.a. 0.2 km2 is visible. In the image taken at 18:37 UTC on the same day, a very large outflow of sediments (4.8 km2; an increase of 4.5 km2 or 1834%) from the lagoon into the bay is observed, as well as its drainage (−0.11 km2, −69%). The next available satellite image was taken on the 16th of August, but the cloud cover in the image does not allow for an accurate analysis of the extent of the glacial lakes. Nevertheless, it can be seen that the glacial lake at Knivseggbreen and the lagoon have completely drained, and the bay no longer contains as much sediment as during the GLOF event on the 11th of August. After this event, the first satellite scene, which we were able to analyse in detail due to suitable meteorological conditions (cloud cover lower than 50%), was taken on the 21 August. With it, we can confirm with certainty the complete drainage of the glacial lake and lagoon.




3.2. Environmental Changes in the Glacierised Catchment


The results of climate change on the catchment are easily visible in Figure 3, where the shift in the position of the glacier fronts is clearly seen. The results of the decadal vegetation coverage analysis of the last 45 years showed that the mean spatiotemporal NDVI value increased from −0.17 to 0.12 as well as alongside increases in both the minimum and maximum values (Table 2).



The spatial and temporal location of vegetation is presented in Figure 7. The northern slopes of Knivsegga are often in shadow, precluding an analysis of that area. In the year 2011, little decrease in NDVI values was observed in comparison to the previous year. However, the general spatiotemporal trend showed a positive response of the vegetation to the warming climate within the catchment.



Below we present the influence of the GLOF event, which occurred between the 1 and 16 August 2022, on NDVI in the runoff zone (Figure 8). The 16th of August is the first day when a small cloud cover enabled us to notice environmental changes in the catchment such as lagoon outwash (TC) and a sudden drop in vegetation (NDVI), which occurred over a two-week period. Within the next days (21, 22, 23 and 26 August), greenness reactivation and the usage of old stream channels (visible as very low, reddish, NDVI values) were observed. Further tracing of changes in the runoff zone was impossible due to dense cloud cover and snowfall in September. However, over the following 10 days, after the GLOF event, a rapid positive change in the NDVI values was observed, which suggested low (only sediment coating) GLOF impact in the runoff zone.




3.3. Shoreline Changes


Analysing the shoreline changes, the EPR (Figure 9A and Figure 10A) showed a significant erosion trend for the data covering the last five years, as well as for the decadal data (1936–2022). The average rate of change for the last five years was −2.2 m/year (Figure 9A) and −0.29 m/year for the decadal data (Figure 10A). The largest EPR erosion (−4.1 m/year) in the last five years was detected in transect 22. In the entire analysed period 1936–2022, the highest mean (EPR) erosion was found in transect 3 (−1.26 m/year). The average of all the accretional rate values of the EPR during 2017–2022 was 0.92 m/year and for the multi-year data was −0.03 m/year. The largest changes in EPR in recent years were seen in the northern part of the coast. For the most part, these were changes of −2 to −4 m/year in the period 2017–2022. In the multi-year period, the northern part continued to show the greatest transformation, but here the changes fluctuated around −0.5 m/year.



For the NSM calculated for the latest years 2017–2022 (Figure 9B), the average distance was −10.33 m, indicating that more erosion than accretion has occurred at the coast over the last five years. Moreover, a negative distance was obtained in 79 transects, with an average of −11.26 m. The largest negative distance was recorded for transect 22: −22.55 m. It is noticeable that the more eroded section of the coast is to the north of this transect. A positive distance was only shown for five transects, with an average offset of 4.32 m. The largest positive distance was shown for transect 9: 10.47 m, which is located in the southern part of the coastline. For the decadal data (Figure 10B), the average NSM was −22.6 m, and the distance was negative in 81 transects. For the same data, the largest negative NSM was calculated for transect 4 (−48.57 m). The largest positive distance was calculated for transect 9 (6.69 m), the same as for 2017–2022. The average positive distance for 1936–2022 was 2.86 m.



The average distance for the SCE analysis between 2017–2022 was 36.45 m (Figure 9C). The largest change occurred in transect 80 where there was a 52.14 m difference between the nearest and the furthest shoreline from the baseline. In this case, the shorelines were the closest on the 21st of September 2022 and the furthest on the 1st of July 2020. This means that more than 50 m of coastline eroded between these two years. The smallest SCE value was shown for transect 15 and reached 22.72 m. In this case, the extreme shorelines were also from 2020 and 2022 and the initial (southern) and central parts of the coast changed less than the final (northern) part of the coast (near to the inlet), where changes mostly reached more than 40 m for each transect. The SCE for the data from 1936–2022 averaged 45.04 m (Figure 10C). The largest displacement during this period was found for transect 82, with a value of 68.46 m (similar to the 2017–2022 data). This displacement was observed in the data from 2022 (the closest shoreline) and 2000 (the furthest shoreline). This is mainly related to the lack of an inlet in the 2000s, when the lagoon lake had no direct connection to the sea. Transect 11 showed the smallest distance of 12.18 m, and this change referred to the same extreme shorelines as above (2000 the furthest and 2022 the closest). When considering multi-year changes, the smallest changes were mainly at the beginning of the coast and the largest, as in the case of 2017–2022, in the final (northern) part near the inlet.



The erosion rate has been increasing since 2000 (Figure 11). We observed that in 2000–2022, the northern part of the coast was eroding at quicker rate than the southern part by around 1 m/year. Between 1985 and 2000, a positive seaward shift of the coastline was observed, indicating accumulation along the entire coastline with the exception of the area from transect 14–17 and 39–45. We relate this phenomenon to the increased delivery of glacial sediments to Rekvedbukta, which were used to develop the barrier, as highlighted by the fact that it has grown in length by 92 m compared to 1936. The presence of water in the lagoon since the early 2000s may have influenced the slowing down of sediment release into Rekvedbukta. In addition, it was noted that eroded material, mainly from the northern part of the coast, was partially deposited in the southern part of the coast, overbuilding the scythe by more than 70 m in length.





4. Discussion


4.1. Glacial Geohazard Influence on Svalbard Coastal Systems


In the last several years, most of the Svalbard coastal change studies concentrated on the investigations of multidecadal shoreline changes associated with the pulses of sediments released from retreating glaciers [17,31,47,48,49,50,51,52]. Most of these gravel-dominated or mixed sand–gravel barrier coasts prograded in periods of uninterrupted glaciofluvial sediment supply (up to 3–5 m/year) and retreated (ca. 1 m/year) in times when glacier rivers overcame channel shifts, resulting in either a change of the river mouth location or the deposition of sediment load along the extended valley. In contrast, on the coast we analysed, the average EPR for the period 1936–2022 was −0.28 ± 0.06 m/year, which we interpret as a predominance of erosion. Moreover, for the last few years, the erosion level was as high as −2.2 m/year. We can deduce that the supply of sediment from the glaciers was, in this case, slowed down by the formation of glacial lakes, which served as a reservoir to temporarily store sediments [53] that could overbuild the coast. The spit in the southern part of the coast is protected from the sea by rocks and is therefore not subject to the same erosion as the northern side, which has no natural barrier. This would explain why the coast is eroded with different intensity. In addition, together with coastal currents, material eroded in the northern part could have been used to overbuild the spit in the southern part. A similar situation was demonstrated by Strzelecki (et al., 2018) [52] at Petuniabukta, where eroded material from the Ferdinand Fan deltas was used to overbuild modern barriers.



More recently, Strzelecki et al. [54] described the diversity of coastal landforms formed after the exposure of new fjord shorelines from the retreat of tide-water glaciers in Brepollen (southern Spitsbergen). In the bay formed in the last 80 years, the juvenile coastal landscape evolved from the reworking of glacial forms and sediments, by waves and tides, with a less significant role played by fluvial processes. Along almost 90 km of new coasts exposed over the last century, the whole mosaic of landforms from rocky cliffs, through deltas, barrier islands, and pocket beaches up to lagoons were mapped. Here it is crucial to mention that coastal lagoon systems are one of the most sensitive environments to the ongoing global changes as they accumulate the effects of environmental changes occurring on both the land and the sea [31,55]. Globally, the stability of lagoons and associated barriers are controlled by the frequency and magnitude of storms approaching the coasts, access to sediment supplies and resilience to sea-level rise [31,56,57,58]. It is noteworthy that, up until now, studies on Svalbard lagoon coast morphodynamics have been almost entirely neglected. An interesting example of the interplay between a retreat tidewater glacier exposing the coast to enhanced erosion and the stability of the lagoon was presented by Ziaja et al. [59]. At the turn of the 19th and 20th centuries, the massive tongue of Hambergbreen extended a few kilometres into the Barents Sea and formed an ice-cliffed bay where Davislaguna developed. Since the termination of the LIA, the glacier front not only retreated over 10 km and formed a new bay—Hambergbukta—but also exposed a section of the coast to the direct operation of storm waves. As a consequence, the coastal barrier forming Davislaguna was breached and later on fully eroded, leading to the disappearance of the lagoon. After breaching the barrier, the shoreline shifted landward over 450 m, which to date is the largest shoreline change detected in Svalbard during the last century.



In our study, however, we managed to capture the previously undescribed processes of extreme lagoon drainage triggered by a glacial outburst flood event. The most recent GLOF that drained the Knivseggbreen glacial lake in August 2022 not only flooded the Rekvedtjørna lagoon but most probably closed the lagoon inlet and filled the lagoon basin with glaciogenic sediments eroded from the glacier foreland and valley. This may explain why we could not detect water in the lagoon after the GLOF event. We suppose that with continued glacier retreat and the associated glacioisostatic uplift of the land, this process may lead to the complete cut-off of the lagoon from the sea and a lack of marine water infill. Svalbard lagoons form through the development of barriers supplied with sediments from predominately glacial catchments. Lagoons exist until the tidal inlet is open and allows sea waters to enter the lagoon basin. With glacioisostatic uplift, the supply of water through the inlet is reduced, which can lead to a complete lack of connection to the sea and the creation of a lagoon lake [54,55].




4.2. GLOFs As Landscape Shaping Processes


A rapid development of glacial lakes has been observed worldwide since the 1990s [21], with the Svalbard archipelago following this trend [22]. As such, we increasingly have to consider the heightened threat of glacial lake outburst floods [60]. The glacial lake on the Nepebreen foreland confirms this accelerated global development of glacial lakes since the 1990s, which we can systematically analyse with the timeline we have presented. The seasonal changes of glacial lakes also stand out here, indicating that they mostly reach their surface maximum in late July/early August, when lake drainage takes place [26]. Drainage in end-moraine-dammed lakes mostly occurs due to the instability of the moraines themselves [61] or due to water overtopping the dam [62]. In the case of the two glacial lakes analysed, the dam has broken, and an outlet has deepened, through which the lakes are systematically drained every season, either fully or partially. Conditions at the Nepebreen forefield are favourable for water retention and the lake continuously maintains a relatively large surface area. There are a few factors that favour the formation of glacial lakes, or to be more accurate in this case, proglacial lakes. It should be noted that the morphology of the area is related to historical glacial activity. The U-shaped valleys that were formed are now being exposed due to the recession of the glaciers and are crucial for the possible formation of proglacial lakes. The favourable conditions are therefore above all a wide and low-sloped valley and the formation of a high frontal moraine [63]. The importance of glacial valley overdeepenings due to glacial erosion, which directly affect the potential volume of an end-moraine glacial lake, must be mentioned [63]. The DEM indicates that a bigger overdeepening valley was formed by Knivseggbreen (the difference between the top of the dam and the surface of the glacial lake is about 7 m greater than on Nepebreen). However, the higher rate of retreat of the Nepebreen allowed the development of the glacial lake. In the case of Knivseggbreen, the glacial lake had considerably less space to expand, which is why water piled up right next to the frontal moraine, resulting in a breach of the dam structure and the occurrence of five GLOF events. Seasonal runoffs of glacial lakes are associated with the reaching of a certain level of maximum instability due to ice melt, rainfall or direct glacial activity [64]. Given the varying magnitude of the environmental impact of glacial floods, the event we described was only of a regional scale [23,65,66]. The glacial floods led to a significant remodelling of the foreland by changing the layout of the channel network through which the water flows, by eroding (or at least covering) the vegetation with sediment, and by significant sediment deposition into the lagoon from which the sediments were then pushed out and deposited in the bay [53].




4.3. Landscape Changes in Small Catchments


Since the end of the LIA, the catchment has experienced major change, as can be seen in Figure 10. Small glaciers, often located in small catchments, experience a similar mass loss to larger ice masses [67]. Svalbard glaciers’ Equilibrium Line Altitude (ELA) was at 440 ± 80 m a.s.l. in 2020 [68], thus most parts of Nepebreen and Knivseggbreen are below this line. Nevertheless, the cirque areas of the glaciers are above the ELA, which may help in their resilience to climate warming.



Sediment release is faster and more intense the smaller the catchment is; moreover, the availability of sediment is the highest in the first 200 years after deglaciation with the highest rates occurring right after deglaciation, before declining over time [69]. Thus, we can expect to see high rates of sediment release in the catchment. In the satellite images of Rekvedbukta it is possible to observe the sediment yield, as it is related to the retreating glaciers, as well as to the lakes that act as a buffer before sediments reach the sea.



The lagoon is clearly visible in the 1936 image (Figure 12). Due to the lack of data, we do not know what happened between 1936 and 1985, but the lagoon is not filled with water in the years 1985–2000. We can suppose that an event took place that led to the lagoon disappearance. Even though we can observe the presence of glacial lakes in the 1980s and 1990s, the lagoon was not filled with water. We can suppose that the Svalbard uplift enhanced the water retention in the lagoon. The mean rate of uplift in Ny-Ålesund, which is the closest uplift control point to our study, in the years 2000–2013 was 7.94 ± 0.21 mm/year [70]. Therefore, we can assume that in 1936 the lagoon was filled with sea water and is currently mostly filled by meltwater (glacial meltwater, permafrost thawing water, and precipitation) thanks to the ongoing inlet uplift. In the 2009 orthophotomap [30], numerous pieces of driftwood can be found above the northern bank of the lagoon, which proves the occurrence of intensive storms or tsunami waves in the past, or alternatively higher lagoon water levels nowadays marked with logs of wood. The wood is located at 4 m a.s.l. and clearly shows previous water extent (Figure A1). The wood may also represent a contemporary water extent during heavy storm floodings, which occur a few times every year. However, more data including local wave height measurements are crucial to confirm such an extreme water level.



The greater NDVI values are related to higher phytomass in the shrub communities [71], thus we can conclude that vegetation within the catchment is becoming denser and more widely distributed, corresponding with the Arctic greening concept [42,72,73]. The authors of [40] indicate a 0.50 value as the maximum NDVI in the Arctic, which makes the maximum values from the years 2000 and 2020 uncertain. Uncertainty can be related to satellite data problems or the presence of non-eliminated falsified raster cells.





5. Conclusions


The effects of climate change such as glacier retreat, glacial lake formation, the degradation of dead ice-moraine belts, glacial outburst floods, lagoon vanishing and filling with glacial sediments, coastal zone changes (progradation and/or erosion of barriers and spits), and the development of spit and vegetation advances are well pronounced in small catchments. Since the end of the LIA, Svalbard, among the other Arctic regions, has been experiencing severe environmental shifts which have led to the intensification of land shaping processes. Based on our research, the shoreline at Rekvedbukta has retreated landward by an average of 45.04 m over the last century, and the rate of change (in this case due to erosion) averaged 0.33 m/year. The Nepebreen and Knivseggbreen rates of areal retreat were found to be 4.55 m/year and 3.1 m/year, respectively. Frontal retreat averaged 391 m and 267 m in the years 1936‒2022. Glacial retreat allowed glacial lakes to form, giving rise to the possibility of GLOFs, which have occurred six times at the Knivseggbreen in recent years. At this local scale, climate warming resulted in intense sediment release into the sea as well as the GLOF event (August 2022), which further influenced the catchment’s vegetation, drainage system, and most of the lagoon and coast. After the flood, the lagoon remained dry. The spatiotemporal analysis of vegetation showed that, in the last 45 years, vegetation has expanded and mean phytomass values (having direct impact on NDVI) have risen from −0.17 to 0.12.



Our research shows how rapidly (within a two-week period) major hydrological changes can occur in a small coastal catchment, proving the instability of high Arctic environments in a warming climate.
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Table A1. Index of used satellite images for glacial and lake inventory.






Table A1. Index of used satellite images for glacial and lake inventory.





	Remote Image Date
	Source of Remote Sensing Data
	Resolution [m]
	Vectorisation Scale





	21 September 2022
	Planet Explorer
	3
	1:1000



	26 August 2022
	Planet Explorer
	3
	1:3000



	22 August 2022
	Sentinel-2
	10
	1:1000



	21 August 2022
	Sentinel 2
	10
	1:1000



	16 August 2022
	Planet Explorer
	3
	1:1000



	11 August 2022
	Planet Explorer
	3
	1:1000



	1 August 2022
	Sentinel-2
	10
	1:1000



	18 July 2022
	Planet Explorer
	3
	1:1250



	16 July 2022
	Planet Explorer
	3
	1:1250



	5 July 2022
	Sentinel-2
	10
	1:1000



	25 June 2022
	Sentinel-2
	10
	1:1000



	7 September 2021
	Planet Explorer
	3
	1:1250



	2 September 2021
	Sentinel-2
	10
	1:1000



	31 August 2021
	Planet Explorer
	3
	1:1250



	14 August 2021
	Sentinel-2
	10
	1:1000



	3 August 2021
	Planet Explorer
	3
	1:1250



	30 July 2021
	Planet Explorer
	3
	1:800



	22 July 2021
	Planet Explorer
	3
	1:1250



	3 July 2021
	Sentinel-2
	10
	1:3000



	25 August 2020
	Sentinel-2
	10
	1:1000



	6 August 2020
	Planet Explorer
	3
	1:1250



	27 July 2020
	Sentinel-2
	10
	1:1000



	1 July 2020
	Planet Explorer
	3
	1:6000



	17 September 2019
	Planet Explorer
	3
	1:3000



	16 September 2019
	Sentinel-2
	10
	1:1000



	6 August 2019
	Planet Explorer
	3
	1:4000



	28 July 2019
	Planet Explorer
	3
	1:3000



	27 July 2019
	Sentinel-2
	10
	1:1000



	18 September 2018
	Sentinel-2
	10
	1:1000



	17 August 2018
	Sentinel-2
	10
	1:1000



	6 July 2018
	Sentinel-2
	10
	1:4000



	10 September 2017
	Planet Explorer
	3
	1:2000



	11 August 2017
	Planet Explorer
	3
	1:2000



	10 July 2017
	Landsat 8
	30
	1:10,000



	1 July 2017
	Landsat 8
	30
	1:10,000



	17 September 2015
	Landsat 8
	30
	1:10,000



	5 July 2015
	Landsat 8
	30
	1:10,000



	10 September 2014
	Landsat 8
	30
	1:10,000



	28 July 2014
	Landsat 8
	30
	1:10,000



	10 September 2013
	Landsat 8
	30
	1:10,000



	30 August 2013
	Landsat 8
	30
	1:10,000



	17 August 2011
	Landsat 7
	30
	1:10,000



	23 August 2010
	Landsat 7
	30
	1:10,000



	26 June 2009
	Landsat 7
	30
	1:10,000



	30 June 2008
	Landsat 7
	30
	1:10,000



	6 September 2006
	Landsat 5
	30
	1:10,000



	9 August 2006
	Landsat 5
	30
	1:10,000



	22 June 2004
	Landsat 7
	30
	1:10,000



	30 June 2002
	Landsat 7
	30
	1:10,000



	10 July 1999
	Landsat 7
	30
	1:10,000



	26 August 1998
	Landsat 5
	30
	1:10,000



	2 August 1995
	Landsat 5
	30
	1:10,000



	12 July 1995
	Landsat 5
	30
	1:10,000



	16 August 1993
	Landsat 5
	30
	1:10,000



	27 August 1992
	Landsat 5
	30
	1:10,000



	31 July 1989
	Landsat 5
	30
	1:10,000



	31 August 1988
	Landsat 5
	30
	1:10,000



	31 August 1985
	Landsat 5
	30
	1:10,000



	1936
	[39]
	20
	1:8000
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Figure A1. Driftwood location near the Rekvedtjørna bank. Basemap reprinted with permission from Ref. [30]. 2022, © Norwegian Polar Institute. 
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Figure 1. Conceptual model of the catchment interactions. 
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Figure 2. Study area map. The orthophotomap and the Svalbard map were Images reprinted with permission from Ref. [30]. 2022, © Norwegian Polar Institute. 
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Figure 3. (A)—Frontal retreat of Nepebreen and Knivseggbreen since 1936 till present day; (B)—Aspect map of the catchment. Adapted with permission from Ref. [46]. 2022, Porter C. et al. 
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Figure 4. The timespan of glacial, limnic and lagoon changes since 1936. Orthophotomap and satellite images reprinted with permission from Refs. [30,44]. 2022, © Norwegian Polar Institute and 2022 Copernicus Sentinel data processed by Sentinel Hub. 
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Figure 5. NDWI analysis of glacial lakes and lagoon before and after the GLOF event in 2022. Satellite images reprinted with permission from Ref. [44]. 2022, Copernicus Sentinel data processed by Sentinel Hub. 
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Figure 6. Satellite scenes showing a picture of the state before and after the glacial flood with highlighted areas of the glacial lakes and the lagoon. (A,D–F)—Sentinel-2 true colour; (B,C)—Sentinel-2 multispectral scene using the near-infrared band (the 4th) to highlight areas covered by water. Images reprinted with permission from Ref. [44]. 2022 Copernicus Sentinel data processed by Sentinel Hub. 






Figure 6. Satellite scenes showing a picture of the state before and after the glacial flood with highlighted areas of the glacial lakes and the lagoon. (A,D–F)—Sentinel-2 true colour; (B,C)—Sentinel-2 multispectral scene using the near-infrared band (the 4th) to highlight areas covered by water. Images reprinted with permission from Ref. [44]. 2022 Copernicus Sentinel data processed by Sentinel Hub.



[image: Remotesensing 14 06325 g006]







[image: Remotesensing 14 06325 g007 550] 





Figure 7. Decadal NDVI analysis results. Shadow surfaces represent the excluded from the analysis areas. 
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Figure 8. Sentinel-2 true colour (TC) and NDVI images of the GLOF runoff zone within the catchment. Images adapted with permission from Ref. [44]. 2022, Copernicus Sentinel data processed by Sentinel Hub. 
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Figure 9. Shoreline changes determined by (A): End Point Rate (EPR), (B): Net Shoreline Movement (NSM) and (C): Shoreline Change Envelope (SCE) for years 2017–2022. Images adapted with permission from Ref. [44]. 2022, Copernicus Sentinel data processed by Sentinel Hub. 
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Figure 10. Shoreline changes determined by (A): End Point Rate (EPR), (B): Net Shoreline Movement (NSM) and (C): Shoreline Change Envelope (SCE) for years 1936–2022. Images adapted with permission from Ref. [44]. 2022, Copernicus Sentinel data processed by Sentinel Hub. 






Figure 10. Shoreline changes determined by (A): End Point Rate (EPR), (B): Net Shoreline Movement (NSM) and (C): Shoreline Change Envelope (SCE) for years 1936–2022. Images adapted with permission from Ref. [44]. 2022, Copernicus Sentinel data processed by Sentinel Hub.
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Figure 11. Multitemporal shoreline changes of the EPR. 
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Figure 12. Comparison of the catchment in the 1936 aerial photograph (A) [39] and 2022 obtained from a satellite image (B). Images reprinted with permission from Refs. [30,44]. 2022, © Norwegian Polar Institute and 2022, Copernicus Sentinel data processed by Sentinel Hub. 
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Table 1. Nepebreen and Knivseggbreen retreat rate since 1936.
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Nepebreen—Aspect: SW

	
Knivseggbreen—Aspect: W




	
Date

	
Mean Difference with Previous Glacier Extent [m]

	
Average Glacier Retreat Length [m] (Average Annual Velocity [m/y])

	
Date

	
Mean Difference with Previous Glacier Extent [m]

	
Average Glacier Retreat Length [m] (Average Annual Velocity [m/y])






	
1936

	
-

	
391

(−4.55)

	
1936

	
-

	
267

(−3.1)




	
1985

	
70

	
1985

	
50




	
1989

	
83

	
1989

	
48




	
1999

	
24

	
1999

	
46




	
2011

	
107

	
2011

	
59




	
2022

	
112

	
2022

	
64
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Table 2. Index and results of satellite images used for NDVI analysis.
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	Date
	Resolution

[m]
	Satellite
	Min Value
	Max Value
	Mean Value





	09 July 1976
	60 × 60
	Landsat-2
	−0.80
	0.16
	−0.17



	22 August 1980
	70 × 65
	Landsat-2
	−0.55
	0.13
	−0.17



	18 August 1990
	35 × 35
	Landsat-5
	−0.35
	0.47
	−0.06



	25 August 2000
	30 × 30
	Landsat-7
	−0.30
	0.62
	0.08



	17 August 2011
	30 × 30
	Landsat-7
	−0.30
	0.50
	0.06



	28 August 2020
	2 × 2
	Sentinel-2
	−1
	1
	0.12
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