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Abstract

:

Glacier-fed hydrological systems in high latitude regions experience high seasonal variation in meltwater runoff. The peak in runoff usually coincides with the highest air temperatures which drive meltwater production. This process is often accompanied by the release of sediments from within the glacier system that are transported and suspended in high concentrations as they reach the proglacial realm. Sediment-laden meltwater is later transported to the marine environment and is expressed on the surface of fjords and coastal waters as sediment plumes. Direct monitoring of these processes requires complex and time-intensive fieldwork, meaning studies of these processes are rare. This paper demonstrates the seasonal dynamics of the Trebrevatnet lake complex and evolution of suspended sediment in the lake and sediment plumes in the adjacent Ekmanfjorden. We use the Normalized Difference Suspended Sediment Index (NDSSI) derived from multi-temporal Sentinel-2 images for the period between 2016–2021. We propose a new SSL index combining the areal extent of the sediment plume with the NDSSI for quantification of the sediment influx to the marine environment. The largest observed sediment plume was recorded on 30 July 2018 and extended to more than 40 km2 and a SSL index of 10.4. We identified the greatest sediment concentrations in the lake in the beginning of August, whereas the highest activity of the sediment plumes is concentrated at the end of July. The temporal pattern of these processes stays relatively stable throughout all ablation seasons studied. Sediment plumes observed with the use of optical satellite remote sensing data may be used as a proxy for meltwater runoff from the glacier-fed Trebrevatnet system. We have shown that remote-sensing-derived suspended sediment indexes can (after proper in situ calibration) serve for large scale quantification of sediment flux to fjord and coastal environments.
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1. Introduction


1.1. Sediment Plumes


Sediment plumes are common features in the fjords and coastal waters of the archipelago of Svalbard [1]. They regularly surface in the summer months between June–August and are a product of meltwater runoff suspending sediment produced during the process of erosion at the ice-bed interface, and lateral areas of glaciers and ice caps [2], or from the remobilisation of previously deposited sediment in the proglacial realm [3]. Sediment plumes can form at the margins of marine-terminating glaciers, where buoyant sediment-laden water sourced from the englacial and subglacial channel networks is evacuated [4]. They can surface at multiple locations across a glacier calving front and, dependent on their magnitude, extend substantial distances into fjords [5]. However, not all sediment plumes are linked to marine-terminating glacier systems, with a large number being formed from glacier-fed subaerial rivers. These are often thinner plumes, as they are delivered onto the fjord surface; as a result they are smaller in scale, but still transport significant volumes of sediment-laden meltwater to fjords and coastal environments [6]. Sediment plumes can impact upon a number of processes, dependent on whether they form at marine-terminating glaciers or from terrestrial glacier-fed rivers, and their size, including calving and submarine melt rates [7], marine biogeochemistry [8], fjord circulation [9], glaciomarine sedimentation [10] and marine and bird life [11].



Our understanding of sediment plumes in Svalbard comes from a combination of modelling [12,13], surface observations [2,14] and the collection of oceanographic data in areas close to where they form [15]. Remote sensing datasets are often used to supplement in situ measurements, but because of the climate regime of the archipelago, cloud cover is very often a limiting factor [16,17]. More recently, higher temporal and spatial resolution datasets, such as Sentinel-2 have been launched, providing improved coverage of the region. These improvements allow us to better understand the behaviour of sediment plumes over shorter time periods [18,19].



Sediment plumes have been well studied in Svalbard, with a large number of in situ studies in two of the most well-known fjord complexes, Isfjorden and Kongsfjorden. However, there have also been studies undertaken in other areas of the archipelago, such as Austfonna in the far Northeast [13]. This research has focussed on various aspects of the glaciological and oceanographic realm, including using sediment plumes to determine volumes of meltwater being delivered to fjords by a marine-terminating glacier [1], to calculate sedimentation rates at a glacier ice front [10], to better understand rapid changes in subglacial hydrology linked to supraglacial processes [14], and more recently using CTD instruments attached to Ringed Seals to understand plume behaviour [20].



Sediment plumes occur as a result of enhanced meltwater runoff. The main source of water available for runoff is connected to the melting of glaciers. Glacier melt is highly dependent on atmospheric conditions and is also affected by long-term climate fluctuations [21]. In Svalbard, the climate is changing on average 2–6 times faster than in other regions of the world. [22,23]. This is demonstrated mainly through the intensive transformation of the landscape, of which glaciers and (especially in recent years) glacial lakes are an important element. Changes in glacier mass balance based on oblique aerial photographs dating from the 1930s have recently been published by a team led by Geyman et al. [24]. This study showed a correlation between areas where temperatures have increased the most over recent decades and where the greatest glacier recession has occurred. Overall, the glacierized area of Svalbard has decreased by about 14.8% [24]. Retreating glaciers leave space in the proglacial area for the development of glacial lakes, the largest number of which on Svalbard are moraine-dammed lakes (52%) [25]. Moraine dams, due to their unconsolidated structure, are dams that are often subject to seasonal changes. It is also common for dams to collapse due to melt-out of dead ice found within them [26]. This can lead to seasonal drainage of moraine-dammed lakes or, in certain situations, to catastrophic Glacial Lakes Outburst Floods (GLOFs). The retreat of glaciers after the Little Ice Age (LIA) led to the development of a large number of glacial lakes that often serve as deposition centres for fine grained fluvio-glacial sediments in Svalbard [27].




1.2. Production and Transport of Sediment


The enhanced melting of Svalbard glaciers and ice caps during the Holocene has released large amounts of sediment previously eroded by the flow of ice over its bedrock. Meltwater has consequently transported the material from land to the coast where it has started to be deposited, reworked, and transported along the shore. One of the most striking and visible examples of such processes is the formation of delta systems. Lønne and Nemec [28] describe the formation of a delta system during the early phase of the Holocene in central Svalbard. The timing of the delta system’s formation was very likely related to the phase of intensive deglaciation between 3000–9000 BP [29]. The greatest sediment transport period occurred during “peak water” when meltwater production was highest [30]. After this point, runoff has steadily declined and so has the transport capacity of glacier-fed rivers. The largest delta systems were formed in the head of Svalbard’s fjords. The relatively shallow environment and protection from the erosive action of waves and long-shore currents created favourable conditions for sediment deposition [31]. Svalbard has a high elevation gradient with potential for transporting a large amount of material towards the coast. This, together with relatively intense glacial isostatic uplift after deglaciation, also promoted the progradation of delta systems. A similar trend of delta progradation in recent conditions was observed by Bendixen et al. [32] in western Greenland, where the glaciers are generally much larger and are still on the rising limb of “peak water” [30].



The volume of material transported from land to sea also depends upon the distance it will be entrained for. Generally, the longer the distance to the coast, the smaller the volume of material that will reach this point. Zajączkowski [33] also demonstrated the difference in the source providing the material, as well as in the bed topography of the fjord, using Adventfjorden and Kongsfjorden, Svalbard as examples. Whereas the sediment transport over the shallow tidal flat of a delta was relatively short and resulted in reactivation of previously deposited material, the transport distances in a marine-terminating glacier-dominated fjord were substantially longer. Zajączkowski and Włodarska-Kowalczuk [34] reported the highest concentration (826 mg L−1) of suspended sediments at the edge of the tidal flat and over the upper slope of the delta in Adventfjorden. Kim et al. [35] reported possible progradation of a delta system in Dicksonfjorden which is very likely linked to high input of suspended sediments from the large glacier-fed basin. Lateral movements of sediment spits were reported in only a short period of time.




1.3. Using Remote Sensing to Detect Suspended Sediment in Fjords and Coastal Waters


Apart from a handful of in situ research campaigns, direct monitoring of sediment transport in the Arctic is often restricted by logistical and financial barriers. Satellite remote sensing is therefore widely used for monitoring and assessment of the quality of surface waters and the dynamics of the hydrosphere [36], with more specific studies taking place in the Arctic region [37,38,39]. Early studies focused on the relationship between reflectance coefficients obtained from the analysis of satellite images and the concentration of suspended sediments, as well as other water quality parameters [39]. Initially, Landsat satellites were key satellites for this type of research. However, with the addition of Sentinel, they are now often used together. In addition, a number of previous studies successfully used data from the MODIS satellite [40]. However, the problem of the latter is its spatial resolution (250 m per pixel), which makes it unsuitable for research in shallow bays, rivers, lakes, and other relatively spatially limited water bodies.



Finding the relationship between suspended sediment concentration (SSC) in water and surface reflectance was a key step in using remote sensing data. In this case, research on detecting indicators of the SSC in water, as well as the calculation of chlorophyll-a, were key (e.g., [41,42]). The reflection coefficient of solar radiation in the visible and infrared parts of the spectrum and the amount of sediment in the water can be directly related. In general, the higher the SSC, the higher the reflectance coefficient in the specific spectrum [43].



The system for calculating many of the above indicators is based on the selection of the necessary combination of channel reflectivity. To begin with, an image undergoes pre-processing, including atmospheric correction, more often by the DOS method [44]. Then, the values of the raster pixels (digital numbers) are converted into the spectral reflectivity coefficient [45,46].



In order to accurately calculate different environmental indicators, it is usually necessary to use the coefficients obtained as a result of in situ sampling. The necessary coefficients are then calculated using a linear regression method that compares in situ data with remote-sensing-derived measurements [45]. However, the sequence of data over one single study site can provide us with reasonable outcomes, even without in situ calibration. The obtained index cannot be attributed to an absolute value of SSC, but multi-temporal comparison is possible. A similar operation is performed, for example, when calculating the vegetation index NDVI [47].




1.4. Aims


The study aims to bridge the gap between scarce in situ measurements and a lack of regular monitoring programs on suspended sediment transport from glaciated basins in the Arctic. For that purpose, we use publicly available remote sensing datasets i.e., Sentinel-2 and a derived index that will be used as a proxy for SSC in water. The settings of the study basin which includes three glaciers, the largest proglacial lake of Svalbard Trebrevatnet and adjacent Ekmanfjorden offers a unique opportunity to study sediment transport processes in their complexity. We present an assessment of the suspended sediment transport through the Trebrevatnet lake system down to the fjord environment, where vast sediment plumes are observed. We provide an analysis of seasonal fluctuations in observed sediment transport-related features as well as meltwater production variability effects on lake areal extent. Variability of observed parameters is also compared with air temperature records as a key factor influencing meltwater production.




1.5. Study Site


Trebrevatnet and Ekmanfjorden are located in central Spitsbergen. They are situated in the northernmost part of Isfjorden, the largest fjord system of Svalbard (Figure 1). Ekmanfjorden is a deep fjord system that is surrounded by relatively high mountain ranges covered by ice caps, with abundant glaciers flowing towards the fjord. The bedrock of the study area is primarily sedimentary rock, namely the Old Red Sandstone of the Devonian period [48] which is responsible for the distinct reddish colour of the glacio-fluvial sediments in the area. Trebrevatnet itself is dammed by a large frontal moraine that marked the position of glacier fronts during the Little Ice Age maximum dated to around 1900 in central Svalbard [49]. The climate of this region of Svalbard is considered as continental dry, with milder summer temperatures and cold winter temperatures [50]. The fjord experiences prolonged periods of sea ice cover with the break-up of sea ice usually occurring during early June. These conditions are, however, quickly changing with ongoing climate change, with higher local air temperatures resulting in a decline in sea ice extent [51]. The actual average air temperature at the closest monitoring site in Petuniabukta (Billefjorden) was reported to be in the range from −3.7 °C near the coast to −8.4 °C at the peak of Mumien (773 m.a.s.l.) [52]. Mean monthly air temperatures exceeding 0 °C were usually recorded from mid-June to September [53].



Trebrevatnet is the largest frontal-moraine dammed lake in the entire agrchipelago. Its development is linked to the recession of three glaciers: Holmströmbreen, Morabreen and Orsabreen. The maximum glaciation of this area, which occurred at the end of the LIA, is estimated to have been around the turn of the 19th and 20th centuries. The visible terminal moraine which forms the dam of the lake has an average height of 69 m above sea level. The difference between the top of the moraine dam and the lake (situated 17 m a.s.l.) is therefore about 52 m. The outlet of the lake through the previously described dam is located in the south-eastern margin and is about 57 metres wide and lies at an altitude of about 15 m a.s.l. The first observed reservoir that gave rise to Trebrevatnet was visible on archival aerial photographs dating from 1936, when it had an area of 0.02 km2 (0.66 km perimeter). In the following decades it developed very rapidly, due to the intensive recession of the nearby glaciers, meaning that by the 1990s its surface area was already 0.99 km2 (perimeter 10.06 km). The largest lake area was observed in 2013 (August) and was 20.87 km2 (36 km perimeter) [25]. These data therefore indicate a very extensive lake shoreline that is subject to seasonal fluctuations with an indication of July-August as the period where there is a peak in lake water extent.



In the proglacial zone, which is bounded by a terminal moraine formed during the LIA maximum glacier extent, there are two smaller terminal moraines which provides evidence of historical glacial surges. Farnsworth et al. [54] reported two documented surges at Holmströmbreen and Orsabreen, which occurred consecutively, and two previously undocumented surges at Morabreen and Kyrkjebreen [55]. All glacial surges must have taken place between the 1930s and 2000s. Since the turn of the 21st century, we now have systematic satellite data that rule out such episodes. Nevertheless, all surges show evidence of highly dynamic glaciers, which, combined with the equally dynamic development of Trebrevatnet, results in the delivery of glacio-fluvial sediments to the lake catchment and subsequently to Ekmanfjorden.





2. Materials and Methods


A series of Sentinel-2 (L2) images from 2016–2021 was used to determine SSC at Trebrevatnet and to quantify the SSC and areal extent of sediment plumes in Ekmanfjorden. We used the NDSSI index derived from a combination of bands 2 and 8 from Sentinel-2 (Figure 2). The formula was originally created to calculate the normalized difference vegetation index (NDVI). However, the ratio has since been transformed to calculate the difference in the reflectivity of blue and infrared channels, by their sum:


  NDSSI =    ρ  NIR   −      ρ    BLUE      ρ  NIR   +      ρ    BLUE      



(1)




where,    ρ  NIR     (near-infrared) and    ρ  BLUE     (blue) are the reflectance values of Sentinel Bands 2 and 8 (equivalent to Landsat bands 2 and 5).



Hossain et al. [47] introduced the index with the use of data from the Landsat 7 ETM+ satellite. In this case, the blue channel corresponded to a frequency of 0.450–0.515 µm, near-infrared to about 0.750–0.900 µm. In our study, we decided to use Sentinel-2 (L2) satellite data for their better spatial (10 m) and temporal resolution. To calculate the NDSSI index from Sentinel-2, similar frequency channels were selected (Blue—0.458–0.523, NIR—0.785–0.899 µm). A similar approach was also used by Munir et al. [56]. Then, using QGIS and the Semi-Automatic classification module, atmospheric correction was performed using the DOS method [57]. Raster calculation was then used to obtain final raster images containing index data. This raster image was later masked with the shapefile of lake extent or sediment plume for each date separately and an average value of NDSSI calculated.



The index resulting from the formula is used to estimate SSC in the water and ranges from −1 to 1. The lower the index the higher the SSC. Calibration with in situ measurements is necessary to estimate the absolute values of SSC in the study site. This was, however, not possible, so the average NDSSI index (over the sediment plume area) was considered as a proxy value. To bridge this limitation, we developed an index combining the NDSSI and the areal extent of the plume. The NDSSI index was turned into a 0–1 index of SSC intensity (where 0 is fjord water, 1 is the 100% suspension of sediment in fjord waters). By multiplying the areal extent with the SSC intensity, we obtained a parameter reflecting both the area and SSC. This enables us to compare plumes of different size with different SSCs.



Meteorological data from Adventdalen (operated and provided by UNIS) were used to illustrate the seasonal evolution of air temperature. The original 1-h data were averaged to obtain mean daily air temperature.




3. Results and Discussion


3.1. Suspended Sediment Transport


All the parameters studied show significant seasonal development (Figure 3). NDSSI indexes for both Trebrevatnet lake water and sediment plumes within Ekmanfjorden decreased until the end of July or beginning of August before starting to increase again. The peak of the NDSSI in sediment plumes usually preceded the peak in NDSSI at Trebrevatnet. The later peak in the NDSSI in the lake may be attributed to continual deposition of fine-grained mineral material in the lake, whereas the sediment plumes in the fjord react more rapidly to actual sediment and meltwater input. The seasonal evolution of suspended sediment load (SSL) in Ekmanfjorden corresponds well with the observed sediment transport dynamics from different parts of Svalbard–Kronebreen in NW Svalbard [2,14]; Tunabreen in central Svalbard [2]; and Hansbreen in southern Svalbard [58]. Similar behaviour was observed also in different parts of the Arctic (e.g., [59]).



The combined SSL index (integrating NDSSI and areal extent of the plume) shows very similar seasonal pattern to the NDSSI with the peak in late July or early August. The highest recorded SSL index (11.4) was observed on 30 July 2018. Such a high value can be attributed to the extremely large sediment plume extent (40.5 km2). We argue that by implementing the SSL index as a combination of areal extent of the plume and the NDSSI as a proxy for SSC, it can be considered as a good sign of the intensity of the sediment transport process from land to sea. Both parameters (areal extent and NDSSI) are affected by external factors such as wind and wave actions, offshore currents, and fjord circulation. On one hand, high wind speed and wave action, as well as intense offshore currents, may lead to spreading of the sediment-laden water across a larger area. On the other hand, this may also decrease the SSC. During stable weather and sea conditions the plume may stay within a relatively small area, but with much higher SSC. Thus, the two parameters assessed independently may be misleading. Moreover, the amount of sediment transported to the marine environment is often considered as a good proxy of meltwater runoff production (e.g., [60]). This assumption was used to monitor long term changes of meltwater runoff from the Greenland Ice Sheet [38]. The combination of sediment plume areal extent (used by McGrath et al. [60]) with the NDSSI may lead to more precise estimation of meltwater runoff production in the future.



The relationship between SSL and the lake NDSSI presented in Figure 4 suggests that there is a negative correlation (correlation coefficient = −0.65). The lake serves as a temporary storage of suspended material which is later released to the marine environment. The higher the SSC in the lake, the greater the volume of sediments that are being further transported to the fjord. Even though the two systems—lake and fjord—are connected by an approximately 8 km river network, the correlation is not as high as expected. This is probably due to the large volume of the lake and consequently a delayed reaction of the SSL index. The increased ablation and meltwater production release large volumes of sediment-laden meltwater to the lake which is later transported to the fjord. The increase of the SSL index in the fjord may thus be delayed by several days. The earlier peak of SSL compared to the peak in lake NDSSI could probably be attributed to the earlier peak of meltwater production (corresponding to a peak in air temperature in late July).




3.2. Lake Areal Extent


The overall seasonal dynamics of sediment transport corresponds well with air temperature, a main driver of meltwater production from the complex glacier system. This relationship is similar to other Arctic regions, for example Chu et al. [37] reported significant correlation between positive degree days and SSC observations in multiple fjords around Greenland. The three glaciers above Trebrevatnet not only provide the meltwater but also the sediments that are partly deposited in the lake basin, and partly transported onward to the fjord. The meltwater production and its intensity are also reflected in the lake areal extent (Figure 5). As meltwater production increases, the lake fills and overtops which results in flooding of the shallow shore zones, especially on its western side adjacent to glacier forefields This can lead to the lake areal extent varying between 13.5 km2 and 20 km2 during its maximum water level and areal extent in the peak season (late July). The variability of the areal extent is high throughout the study period with most of the years experiencing only small changes. Lake areal extent reached up to 20 km2 only during the summers of 2016 and 2020. This may, however, be impacted by gaps in the Sentinel-2 image series. The maximum extent of the lake might have been missed due to extensive cloud cover [17] during periods of high meltwater production. This is especially true for a highly variable process such as meltwater runoff, which fluctuates not only from day to day but also within a single day [61,62].



In addition to the increased ablation of the glaciers themselves, which supply water to Trebrevatnet, there is a correlation between the areal extent of the smaller supraglacial lakes, lateral moraine dammed lakes and ice-dammed lakes located in the upper parts of the Trebrevatnet catchment. During the period when Trebrevatnet reached its maximum extent in a given season (i.e., July 2016 and 2020), all lakes located in the upper part of the catchment had either drained completely or visibly decreased in size. This allows us to surmise that during the increased ablation of the glaciers that feed Trebrevatnet, subglacial channels open up to allow the drainage of these lakes, which in turn has led to abrupt filling of Trebrevatnet. It seems probable that these supraglacial lakes and their rapid drainage play a key role in the observed variability in the areal extent of Trebrevatnet. Abrupt drainage of supraglacial and ice-contact lakes are frequently observed in Himalaya [63], Greenland [64], Svalbard [18], the European Alps [65] and even in Antarctica [66].




3.3. Conceptual Model of the Geosystem


The key element of the functioning of the whole Trebrevatnet geosystem is the glacier. It provides both meltwater and fine-grained sediments. Sediment material is transported mainly through the subglacial conduits and over the deglaciated glacier forelands into the lake. The lake itself serves as a deposition centre where the largest particles are stored. Only the finest particles that stay in suspension are consequently transported towards the fjord. The continuous input of fine-grained material is responsible for development of a vast tide-dominated delta system in the fjord head. The marine environment in the fjord represents the final point at which at which sediment material is deposited. Due to multiple external forcings (wave action, tide currents, wind), suspended sediments spread in the fjord in the form of vast sediment-laden plumes (Figure 6).



The described sediment transport dynamics are driven by glacier meltwater production and the availability of fine-grained sediments eroded and transported by the glacier. However, with ongoing climate warming in Svalbard [51] the glaciers are rapidly melting [24,67]. The increased melting of a glacier is often accompanied by increased runoff until a turning point (i.e., “peak water”) when the glacier is reduced in its extent and volume and can no longer support the increasing runoff—which later decreases [68]. Smaller glaciers are more sensitive to climate fluctuations and have lost more of their mass since the LIA [69]. Glaciers feeding the Trebrevatnet system are large, so it is likely that the runoff will sustain or even increase in the coming decades leading to significant sediment transport from land to sea. However, sediment deposition in the lake basin might be interrupted by abrupt drainage due to instability and continuous melt of the frontal ice-cored moraine [26]. These kind of lake dams are considered to be the most vulnerable to GLOF events [25].





4. Conclusions


Sediment-laden meltwater is transported through a complex hydrologic network and is later released to the marine environment. This process is expressed in the appearance of sediment plumes that are detectable in fjord and coastal waters. In this paper, we have demonstrated the ability to monitor and quantify the transport of sediment from land to sea with the use of multi-temporal optical remote sensing data from Sentinel-2. The NDSSI and derived SSL index proved to be a useful tool to describe the sediment transport dynamics within the glacier-lake-fjord system. Sediment plumes begin to surface in late June or the beginning of July and the peak transport intensity is concentrated between the period at the end of July and the beginning of August in each of the years of the study. The relatively weak correlation between the lake NDSSI and sediment plume SSL index suggests complexity in sediment transport processes and possible lags in transit of sediment material influencing the intensity of sediment plumes in Ekmanfjorden. As glaciers in the Svalbard region recede further, as a result of increasing global temperatures, more complex glacier systems such as the glacier-fed Trebrevatnet will form. It is necessary to understand how meltwater and sediment will be routed from land to sea, as this will not only have impacts on the local fjord environment, but also in communities further afield.
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Figure 1. (a) Study site location; Svalbard within the Arctic region; (b) Central Svalbard with location of Ekmanfjorden; (c) Sentinel-2 image (2 September 2021) of the study area with the Trebrevatnet lake filled with suspended sediments on top of the image together with the sediment plume visible on the outlet to the Ekmanfjorden. 
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Figure 2. Example of NDSSI (top) and true colour Sentinel-2 image (bottom) on 25 August 2020; the outline of the sediment plume is highlighted with a dashed line (black in top panel and yellow in bottom panel) in both figures. 
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Figure 3. Seasonal dynamics of suspended sediment parameters and air temperature for each year in the period 2016–2021. 
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Figure 4. Relationship between lake NDSSI and sediment plume SSL index with the highlighted exponential regression. 
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Figure 5. Seasonal dynamics of Trebrevatnet areal extent; examples of (a) maximum and (b) minimum areal extent from 26 July 2020 and 25 August 2020 respectively; (c) the areal extent variability expressed as overlapping lake extent during the 2020 summer season with minimum highlighted in red and maximum in black; (d) comparison of the seasonal lake areal extent evolution within the studied years. 
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Figure 6. Conceptual model of the sediment cascade system from glacier and glacial lake to fjord environment. 
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