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Abstract

:

In the age of remote sensing, particularly with new generation Uncrewed Aerial Vehicles (UAVs), there is a broad spectrum of applications, especially in remote and rapidly changing areas such as the Arctic. Due to challenging conditions in this region, there is a scarcity of detailed spatial studies with data that may be used to estimate changes in glacier volume and geomorphological changes caused by permafrost freeze–thaw cycles. Drone-based Digital Elevation Models (DEM) offer a finer spatial resolution with higher accuracy than airborne and satellite-based products that can be used for acquiring, interpreting, and precisely representing spatial data in broad studies. In this study, we evaluate a UAV-based DEM of two High Arctic catchments, Fuglebekken and Ariebekken, located on Spitsbergen Island. The surveys were carried out in July 2022 using a DJI Matrice 300 RTK drone equipped with a photogrammetric Zenmuse P1 camera. A total of 371 images were taken, covering an area of 7.81 km2. The DEM was created by the Structure-from-Motion technique and achieved a centimetre-level accuracy by overlapping very high-resolution images. The final resolution of the DEM was found to be 0.06 m in Fuglebekken and 0.07 m in Ariebekken, with a horizontal and vertical RMSE of 0.09 m and 0.20 m, respectively. The DJI Matrice 300 RTK drone-based DEM is compared and correlated with the aerial mission of the Svalbard Integrated Arctic Earth Observing System (SIOS) conducted in July 2020 and the satellite-based ArcticDEM acquired in July 2018. This allowed the detection of elevation changes and identification of landscape evolution, such as moraine breaches and coastal erosion. We also highlight the usage of DEM in providing detailed morphometric characteristics and hydrological parameters, such as the delineation of catchments and stream channels. The final products are available at the IG PAS Data Portal.
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1. Introduction


Climate change is impacting the Arctic significantly, and the Svalbard region is one of the fastest-warming areas on the planet [1]. Therefore, recognising changes and spatial variability of ongoing processes in the Arctic environment are listed as some of the most important research needs in the IPCC 2019 and 2021 reports [2,3]. With increased temperatures, rain becoming more common than snowfall, melting glaciers, and thawing permafrost, there is a clear shift in the Arctic hydrological cycle. The catchment hydrological response to climate change in cold regions can vary depending not only on climate forcing but also on multiple catchment properties, including elevation, aspect, exposure, slope angle, surface and soil properties, the state and distribution of permafrost, water storage capacity, snow and glacial coverage [4,5]. With the retreat of glaciers, the ice-free ground extends and becomes an increasingly important contributor to runoff. The development of topographical characteristics of the glacial and periglacial landscapes and their seasonal and inter-annual variability are crucial factors in visualising and modelling the future evolution of the High Arctic catchments.



Due to the remoteness of the Arctic, comparatively fewer environmental studies exist from this area than from the other parts of the globe. Despite the importance of the Arctic region for the global climate, less monitoring and in situ measurements are conducted. The Arctic amplification helps to understand the driving forces behind climate change. The lack of observations makes modelling and predicting future conditions more complicated and less accurate. Investigation of landscape and hydrological elements such as terrain slope, drainage networks, drainage divisions, and catchment boundaries is frequently required for hydrological modelling. Compared with conventional methods based on topographic maps, field surveys, or photographic interpretations, Digital Elevation Models (DEMs) provide an effective way to represent the ground surface and enable automated direct extraction of hydrological features such as stream networks and offer benefits in terms of processing effectiveness, cost-effectiveness, and accuracy assessment [6].



Given the large extent of the Arctic, remote sensing is an important aid in supplementing field data. Satellite remote sensing is a crucial factor in covering large areas for monitoring, but open-source satellite products have low spatial resolutions, and their use in studying small catchments is limited. The temporal resolution of satellite data is also comparatively low. The temporal resolutions of some open-source satellite data, such as Landsat 8 and Sentinel 2, are 16 and 10 days, respectively. There can be data gaps even during consecutive passings. The weather in the Arctic is extreme and cloudy most of the time, making satellite data redundant for land-based studies. Hence, more sophisticated high spatial and temporal resolution data is required to monitor, analyse, and observe the dynamic arctic nature.



Digital Elevation Models (DEMs) are valuable sources of information in multiple fields of research far beyond mapping, identifying and monitoring geomorphological and hydrological processes. Advances in surveying technology and photogrammetry help in extracting three-dimensional data from aerial photographs by overlapping and converting them into a three-dimensional (3D) DEM. However, the open-source satellite DEMs in these regions are sparse and/or imprecise due to lower spatial resolution. In light of recent climate change, more frequent and accurate data on elevation changes are in high demand [7]. The application of Uncrewed Aerial Vehicles (UAVs) as platforms for data collection has thus increased in these remote regions.



UAVs that are fully autonomous and light have recently become commercially available. Drones can capture high-quality images with significant overlap while covering areas of a few square kilometres per flight [7]. One of the major advantages of using UAVs is their portability, even in remote areas where manual surveying may be complicated, dangerous or even impossible. In regions such as Svalbard, where the weather quickly changes, and complete cloud cover often occurs, the perfect conditions for survey flights are rare and short in time [8]. UAV survey flights have the advantage of requiring less preparation and execution time than aerial surveys with aeroplanes and have higher flexibility than satellites. One of the significant drawbacks of using drones in the remote Arctic region is related to the accessibility to the study site and complicated logistics. The application of UAVs requires the physical presence of the UAV operator during the fieldwork, and for remote areas, it may also be expensive.



The heavily glacierised Svalbard islands are more suitable for the analyses of spatial and temporal changes than lower latitude regions because they allow insight into ongoing climatic changes on the retreating glaciers and related activation of slope and fluvial processes on vast, recently deglaciated areas. Another aspect of the usage of UAVs in polar regions is that it is possible to model the state of the cryosphere and create time series of its changes for much greater areas by combining classic research findings with recent UAV surveys and methods [9]. UAVs are also being used more frequently not only for studying landform dynamics and evolution but also for vegetation changes and animal behaviour (e.g., reindeers and polar bears in Svalbard) [10]. The lack of openly available high-resolution data is the main obstacle to implementing continuous monitoring.



The main purpose of this study was to evaluate spatial analysis and statistical methods in a multi-temporal comparison between satellite, aerial elevation models and information acquired from a UAV platform, identifying the degree of similarity and differences between these datasets. Such data can be processed in ways that enable a better understanding of the land surface development and processes at an unprecedented level of detail. There is growing interest from research groups in the potential for using high-resolution DEMs. High-resolution imagery that was turned into elevation data can meet this demand. According to [11], the majority of UAV research that has been published in the past years concentrates on the current clusters near Longyearbyen/Adventdalen, Pyramiden/Billefjorden, and Ny-Ålesund/Kongsfjorden. To our knowledge, in the case of Hornsund fjord in SW Spitsbergen, there have been no published results from UAV studies. Our paper presents the first and novel applications of UAV-derived products in the Hornsund area. We also present the morphometric parameters describing the landscape and hydrological evolution of catchments.



In this paper, we describe and evaluate the DEM developed from images taken by a Zenmuse P1 camera fitted on a DJI Matrice 300 RTK drone. The flight missions were conducted in 2022 over two High Arctic catchments, Fuglebekken and Ariebekken, located on SW Spitsbergen, the largest island of the Svalbard Archipelago. The obtained models were georeferenced by Ground Control Points (GCPs). Applying the Structure-from-Motion (SfM) approach allowed the production of three-dimensional terrain models that are primarily beneficial in the earth sciences. In this paper, we assess the quality of the newly obtained DEM with the open source, satellite-based ArcticDEM [12] and the DEM generated by the Svalbard Integrated Arctic Earth Observing System (SIOS) aerial mission by the Dornier aircraft in 2020 [13]. In addition, morphometric parameters of both catchments from the best-resolution DEMs were derived.




2. Study Area


The study was conducted at two observation catchments with long-term monitoring of hydro-meteorological conditions [1,14]. It included the unglaciated Fuglebekken catchment (1.40 km2) and glaciated the Ariebekken catchment (2.12 km2). These types of catchments have become more common in SW Spitsbergen due to the observed deglaciation of the area. Both are situated on the northern shore of the Hornsund fjord in the vicinity of the Polish Polar Station (PPS) Hornsund (77°00′N 15°30′E) (Figure 1). This area has experienced a +4.5 °C increase in the mean annual temperature in the last four decades. These variations are more than six times the global average [1]. Due to climate warming, the hydrological regime of SW Spitsbergen catchments has undergone dramatic changes [5,15].



Fuglebekken is delineated to the north by the Ariekammen-Fugleberget mountain ridge, and lower parts cover the Fuglebergsletta plain. The eastern part is bounded by the lateral moraine of Hansbreen. Fuglebekken is diverse in terms of land cover and topography. The ground surface is covered by washed rubble sediments, marine terraces built of sea gravel, alluvial cones and bare solid rock, and is partially covered by low tundra vegetation [14].



The Ariebekken catchment is located NW of Fuglebekken and is drained by the small and steep cirque glacier Arie (approx. 0.24 km2). Due to rapid warming, there is an ongoing recession of the glacier. The catchment is surrounded by the mountain massifs of Skoddefjellet, Vesle Skoddefjellet, and Ariekammen. The tall rock walls of these massifs make the slopes difficult to access. The glacier terminates on land, with one outlet stream, Arieelva, that flows through the terminal moraines and drains to the Revelva in Revdalen.




3. Materials and Methods


3.1. Drone Missions over Fuglebekken and Ariebekken


The images were acquired by a DJI Matrice 300 RTK drone (Figure 2) equipped with a Zenmuse P1 camera (45 MP, 35 mm lens). Overall, 167 JPEG format images were acquired from Ariebekken on 25 June 2022 and 204 images from Fuglebekken on 2 July 2022. UAVs allow the surveys to be conducted with minimal risk of impact on fragile flora and fauna, following the regulations and Norwegian legislation. Accordingly, the UAVs were operated by scientists with official UAV Pilot licenses registered at flydrone.no, and the height flight limit was 120 m above the take-off point as following the terrain along steep slopes and couloirs would pose a threat to the colony of little auks and drain the batteries quickly.



The missions were planned and executed using the DJI Pilot app in the controller, in accordance with the CAA Norway regulations and procedures (https://luftfartstilsynet.no/en/drones/ accessed on 15 June 2022). To obtain the best resolution of the final products, the flight velocity and overlap were selected based on recommendations for this drone equipped with the P1 camera and the results of our previous experiments. The images were taken automatically to fulfil the chosen criteria, with an overlap of 65%. The survey over Fuglebekken was completed in a single flight, and two flights were conducted over Ariebekken because of faster battery discharge due to high wind velocity. According to the manual, the drone would ideally fly for 55 min without any loads. Due to the attached camera, lower temperature, high winds, and more climbing time, the flying time was reduced to about 35 min for each battery set.



In the Arctic, the use of drones is significantly limited due to weather conditions. Wind speed is the main limitation, and the DJI Matrice 300 RTK drone can safely fly up to 12 m/s during take-off and landing. The other drawbacks result from cloud cover and propeller icing [11]. The flight with the use of an RGB camera should be performed during days with clear sky or relatively low cloud cover when the visible catchment area is maximally large. Only vertical, non-oblique photographs were taken since the Zenmuse P1 camera has higher efficiency and a larger field of view [16]. The pictures were taken with high stability due to the 3-way gimbal system.



Since the weather in the Arctic is highly dynamic, each flight window was carefully chosen so that the drone’s performance was not affected. However, over Fuglebekken, the highest ridges were inaccessible to the survey due to the presence of continuous low clouds that could alter the reflectance of the objects. At Ariebekken, the main challenge was the shadows cast by the high ridges over the valley. The timing was chosen such that a minimal shadow effect was observed in the orthophoto. However, the shadows did not affect the vertical accuracy of the DEM. A total of 9 GCPs and were placed in Fuglebekken and 5 in Ariebekken over the axis of the valley and were collected with a precise dGPS receiver (Leica 1230) with an accuracy ranging from 0.15 cm to 1.4 cm. To assess the quality of the data, 9 additional checkpoints in Fuglebekken were chosen. These checkpoints were the already set scientific instruments visible in the images. For higher accuracy, it is recommended by [17,18] to use a RTK mobile station or more GCPs.




3.2. Data Processing


The digital images acquired during the flight were processed in Agisoft Metashape Professional (https://www.agisoft.com/ accessed on 1 August 2022) software (version 1.8.3). High-resolution DEMs and orthomosaics were created using the SfM method. This photogrammetric technique estimates three-dimensional models from two-dimensional images that have been collected with proper overlap and are coupled with local motion signals. It is widely used in modern photogrammetry, particularly at low levels where UAVs are used and is described elsewhere in more detail [19].



The initial alignment of the images was performed with the “highest” accuracy settings and with adaptive camera model fitting. This allowed the already geo-tagged UAV images and camera characteristics to be automatically selected and adjusted depending on reliability estimations. The aligned photos were then georectified using the GCP coordinates, which enabled more location accuracy. The dense cloud for each catchment was created with “ultra-high” quality with “moderate” depth filtering. In Fuglebekken, a total of 735 million points with an average density of 268 points/m2 and in Ariebekken, a total of 1.1 billion points with an average density of 190 points/m2 were created. The obtained dense cloud was used for DEM generation with the automated pixel size. The orthomosaic was created using the DEM with the mosaic blending mode enabled. The RMS reprojection error of the tie points determined by Agisoft Metashape was 0.184 m and 0.162 m in Fuglebekken and Ariebekken, respectively. The DEM and orthomosaic were exported to raster TIFF format (Figure 3). The DEM and orthomosaic were projected in UTM Zone 33N (EPSG: 32633) for further analysis.



Another data processing step was to convert the ellipsoidal elevation measured by the DJI Matrice 300 RTK to orthometric elevation, as calculated by Equation (1):


Ho = He − N



(1)




where Ho is the orthometric elevation, He is the ellipsoidal elevation, and N is the geoid elevation above (or below) the ellipsoid.



The accuracy was measured in QGIS software by comparing the georeferenced orthomosaic and coordinates taken in the field by dGPS. Although only 9 GCPs in Fugle and 5 in Arie were used, in Fuglebekken, The RMSE of the datasets before georeferencing was 0.17 m. After georeferencing with 9 GCPs, the horizontal RMSE decreased to 0.09 m when compared with the 9 checkpoints in the catchment. The vertical RMSE of the final product was 0.2 m. However, in Ariebekken, no checkpoints were available to assess the overall accuracy of the catchment. The UAV DEMs with a resolution of 0.06 m in Fuglebekken and 0.07 m in Ariebekken were co-registered (Figure 4 and Figure 5) with the SIOS DEM [13] of spatial resolution 0.169 m and then were subjected to change detection analysis. Since each of the DEMs was taken at a similar time of the season with a time difference of 2 years, it allowed for accurate comparison and change detection, concentrating more on the elevation changes.




3.3. Derivation of Catchment Parameters


A basic morphometric study was performed in both catchments, which were delineated using ArcMap 10.7.1 with the DEM derived from the drone. The topographical boundary of the catchment was defined with the hydrological gauging station as the convergence point. Areal parameters such as Basin Area, Perimeter, Basin Length, Form Factor, Circulatory Ratio and Elongation Ratio were analysed in this study. Relief aspects such as Basin Relief, Relief Ratio and Average Slope were also analysed [20]. The linear aspects were not analysed, as most of the streams in the catchments are ephemeral. These streams flow only when the ground is frozen and no infiltration takes place or when the ground has been over-saturated so that overland flow exists. The slope and aspect analysis of the three DEMs was performed using the Matlab histogram function.



In addition to the morphometric parameters, stream delineation using the three DEMs was performed to show the differences in the number of derived streams in relation to the spatial resolution of the data. The D8 flow algorithm [21] in ArcMap 10.7.1 was used to calculate flow direction and accumulation. This method estimates the flow of each pixel of the DEM around its 8 neighbours. The presentation of the drainage network is a valuable tool for understanding the water flow patterns in and around the catchment. Using coarser datasets results in further segmentation. In contrast, higher-resolution datasets result in better delineation of flat areas.



Furthermore, change detection analysis was performed by DEM differencing of the drone and aerial DEMs. The drone DEM was co-registered manually by visual interpretation of the orthomosaics. Certain landmarks which were visible in both orthomosaics, such as outcrops, tundra, and boulders, were used, and a total of 19 points were used to co-register the orthomosaics. These same points were used to co-register the corresponding DEM. For more accurate differencing, the drone DEM was resampled to the aerial DEM’s resolution (0.169 m) by the “Nearest Neighbour” resampling technique in ArcMap 10.7.1. The elevation of the aerial DEM was subtracted from the elevation of the drone DEM for the differencing.





4. Results


4.1. DEMs and Orthomosaics


The UAV images acquired on 25 June 2022 over the Arie catchment and on 2 July 2022 over Fuglebekken were processed following the methods presented in the previous section and Figure 3. As a result, DEMs and ortophotomaps for both catchments were derived. During processing, all individual photos were correctly aligned.



Figure 4 presents the outcomes for the Fuglebekken catchment. The obtained georeferenced DEM and orthomosaic of Fuglebekken have a spatial resolution of 0.06 m, with a horizontal RMSE of 0.09 m and vertical 0.2 m. The estimated errors are in the lower limits in comparison with the study by [22]. The “bay” part of the DEM was filtered out as there was noise due to the presence of water waves. The catchment is bounded by the lateral moraine of Hansbreen in the east, the Hornsund fjord to the south, and the Fugleberget-Ariekammen ridge in the north. The coastal part of the catchment is bounded by raised marine terraces, which denotes multiple episodes of isostatic uplifts. The northwestern slopes of Fuglebekken are a nesting colony for little auks (Alle Alle), which is the primary source of nitrogen that fertilises the tundra downstream [23].



The derived DEM and orthophoto map of the Ariebekken catchment are presented in Figure 5. The elevation varies from 30.8 m a.s.l. to almost 700 m a.s.l. The spatial resolution of the derived DEM is 0.07 m with an RMS error of 0.16 m. It can be observed that the upper part of the catchment is glacierised, and the extent of the Arie glacier can be derived. Despite the similar timing of the flights, there are differences in the snow-covered area between the two analysed catchments, which results from higher elevations, different exposure, and topoclimate at Ariebekken compared with Fuglebekken.




4.2. Morphometric Analysis


In order to interpret the hydrogeological properties of a river catchment and analyse its climate, geological conditions, geomorphology, and structural (faults, joints, etc.) elements, morphological examination, and the recognition of fluvial processes are crucial. A summary of the derived parameters is presented in Table 1, and a detailed description of the applied equations and formulas is provided in [20].



The glaciated Aribekken catchment covers an area of 2.117 km2. The perimeter of the catchment is 8.543 km, and the distance between the most extreme points parallel to the main channel (basin length) is 2.55 km. The form factor (Ff) of Ariebekken is 0.326, which implies that the catchment is “slightly elongated” and indicates that the catchment has a flattened peak flow. The circulatory and elongation ratios of the catchment are 0.364 and 0.644, respectively. These two parameters describe that the basin is elongated parallel to the main channel. As the circulatory ratio increases, the elongation ratio decreases. The values of Rc and Re indicate that the catchment is young with extremely permeable homogenous geologic materials, with high relief, medium to steep slopes and moderate structural control (in this case, the lineaments of the moraine). The difference between the highest and the lowest points (the relief) of the Ariebekken catchment is 633.04 m. The relief ratio is an important parameter to describe the general steepness of the catchment. However, the relief ratio for this catchment is relatively low. This can be attributed to the sudden and extreme drops in elevation (especially in the slopes, moraine and glacial areas), but the average drop in elevation is low. This can be supported by the fact that the average slope of the entire catchment is relatively high (40.92°).



The unglaciated Fuglebekken catchment covers an area of 1.401 km2 and has a perimeter of 6.598 km. The basin length of the catchment from the northernmost point to the flow measuring point is 1.807 km. Given the shape of the catchment, it is no surprise that the form factor (0.429) is higher than that of Ariebekken. This indicates that the catchment is less elongated than Ariebekken and also has a flattened peak flow, but there is a probability that the catchment may experience higher peak flows for short durations. The circulatory ratio of Fuglebekken is 0.241, which implies that the basin is young with permeable homogeneous geologic materials but older than Ariebekken with low structural control. The elongation ratio is 0.738, which indicates that the basin is less elongated (tending towards an oval shape) and eroded, with lower relief and slope than for Ariebekken. For the relief parameters, the relief of Fuglebekken is 508.71 m, and the corresponding relief ratio is 0.28. The higher relief ratio of Fuglebekken can be attributed to the steep slopes in the northern flank of the catchment. Fuglebekken is relatively less steep, with an average slope of 32.07°.




4.3. DEM Comparisons


4.3.1. Physical Comparisons


The DEM obtained from the drone images is compared with the SIOS crewed aircraft mission data acquired on 22 June 2020 [13] and the ArcticDEM (https://www.pgc.umn.edu/data/arcticdem/, accessed on 1 August 2022). These are presented in Figure 6 and Figure 7. ArcticDEM, created on 23 July 2018, was produced using surface extraction from a TIN-based search space minimisation stereo-photogrammetry program [24]. The DEMs were co-registered with each other manually by comparing the orthophoto maps of the SIOS aerial mission and the one acquired by UAV. The spatial resolutions of the aerial mission DEM and ArcticDEM are 0.169 m and 2.0 m, respectively. The DEM acquired by the UAV has a resolution of 0.06 m in Fuglebekken and 0.07 m in Ariebekken. A summary of the properties is provided in Table 2.



Figure 6 presents the three DEMs with different spatial resolutions in the Ariebreen forefield. The details of the complex topography are visible only on two DEMs: in the highest resolution drone DEM (A), and in the SIOS DEM (B), but not on the Arctic DEM (C). The supraglacial streams and other lineaments, such as crevasses and fractures, are particularly visible in detail on the DEM derived from the drone. Due to the rapid retreat of Ariebreen, the recently exposed outwash plain can also be identified from the drone DEM and the aerial DEM.



Figure 7 presents the three DEMs in the part of the Fuglebekken catchment where the streams are active. Similar to the comparisons in Ariebreen, the ArcticDEM (C) does not show detailed topography of the study area, which would be preferable in a small catchment. The drone DEM (A) appears smoother than the aerial DEM (B), especially on flat surfaces. Due to the finer resolution, the channels appear much more detailed.




4.3.2. Stream Delineations


The hydrophysical characteristics, such as the flow direction, drainage network, and drainage slopes, can be represented using a DEM. The resolution of the elevation data affects the watershed delineation by providing more subbasins (for the same area) when using coarser datasets [25]. The streams were delineated using the directional flow D8 algorithm [21] on the basis of the same flow accumulation values, and the results from Fuglebekken (Figure 8) and Ariebekken (Figure 9) show that the DEM resolution is a vital parameter in this study. These stream networks represent a runoff (flow accumulation) of 500,000 for Fuglebekken and 400,000 for Ariebekken.



When the streamline was delineated using the three DEM resolutions (drone, aerial, and satellite), the overall length of the streamline varied dramatically. With the higher resolution DEMs, the generated stream network has more branches, and minor streams are clearly visible. There is an exception to this statement visible in Figure 9. A comparison of the stream networks derived based on SIOS DEM (B) and ArcticDEM (C) indicated that the latter is more developed despite the smaller resolution of ArcticDEM, which is a result of data gaps in SIOS DEM. In both catchments, delineating all potential streams helped in the identification of potential paths of drainage over the terrain surface.



Small coastal watersheds in the Arctic are characterised by highly variable sizes, morphologies, and dynamics of stream channels. Despite relatively limited width, depth and discharge, the stream channels can be highly dynamic during the ablation season and inter-annually. The discharge of these streams is driven by and highly dependent on not only the precipitation, snow and ice processes but also other factors, such as the underlying permafrost and its degradation, which are not yet completely understood [5,15]. The delineation of the potential water flow is an important factor since it provides information on the water flow patterns, source areas, and stream networks and allows for generating the geometry required for hydrological models. The differences in the potential stream networks with respect to the spatial resolution of the data are visible in Figure 10 and Figure 11.




4.3.3. Slope and Aspect


Being two of the most vital terrain factors, slope and aspect can be used as a visual representation of the DEM. The slope represents the elevation change rate and must be considered when studying geomorphological characteristics and slope processes. In the case of small catchments which consist of heterogeneous terrains, such as Fuglebekken and Ariebekken, steep slopes are underrepresented. Figure 12 demonstrates the slope distribution in Fuglebekken using the three DEMs. The histogram of the low-resolution ArcticDEM is skewed towards lower values, which makes the image incorrect. In Fuglebekken, the average slope is 32.07°, 31.31°, and 29.79° in the drone DEM, aerial DEM, and ArcticDEM, respectively. In the case of Ariebekken, the average slope is 40.92°, 37.88°, and 38.00° for the drone DEM, aerial DEM, and ArcticDEM, respectively. In the aerial DEM, due to the data gaps in high slope regions, the histogram “sinks” at around 50°–70°, whereas the drone DEM and ArcticDEM show similarities, but the latter is coarser.



By using flow tracking, which makes use of the spatial distribution of aspects, the drainage pattern can be produced. The values of the lower resolution DEM tend to be normalised (Figure 13); hence, the aspect curve is coarser compared with the higher resolution DEMs but shows a symmetrical form.





4.4. Change Detection


Changes in temperature and precipitation considerably alter ice mass balance and snow conditions, which both influence water flow, and water properties are primary weathering agents for rocks and soils, breaking them down and transporting the ensuing sediments and dissolved solids to the ocean [26]. These processes can, in turn, alter the flow regime. Hence terrain change detection analysis is an important factor in understanding the hydrological cycle.



In the Fuglebekken catchment (Figure 14), the primary sources of elevation difference are the decreases in snow cover depth and extent (especially on the west side of the terminal moraine of Hansbreen) and coastal erosion in Isbjørnhamna in the vicinity of the PPS Hornsund. A downstream channel migration has been observed on the plain. The migrated stream stretch shows a decrease in sinuosity, which implies that there has been a significant influence of runoff. In another separate stretch, there is a significant river incision in the channel bed which may also support the increased runoff hypothesis [15]. Recent geophysical imaging studies [27] indicated that the ground moraine of Hansbreen is ice-cored. The elevation difference (around 0.5–3 m) in this area suggests that the ice cores are melting at a rapid pace.



In the Ariebekken catchment (Figure 15), the significant change is the negative mass balance of the Ariebreen. The images also reveal changes in the drainage and formation of new supraglacial streams. Lateral channel migration has been observed in the upper parts of Arieelva. The channel migration is of higher magnitude compared with Fugle, as this glacial river has a higher discharge and higher load of sediments. Another major change is the breach in the southernmost ridge of the terminal moraine. The breach is due to the erosion of a new channel (due to increased runoff) and a subsequent fan deposit in front of the breach. Similar to Fuglebekken, there is a significant decrease in the amount of snow in the catchment, but on the southern slopes, there is an increase in snow cover compared with June 2020.





5. Discussion


The remote sensing products developed using drones provide vital pieces of information, particularly in remote, harsh or inaccessible areas such as the Arctic. Our results present high accuracy and high-resolution products from a Zenmuse P1 camera fitted on a DJI Matrice 300RTK drone. The data can be used for many research aspects and purposes. We compared elevation datasets of two catchments which are representative of those along the western coasts of Spitsbergen. The comparison was based on the best data previously available (airborne and satellite) with the newly obtained DEM from the UAV survey. Data from repeated missions along the same flight path presented here can be acquired due to smart flight planning. The repeated products can be used for change detection studies, especially in the Arctic, which is undergoing rapid climate warming and has a significant influence on the environment. The UAV photogrammetric algorithm SfM that automatically reconstructed the geometry of the terrain allowed the detection of changes in the periglacial and coastal environments of both glaciated and unglaciated catchments. With the UAV surveys and the planned future missions, the data gaps around Hornsund will be filled with high-resolution orthomosaics and DEMs, which can be of vital importance for scientific studies in this area.



Although only 14 GCPs were used in mapping both catchments, the accuracy of the DEM acquired by the drone is high. The DJI Matrice 300 is equipped with Real Time Kinematic (RTK), which gives sub-centimetre level accuracy. However, due to the remoteness of the study area, the GSM mode of RTK data transmission was not possible. In Fuglebekken, due to the presence of clouds in the upper parts of Fugleberget–Ariekammen ridge, mapping of this area was not possible but will be completed in future missions. Due to the high resolution of the models, we were able to detect even the smallest of changes in and around both catchments, including snow depth differences, a moraine breach, and degradation of subsurface ice cores. In Ariebekken, the presented data can be used as a set for repeated surveys for the geodetic mass balance and surface velocity of Ariebreen, as was performed, for example, for Waldemarbreen by [28].



Digital elevation models of glaciers combining information about the shape and size of a glacier using GIS with mathematical equations that describe its behaviour under different conditions, were studied by [29]. In the past, to measure changes in glacial geometry, DEMs were created by stereo-overlapping of aerial photographs and topo maps. This also allowed identification of the differences between field measurements and DEM-derived mass balance, as described by [30,31]. Recently, the application of DEMs can be accurately showcased by GIS software. The advancement of UAV and camera technologies allows us to gain a better perspective of glacial and periglacial landscapes and the mechanisms underlying their transitions. The authors of [32] evaluated the use of UAV images for high-resolution mapping of ice-wedge polygons. Other studies, such as [18,33], demonstrated that for high-resolution reconstruction, a combined approach involving UAV and GPR survey is an effective method for determining the thickness and internal structure of glaciers and hydrological mass balance. The density distribution of Midtre Lovénbreen active cryoconite habitats has been investigated using ground-based photographs and UAVs [34]. A UAV was used by [35] to capture high-resolution imagery over the lower reaches of the same glacier. This allowed for detailed insights into supra-glacial drainage patterns on its surface. Similar to that study, we have observed the deepening of the supraglacial streams in Ariebreen. Orthomosaics from repeated temporal surveys can be used to determine the velocity of the glacier, as demonstrated by [36,37]. However, the spatial resolution of the elevation model is an important criteria in the evaluation of a catchment [38].



In this paper, we present the multiple scientific implications of various spatial resolutions of remotely sensed data for the same catchments. DEMs from different sources have advantages and disadvantages. UAV data allows the creation of very high-resolution models but is only suitable for small areas and requires the UAV operator to be on the spot. DEMs from satellite images are less accurate but can cover extensive areas (ArcticDEM is one of the examples). Satellite-derived products are feasible for regional studies and larger areas; however, as pointed out by [39], they are highly dependent on various factors (especially in high latitudes), such as continuous cloud cover, sun angle and temporal resolution. Airborne missions may fill this resolution gap but require a lot of planning and precise execution, as described by [40]. Most difficulties and challenges to UAV surveys are also related to meteorological conditions, especially wind speed and precipitation. Due to weather conditions, the flights may have to be postponed, delayed or suspended [8]. With this paper, we provide a baseline for the future extent of glaciological and hydrological monitoring to connect the glacier mass balance, snow cover, and runoff changes in the warming future.



Previous glacial and periglacial geomorphology studies using UAV technology are described by [8,9,11,41]. The publications dealing with UAV studies in Svalbard, in particular, are listed in [42]. Most authors used UAVs for geomorphological mapping and change detection of glacial retreat and evolution of proglacial landforms. There are also publications concerning snow cover, coastal processes, geology, biology, ecology, cultural preservation, and other scientific applications. The authors of [43] used multi-source data and integration in geomorphological maps of the Ny-Ålesund area and the Blomstrandøya. The Billefjorden region of Spitsbergen was surveyed by [44], while the area around Longyearbyen and Adventdalen by [45]. Quantifying the degradation of ice-cored moraine using UAV photogrammetry and other sources was done by [46]. Such examples have demonstrated the use of UAV and SfM photogrammetry for extracting geomorphological changes for appropriate monitoring of the Arctic environment, which has experienced significant changes especially over the last decade [1]. These are particularly visible in the catchments transitioning from glacial to non-glacial conditions [41]. This implies intense geomorphic, hydrological, and ecological dynamics of key terrestrial components. To better understand the causes of changes and their consequences, it is important to identify and quantify them. Rates of change in proglacial systems were determined across the studied catchments, and with the acquired DEM, we were able to observe morphological changes such as the flattening of moraines, their breaches and gully deepening in centimetre scale. The elevation changes in the Hansbreen moraine were observed to be 0.5 m–3.0 m in two years. The authors of [13] reported that the annual erosion of these moraines amounted to 0.7 m due to the melting of ice cores and erosion along the shoreline. An investigation of the Austre Lovénbreen frontal moraines [46] revealed a surface lowering of −1.75 ± 0.89 m over an 11-year period.



This study compares elevation datasets of two High Arctic catchments based on the best data previously available (airborne and satellite) with the newly obtained DEM from a UAV survey. It presents the workflow in such a manner that it can be repeated and evaluated by future studies as recommended by [47]. The main sources of error in aerial mapping include lack of usage of GCPs or their non-optimised layout. There can also be errors pertaining to the GPS measurements of the GCPs, which can be avoided by using high-accuracy dGPS. Regarding the flight itself, the velocity and the overlap should be selected so that the images are not blurry or indistinct. Images with sufficient boundary coverage and overlap result in sharp and complete orthomosaics. During the survey, especially in the regions surrounded by high mountains, a manual control takeover may be necessary in the event of an unexpected onboard GNSS or any other system failure. This will force the survey to be stopped and may cause stitching problems during processing. As each flight survey contains hundreds of images, the processing should be performed on sufficiently powerful computers. More powerful computers allow for processing these images with high accuracy and alignment. For change detection analysis, care should be taken while selecting the co-registration points, as this may have an effect on the estimated differences.



Automated drone mapping of an inaccessible area of 7.04 km2 in around two hours demonstrated the high feasibility of using drones in polar studies. The acquisition of the images enables the provision of a well-resolved, high-end quality remote sensing product with a wide range of applications. The processing of these images requires high computational power and can be time-consuming. With a spatial resolution of 0.06 m for Fuglebekken and 0.07 m for Ariebekken, the orthomosaics and DEM can be accessed by the broad scientific community and can be visualised accordingly. However, for comparison purposes of any future data sources and products, we recommend to co-register the acquired DEM with the other data models. This would increase the accuracy of the products required for any long-term change detection studies needed in this fragile environment.




6. Conclusions


In this paper, we integrated the use of high-resolution aerial stereo images and the SfM technique to create Digital Elevation Models (DEMs). Such an approach has shown to be superior to previous surveys conducted in SW Spitsbergen and allowed sub-decimetre resolution of two High Arctic catchments. With this UAV-derived DEM, we have filled a data gap as only satellite and aeroplane-based products were previously available for this area. Acquisition of DEMs using UAVs can be included in detailed studies on a range of environments. The DEMs can be used in a variety of applications, including geomorphology, hydrology, glaciology, ecology etc., and can be useful in change detection analysis when the time frame cannot be met by satellite or aeroplane-based sensors. We also highlight the use of drone-derived DEM for applications such as catchment and stream network delineation, morphometric characterisation, and detection of changes. The spatial resolution influences the obtained land surface parameters. The data provided in this paper allows for the investigation of landform development on a centimetre scale. The obtained resolution enables the detection of even small changes in large-scale processes, such as geomorphological activity, glacier, moraine and river channel dynamics, slope creeping, active layer detachments, etc. Our future plans include multi-temporal surveys with other cameras, such as thermal and multispectral, with a higher number of GCPs and an RTK base station, that will allow detailed quantification of snow and ice melt, channel migration, and other transformations of Arctic landforms due to climate change.



The procured data, along with the planned future missions, will be made available as open-source data and can be used for many applications by the broad scientific community. The choice of UAV is also motivated by the ability to produce high-resolution products of aerial imagery at lower cost and safety compared with crewed aircraft. The derived DEMs and orthophotomaps of Fuglebekken and Ariebekken catchments are available at IG PAS Data Portal (geodata.igf.edu.pl/Hornsund_DEM/).
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Figure 1. Location of Fuglebekken and Ariebekken catchments. The red polygon denotes the aerial extent of the orthomosaics. The green points correspond to each aerial photograph taken. Image source: toposvalbard.npolar.no. 
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Figure 2. DJI Matrice 300 RTK Drone equipped with Zenmuse P1 camera during the mission at Fuglebekken catchment. 
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Figure 3. Flowchart of the data processing and change detection applied in this study. 
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Figure 4. DEM and orthophotomap of the Fuglebekken catchment. The final resolution post-processing was 0.06 m, and it was geo-rectified by four ground control points (red dots) and co-registration points (red stars). 
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[image: Remotesensing 15 00934 g004]







[image: Remotesensing 15 00934 g005 550] 





Figure 5. DEM and orthophotomap of the Ariebekken catchment. The final resolution post-processing was 0.07 m, and it was geo-rectified using five ground control points (red dots) and co-registration points (red stars). 
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Figure 6. Comparison of the three DEMs: (A) drone from June 2022, (B) SIOS from July 2020, and (C) ArcticDEM from July 2018 in Ariebreen forefield (note the retreat of the glacier and the exposed outwash plain). 
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Figure 7. Comparison of the three different DEMs: (A) drone, (B) SIOS, and (C) Arctic in Fuglebekken (note the differences in smoother texture in the upper right corner on (A,B)). 
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Figure 8. Delineated stream network in Fuglebekken catchment based on the three different DEMs: drone (A), SIOS (B), and ArcticDEM (C). The red polygon marks the catchment boundary. 
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Figure 9. Delineated stream network in Ariebekken catchment. The drone DEM (A) has delineated many small streams, and although SIOS DEM (B) has better resolution, ArcticDEM (C) has better delineation because of data gaps in SIOS DEM. The red polygon marks the catchment boundary. 
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Figure 10. Comparison of stream delineations using different DEMs in Fuglebekken. 
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Figure 11. Comparison of stream delineations using different DEMs in Ariebekken. 
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Figure 12. Slope distribution of three DEMs in Fuglebekken and Ariebekken (note that the lower resolution of DEM causes skewness towards lower values). 
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Figure 13. A comparison of aspect histograms of three DEMs in Fuglebekken and Ariebekken catchments. Note the symmetrical form in all three DEMs but the difference in the texture of the lines. 
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Figure 14. Estimated differences in elevation between drone DEM from 2022 and SIOS DEM from 2020 in the Fuglebekken catchment. Detected changes include a decrease in snow thickness, the sinking of an ice-cored moraine, river channel migration, and coastal erosion. 
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Figure 15. The differences between drone DEM from 2022 and SIOS DEM from 2020 in the Arie catchment. The arrows indicate the areas with detected changes due to negative geodetic glacier mass balance (A) and river channel migration (B), where the June 2022 extent is shown in green, and the June 2020 extent is shown in red; the increase in snow depth (C), and moraine breach location (D). 
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Table 1. Morphometric parameters of Ariebekken and Fuglebekken.
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Parameter

	
Formula

	
Ariebekken

	
Fuglebekken






	
Areal Parameters

	
Basin Area (Ab)

	
Area of the basin (km2)

	
2.117

	
1.401




	
Basin Perimeter (P)

	
Perimeter of the basin (km)

	
8.543

	
6.598




	
Basin Length (Lb)

	
Maximum length of the basin (km)

	
2.55

	
1.807




	
Form Factor (Ff)

	
Ff = (Ab/Lb2)

	
0.326

	
0.429




	
Circulatory Ratio (Rc)

	
Rc = Ab/((P2)/(4π))

	
0.364

	
0.241




	
Elongation Ratio (Re)

	
Re = Dc/Lb

Dc—Diameter of a circle having the same area as the basin

	
0.644

	
0.738




	
Relief Parameters

	
Basin Relief (H)

	
H = Hmax − Hmin (m)

	
633.04

	
508.71




	
Relief Ratio (Rr)

	
Rr = H/Lb

	
0.248

	
0.280




	
Average Slope

	
Average slope of the basin (degrees)

	
40.92

	
32.07
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Table 2. Comparison of features of different DEMs.






Table 2. Comparison of features of different DEMs.











	
	Drone DEM
	SIOS DEM
	ArcticDEM





	Platform
	Drone
	Aeroplane
	Satellite



	Sensor
	Zenmuse P1 35 mm
	Phasone IXU-150, Schneider LS 55 mm
	Various



	Acquisition Date
	25 June 2022 (Fuglebekken)

2 July 2022

(Ariebekken)
	22 June 2020
	Created on 23 July 2018

(mosaic of 49 strips acquired between 2013 and 2017)



	Spatial Resolution
	0.06 m (Fuglebekken)

0.07 m (Ariebekken)
	0.169 m
	2 m
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