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Abstract

:

This article discusses partial results of an international scientific expedition to Greenland that researched the geography, geodesy, botany, and glaciology of the area. The results here focus on the photogrammetrical results obtained with the eBee drone in the eastern part of Greenland at the front of the Knud Rasmussen Glacier and the use of archive image data for monitoring the condition of this glacier. In these short-term visits to the site, the possibility of using a drone is discussed and the results show not only the flow speed of the glacier but also the shape and structure from a height of up to 200 m. From two overflights near the glacier front at different times, it was possible to obtain the speed of the glacier flow and the distribution of velocities in the glacier stream. The technology uses a comparison of two point clouds derived from a set of aerial photos taken with the eBee drone, and calculating the M3C2 (Multiscale Model-to-Model Cloud Comparison) distances with CloudCompare software. The results correlate with other measurement methods like accurate and long-term measurement with Global Navigation Satellite System (GNSS), satellite radar, or ground geodetical technology. The resulting speed from the drone data reached in the middle part of the glacier, was approximately 12–15m per day. The second part of the paper focuses on the analysis of modern satellite images of the Knud Rasmussen Glacier from Google Earth (Landsat series 1984–2016) and Sentinel 2a, and a comparison with historical aerial images from 1932 to 1933. Historical images were processed photogrammetrically into a three-dimensional (3D) model. Finally, orthogonalized image data from three systems (drone photos, historical aerial photos, and satellite data) were compared in the ArcGIS software. This allows us to analyze glacier changes over time in the time span from 1932 to 2020, with the caveat that from 1933 to 1983 we did not have data at our disposal. The result shows that more significant changes in the area of this glacier occurred after 2011. The main aim of this article is to research the use of photogrammetric methods for monitoring the condition and parameters of glaciers based on non-traditional technology, such as drones or new processing of historical photos.
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1. Introduction


I would like to dedicate this article in memoriam to my friend, scientist, and real man, Professor Wilfried Korth (Figure 1), who died tragically in spring 2019, just before his last planned expedition to Greenland (KP).



The gradual melting of glaciers has been monitored for a long time. Since the 1980s, ice has been declining more than it is replenished in winter. Winters are milder and summers longer and warmer. The ice that disappears will not be restored. Nowadays, six times more ice has been disappearing from Greenland than in the 1980s [1].



The Greenland cap is a vast mass of ice covering 1.7 million square km, which represents about 80% of Greenland’s surface. It is the second largest glaciated area in the world; the first is the Antarctic cap. Its thickness is usually more than 2 km and sometimes exceeds 3 km [2]. The weight of the glacier has compressed the central part of Greenland, bringing the rocky bedrock below it to about sea level, while the mountain range surrounds the glacier almost along its entire edge. This is detectable by the deformation of the Earth’s gravity field. If the entire Greenland cap melted, the level of the world’s oceans would rise by about 7 m. Due to the long-term melting of the glacier, the compressed rock is gradually rising on the outskirts of Greenland. According to scientific studies, the Greenland coast rises by 2.5 cm per year [3,4,5]. However, it is also scientifically confirmed that some parts of the glacier are even increasing. This information indicates that the condition of the Greenland cap must continue to be carefully studied. Today, scientific satellites in particular are contributing to this [6].



The mapping of Greenland began as early as the 15th century, when parts of the coast were mapped. However, systematic mapping became possible only in the 20th century, using aerial photogrammetry and later satellites. A significant achievement was the Danish geodetic expedition from 1931 to 1934. Many aerial photographs were taken using three Heinkel seaplanes. These photographs are the perfect source for monitoring the condition of Greenlandic glaciers (Figure 2).



During the seventh Thule Expedition, a systematic survey of the southeast coast of Greenland was carried out from 1932 to 1933. Nowadays, at the Natural History Museum of Denmark, there is a long-term project called “AirBase”. It is a database which has a quarter of a million aerial photos recorded by Danish survey agencies in the period from 1930 to the 1980s. This is a unique source of information about glaciers [7,8].




2. Project Aims


Based on the scope of this Special Issue call “Analyses in Geomatics: Processing Spatial Data on History and Today”, we focused on the processing of spatial and historical data. Two goals have been defined as follows:



2.1. Measuring the Glacier Flow Speed


In this project, the primary aim was to calculate the speed of movement and its distribution of the glacier based on two drone overflights performed at different times. This method compares two points clouds derived from photo sets to get these parameters.




2.2. Detection of Long-Term Changes in the Extent of the Glacier


Another goal was to detect changes in the extent of the glacier based on the analysis of historical image data. The on-site measurement in 2019 was compared with historical image data. There are freely available data from satellites on the web, accessed via Google Earth, new free satellite data from the Copernicus system, and we also managed to get historical photographic aerial data from the Danish archive. The data can be processed in geographic information system (GIS), and the glacier extent changes over time can be modelled.





3. Study Area


Based on the collaboration between the Beuth Hochschule für Technik Berlin, TU Cottbus, and the Czech Technical University in Prague, Faculty of Civil Engineering, and the successfully first joint expedition in 2015, a second expedition was carried out in 2019 [9]. This expedition with the research ship Dagmar Aaen led by Mr. Arved Fuchs was planned along the east coast of Greenland. Our part in the expedition was photogrammetry.



Our goals of the photogrammetrical works during the Greenland expedition 2019 was to create a detailed map of the abandoned U.S. military air base Bluei East II and research the movement of the Knud Rasmussen Glaciers using the drone. Both sites are located within a few days of sailing from Kulusuk/Tasiilaq (Figure 3). This research is a follow-up to a number of projects focused on documenting glaciers using drones and detecting changes using point clouds [10,11,12]. As a study area analyzed in this article, the famous Knud Rasmussen Glacier was selected. It is a well-known formation and can be reached by sea (Figure 3 and Figure 4). The choice of this glacier was given mainly by the possibility to obtain archival aerial data photographed during the Danish Greenland expedition in 1930s.




4. Used Instruments


Remotely piloted aircraft system (RPAS) is a less used but correct acronym for a drone [13]. The eBee drone, senseFly, from Switzerland, was used in this case for different reasons. (1) It is light, made from Styrofoam, easy to use, takes off by hand, and lands without any special landing pad, (2) it is easy to transport (in a padded backpack), can be divided into several parts for transport, is electrically powered, and uses small batteries, (3) it has a relatively long time of flight up to 40 min and altitude access of hundreds of m, because it is a winged drone, and (4) it flies with full autonomy based on GNSS (Global Navigation Satellite System) and IMU (Inertial Measurement Unit) devices and the flight plan, and has changeable cameras (Figure 5 and Figure 6). However, the drone weighs less than one kilogram and the flight can be affected by gusts of wind, and furthermore, cameras used in this type is low-cost only. Unfortunately, the type used was not a GNSS RTK (Real Time Kinematic) system, which allows precise georeferencing of outputs without geodetically measured ground control points (GCP).




5. Data Capturing


Image data acquisition is described here. Data from RPAS were obtained directly at the research site, archival satellite data were obtained from free sources on the web and we also got unique historical aerial photos thanks to the kind approach of the Danish side.



5.1. RPAS Data Capturing


Before the flights, flight planning is necessary. The eMotion software is used with the eBee system running on a notebook. This software uses a common GNSS device for navigation. During the flight planning in this software, satellite images from ordinary free web sources (Google, Microsoft, Nokia, and others) are used as a map background. Unfortunately, in Greenland, actual satellite data from these sources was unavailable, and it was not possible to precisely define the exact parameters and destination of the drone flight. This proved to be a problem with flight planning [10,13,14]. The front of the glacier was hundreds of m away from the latest satellite images, so the flight plan had to be estimated on-site (Figure 7).



One single day was set aside for the measurement, and there was not more time. Two changeable cameras were at the drone’s disposal during the expedition. Unfortunately, due to a malfunction in the RGB camera, only the NIR (near-infrared) camera was used. As it turned out, the NIR images were more suitable for capturing ice than an RGB camera, because the glacier ice is off-white to light blue, which is not perfect for the image correlation used for image processing. Using the drone eBee, two overflights of the same area were performed on 16 July 2019 with a time span of about four hours. During the first flight, a total of 162 NIR images were taken (Figure 8). During the second flight, 170 NIR images were recorded. During the first flight, the signal was lost due to a very high rock cliff near the last flight line; the drone emergency system interrupted the flight and returned it to the take-off point. For this reason, the number of images is not the same for both flights; however, the loss of eight images did not affect the project. The last flight line was not fully completed; there was no time to repeat the flight and therefore the second flight was slightly modified.



The flight time took approximately 35 min at an altitude of 180 m. Due to the smaller capacity of the batteries in the frost, we did not choose a lower flight or a longer flight. Another problem was the high rocks on both sides of the glacier.



The aim was to record both shores of the moraine (see Figure 7), which could not change in a few hours, unlike the movement of the glacier, which was supposed to be the largest somewhere in the middle.




5.2. Historical Image Data


In this part of the project, the aim was to show the possibility of using different types of image data for long-term monitoring of the state of the glacier and especially the new processing of historical aerial photographs into an orthophoto, which is compatible with modern data.



There is aerial and satellite data available. Regular satellite imagery has been for civilian use since the 1980s. Historically, this is mainly data from Landsat satellites. Newer satellite data can be found from the Copernicus system. Here we were interested in freely available data only. These are available on Google Earth or on similar map servers, where they are already processed into a map form and are of lower quality, which does not matter in this case, because only the changing shape of the glacier front was analyzed. Professional original satellite data acquired from public funds are today on data archive accessible via access hub like http://scihub.copernicus.eu or https://earthexplorer.usgs.gov/. Aerial image data are often used for business, mainly for mapping and typically are not free available on web. Really old historical aerial data can be found in museum data archives. The Knud Rasmussen Glacier area was photographed during the Danish Greenland expedition by the seventh Thule Expedition from 1932 to 1933. It was thus possible to study the condition of the glacier now and compare it with its condition almost ninety years ago. Thank to Anders Anker Bjørk from the Department of Geoscience and Natural Resource Management, University of Copenhagen, we got a set of historical aerial images from the Danish Greenland expedition in the 1930s (Figure 9).





6. Data Processing


As was written, in this project two types of data were used. First, aerial images taken from a low altitude by the RPAS eBee on-site, and second, satellite and aerial archive data.



6.1. RPAS Data Processing


The modern digital aerial photogrammetry serves the classic outputs in the form of orthophoto and digital surface model (DSM) based on a point cloud that was calculated using image correlation technology, called image-based modelling and rendering (IBMR) or structure from motion (SfM). This technology uses a set of highly overlapped photos. Based on computing of a sparse point cloud from photographs, the internal and external parameters of the chosen camera can be computed. After this, a dense point cloud is calculated, which is similar to the point cloud measured directly using laser scanners.



6.1.1. Creating of Point Clouds


The data could only be processed in a laboratory at the university and not directly during the expedition. The calculation was performed in Pix4D and later in Metashape software; both software work with parameters from GNSS and IMU devices on board the eBee drone. Metashape software provides a more detailed point cloud, which is why these outputs were used in the next processing.



A computing of the glacier shift measured from two points clouds is non-trivial, because of the nonlinear movement of the glacier. The glacier moves slowly at the edges and fastest in the middle. The difference or the discrepancies between two points clouds is usually calculated in CloudCompare software.



By the computing in Metashape software, 74,416 tie points were found in the first set of images for a sparse point cloud. In the second set of images, the number of tie points was 92,693. After the depth map was created, 221,341,562 points for a dense point cloud were created for the flight and 231,635,556 for the second flight. Both point clouds were exported without modifying their original coordinate systems. It means that the second point cloud was not transformed into the coordinate system of the first point cloud.



A point cloud, orthophoto, and DSM was made from each photo flight and exported to the ArcGIS software (Figure 10 and Figure 11).



The absolute position error of point clouds and orthophotos is given by the onboard GNSS device, which was in this case a common GNSS working with code mode with a precision of 3–5 m. For this reason it was not possible to use originally geocoded data for computing of the glacier movement, which was expected in m only. However, the internal accuracy is much higher, and in this case reaches 20 cm according to the pixel size. The precision of points in the point cloud derived from the photographs depends on filtering procedures. Points computed from only two photos were deleted, such as points with errors more than three pixels on images.




6.1.2. Joining of Both Point Clouds


Accurately referencing both point clouds from individual flights was not typical, because no terrestrial geodetic measurement was made. There were no precisely measured control points (GCP); it would be impossible to place and measure them on the glacier. GNSS equipment on the drone has an accuracy of 3–5 m, which is insufficient for precise georeferencing of projection centers by taking of photos and for georeferencing of computed points in point cloud derived from these photos. The assumption of movement in a few hours was one to several m maximally. The RTK system was unavailable and it would not work here due to the short measurement time and conditions, and no reference station was at our disposal either. The precise joining of both point clouds from the two overflights to one system was made as follows:



The first model was defined as a reference and the second was transformed into it. However, a problem occurred with the joining of the second point cloud with the control points detected at the edge of the model only.



The software performs the joining of both point clouds using the control points. These control points were found on the first model, but only on edges of the model, in a stone moraine. These found points were relatively stable and were used as fixed points. In the middle of the glacier, considerable movement was expected, and it was not possible to define high-quality fixed control points; due to this, the calculation using the new bundle adjustment process deformed the second model by correcting the elements of external orientation. The model curled, then a deformation occurred, and it reached more than two m (Figure 12).



It was necessary to use a different procedure. Models (point clouds) cannot be joined only at fixed control points at the edges of the model, because then generally an unknown deformation occurs in the middle of the model. Both point clouds were calculated separately, and the second point cloud was joined only by a similarity transformation (shifts, three rotations, scaling) using six control points directly in CloudCompare software and university software Tran independently together [15]. It finally gave usable results with an RMS (root mean square) of 0.67 m, 0.69 m, respectively. A total of eight potential control points were found, and only six were used, which was an error less than twice of mean error (RMS). No exact control points measured with a precise GNSS device were at our disposal.



A similarity transformation in 3D was used (Equation (1)):


   (     X     Y     Z     )  =  (       X 0         Y 0         Z 0       )  + m · R ·  (     x     y     z     )   



(1)




where (X, Y, Z) are the final coordinates in the system of first model, (X0, Y0, Z0) are the shifts, m is the scale and (x, y, z) are the coordinates in the second model.



The spatial seven-element transformation—the similarity transformation—is given by seven unknowns, three translations, three rotations, and one scaling. It can be possible to use the affine spatial transformation, which similar to the seven-element transformation, but it has nine unknowns, and there are three scale values—a different scale for each axis. To calculate the transformation key, it is necessary to calculate approximate values and proceed with these by iteration. Both types of transformation were calculated, but the difference between them was minimal in our case, only in units of centimeters. However, in the case of incorrectly determined identical points, a problem with the convergence of the calculation occurs. Both types of transformation are programmed in Delphi, originally at the Faculty of Civil Engineering, such as other university software for geodetical using [15].



m is a scalar (similarity transformation) or M is a matrix (affine transformation, Equation (2):


  M =  (       m x     0   0     0     m y     0     0   0     m z       )   



(2)







Finally, this transformation result was done with the RMS = 0.67 m. Many parameters affected the resulting accuracy. The main ones were the pixel size of 10 cm and the type and structure of the surface, including the possible actual deformation of the glacier over time (Equation (3)). Better results cannot be expected under the current conditions and chosen equipment. It should be noted that the model was created from images taken in a time span of approximately 35 min. Even in this short time, parts of the glacier moved, which affected the result.


    T  t r a n s   =  (      1.001    0    − 0.001     − 85.045      0    1.001     − 0.001     − 90.371       0.001     0.001     1.001     − 0.034      0   0   0   1     )     R M S = 0.667566  [ m ]    



(3)







Equation (3) shows the final RMS for both point clouds joining and the transformation matrix (CloudCompare software).




6.1.3. Analyzing the Glacier Flow Speed


CloudCompare software calculates the distance between two similar point clouds in the direction of normals; in this case, the solution cannot be successful due to irregular shifts of the glacier.



Here we do not have two almost identical point clouds, between which we measure the differences in the perpendicular direction to the surfaces, meaning in direction of normals. Here is the original point cloud and a new point cloud, which was created by irregularly differentially moving the first point cloud. Measuring the movement of the flow and its direction is thus much more complicated. It is necessary to define a point in the original point cloud and, according to its unique surroundings, try to find this point in the second shifted point cloud. If we succeed, we have the direction and magnitude of the shift. These parameters will be different for each point. The M3C2 (Model-to-Model Cloud Comparison) distance in a special module in CloudCompare software solves this problem.



The next part was the analysis of the joined models and the search for real shifts in time as described above. A comparison of changes was performed using the Model-to-Model Cloud Comparison (M3C2) method [16]. This is a method of calculating the distance or discrepancies between two clouds generally, and not in the classical direction of normals. The method calculates distances only for so-called core points, which is the selection of a smaller sample of points from the whole reference point cloud. The points are usually selected based on the minimum distance they must contain. In the first step, the normal vectors for each point are calculated. All points located at the maximum spherical distance (s) specified by the user from the core points are used to calculate the normals. If the clouds contain normal vectors from post processing, these normals can be used.



For each core point, a normal vector is calculated, which is the average of the normals of all points that lie from the core point with the maximum distances. This vector forms the axis of the cylinder. In the next step, a cylinder with a user-defined height (h) and radius (r) is interposed by a cloud. The core point forms the center of this cylinder. The position of a point is calculated as the average of all points that are in this cylinder. A more detailed description of the method can be found in Lague et al. (2013) [17,18,19], (Figure 13 and Figure 14).



The results of the analysis show that the glacier moves fastest in the middle with the speed of 2–3 m in a time span of four hours. The histogram (Figure 13) shows that the mean speed of the glacier is one meter per four hours. From the results it can be concluded that with an error of 0.67 m the glacier Knud Rasmussen moves at an average speed of around six m per day. The fastest parts can have a speed of 12–15 m per day, while the border parts move practically by this method immeasurably in the short time span (Figure 14). This agrees with other studies [10,20,21,22].





6.2. Processing of Historical Image Data


6.2.1. Historical Aerial Images from the 1930s


The set consists of several oblique aerial images in the form of scanned photocopies. The original images were taken by the Fairchild F-8 photogrammetric camera, which was released in 1930. Original images from the Fairchild F-8 camera were taken on 5″ × 7″ film. The focal length was 240 mm (12″). We found only this information about the photos. The fiducial marks were very difficult to find, and the frame data were unusable. It was uncertain whether the photographs were complete in the original format. Fortunately, the center of the image was highlighted by a puncture and a mark in the photographs. All scanned paper photocopies had to be transformed into detected centers, fitted and cropped according to poorly visible fiducial marks to the same format. Projective transformation was used, which got the best results (Figure 15).



Only eight historical images were selected, from which a project was created to process image information into a 3D model. It was necessary to define at least the basic parameters instead of the elements of internal orientation. A focal length of 240 mm was used, and the pixel size (14.2 µm) was derived from the size of the scanned photographs in pixels and lines based on the original image size of 5″ × 5″. The additional part of the film was used for frame information, such as time and photo number. Metashape software was used. Automatic processing was not possible due to the low quality of scanned paper photocopies and the unknown internal and external parameters of the chosen photogrammetrical images. It was necessary to find suitable tie points manually; in the end, 25 tie points were used for a correct calculation. A sparse cloud was calculated, and the points were filtered using a “gradual selection” procedure, which filtered out points with error of bigger than ten pixels. This parameter was set empirically so that approximately 30% of all points were deleted from the processing. The camera parameters were recalculated until stable results were obtained. Some pictures did not have a regular photogrammetric overlap; they were taken by hand and it was almost always a pair of similar pictures. From the photo-flight sequence of the Knud Rasmussen Glacier, all images were finally successfully processed. An illustrative model of the historical status was calculated (Figure 16, Figure 17, Figure 18 and Figure 19).



An interesting result is the fact that the face of the Knud Rasmussen Glacier changed little over time compared to the other, dramatically receding glaciers, such as Jakobshaven Glacier on the west coast [20,21], including right next to the mouth of the Karale Glacier (the glacier on the left part of the model).




6.2.2. Archive Landsat Satellite Data


Google Earth provides previews of Landsat satellite data from 1984 to 2016 (Figure 20) for the Karale and Knud Rasmussen Glaciers. The data were always taken on the same day (directly on the last day of the year, 31 December), which is an advantage for comparison. In ArcGIS, all of the images were compared (Figure 20). It can be seen from the series of images that major changes to the front of the Knud Rasmussen Glacier did not occur until after 2011. The Karale Glacier began to recede as early as 1990.




6.2.3. Archive Sentinel Satellite Data


As a new type of free satellite data, the Copernicus system was used, especially the Sentinel 2a satellite (Figure 21). Unfortunately, in the archive, only data from last two year are on-line. Older data must be ordered. Most of the satellite scenes are cloudy and cannot be used for this work, the images taken during summertime can be used without processing problems, other can be affected by the shadows, which are in the Greenland due to short day time very long (Figure 21b). We processed scenes from summertime and wintertime between 2019 and 2020 for prolonging of our study and research of usability of different image data. For comparison with other image data, only the one multispectral channel (Red) with a pixel size of 10 m was used. These images were used for delimitation of the Knud Rasmussen Glacier front. As it is visible on (Figure 21a,b), the glacier lost a front part after summertime in 2020.





6.3. The Knud Rasmussen Glacier Time Changes


All collected image data were processed in the ArcGIS software to the final map, which shows the glacier extent changes. In the 1930s, the condition of the glacier was almost the same as in the early new millennium until 2011. This is quite clearly evident from the georeferenced orthophoto from the 1930s compared with the Landsat data from 1984 to 2016. In 1932, the north–eastern part of the glacier front was located at a similar position as it was from 2011. The face of the glacier from 1932, based on the processing of the historical images, was behind the position from 1984. However, while we do not know exactly when the flight was made, we do know that it was very likely in the summer. The question is what the front of the glacier looked like in winter in the 1930s. Similarly, the data from 2019 to 2020 are from a summer that was warm (Figure 22 and Figure 23). Landsat satellite dates are always from winter; Sentinel 2a data are from summer and autumn.





7. Discussion and Conclusions


The first part of this research looked at the possibility of monitoring the flow rate and its distribution of the face of the Knud Rasmussen Glacier in eastern Greenland using RPAS based on point cloud time changes detected from two overflights. According to the available results, the most significant changes occur in the middle part of the studied glacier. For computing the displacement of both point clouds derived from photo-sets in different time, the M3C2 distance from CloudCompare software was used. The displacement values histogram shows that the changes rarely exceed three m. A typical movement of the middle part of this glacier can be from 2 to 3 m in 4 h, but a mean speed based on the local histogram maximum is only 1 m in a time span of 4 h. There is a possible error of up to RMS 67 cm, given the inaccuracy of joining both point clouds. In conclusion, the use of a drone for monitoring the speed of the movement and its distribution of the glacier is possible even after a relatively short time span.



The fastest running ones have a speed in the middle of up to tens of m per day, such as the Eqi Glacier or the Jakobshavn Glacier in west Greenland. In the case of the Knud Rasmussen Glacier, the flow rate in the middle nearby the glacier face is considerable and can reach a value of around 12–15 m per day at most; however, this is only an extrapolation, but it correlates with the measurement on other glaciers. Here, problems were found: only a short time span was used, only one measurement in the summertime was carried out, the parameters of the flight were not ideal due to the local conditions and lack of time. Any precisely measured control points were used. The problems with the precision and time of flight can be nowadays solved with a modern eBee RTK with a base station and with better quality batteries, and with more time for these experiments.



The second goal of our research was aimed at an analysis of using and joining different image data for the monitoring of this glacier, mainly new processing of old historical aerial oblique images from the 1930s. From the historical images, we can deduce that the Knud Rasmussen Glacier receded inland mainly after 2011. This glacier retreat inland is not so progressive as that of other glaciers, which have receded km inland due to climate change. An analysis of historical aerial images, Landsat and Sentinel satellite images, and new drone orthophoto shows that the front of the Knud Rasmussen Glacier was in practically the same place until 2011. Only later did the glacier begin to recede. Unfortunately, data from 1933 to 1983 is unreachable or missing for us. We could not find out what the situation was in the fifty missing years. The new drone images, such as Sentinel data from 2019 to 2020, show the accelerated retreat of the glacier front in recent years. However, the newest (2019–2020) and the oldest (1932–1933) image data were obtained in the summer, satellite data from Landsat were always acquired on the last day of the year, and the cloud-free data from the Sentinel satellite were taken partially in summertime and partially in the autumn. Thus, a seasonal change is possible in this summer data, and the data have less significance with regard to long-term development. Even so, it is certain that the melting of the glacier is happening, and it is accelerating.
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Figure 1. Professor Wilfried Korth († 2019). 
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Figure 2. The Knud Rasmussen Glacier in a photo from the Danish Greenland expedition (the seventh Thule Expedition 1932–1933); (photo: the Arctic Institute, https://arktiskinstitut.dk). 
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Figure 3. (a) Map of Greenland (http://www.getamap.net/maps/greenland_%5B_denmark_%5D/ostgronland/_knud_rasmussen_glacier/) and (b) the Knud Rasmussen Glacier (66.0817028N, 36.3402919W), (http://www.mapy.cz). 
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Figure 4. Knud Rasmussen Glacier; it appears to be a small glacier, but its width is over 2 km. 
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Figure 5. The Remotely piloted aircraft system (RPAS) eBee. 
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Figure 6. (a) Spectral response of the Canon PowerShot ELPH 110 HS (NIR) and (b) the changeable cameras for the eBee drone: near-infrared (NIR), red-edge (RE), and red-green-blue (RGB). The camera has a 1/1.7″ back-illuminated CMOS (Complementary metal–oxide–semiconductor) sensor, image size 12.1 MPix, camera weight 153g excl. battery. 
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Figure 7. Flight no.1, senseFly eMotion 2 software; the map background from Google Earth was out of date (2016). The flight plan was prepared at the university before expedition, but the actual position of the glacier front was elsewhere. There was no internet on site, the flight plan had to be estimated and changed at the measurement site. 
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Figure 8. A typical photo using NIR camera Canon PowerShot ELPH 110 HS (NIR). 






Figure 8. A typical photo using NIR camera Canon PowerShot ELPH 110 HS (NIR).



[image: Applsci 11 00754 g008]







[image: Applsci 11 00754 g009 550] 





Figure 9. The Heinkel seaplane with open cockpit for three persons (pilot, radio-operator, and photographer in the back (photo: the Arctic Institute, https://arktiskinstitut.dk). The taking of the photos was carried out from a height of up to 4500 m at a temperature of −40 degrees Celsius frequently. Nowadays, these conditions are hardly imaginable. 
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Figure 10. Flight no.1 and flight no.2 (orthophoto in near infrared range). On the second orthophoto there are shadows, which make the picture more plastic. 
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Figure 11. Flight no.1 and no.2—digital surface model (DSM). 
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Figure 12. Schematic deformation of both models after joining the point clouds with control points, found at the edge of the model in a stone moraine (it should be stable). By joining both point clouds, the second was deformed in the middle due to the recalculation of the bundle adjustment (e.g., the internal and external parameters can be changed). For this reason, we used both point clouds, as they were processed separately, and the joining was made using similarity transformation only in external software. 
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Figure 13. Histogram of the Model-to-Model Cloud Comparison (M3C2) distance. Negative values are errors from the computation occur on the borders only, caused by missing marginal data in both files. These data were filtered out. 
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Figure 14. Areas of significant change on the Knud Rasmussen Glacier in the time span of four hours. The values: the flow speed; the purple colored parts on the left are caused by missing data from flight No.1. 
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Figure 15. (a) The Fairchild F-8 camera, (b) a historical photo with the pilot and photographer in the book. The photographer holding a Fairchild F-8 camera [7]. 
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Figure 16. The created three-dimensional (3D) model of Karale (left) and Knud Rasmussen glacier mouths (right) with tie points and photo positions; 1.23 million faces. 
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Figure 17. A detail of the 3D model—the Knud Rasmussen Glacier in the 1930s. 
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Figure 18. An orthographic view of the 3D model shows glacier mouths; it can be joined with satellite and drone images. Unfortunately, the images were taken at a low angle oblique, which caused a considerable amount of hidden parts due to the perspective (white areas). 
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Figure 19. The Knud Rasmussen Glacier in a historical photo (detail); unfortunately, from this photo, it is not possible to get 3D information (only the glacier delimitation). 
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Figure 20. Landsat data from Google Earth (a) from 1984, (b) from 2002, (c) from 2016. 
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Figure 21. Sentinel 2a data; (a) 31 July 2020, (b) 9 October 2020, lower part of the glacier is affected by hill shadows. 






Figure 21. Sentinel 2a data; (a) 31 July 2020, (b) 9 October 2020, lower part of the glacier is affected by hill shadows.



[image: Applsci 11 00754 g021]







[image: Applsci 11 00754 g022 550] 





Figure 22. A final interpretation of the Knud Rasmussen Glacier changes between 1932 and 2020 (2019 * are data from the eBee drone, some parts were missing). 
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Figure 23. The Knud Rasmussen Glacier area changes between 1932 and 2020; the basic state was the year 1984 (i.e., the state “zero”). Between 1932 and 1984, we do not have data about the glacier status. 
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