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Abstract

:

The detailed description of processing workflows in Structure from Motion (SfM) surveys using unmanned aerial vehicles (UAVs) is not common in geomorphological research. One of the aspects frequently overlooked in photogrammetric reconstruction is image characteristics. In this context, the present study aims to determine whether the format or properties (e.g., exposure, sharpening, lens corrections) of the images used in the SfM process can affect high-detail surveys of complex geometric landforms such as rock glaciers. For this purpose, images generated (DNG and JPEG) and derived (TIFF) from low-cost UAV systems widely used by the scientific community are applied. The case study is carried out through a comprehensive flight plan with ground control and differences among surveys are assessed visually and geometrically. Thus, geometric evaluation is based on 2.5D and 3D perspectives and a ground-based LiDAR benchmark. The results show that the lens profiles applied by some low-cost UAV cameras to the images can significantly alter the geometry among photo-reconstructions, to the extent that they can influence monitoring activities with variations of around ±5 cm in areas with close control and over ±20 cm (10 times the ground sample distance) on surfaces outside the ground control surroundings. The terrestrial position of the laser scanner measurements and the scene changing topography results in uneven surface sampling, which makes it challenging to determine which set of images best fit the LiDAR benchmark. Other effects of the image properties are found in minor variations scattered throughout the survey or modifications to the RGB values of the point clouds or orthomosaics, with no critical impact on geomorphological studies.
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1. Introduction


Recent years have witnessed a growth in studies showing the advantages of combining images from unmanned aerial vehicles (UAVs) and photogrammetric software based on Structure from Motion (SfM) for a detailed topographic representation of landforms. Geoarchaeology [1], environmental geography [2], coastal geomorphology [3], volcanology [4], and glaciar or periglaciar geomorphology [5,6,7] are some of the many fields of study that benefit from these systems. Flexibility and ease of use, added to the good results offered by consumer-grade equipment, are reasons for its application. The acquisition of high-quality and high-resolution reconstructions is simplified, as is the mapping and analysis of surface change from 3D (point clouds and meshes), 2.5D (DEMs), and 2D (orthoimages) perspectives.



It is precisely the 2.5D comparisons based on the DEM of difference (DoD) that are conventional in geoscience studies to analyse spatial variability. However, this approach does not allow a three-dimensional analysis of fully 3D datasets and presents several drawbacks associated with creating DEMs, even more so in steep and complex topographies [8].



Landforms such as rock glaciers are often an example of this challenging topography. Usually located in the mid and high mountains, active rock glaciers are formed by heterometric rock debris and interstitial ice. The deformation of frozen bodies causes creep downslope, affecting slope stability. Variations in periglacial landforms such as rock glaciers indicate rapid global and regional climate change, and their analysis contributes to the understanding of the global climate [9,10,11,12].



Consequently, cryosphere-related studies in general, and of rock glaciers in particular, have benefited from the rise in the use of UAVs and SfM for mapping and monitoring [13]. These studies can present different designs and executions, processing workflows, or quality reports of the photogrammetric surveys. On the one hand, this variety may be due to the extent and complexity of the geomorphological environments [14] and the equipment and software available for the photogrammetric reconstructions [15]. On the other, it may be down to the lack of photogrammetric considerations (i.e., image network geometry and tie-point quality), the absence of detailed information to allow reproducibility, and insufficient analysis of the quality of results [16].



Regarding SfM processing software, the usual lack of information reported on computing processes has hindered the homogenisation of photogrammetric processing workflows. In addition to the black box that some SfM software can be limited to [17,18], undefined processing routines and parameters or default values are also used. This is possibly due to the often user-friendly SfM software, which does not always encourage consideration of the processing parameters involved. In fact, the ease of use and the good results of SfM software such as Agisoft Metashape has led to its application in considerable studies related to geomorphology and cryosphere, to the extent that it is now the most widely used SfM software in these environments [15]. Despite research that has explored the effects that different UAV survey designs and processing parameters can have on SfM reconstructions [19,20], comprehensive analyses of SfM processing workflows used in geomorphological environments are rare. Moreover, SfM geoscience literature does not usually specify all the elements or parameters used in the photo-reconstructions, which is crucial for accurate and reproducible results [19].



One of the often-overlooked essential elements of the photogrammetric process is image properties. In this context, different image formats or processing levels can be used. Raw image formats such as DNG preserve all the information captured by the camera sensor, whereas image formats commonly used in SfM reconstructions, such as JPEG, are generally processed by the camera. Such processing leads to uncontrolled compression and modification of raw image characteristics (e.g., sharpening, noise, exposure). TIFF images can be generated from the controlled processing of raw images in order to prevent the loss of information or the alteration of photographic adjustments. It is a versatile image format that allows lossless compression and is widely recognised by the graphic industry. This last aspect differentiates the TIFF format from raw images, for which each manufacturer usually offers a proprietary format. UAV consumer-grade cameras have typically generated JPEG-format images which, together with the small file size compared to other image formats, has popularised its application in photogrammetry. Nevertheless, it is becoming increasingly common for low-cost UAV cameras to output raw images for post-processing. Like the raw image, the TIFF-format image has a larger size than JPEG and it is used in SfM projects for which high quality is required. The influence of the image format or compression level in consumer-grade UAV photogrammetric reconstruction can affect the final models [21]; however, to our knowledge, its impact has not been thoroughly explored in geosciences.



The present study aims to evaluate the influence of the image and its properties on the UAV photogrammetric reconstruction of complex geometric landforms in high mountain environments for mapping and change detection activities. The study uses raw images via the open DNG format, as well as camera pre-processed JPEG images and post-processed TIFF images with different photographic adjustments. Due to the extensive processing that can be applied to the photographs, the choice of image sets was limited to those provided directly by the UAV camera and two high-quality image sets derived from the raw images. All photographs were obtained or derived from a single photogrammetric survey with ground control over a rock glacier. This scenario is limited given its survey design and execution which are common in high mountain environments tied to the cryosphere. Image capture is executed with low-cost UAVs and low-cost flight planning software due to its increasing usage in research [13]. This study similarly limits the SfM reconstruction process to the Agisoft Metashape software following the new photogrammetric experiences in the scientific community [15]. In this sense, the processing workflow and parameters used for the high-resolution photogrammetric reconstructions are specified in detail. Differences between photo-based surveys are analysed in a 2.5D and fully 3D context from fixed and spatially variable precisions that will allow the confidence-bounded quantification of topographic change. From the 3D perspective, precisions and comparisons with geometric attributes of the scene are contrasted in order to identify relationships between deformations and terrain features. Moreover, reliable systems that have proven helpful for monitoring slight variations in rock glaciers, such as ground-based LiDAR [22], are used to analyse the accuracy of the SfM surveys. Finally, from the results obtained, an overview of the impacts that consumer-grade UAV camera imagery can have on monitoring geomorphological processes is given.




2. Study Site


The study focuses on the La Paúl rock glacier in the NW of the Posets peak (3375 m a.s.l.) in the Posets massif, Spanish Pyrenees (Lat. 42°39′40″N/Lon. 0°26′34″E) (Figure 1). Posets massif is a mountain permafrost environment where one glacier (La Paúl) and two rock glaciers (Posets and La Paúl) are located [23,24]. Studies on rock glacier displacement have been made by means of the global navigation satellite system real-time kinematic (GNSS-RTK) which reveals centimetric displacements and the existence of frozen bodies and buried ice masses [25]. The La Paúl rock glacier is a debris rock glacier formed in front of the site where the Posets glacier once was. The rock glacier front is at about 2800 m a.s.l., with a 400 m tongue and slope of more than 20%. It is dated as pre-Little Ice Age (LIA) because the glacial advances during the LIA period deformed its north-west side, although the flow deformation features, mainly arches, are both prior and posterior to the erosion by the glacier. The ground thermal regime, the basal temperatures of snow (BTS measurements), and geoelectrical sounding show the presence of a frozen body [12,23,26].



This is a high mountain environment of high-relief topography in which the application of UAV systems in glacial and periglacial studies is not usual [13]. Nevertheless, permafrost behaviour in the area has been studied for more than 10 years [12] and the La Paúl rock glacier velocities monitored for more than five years [27].




3. Materials and Methods


3.1. Data Collection and Benchmark Generation


Data collection was carried out using the UAV multirotor DJI Mavic 2 Pro, flight planning and control software UgCS PRO (v.3.2; SPH Engineering; Riga, Latvia), and ground control targets. These are systems widely used in cryosphere or environmental monitoring [14,15]. For a better adjustment of the waypoints followed by the UAV to the topography during flights, a 5 m resolution DEM derived from 2010 LiDAR flights over the area [28] was introduced to the flight design. Data collection work was affected by an environment of difficult access and mobility, limited hours of daylight, and legal restrictions concerning UAV flights (flying altitude up to 120 m above ground level and distance below 500 m to the controller). The weight and volume of the equipment were reduced accordingly while maintaining the principles of consumer-grade systems and widespread flight planning strategies.



To establish a robust image network, flight plans were divided into two phases (Table 1; Figure 2). The first phase consisted of nadir images with flight lines perpendicular to the slope direction of the rock glacier (i.e., strips transverse to the tongue). A constant flight height of almost 80 m above ground level was established, providing a ground sample distance (GSD) of 20 mm/pixel. Forward and side overlap between images was set at 80%. This resulted in an approximate acquisition every 15 m over 6.8 ha to collect a total of 303 images. The second phase involved capturing oblique images with a camera tilt of 25° to the vertical. Flight lines were perpendicular to the first phase (i.e., longitudinal strips along the rock glacier tongue), further enhancing the geometry of the network by combining images with portrait and landscape orientations [20]. In this phase, a flight of 88 m above ground level with 70% frontal and 65% lateral overlap were planned. In total, 125 images were captured with an acquisition every 25 m. Oblique photographs allowed the strengthening of the image network geometry, which improved the quality of the photogrammetric survey. Considerations related to systematic topographic error, such as the determination of the self-calibration camera parameter, typical of SfM software, are improved with the application of oblique flights, even with sparse ground control points (GCPs) [29,30]. Images were obtained in DNG and JPEG formats, the latter automatically processed by the Hasselblad L1D-20c camera embedded in the UAV. The camera parameters remained constant during the phases (Table 1) to ensure minimum motion blur [31].



Photogrammetric flight control consisted of 12 GCPs distributed over the rock glacier (Figure 2B). The GCPs were square fabric targets with high contrast (red and yellow colours) and a well-defined centre. Due to physical (accessibility) and time constraints (limited working hours), the GCPs were not optimally distributed over the survey area [32,33]. The georeferencing of targets to a global reference system was performed using differential GNSS using RTK techniques. The GNSS reference station and rover measurements were post-processed using the National Geodetic Network of GNSS Reference Stations [34] for an overall standard deviation (SD) of ±10 mm in planimetry and ±17 mm in altimetry in the location of the targets.



The LiDAR benchmark was acquired through the terrestrial laser scanner (TLS) Faro Focus3D X330. A total of 10 scan positions were performed around the tongue of the rock glacier in order to record its shape (Figure 2C). Scans were registered and georeferenced using Faro Scene v.2019 software. This registration was performed using the cloud-to-cloud method for an average scan point tension of 17 mm. With the scans registered as a single block, georeferencing was carried out using 24 targets of identical characteristics to those of the photogrammetric flight. These targets were placed so that a minimum of three were identified in each scan, ensuring that a target was always visible from two consecutive scan positions. As for the flights, the coordinates of the control points were acquired through differential GNSS for a SD of ±12 mm in planimetry and ±19 mm in altimetry. The mean target tensions of a georeferenced block of scans were 44 mm.




3.2. Image Processing


In order to analyse the differences between SfM reconstructions using raw imagery (DNG format) and derived imagery (JPEG and TIFF formats), four sets of images were incorporated into the photogrammetric workflow. Unlike JPEG images, raw images are not compressed or pre-processed by the UAV camera when shooting. They are images that have not undergone image corrections so that all the information recorded by the camera sensor is preserved. As part of the default settings, some UAV on-board cameras, such as the DJI Mavic 2 Pro, apply a range of lens distortion corrections to images through built-in lens profiles. These geometric adjustments can lead the SfM software to erroneous physical-based lens distortion models and thus to more inaccurate photo-reconstructions [35]. Furthermore, JPEG images often undergo modifications, such as dynamic range, sharpening, contrast, or saturation, as part of the raw-to-JPEG conversion.



Agisoft Metashape (v.1.5.5; Agisoft LLC; St. Petersburg, Russia) allows the processing of DNG-formatted raw images; however, the software does not read all image metadata (XMP/EXIF). For this reason, DNG image parameter modifications that are predictably favourable (e.g., exposure, chromatic aberration, highlight and shadow adjustments, or vignetting) for the reconstruction or appearance of the model, as well as unfavourable (e.g., sharpening, noise filter adjustments or lens correction) for the photogrammetric process [36], are not applied. Therefore, the DNG images were converted to the lossless TIFF format. The conversion was based on a controlled processing in which aspects that could significantly affect the lens distortion models were eliminated. Two TIFF image sets were generated with different parameters and without the geometric adjustments applied by default to the JPEG images. In a first TIFF set, the images were acquired from the default settings of the photographic editing program (default TIFF; hereinafter TIFF.def). That is, chromatic aberrations were corrected and sharpening and noise reduction filters were applied (luminance, detail, and colour) to the DNG image. In a second set (modified TIFF; hereinafter TIFF.mod), sharpness and noise filter adjustments were overridden; chromatic aberration was corrected; and white balance, exposure, shadows, and vignetting were modified. Because the Hasselblad L1D-20c camera built-in lens profile is applied by default to images, the choice of the photo editing software was based on the capacity of the software to mitigate or remove the effects of the profile. Although there are open options [37], Capture One software (v.20; Phase One; Frederiksberg, Denmark) was chosen to override the effects of the embedded lens profile in DNG images and produce the TIFF images (lens geometric adjustments in the JPEG files are irreversible). Well-known programs such as Adobe Photoshop Lightroom Classic (v.8.4 CC2019; Adobe Systems; San Jose, CA, USA) apply the built-in profile directly to the images, leaving no possibility of correcting the distortion associated with the lens profile.




3.3. Processing of SfM Surveys


There are numerous recommendations and workflows for photogrammetric processing using Metashape software (e.g., [19,38]); however, in this study, the developer’s recommendations [39] (Table 2) were followed for the generation of a dense point cloud (i.e., final 3D survey) for each of the four image sets (DNG, JPEG, TIFF.def, and TIFF.mod).



The Agisoft workflow used as a reference does not provide specific values for all steps, so some were defined for this study. Among them is the elimination of approximately 5% of the tie points (i.e., feature point matches across images) with the highest reprojection error (step 7 in Table 2). Other steps have been modified to improve the quality of the surveys, such as defining X, Y, and Z accuracy values for each GCP according to GNSS-RTK measurements (step 6 in Table 2); avoiding the use of the UAV GNSS coordinates associated with the images because of their low accuracy (step 9 in Table 2), or selecting a higher quality for the generation of the dense point cloud (step 10 in Table 2).



The GCPs defined in the DNG project were exported and used in the TIFF projects to ensure that control was set to the same pixels in Metashape. Due to size differences (Table 1), the GCPs were manually redefined in the JPEG images. Root-mean-square error (RMSE) differences after the bundle adjustments were low (Table 3). Differences in the re-projection RMSE of the markers (i.e., Error(pix) in the markers section of Metashape) were 0.008 pix between DNG-TIFF projects and 0.078 pix between DNG-JPEG projects. Moreover, the marker locations RMSE for the XYZ coordinates (i.e., Error(m) in the markers section) were less than 4 mm between projects. The number of projections of each marker (i.e., number of images where the marker appears) was the same in the formats with identical dimensions (DNG and TIFF files), and on average two fewer in the JPEG project due to lens corrections.




3.4. Comparison Methods


The 2.5D comparisons from the DEM of difference (DoD) were carried out by subtracting 55 mm grid resolution DEMs (the Metashape’s default DEM resolution in the projects). The DEM generation from the dense point clouds and the DoD calculation were performed in the photogrammetric software. In order to determine whether the calculated differences were significant, a 95% confidence level (LoD95%) was assigned to them. To establish the LoD95% of the differences across the survey, Equation (1) was applied. Thus, the Z error of the GCPs in the Metashape software after the bundle adjustment (Table 3) was used as the vertical standard deviation for the surveys. The calculation of the DoDs using a survey (LoD95% overall) was performed with QGIS v.3.8.0 [40].


  L O  D  95 %   = t    (   σ  Z 1     2  +  σ  Z 1     2   )     



(1)




where t = 1.96 and    σ  Z 1     and    σ  Z 2     are vertical standard deviations of the Z coordinate in the DEMs.



The 3D comparisons were performed using the multiscale model to model cloud comparison with precision maps method (M3C2-PM; [8,20]). The M3C2 approach is especially suited to computing signed and robust distances between TLS point clouds with an associated spatially variable 95% confidence level (LoD95%; [41,42]). This algorithm can handle 3D differences in complex topography by measuring distances along the normal direction of the local surface. The combination of M3C2 and PM enables a complete 3D change detection approach to compare 3D point clouds from SfM photo reconstructions. This is because PM is a suitable tool for propagating spatially variable precision in SfM surveys, according to considerations of the photogrammetric and georeferencing process. M3C2-PM is partially implemented in CloudCompare v.2.11 [43] within the M3C2 plug-in, requiring a Python script in Agisoft Metashape and the SfM_georef software [20] to generate and analyse the precision maps, respectively. The generation of precision maps comprises a Monte Carlo processing to derive the tie points’ precision and covariances, among other parameters. For the M3C2-PM comparisons, precisions were derived after 1000 iterations for each case (about 20 h of processing time per survey with i7-8700 CPU and 32 GB RAM). Differences between Monte Carlo means and initial error-free values were of the order of 0.1 mm. The results of the iterative process were analysed through SfM_georef and the tie-point interpolation of coordinate precision and covariances to the dense cloud through CloudCompare. The interpolation process was performed in a fully 3D environment through a median-based interpolation within a radius of 2.5 m (enough to interpolate values to almost the entire survey). Within the Cloudcompare M3C2 plug-in, the multiscale calculation mode was used to determine normals on a 50 mm subsampled core point cloud. The normals’ computation diameter values of 0.05 m to 0.3 m (with a 0.05 m step) and 0.30 m to 1.2 m (with a 0.30 m step) were used for the point clouds derived from the DNG images and the TLS benchmark, respectively. These dimensions ensured the correct generation of normals in the surveys, as they are 20 to 25 times the roughness values of the point clouds. A registration error was disabled between SfM comparisons, as the precision maps comprise the photogrammetric and georeferencing precisions. In addition, the mean target tension of the TLS survey was used as uncertainty for the instrument position. Thus, a registration error value of 44 mm was applied in the comparisons with the TLS benchmark. As the TLS point cloud has no associated precision maps, a conservative value of 17 mm (i.e., mean scan point tensions) was set to represent the within-survey precision in each axis.



In the search for a detailed analysis of the surfaces, three different survey extensions were considered (Figure 3A): a first extension of the entire survey, a second one of the area comprising the rock glacier body (RG zone), and a third of sectors (S) of about 450 m2 on the rock glacier tongue. The performance of different regions of the photogrammetric surveys, regarding precision values, M3C2-PM differences, and geometric properties, was thus examined. Roughness (for a sphere with 0.3 m radius) and slope (from normals) were three-dimensionally computed from the SfM point clouds in CloudCompare (Figure 3B).





4. Results


4.1. SfM Surveys Properties


The rock glacier and its surroundings were photographed from more than nine different positions during the UAV flights (Figure 2A). The cropping of the JPEG images due to the build-in lens profile (Figure 4A) did not influence the regular photographing of the entire rock glacier surface. The raw and TIFF-derived images showed good quality (i.e., no blur, ghosting, or overexposure); however, modified parameters (e.g., white balance, exposure or shadow) in some of the image sets affected the appearance of the scene to a greater extent (Figure 4A). For example, variations in sharpening levels were evident between the DNG and TIFF.def images, while exposure levels were evident between the DNG and TIFF.mod images. In turn, the parameters directly affected the appearance of the resulting point clouds; however, in this case, the image exposure levels were more influential in that they significantly changed the colour (RGB values) of the points (Figure 4B).



The different image sets affected the number and distribution of the tie points extracted for the bundle adjustment. The reconstruction of the JPEG images increased the number of tie points compared to the other formats by 20–28% (20% TIFF.def; 24% DNG; 28% TIFF.mod), although the DNG and TIFF images captured a larger extent of the rock glacier surroundings (Figure 4A). On the rock glacier body (RG zone), tie-point differences increased by 29% to 39%, with JPEG and TIFF.mod showing the highest variations. Nevertheless, the disparities in the number of points were considerably reduced after densification of the SfM reconstruction (dense point cloud). Thereafter, the JPEG survey only had 2% more points than the DNG survey in the RG zone; however, due to the cropping effects caused by the lens correction, the JPEG reconstruction had 2.1% fewer points than the DNG reconstruction over the entire photogrammetric survey.




4.2. Quality of SfM Surveys


The Metashape projects with DNG, TIFF.def, and TIFF.mod images showed similar camera parameter values (Supplementary Table S1). Nevertheless, the effects of the lens geometric adjustments on the JPEG images had an impact on parameters such as principal point coordinates (cx, cy) or radial distortion coefficients (k1) [35], which were different from the rest of the projects. Regarding the bundle adjustment errors, these were similar in the four Metashape projects (Table 3), with the re-projection RMSE as an indicator of the adequate quality of the reconstructions. Only the JPEG survey showed slightly higher errors, with differences in the order of hundredths of a pixel compared to the rest. Visible on an average of 30 images, the GCPs presented RMSEs in line with the GNSS measurement accuracies in all cases. Again, the only difference was identified in the JPEG project, in which there was a 5 mm variation in the z-coordinate RMSE over the rest.



The errors provided by the photogrammetric software were initially lower than the tie-point precision values obtained from PM (Table 4). Although the SfM surveys were performed with a strong image network, tie-point internal precision (i.e., tie-point precision without georeferencing influence) showed mean values higher than ±110 mm in XY and ±170 mm in Z. Considering the effects of georeferencing (i.e., full tie-point precision), the tie-point precision was almost identical to the internal precision (planimetric and altimetric differences lower than ±2 mm). Hence, the mean tie-point precisions were similar among the different photo-reconstructions regardless of the influence of georeferencing (shape and full tie-point precision, Table 4). The random error variations among surveys were less than ±6 mm in planimetry, while in the Z component they were up to ±22 mm. TIFF.def exhibited the highest precision values, while DNG and JPEG showed the worst values in planimetry and altimetry, respectively. Overall, georeferencing precision variation among reconstructions was less than one unit in translations (mm) and rotations (mdeg), and almost identical in the scale factor (Table 4). Thus, the georeferencing precision in surveys was around ±6 mm in XY translations, and up to ±0.008° in rotations, with a scale factor close to zero. The tie-point precision interpolation to the dense point clouds improved the mean values of the precision linked to the surveys (Figure 5). This was mainly due to the association of higher precisions with areas with higher point density (e.g., rock glacier tongue) compared to areas with lower precisions (e.g., survey boundaries). In the DNG survey, the mean XY precision of the whole surface went from ±120 mm in the tie points to ±71 mm in the dense point cloud, while the mean Z precision went from ±186 mm to ±92 mm. The improvement was more significant in the RG zone, where ±14 mm in XY and ±25 mm in Z were achieved. In fact, the mean precision differences among surveys in the RG zone were almost null (Figure 5), focusing the possible variations in the rest of the surface surveyed. The photo reconstruction derived from the JPEG images showed the highest mean precision values, while the TIFF.mod photo reconstruction showed the lowest. The differences between these surveys reached ±11 mm in the XY component and ±19 mm in the Z component.




4.3. 3D Comparison of SfM Surveys


The M3C2-PM comparisons between raw and derived image surveys showed variations in differing magnitudes (Figure 6; Table 5). The highest values between the DNG to JPEG, TIFF.def, and TIFF.mod comparisons (distances from the DNG survey to the rest) were found between the DNG and JPEG surveys. Differences were of 26 ± 77 mm (mean ± SD) across the whole survey, with the most pronounced DNG-JPEG variations matching areas with poor precision values. Differences were predominantly positive to the NE and negative to the NW. This pattern increased gradually from the vicinity of the rock glacier tongue to the survey boundaries (Figure 6A). At the central area of the survey, where the tongue and the GCPs are located, variations in magnitude and extent were low, as well as being intermittently distributed over the surface. In order to check whether the manual positioning of the GCPs could have caused the JPEG surface to tilt relative to the DNG, an iterative closest point registration [43] was performed among surveys. The RMSE of the registration and subsequent M3C2 comparison of the surfaces did not show significant variations to the initial M3C2-PM comparison.



In contrast to the JPEG, the main differences between DNG-TIFF.def and DNG-TIFF.mod reconstructions were only found at the photogrammetric survey boundaries. In these cases, the mean variations were 6 ± 27 mm (DNG-TIFF.def) and 8 ± 27 mm (DNG-TIFF.mod) over the whole survey. The differences were reduced by the proximity to the centroid of the control points and the increased overlap between images.



With no significant variations (95% confidence interval) in large areas between DNG and TIFF surveys (less than 0.5% of the DNG cloud total points), the main differences were found between the DNG and JPEG models. The DNG-JPEG significant differences became continuous in the NE near the rock glacier tongue. The area affected by these variations amounted to 6.9% of the survey points. The mean value of these significant variations was 90 ± 83 mm, while for non-significant differences it was 20 ± 75 mm. In the rock glacier zone (RG zone), the percentage of significant differences between DNG-JPEG remained at 6.8%. Although the mean differences were 3 ± 28 mm in this zone, the magnitude of the significant variations reached 31 ± 63 mm, exceeding 50 mm in areas close to the tongue (Figure 6). The M3C2-PM distances in the remaining comparisons were 4 ± 12 mm in DNG-TIFF.def and 5 ± 11 mm in DNG-TIFF.mod, with significant changes in 0.8% and 0.6% of the points, respectively (Figure 6; Table 5).



The sectors (S) analysed showed significant differences intermittently, without covering large areas of the reconstructed surface (Figure 6). Comparisons between DNG and TIFF surveys showed mean differences of less than or equal to 5 mm for TIFF.def and 7 mm for TIFF.mod in all sectors. Only the standard deviation of S2 (TIFF.def) and S4 (TIFF.def and TIFF.mod) exceeded ±20 mm (GSD size in the flight plan). Significant M3C2-PM distances in sectors S2, S4, S7, and S9 between DNG and TIFF.def represented more than 2% of the DNG survey points, while for DNG and TIFF.mod, the S4 and S7 sectors were the only ones to exceed 2%. With higher variations, the dispersion value obtained from the DNG and JPEG comparison exceeded ±20 mm in sectors S2, S4, S5, S7, and S8. Unlike the DNG and TIFF comparisons, there were negative means in the M3C2-PM distances (i.e., S2, S5, S8, S12), although these were no greater than -10 mm. The western sectors generally had negative mean distances and the highest dispersion values. At the same time, the easternmost sectors had positive mean differences and lower standard deviations. The percentage of points with significant changes between DNG-JPEG increased compared to the TIFF measurements, with values exceeding 8% in sectors such as S3 (Figure 6; Table 5).



In order to analyse the dispersed distribution of the variations in the rock glacier tongue, sectors were observed in the comparisons. Regarding DNG-JPEG, all sectors had similar behaviour. Positive differences were located on block surfaces that were clearly identifiable from the UAV images (mainly block edges). In contrast, negative values were common in shadow zones between blocks or sudden changes in the vertical component (i.e., transitions from large boulders to small ones or sediments; Figure 7). This behaviour indicates less smoothing of surfaces in the JPEG reconstruction than in the DNG reconstruction.



Although the greatest differences between the sectors were generally significant variations, these were not always located in shadow areas or on the edges of large blocks. Surfaces composed of small blocks (<50 cm) clearly visible in the images also presented significant changes (Figure 7). Nevertheless, surfaces without pronounced changes in geometry in the RG zone, such as snow or sediment cover, did not show significant differences, and their mean M3C2-PM distances were smaller than the GSD size. With less than 1% significant variations (0.8% TIFF.def and 0.6% TIFF.mod), the relationships between terrain features and M3C2-PM distances in the sectors were less evident in the DNG and TIFF surveys. These variations were concentrated in areas with sudden changes in the vertical component or shaded areas; however, unlike the DNG-JPEG comparison, surfaces clearly visible from multiple images that did not meet the above conditions showed more isolated significant variations (Figure 7).




4.4. Geometric Attributes of SfM Surveys


Terrain roughness and slope values were either identical or very similar in the four SfM surveys (Figure 8). Roughness between DNG and TIFF.mod reconstructions was practically identical, while the same attribute in the JPEG and TIFF.def surveys was occasionally higher (up to 2 mm) in the areas analysed (Figure 8). Sectors located on the western side of the rock glacier tongue (S2, S5, S8), mainly made up of debris of different dimensions, presented high roughness values (>17 mm) and slopes above 38°. Sectors located on the eastern side (S3, S6, S9) were composed of sediments, scattered blocks, and less steep slopes, which resulted in lower roughness values than on the west side. Finally, sectors in the upper part of the glacier (S10, S11 and S12) had lower roughness values than those in the central part of the tongue, such as S4. The uniform sampling of the SfM reconstructions meant that sectors with higher roughness, and therefore larger reconstructed surface, showed a greater number of points than sectors with lower roughness values.




4.5. 2.5D Comparison of SfM Surveys


Comparing DEMs with LoD95% showed similar patterns to the 3D comparison in terms of the distribution of differences (Figure 9). The DNG-JPEG DoD revealed variations over a large part of the survey area, maintaining the trend of the M3C2-PM comparison by presenting positive values to the NE and negative values to the NW. Similarly, the main differences of the DNG-TIFF.def and DNG-TIFF.mod DoDs were located at the survey boundaries; however, the mean magnitude of variations was slightly higher than the M3C2-PM comparisons in the overall survey (Figure 9; Table 6). In all cases, the mean differences and standard deviation (except for DNG-JPEG SD) were below the pixel resolution in the DEMs. Nevertheless, the magnitude of DNG-JPEG DoD variations exceeded 50 mm and 200 mm over large areas of the RG zone and the general survey, respectively. With regards to distance, significant variations were found in greater proportion in the 2.5D comparisons than in the 3D comparisons. While 6.9% of the points showed significant changes in the M3C2-PM comparison of the DNG-JPEG surveys, this percentage increased to 20% of pixels in the DoD. As in the 3D comparison, most of these significant changes were located on the NE surface of the survey (Figure 9). In the remaining cases (DNG-TIFF DoDs), significant variations were reduced to 2% of the total area, concentrated at the survey boundaries along with the largest DoD distances. In the RG zone, the percentage of the surface with significant changes was equal to or less than 1% in all cases (TIFF and JPEG). These changes had a scattered distribution over the surface of the frozen body, mainly appearing near large blocks.




4.6. 3D Comparison of TLS and SfM Surveys


The terrain characteristics and scan positions limited the terrain extent recorded in the TLS survey. Similarly, the density of the TLS point cloud varied depending on the area surveyed and its proximity to the scans. Despite the multiple TLS positions, most sectors had fewer points than the SfM surveys. Thus, sectors such as S3 had approximately 10% of the average number of points counted in each sector of the TLS survey (i.e., 316 × 103). There were exceptions, however, such as S10, which had a close scan that increased the mean number of points by more than 800%. This meant there was no direct relationship between the number of points and the complexity or roughness (on average around 50% higher than the SfM reconstructions) of the sectors analysed.



The 3D comparison of the TLS benchmark with the SfM surveys (distance from the benchmark to the photo-reconstructions) showed mean M3C2-PM distances of similar magnitude to the image-based comparisons (Figure 10A; Table 7). The differences were 2 ± 153 mm between TLS-DNG, 8 ± 155 mm between TLS-JPEG, 8 ± 150 mm between TLS-TIFF.def, and 8 ± 153 mm between TLS-TIFF.mod. With mean values close to zero, the fluctuation of the positive and negative deformations was exposed by the dispersion values (Table 7). These deviations were two to five times higher than the deviations detected in the SfM comparisons.



Within sectors, the mean differences increased in the entire TLS survey. Sectors such as S3, S8, or S9 showed values greater than or equal to ±50 mm, while 4 of the 12 sectors observed showed deviations greater than ±200 mm in the TLS-DNG comparison. These pronounced variations were mainly associated with variations in the sampling of the TLS measurements. In areas of the TLS survey with dense and uniform sampling, the reconstruction was less smooth than in the SfM reconstructions (Figure 10B). Clearly visible surfaces in the images (e.g., the highest part of the blocks) showed an underestimation (negative M3C2-PM distances) of the dimensions in the SfM reconstruction concerning the TLS. In contrast, less visible surfaces in the images (e.g., shadow areas or gaps between blocks) showed overestimation (positive M3C2-PM distances) of the dimensions. Although the variations were not identical in all comparisons, the mean TLS-SfM distances never varied by more than ±20 mm in all sectors (except S3, which exceeded 20 mm in TLS-DNG and TLS-JPEG). Even the standard deviations were similar at all levels analysed (survey, rock glacier zone, and sectors) with maximum variations of about ±10 mm.



In contrast to the SfM surveys, significant changes were especially concentrated and intermittently distributed on the rock glacier tongue. The proportion of points with significant differences between the TLS and image-based surveys increased according to terrain features, from variations between 14.2% (TIFF.def) and 15.1% (TIFF.mod) in the entire TLS survey, to 16.9% (TIFF.def) and 18.2% (JPEG) in the mainly debris-formed surface of the RG zone. The surface percentage with significant changes increased in the sectors, representing more than a quarter of the points in S3 (27.8%), S5 (27%), S6 (27.4%), S9 (33.4%), and S12 (26.5%) in the TLS-DNG comparison. In all cases, the distribution of these significant changes was predominantly located on surfaces less visible from the aerial perspective of the UAV (Figure 10B).





5. Discussion


5.1. SfM Surveys Properties


The first effects of the image properties on the SfM reconstruction are observed at the radiometric level. The surveys exhibit similar characteristics to the images used for the reconstruction (Figure 4). Thus, models such as DNG and TIFF.mod show differences in the RGB values of the point clouds depending on the exposure of the images. Meanwhile, other image characteristics, such as chromatic aberration or modifications in sharpening, are not evident in point clouds, but they are in cartographic products such as orthomosaics. These results partially correlate with those previously reported by [21] in terms of brightness values in DNG-derived images.



Geometrically, the first differences are found in the number of tie points extracted for bundle adjustment. Images such as pre-processed JPEG show a considerable increase compared to the rest of the image sets, followed by TIFF.def and DNG. Images with filters such as sharpening and noise reduction increase the number of feature points matched across the images. Modifications in white balance, exposure, or shadows, which were intended to improve the appearance and quality of the reconstruction, seem to negatively affect the number of point matches in the reconstructed area. This effect can be explained by the better definition of block edges in images that are pre-processed or with filters applied. These results contrast with those previously reported by [21]. According to the authors, DNG images present a tie-point increment in the photo reconstructions of natural scenarios (river bed) regarding the JPEG and TIFF formats. In any case, the differences in the number of points between DNG and TIFF images found in the current study are of less than 10%. These differences become insignificant after cloud densification, with differences of around 2% in the number of points. Neither a reduction in the surface area captured with the JPEG images (due to the built-in lens profile cropping) nor the photographic adjustments seem to significantly affect the point density values extracted from the final survey.




5.2. Quality of SfM Surveys


Along with the highest number of tie points, the greatest error values of the bundle adjustment are found in the JPEG reconstruction (Table 3). Nevertheless, the differences in error between reconstructions are negligible (smaller than the GSD dimensions or the georeferencing device precision) even with the influence of different camera parameters (Supplementary Table S1). It follows that the strong image network and accurate location of control points offer similar quality regardless of the image processing level when analysing the information provided by the SfM software. Suitable distribution and location of GCPs has been shown to be necessary for obtaining residuals below the accepted practical accuracy of up to twice the size of the GSD in planimetry and up to three times the GSD in altimetry [17]. Further, studies have shown the importance of the number and distribution of GCPs in defining the residuals of the photogrammetric reconstruction (e.g., [33]). Nevertheless, this study demonstrates how, with a suitable image network, the residuals offered by SfM software can be good even with non-optimally distributed GCPs with centimetric errors in steep terrain. This becomes even more relevant when considering the alteration of the position, and thus the number of GCPs in the JPEG project compared to the other SfM projects. Studies such as [21] support this geometrical similarity between reconstructions derived from different formats and show the negative effects of JPEG image compression in a variety of scenarios.



In an exhaustive analysis of the quality of the photo reconstructions from the precision maps, a considerable decrease in tie-point precision values was observed in all cases (Table 4). Nevertheless, the precision difference with or without the georeferencing considerations was lower than the RMSE of the GCPs after bundle adjustment, and very close to the mean error achieved at the Z coordinate by GNSS-RTK. Furthermore, the high precision of the georeferencing parameters supports the idea that control distribution and quality do not significantly affect SfM projects that only differ in the photographic adjustments applied to the images (according to this study characteristic). Discrepancies between photo reconstructions would not affect the mapping through orthomosaics, which would support the smaller relevance of GCP density on orthophoto quality, as reported by [32]. Moreover, in most cases, the precision in translations (less than 10 mm) and rotations (less than 0.01°) would allow the determination of annual surface creep, even in transitional rock glaciers with reduced movement rates [44].



Tie-point precision interpolation to dense point clouds facilitates the identification of a similar distribution of uncertainty across the four surveys. The distribution and magnitude of the variable 3D precisions over the different photo reconstructions follows photogrammetric, georeferencing, and physical environment considerations. Induced by the uncertainty of the georeferencing parameters, the reconstructions show a radial degradation of precision as the distance to the GCPs centroid increases, as reported in [20]. From an image network geometry point of view, the overlap between images also correlates with the precision of the points. In fact, it is possible to identify a pronounced degradation of precision at the boundaries, where the overlap is reduced (Figure 5). The degradation is more evident in the JPEGs and less in the TIFF.mod among the image sets. These sets have the highest (JPEG) and lowest (TIFF.mod) number of matched points determined during image alignment, which indicates that the number of tie points does not imply higher quality of the final point cloud. In any case, the average variations between the image sets in the reconstruction agreed with the quality of the GCPs or the pixel size programmed for the photogrammetric flights (Table 1). In the RG zone, with high overlap between images and proximity to the GCPs centroid, 3D precisions improved significantly in all cases, with almost null differences (Figure 5). Nevertheless, it is possible to identify precision decreases in steep slope areas such as the boundaries of the rock glacier tongue. Thus, the first influences on the physical terrain features are found in the UAV photo reconstructions (especially in the Z-component due to the photogrammetric approach, as remarked in ref. [32]).




5.3. 3D Comparison of SfM Surveys


The application of M3C2-PM proves that the characteristics of images can significantly affect photogrammetric reconstruction, even if there are indications of good reconstruction (fixed and variable precision values presented in the study). The GCP errors (Table 3) or precision maps (Table 4) show similar mean values between SfM surveys; however, the M3C2-PM comparison from image sets such as DNG and JPEG can show significant geometric differences over large areas (Figure 6; Table 5). Some of these major differences are found at the boundaries of the photo reconstructions, where the image network or the proximity to the ground points are not adequate [19]. Nevertheless, despite showing M3C2-PM distances exceeding ±20 cm (10 times the GSD size) around the boundaries, the surfaces do not show significant variations. This is a result of the high random errors associated with these areas. Instead, significant variations between DNG-JPEG can be found in central areas of the survey, where precisions are higher due to the improvement in photogrammetric considerations. Geometric discrepancies exceed ±5 cm in large surfaces of the RG zone. Moreover, the SD displacements in the zone are higher than georeferencing precisions or GSD size. Interestingly, reconstructions that should be geometrically identical due to the exact image acquisition moment and similar processing workflow show areas with greater differences than the ground control quality or image resolution. Bearing in mind that the derived internal and georeferencing precisions are very similar between surveys, and the DNG and TIFF photo-reconstructions are geometrically similar, the JPEG survey differences from the rest were tied to the built-in lens profile. This is in line with [35], who point out the application of on-board geometric image corrections by camera manufacturers and the need for users to be aware of the effects they may have.



In addition to the deformations over large extensions, the photo reconstructions show significant differences on dark surfaces between blocks and, though less common, on well-illuminated surfaces on the top of the blocks. These significant variations are intermittent and mainly focused on the rock glacier tongue. They are present in all comparisons, but are more frequent between DNG-JPEG surveys. The differences in areas where the image network and ground control can be assumed to be optimal suggest that the appearance of image sets (Section 3.2) significantly affects the reconstruction of poorly visible surfaces or abrupt geometries (considering GSD size as a reference).



There appears to be a relationship between the geometric attributes extracted from the photogrammetric surveys and the real terrain features. Furthermore, the increase in roughness in the JPEG and TIFF.def images in comparison with the remaining image sets could be interpreted as an improvement in surface reconstruction. Nevertheless, the differences in the areas analysed are so slight that the attributes of the surveys can be considered identical. Moreover, these geometric attributes are not directly related to the M3C2-PM differences between projects. The DNG-JPEG comparison of S3, for example, shows a higher proportion of its surface with significant changes compared to the rest of the sectors; however, this sector does not have high roughness or slope values compared to sectors further west. In the same sense, sectors close to each other, such as S4 and S5, show similar roughness and slope values, but M3C2-PM distances and significant changes of different magnitude. Otherwise, the comparison of DNG-TIFF.def surfaces presents significant variations in smaller proportion. The mean M3C2-PM distances of these surfaces are negative, suggesting that the impact of the shadow zones is more significant than the visible surface of the blocks (Figure 7). Even so, the positive variations in the DNG-TIFF.mod comparison might suggest the opposite, such that the impact of the shadowed areas is not that influential. In any case, the values are small (±5 mm) and show such similar deviations that they can be considered negligible. Although there may be a relationship between terrain complexity and the differences detected between the SfM projects, there is no linear correlation between geometric attributes and M3C2-PM differences (distances and percentage of the surface with significant changes) in all the sectors studied (Figure 8).



The above results highlight the relevance of the information provided in photogrammetric reconstructions in geomorphic research, as pointed out by [16]. Most geomorphic related studies do not indicate the properties of the images beyond the camera used (e.g., [1,3,5]). Although this information would be sufficient in numerous investigations, there are studies where it may play a critical role, as found in the present study. Without information on the usage or treatment of raw or derived imagery generated by the camera or raster processing software, alterations in the results of comparative software studies (e.g., [17,18,21]) or surface change analyses (e.g., [3,5,45]) may go unnoticed.




5.4. 2.5D Comparison of SfM Surveys


The DoD between surveys shows deformations with similar patterns but higher magnitudes than the 3D comparisons. Even though the most prominent variations are found between DNG-JPEG surveys, the proportion of the surface with significant changes in the rock glacier tongue is smaller than the other cases (DNG-TIFF). Considering the higher SD in the DNG-JPEG DoD, the increase in significant changes in the DNG-TIFF comparisons was associated with a smaller LoD value. In contrast to the variable values of precision maps, the effects of a constant systematic error for the entire survey were also reflected in the significant differences. Thus, the DEM comparisons show significant deformations at the survey boundaries to a much greater extent (Figure 9; Table 6).



Another limitation of the 2.5D comparisons is the increase in differences in areas of steep slope and high roughness (sudden changes in the vertical component) or small surfaces with shadows. Nevertheless, as seen in the 3D comparisons, these variations are smaller in areas of simple geometry, such as snow-covered surfaces adjacent to the rock glacier tongue. Under the tests performed, it follows that image processing does not necessarily affect the reconstruction geometry in areas with a good control and image network in 2.5D comparisons if no lens corrections are applied. Otherwise, images such as the JPEG from the Mavic 2 Pro camera may alter the surface even with identical project conditions (ground control, image network, and surface characteristics). In any case, the considerable increase in significant differences between models supports the limitations of the 2.5D comparison in environments with complex geometry, as reported in ref. [8].




5.5. 3D Comparison of TLS and SfM Surveys


The magnitude and distribution of the differences between TLS surveys and image-based reconstructions are more closely related to the complexity of the terrain than to the characteristics of the photogrammetric flight (under the assumptions provided in Section 4.6). Therefore, areas such as the debris-formed rock glacier tongue show variations spread almost throughout its entire surface. In contrast, snow-covered areas with more uniform geometry do not significantly differ in any 3D comparison. Moreover, the sectors show no direct statistical relationship among features such as point density, roughness, slope, and M3C2-PM distances. This lack of any relationship is attributed to the irregular sampling inherent to high-resolution TLS surveys in complex terrain. Limitations in the number and positioning of scans leads to oversampled or unregistered surfaces, as noted by [46]. In addition, irregular sampling can also affect the computation of normals, which is crucial in the M3C2 comparison process.



In sectors uniformly registered by both methods such as S8, the SfM reconstruction presents an overestimate in shadow areas and an underestimate in well-identified areas in the images regarding the TLS benchmark (Figure 10B). This behaviour is similar to the comparison of the DNG and JPEG photo reconstructions and is partially presented in studies where multiple image compression levels are used in the SfM reconstructions [21]. Still, the magnitude of the TLS-JPEG differences in the S8 surface reaches deviations of about ±250 mm in the rock glacier area unlike the ±20 mm for the DNG-JPEG deviation in the same area. Such large distances imply significant variations in a great part of the TLS surface in all comparisons, exceeding 25% of the points in many sectors. The magnitude of the M3C2-PM distances and its significance level are similar in all the TLS-SfM reconstructions. The differences are lower than or close to the pixel size of the georeferencing error and the percentage of points with significant changes is around 1% in all the TLS points.



Considering the conditions presented in this study, none of the image sets used for the photogrammetric reconstruction fit better to the TLS survey, even with the high-sampling TLS record from multiple scans around the frozen bodies, which leads to low uncertainty in change detection [22] and is not often feasible due to the mobility difficulties in these scenarios.




5.6. Potential and Limitations in Monitoring Geomorphic Processes


Beyond the negative influence that JPEG image compression may have on photogrammetric reconstruction [21], the characteristics of the high-quality image are also shown to be relevant for the detailed geometric representation of surfaces. Monitoring processes with equipment (e.g., consumer-grade UAV, GNSS-RTK positioning devices), flight planning (e.g., ground support, image network) and products (e.g., DEM) similar to those shown in the La Paúl rock glacier is commonplace. It is easy, however, to find geoscience related studies where the format or properties of the images are not specified; ground control is not optimally distributed due to constraints or DoDs are used to quantify deformations between different epochs. Some examples with DJI Mavic drones are shown below.



The control of landslide processes with UAVs, as performed by [47], may be affected by the images used in the photogrammetric survey. Ref. [47] uses the DJI Mavic 2 Pro UAV and mentions the difficulty of achieving adequate ground control coverage of the whole landslide area due to terrain instability. If the surveys of the different epochs were performed using the JPEG format images with a built-in lens profile (applied by default by the UAV), the areas with less ground control could be affected during the comparison of DEMs. Applying different geometric lens corrections to images by onboard cameras could also induce alterations in the quantification of terrain displacements. This is the case of [48], in which different low-cost DJI UAVs (Phantom 3 Pro and DJI Mavic Platinum Pro) were used for deformation control in meandering rivers. In addition, ground control covering just one side of the curve line of each meander structure, and the differences in the magnitude of the errors associated with the GCPs following photogrammetric processing between epochs would favour the alteration of the quantified deformations. The quantification of the processes would increase in studies where ground control is not used. That is the case of [49], where the DJI Mavic 2 Pro and DJI Mavic Air UAVs were used to evaluate hazard processes. As demonstrated by [49], the application of these UAVs is sufficient to identify features; however, the reported fixed centimetric accuracies of the surveys may be significantly affected by the image properties and the accuracy of the UAV geolocation device.



Naturally, each photogrammetric project for the study of landform processes will have its requirements. The particular morphology of each landform and its deformation rates will affect flight planning and ground control according to the accuracy required. In the studies mentioned above, the deformation rates of the processes were generally high (several metres), whereas the high-resolution DEMs used to quantify the deformations were of just a few centimetres. This means that even with alterations in the quantification of displacement, the deformation patterns or features, and thus the overall behaviour of the processes, would not be drastically affected.



In studies where there is a trade-off between the resolution of the photogrammetric products and the deformation rates to be determined, the image treatment used in the photogrammetric process could play a fundamental role. According to the results obtained in this study, more than 20 cm differences between DEMs of different image sets (DNG-JPEG) used in La Paúl may camouflage or double the annual variations in the rock glacier over a large part of its surface [27].





6. Conclusions


The use of images with different processing levels to produce high-detail models of landforms, such as the La Paúl rock glacier, has been shown to affect the photogrammetric survey and the need to review primary products. Nevertheless, these variations can be considered insignificant depending on the aim of the photo reconstructions. If the aim is to generate detailed orthophotos for geomorphological mapping, the influence of the image could be reduced to the appearance of the orthomosaic. Nevertheless, if 2.5D or 3D models are generated to monitor landforms, aspects such as the lens distortion corrections that some popular UAVs apply to their images can influence deformation rates even with demanding flight plans.



Deriving from the same photogrammetric flight and identical processing strategies, the surveys of the rock glacier with different image sets should be very similar. That is the case if one observes the errors reported by the photogrammetric software, which does not reflect significant variations between surveys. Comparisons between point clouds with spatially variable 3D precision and comparisons of DEMs with fixed 2D precision, however, have shown significant variations over large areas of the surveys where any of the image sets used would have undergone geometric lens corrections. Significant variations (DNG-JPEG) have reached up to 20% of the surveyed area in the DEMs and 7% between point clouds. In areas with close ground control (RG zone), the significant variations between DEMs are considerably reduced (1%). Nonetheless, the distribution of significant changes in 2.5D models should be treated with caution in high-relief topography such as the La Paúl rock glacier, where the standard deviation of the variations reached 2/3 the grid resolution in the RG zone and twice the grid resolution in the entire survey. Both comparison methods (2D and 3D) showed large areas with displacements of around ±5 cm in the central area of the survey and over ±20 cm (10 times the ground sample distance) on surfaces outside the GCP surroundings. In monitoring studies, these alterations may be wrongly interpreted by debris displacement events leading to mistaken interpretations of the landform behaviour. These results highlight the convenience of using raw images or high-quality images (lossless or low compression), and the cautious use of images that have been automatically modified by build-in lens profiles applied by some low-cost UAV on-board cameras.



The adequate distribution of ground control has shown to reduce the effects of built-in lens profiles in 2D and 3D comparisons if they are not mitigated prior to photogrammetric processing. Parameters that modify image appearance, such as exposure or sharpness, do not lead to variations in the surveys that could significantly affect the periodic monitoring of landform deformations with the detail and complexity present in this study. Despite the similarity or disparity of the photo reconstructions, their geometric accuracy could not be adequately assessed with the TLS benchmark. The differences between the photogrammetric and TLS surveys of irregular surfaces have been shown to be dominated by limitations related to the ground perspective of the sensor, even in the presence of multiple scans.
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Figure 1. Study site. (A) Rock glacier location (EPSG: 25831). (B) Rock glacier and surroundings image in 2019. 
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Figure 2. Data collection design and extension. (A) UAV flight design, image overlap, and area surveyed during the photogrammetric flight. (B) Ground control points location used in the UAV flights over the surveyed area. (C) TLS benchmark surveyed area and scan placements. 
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Figure 3. Levels of detail and geometric characteristics of the terrain in the photo reconstruction with JPEG images. (A) Surface extensions analysed. Photogrammetric survey, rock glacier zone (RG zone), and sectors (S). (B) Survey roughness (sphere 0.3 m radius) and slope (from point cloud normals) values. 
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Figure 4. Effect of image properties on the appearance of photographs and 3D surveys. (A) Detail of the images used in the photogrammetric reconstructions. DNG: Raw imagery from DJI Mavic 2 Pro UAV (Hasselblad L1D-20c camera). JPEG: Imagery processed by the UAV camera. TIFF.def: Imagery with build-in lens profile removed and automatic parameters modification from the image editing software. TIFF.mod: Imagery with build-in lens profile removed and user-defined parameters. (B) Top view of the dense point clouds from the photogrammetric reconstruction for each image set. 
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Figure 5. Three-dimensional variable precision distribution and values of the SfM surveys. Yellow colors represent high-precision points; purple colors represent lower-precision points. Overall and rock glacier mean precisions are displayed. (A) Dense cloud horizontal precision (σXY). (B) Dense cloud vertical precision (σZ). 
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Figure 6. M3C2-PM 3D comparisons between SfM surveys. (A) M3C2-PM distances values and distribution (distances less than −0.05 m are shown in blue and distances greater than 0.05 m in red). Significant change values and distribution (significant changes are shown in red). (B) M3C2-PM distances (mean and SD) and significant change percentages in the different rock glacier sectors. 
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Figure 7. Detail of the M3C2-PM comparison between image sets (sector 3). M3C2-PM distances less than −0.05 m are shown in blue and distances greater than 0.05 m are shown in red. M3C2-PM significant changes are shown in red. 
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Figure 8. Values of geometric attributes, precisions, and comparisons of SfM surveys in the studied areas. 
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Figure 9. DEM of difference (DoD) distances and significant change identification. Mean and standard deviation values of the entire survey and RG zone are shown (all the surveys were cropped according to the extent of the JPEG reconstruction). DoD distances equal or less than −0.2 m are shown in blue and distances equal or greater than 0.2 m are shown in red. DoD significant changes (LoD95%) are shown in red color. (A) DNG to JPEG DoD comparison. (B) DNG to TIFF.def and TIFF.mod DoD comparison. At the level of detail presented, there is no difference between TIFF.def and TIFF.mod; therefore, only one figure is shown. 
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Figure 10. M3C2-PM comparisons between TLS and SfM surveys. Distances less than −0.2 m are shown in blue and distances greater than 0.2 m are shown in red. Significant changes are shown in red. (A) M3C2-PM distances and significant change values and distribution. M3C2-PM distances show predominantly negative values due to the top viewpoint of the survey. At the level of detail presented, there is no difference between TLS and SfM surveys. Therefore, only the TLS-DNG comparison image is shown. (B) Detail of the differences between TLS-DNG reconstructions in S8. 
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Table 1. UAV camera and photogrammetric survey characteristics.
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Camera Specs and Parameters




	
Model

	
Hasselblad L1D-20c

	
Sensor

	
1″ CMOS (20 MP)




	
Focal length (mm)

	
28 (35 mm equivalent);

10.26 (true focal length)

	
Vel. Obturator (seg.)

	
1/800-1/1250




	
Lens aperture

	
f/7.1

	
ISO

	
100




	
Image size (pix; format)

	
5472 × 3078; JPEG

5464 × 3070; DNG

	
Image bit depth (bit; format)

	
8; JPEG

16; DNG




	
Flight Design




	
Phase 1: Nadiral imagery

	
Phase 2: Oblique imagery




	
Camera tilt to the vertical (°)

	
0

	
Strip strategy

	
Perpendicular to the tongue

	
Camera tilt to the vertical (°)

	
25

	
Strip strategy

	
Parallel to the tongue




	
AGL altitude (m)

	
78.6

	
GSD (mm)

	
20

	
AGL altitude (m)

	
88.4

	
GSD (mm)

	
22.5




	
Image overlap (forward-side; %)

	
80-80

	
Number of images

	
303

	
Image overlap (forward-side; %)

	
70-65

	
Number of images

	
125




	
Ground Control




	
Number of GCP

	
12

	
GCP dimensions (m)

	
1 × 1




	
GCP measurement method

	
dGNSS-RTK base and rover. Post-processing through permanent station network

	
Min/max GCPs precision (XY, Z; mm)

	
±6/±16

±12/±25
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Table 2. Agisoft Metashape workflow and parameters based on Agisoft tutorials [39]. Parameters modified or not present in the Agisoft tutorial are shown in italics.
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	Steps and Parameters





	1. Add photos



	2. Set coordinate system



	3. Camera calibration checks

Unique camera group; check on: ‘Enable rolling shuttter compensation’



	4. Align photos

High accuracy; generic and reference preselection; 40K key points limit; 4K tie-point limit; adaptive camera model fitting



	5. Place markers



	6. Input marker GNSS-RTK coordinates and accuracy



	7. Remove tie points with the highest reprojection error values

About the 5% of the tie points



	8. Set image coordinates’ accuracy

0.1 pix marker accuracy; 1 pix tie-point accuracy



	9. Optimize camera alignment

Disable image coordinates; adaptative camera model fitting



	10. Generate dense cloud

High quality; aggressive depth filtering; calculate point colors
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Table 3. Agisoft Metashape tie points and markers root mean square errors of each image set.
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Bundle Adjustment RMSEs




	

	
DNG

	
JPG

	
TIFF.def

	
TIFF.mod






	
Reproj. Error (pix)

	
0.412

	
0.446

	
0.39

	
0.409




	
GCPs XY (mm)

	
24

	
24

	
24

	
24




	
GCPs Z (mm)

	
32

	
37

	
32

	
32




	
GCPs 3D (mm)

	
40

	
44

	
41

	
40




	
GCPs Image (pix)

	
0.19

	
0.268

	
0.197

	
0.189
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Table 4. Survey tie-point precision values extracted from the Monte Carlo analysis for each of the image sets. Full involves photogrammetric and georeferencing considerations. Shape only involves photogrammetric considerations.
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DNG

	
JPG

	
TIFF.def

	
TIFF.mod






	
Survey overall mean tie-point precision




	
Full (XY; Z, mm)

	
119.59; 185.77

	
116.0; 199.0

	
113.1; 176.3

	
117.5; 188.0




	
Shape (XY; Z, mm)

	
119.2; 184.2

	
115.7; 197.7

	
112.7; 174.8

	
117.3; 186.5




	
Survey overall georeferencing precision




	
Translation (XY; Z, mm)

	
6.41; 8.06

	
5.88; 7.8

	
6.39; 8.06

	
6.58; 8.6




	
Slope (angles to X; Y; Z axes; mdeg) Rotation (as Euler angles)

	
3.8; 8.08; 3.13

	
3.8; 8.3; 3.1

	
3.89; 8.27; 3.1

	
4.2; 8.5; 3.2




	
Scale (%)

	
0.0037

	
0.0035

	
0.0036

	
0.0037
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Table 5. Summary of 3D comparisons between the photogrammetric surveys of the different image sets in the areas studied. Mean and standard deviation of the differences are shown, as well as the percentage of points where the differences are significant (95% confidence level).
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M3C2-PM Distances

(Mean ± SD; mm)

	
M3C2-PM Distances

(Significant Change; % of Points)




	

	
DNG-JPG

	
DNG-TIFF.def

	
DNG-TIFF.mod

	
DNG-JPG

	
DNG-TIFF.def

	
DNG-TIFF.mod






	
Survey

	
26 ± 77

	
6 ± 27

	
8 ± 27

	
7

	
0

	
0




	
RG

	
3 ± 28

	
4 ± 12

	
5 ± 11

	
7

	
1

	
1




	
S1

	
6 ± 18

	
5 ± 13

	
6 ± 13

	
3

	
2

	
1




	
S2

	
−9 ± 26

	
1 ± 21

	
2 ± 18

	
5

	
2

	
2




	
S3

	
18 ± 15

	
4 ± 11

	
4 ± 10

	
8

	
2

	
1




	
S4

	
3 ± 33

	
3 ± 23

	
4 ± 22

	
5

	
3

	
3




	
S5

	
−5 ± 23

	
3 ± 17

	
5 ± 14

	
2

	
1

	
1




	
S6

	
14 ± 13

	
3 ± 9

	
5 ± 8

	
3

	
1

	
1




	
S7

	
4 ± 21

	
3 ± 19

	
6 ± 19

	
4

	
3

	
3




	
S8

	
−7 ± 22

	
4 ± 18

	
7 ± 16

	
3

	
2

	
1




	
S9

	
8 ± 16

	
2 ± 12

	
6 ± 11

	
3

	
2

	
2




	
S10

	
2 ± 9

	
3 ± 7

	
6 ± 7

	
1

	
0

	
0




	
S11

	
5 ± 16

	
3 ± 13

	
4 ± 10

	
3

	
1

	
1




	
S12

	
−3 ± 7

	
2 ± 5

	
4 ± 5

	
0

	
0

	
0
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Table 6. Summary of 2.5D comparisons between the photogrammetric surveys of the different image sets in the areas studied. Mean and standard deviation of the differences are shown, as well as the percentage of pixels where the differences are significant (95% confidence level).
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DoD Distances

(Mean ± SD; mm)

	
DoD Distances

(Significant Change; % of Pixels)




	

	
DNG-JPG

	
DNG-TIFF.def

	
DNG-TIFF.mod

	
DNG-JPG

	
DNG-TIFF.def

	
DNG-TIFF.mod






	
Survey

	
35 ± 104

	
8 ± 41

	
10 ± 42

	
20

	
2

	
2




	
RG

	
4 ± 35

	
5 ± 17

	
6 ± 14

	
1

	
0

	
0




	
S1

	
7 ± 24.1

	
6 ± 18

	
8 ± 19

	
0

	
0

	
0




	
S2

	
−12 ± 39

	
1 ± 30

	
3 ± 26

	
0

	
0

	
0




	
S3

	
21 ± 16

	
5 ± 14

	
5 ± 12

	
0

	
0

	
0




	
S4

	
3 ± 48

	
5 ± 32

	
5 ± 31

	
0

	
0

	
0




	
S5

	
−7 ± 31

	
5 ± 24

	
7 ± 20

	
0

	
0

	
0




	
S6

	
16 ± 16

	
4 ± 14

	
6 ± 12

	
0

	
0

	
0




	
S7

	
4 ± 42

	
3 ± 14

	
7 ± 41

	
0

	
0

	
0




	
S8

	
−8 ± 29

	
6 ± 26

	
9 ± 23

	
0

	
0

	
0




	
S9

	
9 ± 22

	
3 ± 18

	
7 ± 16

	
0

	
0

	
0




	
S10

	
2 ± 12

	
4 ± 12

	
7 ± 11

	
0

	
0

	
0




	
S11

	
7 ± 25

	
4 ± 21

	
6 ± 18

	
0

	
0

	
0




	
S12

	
−4 ± 10

	
3 ± 10

	
5 ± 10

	
0

	
0

	
0
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Table 7. Summary of 3D comparisons between the TLS survey and the photogrammetric surveys of the different image sets in the areas studied. Mean and standard deviation of the differences are shown, as well as the percentage of points where the differences are significant (95% confidence level).
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M3C2-PM Distances

(Mean ± SD; mm)

	
M3C2-PM Distances

(Significant Change; % of Points)




	

	
TLS-DNG

	
TLS-JPG

	
TLS-TIFF.def

	
TLS-TIFF.mod

	
TLS-DNG

	
TLS-JPG

	
TLS-TIFF.def

	
TLS-TIFF.mod






	
Survey

	
2 ± 153

	
8 ± 155

	
8 ± 150

	
8 ± 153

	
15

	
14

	
14

	
15




	
RG

	
−8 ± 162

	
−5 ± 158

	
−2 ± 157

	
−2 ± 161

	
18

	
17

	
17

	
18




	
S1

	
−24 ± 155
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