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ABSTRACT 

 
The Aletsch Glacier is receding. The flanks of the mountains are falling. The state geologist needs a cm-level 

assessment of the moving volumes. It's a large, dangerous and inaccessible area. High-precision drone 

measurements on a regular basis are the only feasible tool to update orthomosaics and 3D models for change 

detection and volume calculation. With spatial analysis, we aim to quantify and anticipate the evolution of the area, 

in a genuine 4D situation. 
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INTRODUCTION 

 
What have we learned from seven years of developing, manufacturing and selling drones? Firstly, if all we do is take 

nice aerial photos, we are no better than Nadar in 1858, in the skies of Paris, “raising Photography to the height of 

Art” (“Nadar élevant la Photographie à la hauteur de l’Art”—the title of a 1863 newspaper cartoon). Secondly, 

photogrammetry requires three elements: an aircraft, a camera and accuracy. The breakthrough we made in 2009 

with the swinglet CAM touched only the aircraft element. Thirdly, the need for high ground resolution (5 cm and 

better) is closely followed by the need for high accuracy (a few pixels and better, in horizontal and vertical—see 

Trimble Webinar poll). Fourthly, there is a well-defined mathematical relationship between the GNSS antenna and 

the point on the ground (see illustration). It is a combination of the distances (millimetric and micrometric) and 

angles (tenth of degree and tenth of millidegree) involved. 

The culmination of all this was the development of an even better fixed-wing aircraft with more endurance, a 

sophisticated and integrated high-precision GNSS workflow, a new hardware platform, new software and the 

development of a camera dedicated to drone-based applications. 

The result is a robust system named eBee Plus that can fly for longer in more hostile conditions (windy, cold, 

hot, high-altitude) and can generate cm-accurate geotags through a total of six workflows (five of them without 

ground control points), with a brand new “Sensor Optimised for Drone Applications” (senseFly S.O.D.A.) on board. 

The eBee Plus was launched at INTERGEO 2016 in Hamburg, flew there several times and since then has flown in 

some of the most difficult conditions imaginable. One of these was over the Aletsch Glacier. 

 

 
  



IGTF 2017 – Imaging & Geospatial Technology Forum 2017 

ASPRS Annual Conference 

Baltimore, Maryland • March 11-17, 2017 

 

 

ALETSCH GLACIER CHARACTERISTICS AND RECENT HISTORY 
 

Characteristics 
The Aletsch glacier (figure 1), situated in the Swiss canton of Valais, with a length of about 23 km and a surface 

area of 81.7 square kilometers [1], is the largest glacier in the Alps. 

It started its retreat 150 years ago due to global warming. At first the process was slow, but now accelerates every 

year [2]. This rapid withdrawal of the glacier causes a destabilization of the mountain’s slopes, which are not given 

any time to settle down or stabilize, increasing the risk of major rockslides [3]. The undergoing process is called 

“deep flexural toppling” [4].  

 
Figure 1. The Aletsch glacier. 

 

Recent history 
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A landslide in the Moosfluh area, a slope that borders the left side of the Aletsch glacier in the Riederalp 

municipality, has been under survey for a few decades now and its movement has recently greatly accelerated. It is 

likely that this acceleration in slope deformation is causing the rupture of a significant rock volume downhill. The 

moving mass, which covers an area of about one square kilometer, has a total volume of about 160 million cubic 

meters. Fast movements (> 10 cm/year) probably started in the year 2000. Until 2014-2015 the rocky mass was 

moving at 40 cm/year in the most active zones, but from mid-September 2016 “we saw a spectacular acceleration, 

up to 40 or even 80 cm / day, 300 to 400 times faster than the previous year,” says the  canton of Valais’ state 

geologist,  Raphaël Mayoraz. Speeds were high in September and October 2016. Now, the mass is moving 5 

cm/day, which is still extremely high for such a volume. The most active part of the landslide is the basal one, which 

includes the Kalkofen plateau and the downstream escarpments leading up to the glacier. Its volume has been 

estimated to be either 7 or 16 million cubic meters, according to different scenarios [5] [4]. Numerous cracks and 

rock falls have been observed and 6 kilometers of hiking trails have been closed to the public (figure 2). There is no 

imminent threat to people but the Moosfluh gondola lift is at risk of being 

impacted. The station and pylons are designed to resist terrain instability with 

movements of 40 cm/year, but movements of 2 cm/day have been measured 

during the crisis period [5]. 

Rock falls at the foot of the slope are increasing in frequency and size. Before 

2005 one single rock fall of about 5,000 cubic meters had been recorded. By 

2011 there had been two more rock falls of similar dimensions, between 2011 

and 2012 there were seven and between 2012 and 2015 two, releasing 10 and 30 

times more debris respectively than was recorded during the 2011-2012 

incidents. In autumn 2016, the landslide underwent elevated activity involving an 

estimated volume of 2,500k cubic meters. [6]. 

According to geologist Raphaël Mayoraz, the most catastrophic scenario would 

be the blocking of the valley by a dam, caused by the whole 160 million cubic 

meters suddenly coming down all at once. The dam would fill with water and 

eventually break due to the water overload. Release of the accumulated water 

could possibly reach the existing Gebidem hydroelectric dam downstream. This 

scenario is, fortunately, very unlikely [7]. 

 

Figure 2. Closed trail alert. 
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SENSEFLY’S EBEE PLUS CHARACTERISTICS 
 

As mentioned earlier, eBee Plus, built upon senseFly’s proven, safety-focused autopilot technology,  was launched 

at INTERGEO 2016 in Hamburg. Its main four component parts have been developed with photogrammetric 

mapping in mind: 

● The drone itself — a light yet rugged fixed-wing drone with elongated wingspan for stable, long-duration 

flights of close to one hour. 

● The payload: compact senseFly S.O.D.A. 

sensor — senseFly’s proprietary, high-

resolution RGB camera. This features a 1-

inch sensor & global shutter, and is capable 

of capturing ultra-sharp images with a 

spatial resolution of 2.9 cm (flying at 122 

m/400 ft above ground level). 

● The ground control station (GCS): eMotion 

3 flight & data management software — the 

next-generation of senseFly’s easy-to-use, 

ground station software, featuring a full 3D 

flight environment, mission block flight 

planning, cloud connectivity, free updates & 

more. 

● Survey grade georeferencing: a 

breakthrough innovation of the eBee Plus is 

High Precision on Demand (HPoD). This 

describes the drone’s built-in upgrade path 

to real-time kinematic (RTK) and post-

processing kinematic (PPK)  functionality. 

Once activated by the user, this paid 

enhancement boosts the system’s achievable 

horizontal/vertical absolute accuracy to 3 

cm/5 cm without the need for ground 

control points—dramatically reducing 

expensive, time-consuming or just 

impractical field work. Figure 3 describes 

the principle of semi-direct georeferencing.  

 

 

 

Figure 3. Principle of the semi-direct georeferencing: tight relationship 

between terrain space (T) and camera space (c). The precise knowledge 

of the position of the GNSS antenna in the terrain space (rG
T) and the 

vector camera-to-antenna in the camera space (bc) allows the precise 

positioning of the exposure center in the terrain space (rE
T). Then, by 

colinearity, the vector exposure center-to-image point (rE
T) determines 

the position of the feature (F) on the terrain. 
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PRACTICAL ASPECTS OF THE MISSIONS 
The gondola lift leading from Riederalp (1895 msl) to Moosfluh (2334 msl), the top of the ridge above the most 

affected area, had to be closed to the public due to the large movements for a few days. The ascent was only 

therefore possible on foot. Thus, the mapping team decided (instead of carrying a base station) to use a Virtual 

Reference Station (VRS) data stream, if available. Arriving at the top and setting up the equipment revealed 

however that VRS would not be possible due to the absence of a mobile phone network. Figure 4 shows the situation 

at the glacier. 

 

 

 
Figure 4. Situation at the Aletsch glacier [8] 

 

The answer, to nevertheless obtain highly-accurate geotags, was the PPK feature of eBee Plus. Thanks to the 

elaborate network of Continuously Operating Reference Stations (CORS) in Switzerland and drone’s ability to use 

PPK VRS, the data could, in the end, be calculated with very high precision. This not only allowed the task of 

collecting of ground control points to be avoided, but also eliminated the need to walk through dangerous zones to 

establish such points. 

 

The flight plan was built using the eBee Plus’ flight planning software, eMotion 3. In order to fly a large part of the 

affected slope, whose outline was provided by the state geologist Raphaël Mayoraz, the team decided to fly directly 

from the top, keeping an altitude of 225 m from the ground in order to reach a resolution of 5.3 cm/pixel.  
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With the flight plan uploaded to the eBee Plus, it was launched down the endangered slope, and immediately started 

its mission in fully-automated mode (figure 5). Throughout the mission, the stable flight of the eBee Plus and its 

ability to accurately trigger the senseFly S.O.D.A. payload provided a dataset of high quality photos, as well as 

GNSS positions and orientations. 

The landing location was set next to the Moosfluh cable railway station with the landing approach zone facing 

the westerly wind that was blowing at the time in order to accomplish a smooth landing. 

 

This procedure was repeated one month later in order to compare the datasets and monitor the slope’s shift. 

 

 
 

Figure 5. eBee Plus launch on the Aletsch Glacier 

 

 

METHODOLOGY 
 

Post-processing of the geotags and further workflow 
 

For various, aforementioned reasons, to achieve high geotag accuracy, a post-processing kinematic methodology 

had to be used. The Swiss swipos network offers the option to download RINEX files, needed for the PPK 

workflow. The option to enter the approximate position of your flight and have it calculate a virtual reference station 

is offered within their online tool. Another way to collect RINEX is from a CORS network/service, from which the 

required file, with the right location and right time, can be downloaded. To demonstrate these two different 

approaches, both the options were used: VRS PPK for one flight and the average of 3 CORS with PPK for the other 

flight. The final average geotag accuracy for the flight that was post-processed with an average of 3 CORS was 6 cm 

horizontal and 9 cm vertical. The final accuracy of the flight done with VRS PPK was 5 cm horizontal and 7 cm 
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vertical, which shows, as expected, that the closer the reference station, the better the geotag accuracy [9]. 

  

The high-precision geotagging of the images was carried out within eMotion 3 software, a flight planning and 

geotagging application supplied with the eBee Plus. The images where then imported into Pix4D’s photogrammetry 

software. With the help of photogrammetry, the images were then processed and the 2D and 3D project outputs 

generated. After processing the data from both visits to Aletsch, both point clouds were brought into the 

CloudCompare software application for 3D and 4D differential analysis and to do a visual analysis between the 

flights. The orthomosaics were subsequently used in the QGIS software application. 

 

Coordinate systems of the outputs 

To correctly fit the outputs provided by the drone into the local surveyors’ and geologists’ existing database we had 

to adjust their coordinate systems. The drone and eMotion 3 software work entirely in the global WGS 84 coordinate 

system. To bring the workflow into the Swiss CH1903 coordinate system, we applied a planimetry and altimetry 

transformation to the geotags. Our outputs were thus in the desired projected LV03 coordinates and heights are in 

national levelling network LN02. 

 

DTM comparison 
Since the ground is moving, a comparison of two digital terrain models (DTM) states becomes a very valuable 

undertaking. It must be a pure 3D comparison, based on the most detailed available terrain model. The ideal solution 

is to compare the point clouds. For this, a handful of software applications are available. Two can be cited here: 

3DReshaper and Cloud Compare. For this study, CloudCompare was used. 

CloudCompare provides a set of basic tools for manually editing and rendering 3D point clouds and triangular 

meshes. It also offers various advanced processing algorithms, among which are methods for performing distance 

computation (cloud-cloud or cloud-mesh nearest neighbor distance), as shown in figure 6. The fact that 

CloudCompare was originally developed for laser scanners in industrial facilities make it very efficient at handling 

large point clouds in a 3D cartesian system. 

 
Figure 6. Point cloud differences in Cloud Compare 
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RESULTS 
 

 

           
Figure 7. Orthomosaics corresponding to the two flights.  September the 29th, 2016 on the left and October the 27th, 

2016 on the right. The time-of-the-day is similar (very important for comparison) and the effect of autumn is clearly 

visible on trees (although they are conifers, larches are deciduous trees that lose their leaves in the autumn)  

 

 

High-resolution orthomosaics for the identification of cracks and shifts (2D) 
The following figures show the evolution of some cracks and the shift of the upper part of the slope between 

September the 29th and October the 27th, 2016. The analysis was based on the comparison of the two orthomosaics 

shown in figure 7.  

 

 
Figure 8a. Crack in September (left) and October 2016 (right) 
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Figure 8b.  Crack in September (left) and October 2016 (right) 

 

Figure 8. Evolution of two cracks between September and October 2016. Red lines represent the widths [m] of the 

cracks, red arrows the shift [m] of the slope and yellow dots the position of some reference points in September 

2016. The contours of the cracks in September 2016 are also shown for comparison.  

 

Figure 8a shows the opening of a 10.2-meter wide crack between the two flights. In September, only two small 

cracks of less than a meter wide and about 14 meters apart, were present. In less than a month the ground between 

them collapsed.  

In figure 8b the evolution of another crack is shown. In October it had opened 1.8 meters wider than in 

September. From the figure it is also possible to see that the slope of the mountain shifted towards the north-west. 

The shift was faster on the left side of the crack, where a displacement of 2.6 meters was measured, compared to a 2-

meter mean displacement on the right side. A second smaller crack appeared downstream, with respect to the first 

one, between September and October. 
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Figure 9. Shift between September and October 2016. Arrows represent the shift, in [m]. 
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Figure 9 shows, using a hiking trail as a reference, the shift in the upper part of the slope. Depending on the location, 

shifts from 2.8 to 3.2 meters were measured. In just 29 days, the slope underwent a mean displacement of 3.8 meters 

toward the north-west, corresponding to a mean speed of 13 cm/day. 

 

 

High-density point clouds for volume computation (3D) 
After processing the drone’s images in Pix4Dmapper Pro software, we obtained two point clouds of the same area, 

with a month’s difference in acquisition date. According to geologist Raphaël Mayoraz, the area that was the most 

active had a significant moving mass in the time between the two flights. Volume calculations were therefore of 

interest. In Pix4D’s software it is possible to select the area volume to calculate directly within the densified point 

cloud, or to import a preselected area (Esri Shapefile format and KML are supported). To do a proper comparison, 

the same base surface had to be used from both flights’ point clouds (figure 10). 

  

  Flight in September Flight in October Change 

Area of Interest (AOI) [m2] 17,853 18,086 +233 (+1.3%) 

Cut Volume [m3] 

= above median plane 

5,987 ± 239 (4.0%) 17,827 ± 753 (4.2%) +11,840 

Fill Volume [m3] 

= below median plane 

-32,635 ± 719 (2.2%) -13,630 ± 725 (5.3%) +19,005 

Total Volume [m3] -26,648 ± 958 (3.6%) 

Mostly empty 

4,196 ± 1,479 (35%) 

More than filled in average 

+30,844 (=1.71 m) 

Table 1. Volume calculation from both flights, based on the same surface. A negative “total volume” means that the 

area of interest (AOI) is globally below the median plane. In four weeks, the AOI went from convex to concave, 

with an average fill of 1.71 m (m3/m2 = m) 

  

Reading from the table 1 and comparing the calculated volumes, we can see that the total volume in October was 

significantly larger than in September. Considering the fact that this area is at the foot of a steep slope, we can 

logically conclude that this area is where fallen rock is accumulating. 
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Figure 10a. Figure 10b. 

Figure 10. Volume computation for both projects in Pix4Dmapper Pro using the same base surface. Red indicates 

cut volume and green represents fill volume. 

 

 

Point cloud comparison (4D) 
To clearly see the change in shift between both of the point clouds, CloudCompare software’s M3C2 function was 

used [10]. This plugin is the only way to compute signed (and robust) deltas directly between two point clouds. 

After running the function, the scale had to be adjusted to best reveal the difference (figure 11). The scale used was 

from -8 meters to +8 meters, where red represents positive distances and blue negative ones. 
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Figure 11. 4D presentation of the flight area 

 

From the figure 11 we can clearly see, in red and blue, the most active area. A nice pattern of alternating colors 

follows the steep slope. It starts at the top, with blue rupture of rock volumes followed by their accumulation in red. 

Elsewhere across the map, in green, no change was observed during the month over which measurements were 

taken. If we compare this map to the orthomosaic, we can explain the extreme values scattered throughout the green 

areas. At the same geolocation, in the orthomosaic, we can see that there are trees and bushes. The large, randomly 

distributed distances between the point cloud points are therefore most likely due to noise, superposed on the model 

during reconstruction of the trees. Taking into account all of the data and parameters that went into creating this 

map, we can clearly conclude that we now have in our hands a 4-dimensional representation of the area (x, y, h, 

time). 

 

 

DISCUSSION 
 

High-resolution orthomosaics for the identification of cracks and shifts (2D) 
The two orthomosaics used for shift comparison and monitoring had different resolutions because of the different 

flight heights. The one corresponding to the September flight had a 5.42 centimeter resolution, while the higher 
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flight height in October led to a 8.37 centimeter resolution for the second orthomosaic. 

In all three examples, a shift towards the north-west direction was observed. The speed varied according to the 

location and was, in general, very high. No shift was measured for figure 8a because of the absence of common 

features in the two orthomosaics. This was mainly due to the 10.2-meter wide crack opening, which considerably 

changed the topology of the ground at that location. 

According to geologist Raphaël Mayoraz, considering the speed of the landslide and the volume of the moving 

rocky mass, the situation at Moosfluh is extraordinary. The speed which the cracks are opening is “unusual and 

impressive”, but to be expected, considering the whole context.It is one of the very rare similar cases actually visible 

in the Alps [5][4]. 

 

 

High-density point clouds for volume computation (3D) 
By nature, a terrain “slide” is more likely than a “drop”. In other words, horizontal shifts (see previous section) are 

easier to identify and measure than volume changes. However, when targeting appropriate locations, like crests or 

the bottoms of slopes, it is possible to quite accurately measure the amount of material that has been in motion. 

 

Point clouds comparison (4D) 
The culmination of this project is clearly the 4D point cloud comparison. While this is the most desirable result, it is 

also the most difficult to interpret. The human brain is not optimized for a 3D comparison over time and the tools 

available are vulnerable to the large numbers and level of errors.  

 

CONCLUSION 
 

An initiative intended only to showcase the abilities of a new product turned into a made-to-measure set of trials. 

Each feature of the eBee Plus system proved invaluable in meeting the mountainous challenges set: its low weight 

and portability when being carried to the summit; its robustness when asked to land on the rugged slopes; its 

flexibility when the mission had to be adjusted to localised weather conditions; its reliability when it was out there 

on its own and there was only one chance to bring in the data; its accuracy when the data was exploited and the 

repeatability of the process to obtain those outputs. In addition, the scale of the natural phenomenons being studied 

was in the perfect range for measurement by drone. 

The eBee Plus, with the brand new senseFly S.O.D.A. on board, allowed us to obtain a cm-level assessment of 

moving volume in the towering mountain flanks that surround the Aletsch glacier. The rapid movement of the 

terrain and the presence of actively opening cracks brought the real and present danger of local rockslides. Since it 

was too dangerous to walk the area, aerial imagery became the perfect means to safely monitor the slope. With the 

high-precision drone measurements obtained, orthomosaics and a 4-dimensional representation of the area—ideal 

for change detection and volume calculation—were created. 

With accurate monitoring comes improved understanding and an open door to prediction. 
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