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Abstract

Photo-based surface reconstruction is rapidly emerging as an alternative survey
technique to LIDAR (light detection and ranging) in many fields of geoscience
fostered by the recent development of computer vision algorithms such as Structure
from Motion (SfM) and dense image matching such as Multi-View Stereo (MVS). The
objective, of this work was to test the suitability of the ground-based SfM-MVS
approach in calculating the geodetic mass balance of a 2.1 km? glacier and for the
detection of the surface displacement rate of a neighbouring active rock glacier
located in the Eastern Italian Alps. The photos were acquired in 2013 and 2014 using
a digital consumer-grade camera, erganizing single-day field surveys. Airborne laser
scanning (ALS) data were used as benchmarks to estimate the accuracy of the
photogrammetric digital elevation models (DEMs) and the reliability of the method.
The SfM-MVS approach enabled the reconstruction of high-quality DEMs, which
provided estimates of glacial and periglacial processes similar to those achievable by,
AL@Qstable bedrock areas outside the glacier, the mean and the standard
deviation of the elevation difference between the SftM-MVS DEM and the ALS DEM
was -0.42 m = 1.72 m and 0.03 m £ 0.74 m in 2013 and 2014, respectively. In the
rock glacier area, the elevation difference was 0.02 m + 0.17 m. The use of natural
targets as ground control points, the occurrence of shadowed and low-contrast areas,
and in particular the sub-optimal camera network geometry imposed by the
morphology of the study area were the main factors affecting the accuracy of
photogrammetric DEMS@


Susan
Cross-Out

Susan
Inserted Text
for

Susan
Inserted Text
s

Susan
Cross-Out

Susan
Inserted Text
are

Susan
Cross-Out

Susan
Cross-Out

Susan
Inserted Text
ng

Susan
Cross-Out

Susan
Cross-Out

Susan
Cross-Out

Susan
Inserted Text
during

Susan
Inserted Text
elevation changes brought about by 

Susan
Cross-Out

Susan
Inserted Text
using

Susan
Inserted Text
negatively 

Susan
Sticky Note
i suggest you add some text saying something like overall patterns of elevation loss and gain are similar and the magnitude of changes are within X %.

Susan
Sticky Note
include some of your recommendations here?

Susan
Sticky Note
also summarise here, in one sentence the extent to which the SfM was able to reproduce the patterns and magnitudes of displacement of the rock glacier observed by the ALS

Susan
Inserted Text
, otherwise known as airborne LiDAR


34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

1. Introduction

Knowledge of changes in the extent, mass and surface velocity of glaciers and rock
glaciers contributes to better understanding the dynamic processes occurring in cold
high-mountain environments and serves as an important contribution to climate
monitoring (K&ab et al., 2003). @

Numerous techniques exist for monitoring and quantifying these changes and include
both field and remote sensing methods (Immerzeel et al., 2014). Fieldwork generally
yields high-quality data but with a small spatial extent, given the remoteness and low
accessibility of mountain areas at high elevations (Roer et al., 2007). Therefore,
using remotely sensed datasets for at least two different points in time has become
an important tool for monitoring high-mountain terrain dynamics (Kaab, 2002).
Multitemporal Digital Elevation Models (DEMs) based on remote sensing data are the
most commonly used products for such investigations (Kaab, 2005; Tseng et al.,
2015).

Among the available remote sensing techniques, the close-range photogrammetry
saw a rapid development thanks to the recent evelution-of digital photogrammetry,
based on computer vision algorithms. This technique is becoming the major
alternative to traditional surveying techniques and LIiDAR (light detection and
ranging) technologies, due to its lower cost, high portability, and easy and rapid
surveying in the field.

The photogrammetric approach known as Structure from Motion (SfM) allows
obtaining 3D information of the photographed object from a sequence of overlapping
images taken with a digital camera. @

A limited number of applications of SfM photogrammetry in glacial and periglacial
environments exists, and they principally involve the use of Unmanned Aerial
Vehicles (UAVs) for image acquisition (Solbg S. and Storvold R. 2013; Whitehead et
al., 2013; Immerzeel et al., 2014, Tonkin et al., 2014; Gauthier et al., 2014; Buhler et
al., 2014; Dall’Asta et al., 2015; Ryan et al., 2015) rather than ground-based surveys
(Gomez-Gutiérrez et al., 2014; 2015; Kaab et al., 2014; Piermattei et al., 2015).

The objective of our work was to assess the suitability of the ground-based SfM
approach for monitoring glacial and periglacial processes in a high-altitude area of
the Ortles-Cevedale Group (Eastern Italian Alps). In particular, this approach was
used to calculate the geodetic annual mass balance of a 2.1 km? glacier and to
detect the surface displacement of a neighbouring 0.06 km? rock glacier. The
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photogrammetric surveys were intentionally planned to be as quick and cost-effective
as possible, and easily replicable in the future. Therefore, a consumer-grade camera
was adopted to find an appropriate balance between the affordability and
accessibility of the system (i.e. cost and ease of use) and the quality of the resulting
topographic data (accuracy and density). The accuracy of the photogrammetric
DEMs was estimated-using ALS-based DEMs acquired during-the same periods, The
main factors affecting the accuracy of the photogrammetric DEMs were investigated,
and the significance of the biases in the quantification of glacial and periglacial
processes was discussed.

2. Geographical setting and case studies

The La Mare Glacier and the neighbouring AV@S Rock Glacier are located in the
south-eastern part of the Ortles-Cevedale massif (Eastern Italian Alps), the largest
glaciated mountain group of the Italian Alps (Fig. 1).

The La Mare Glacier (World Glacier Inventory code 14L00102517; WGMS 1989) is a
3.55 km? valley glacier currently composed of two ice bodies, which have different
morphologies and tend to separate (Carturan et al., 2014). In this work, the focus was
on the southern ice body, which feeds the main tongue. This 2.1 km? ice body
primarily faces north-east, and its surface is rather flat, with the exception of the small
remnant of its valley tongue. The elevation ranges from 2660 to 3590 m a.s.l. Mass
balance investigations using the direct glaciological metho@re started on La Mare
Glacier in 2003 and detected an average annual mass balance of -0.76 m w.e!
during the period from 2003 to 2014 (Carturan, 2016). The mass balance was close
to zero in 2013 (-0.06 m w.e.) and was positive for the first time since the beginning
of measurements in 2014 (+0.83 m w.e.).

The AVDM3 Rock Glacier (Carturan et al., 2015) is an intact, tongue-shaped rock
glacier characterized by the presence of two lobes. The 0.058 km? wide Rock Glacier
(maximum length of 390 m; maximum width of 240 m) faces south-east and is
located at elevations of between 2943 and 3085 m a.s.l. The average slope of the
Rock Glacier is 26°, and the slope of the advancing front is 36°. The activity status of
the AVDM3 Rock Glacier was assessed via repeated geomorphological field surveys
between 2007 and 2014. These surveys revealed the advance of the front of the

southern lobe (Carturan, 2010). The general morphology and the elevation of the
3
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front also suggest that this rock glacier is active (Seppi et al.,, 2012), and its
permafrost content is further corroborated by spring temperature measurements
(Carturan et al., 2015). Moreover, Bertone (2014) provided the first quantification of
the surface displacement rates of this rock glacier for 2003 to 2013 using ALS d@

3. Methods

3.1 The ALS data

ALS flights of the study area were available for 17 September 2003, 22 September
2013, and 24 September 2014. The technical specifications of the three ALS surveys
are reported in Table 1. To avoid errors due to global shifts or rotations between the
individual DEMs, the ALS point clouds were automatically co-registered using a
version of the ICP algorithm (Chen and Medioni, 1991; Besl and McKay, 1992)
tailored to topographic point clouds (Glira et al.,, 2015). The LIDAR point cloud
acquired in 2013 was treated as a reference only for stable areas outside the
glaciers, rock glaciers, snow patches, and geomorphologically active areas (e.g.,
landslides, river beds, and debris flows). The 2003 and 2014 LiDAR point clouds
were iteratively fitted to the reference point cloud by applying an
transformation. The ICP registration of the point clouds produced z-direction residual
values of 0.08 m and 0.11 m for the 2014 and 2003 LiDAR point clouds, respectively.
@se accuracies can—be—assumed to be sufficient for calculating the annual
elevation changes of the glacier and the decadal displacement rate on the rock
glaci@

The co-registered point clouds were then converted to DEMs using Natural
Neighbours interpolations. A pixel size of 1 x 1 m was produced for the La Mare
Glacier, whereas a pixel size of 0.5 x 0.5 m was used for the rock glacier, based on
the LIDAR point cloud density (Fig. 2). To evaluate the relative ALS DEM accuracies
after the co-registration, the elevation difference errors of the DEMs were calculated
for the stable areas. The standard deviation from the 2013 ALS DEM was 0.19 m and
0.21 m for the 2014 and 2003 DEM comparisons, respectively.


Susan
Cross-Out

Susan
Inserted Text
state

Susan
Sticky Note
summarise the main results here, overall patterns and speeds.

Susan
Sticky Note
I assume the papers cited above in fact found these accuracies were indeed sufficient. If so I suggest making this statement stronger by applying my changes.

Susan
Cross-Out

Susan
Inserted Text
were found 

Susan
Sticky Note
cite Benatone and glacier mass balance reference.

Susan
Cross-Out

Susan
Cross-Out

Susan
Highlight

Susan
Cross-Out

Susan
Inserted Text
ICP

Susan
Sticky Note
when you say "affine transformation" are you referring to the ICP transformation below? If so change for consistency. Otherwise please explain this additional step.


132

133

134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

158

159

160
161
162
163

3.2 The photogrammetric workflow
3.2.1@e|d surveys

The terrestrial photogrammetric surveys of the La Mare Glacier were conducted on 4
September 2013 and 27 September 2014, that is, close to the end of the mass
balance year and of ALS flights. The timing of the surveys enabled the calculation of
the annual mass balance of the glacier and to compare the results with the ALS-
based results. On both days, the sky was clear, with almost no cloud cover.

To guarantee a safe and easily repeatable survey of the glacier, the direct access to
its surface was avoided and the survey was performed from a rocky ridge on the
north side of the glacier (Fig. 5). The elevation of the@rvey ranged from 3100 to
3300 m in 2013 and from 2600 to 3300 m in 2014. The distance from the glacier
surface to the camera positions dictated by the topography ranged between 300 and
2900 m. To cover the entire glacier surface from these positions, the acquired images
were panoramic, which involved taking a series of photographs rotating the camera
from each individual camera position. In 2013, seven camera positions were used,
and 37 photographs were taken with the camera attached to a small tripod to avoid
camera shake. In 2014, the number of camera positions was increased to 21, and
177 photos were taken freehand (Fig. 3).

Both surveys were performed using a SLR Canon EOS 600D. The camera was
equipped with a 25-70 mm zoom lens, which was set to a focal length of 25 mm in
2013 and 35 mm in 2014.

The terrestrial photogrammetric survey of the AVDM3 @ck Glacier was performed
on 27 September 2014. In this survey, 198 images were acquired freehand while
walking around and on top of the rock glacier. The survey camera was a CANON
EOS 5D full frame SLR camera equipped with a fixed-focal lens of 28 mm. The

photographs were acquired and saved in RAW format in both surveys.

»

3.2.2 Data processing

The photogrammetric approach, based on SfM algorithms, can automatically derive
the 3D position of an object in images taken in sequence calculating the camera
parameters (intrinsic and extrinsic) (Hartley and Zissermann, 2004). Dense image

matching algorithms are then used to reconstruct the 3D model of the object as a
5
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dense point cloud. Multiple photogrammetric packages implementing SfM and Multi-
View Stereo (MVS) algorithms for dense image matching exist, and in this work, the
software PhotoScan Pro (AgiSoft LLC. 2010a) was used. Henceforth, the
photogrammetric surveys and results are referred to using the acronym SfM-MVS.
The photo-based reconstruction workflow is summarized in Fig. 4. The key
components of the workflow are 1) acquisition and photograph editing, 2) GCPs
identification, image feature detection, matching and 3D scene reproduction (the
SfM-MVS steps), 3) point cloud processing, (filtering, subsampling and ICP) and 4)
DEM reconstruction.

To overcome the significant variability in brightness during the surveys, the RAW
images have been edited to adjust the exposure and contrast in order to retrieve
information from the overexposed (e.g., snow-covered) areas and underexposed
(e.g., shadowed) areas. These editing steps had a positive impact on the number of
image features extracted. The edited images were saved in TIFF format and loaded
in PhotoScan where non-stationary objects (i.e., clouds and shadows), the sky, and
features lying in the distant background have been masked.

The camera calibration parameters were calculated using a@ial targets prior to the
processing of the photogrammetric surveys (pre-calibrated camera). The intrinsic
parameters were kept constant during the entire SfM processing given the limits of
the camera network geometry and the homogeneous texture of the surveyed terrain.
As additional constraint, the-GCPs were included into the SfM process to avoid
instability in the bundle adjustment solution (Verhoeven et al., 2015). The GCPs were
selected as-natural features in stable area outside the glacier and rock glacier, and
their coordinates were extracted from the 2013 ALS hillshaded DEM. After the SfM
step, the geo-referenced dense point cloud was reconstructed by the MVS algorithm,
using the ‘mild’ smoothing filter to preserve as much spatial information as possible
(AgiSoft LLC., 2010b).

To reduce the noise and outliers generated during the dense matching reconstruction
(Bradley et al., 2008; Nilosek et al., 2012), an initial filtering was performed in
PhotoScan to manually remove the outliers. Fur@ denoising was applied to the
dense point clouds exported from PhotoScan, using a sp@c tool to treat the point
clouds. To obtain a uniform spatial distribution of the points, the photogrammetric
point clouds (much denser than the ALS point clouds), were dow@\ampled to 20 cm
for the glacier and 10 cm for the rock glacier. Following the same procedure used for

6
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the ALS data, the ICP algorithm (C@sICP, TU Wien) was applied to co-register the
point clouds in the stable area outside the glacier and rock glacier, using the 2013
ALS point cloud as a reference. The co-registered point clouds were then converted
to DEMs, using the Natural Neighbours interpolation and the pixel sizes of the ALS
DEMs (i.e., 1 x 1 m for the glacier and 0.5 x 0.5 m for the rock glacier). The data
acquisition settings and processing results of the photogrammetric surveys are

summarized in Table 2.

3.3 Analyses

The accuracy of the photogrammetric DEMs was assessed calculating the mean, the
mean of the absolute values and the standard deviation (o) of the elevation
differences (DEM of Difference, DoD) between SfM-MVS DEMs and ALS DEMSs,
using the latter as a reference dataset. For both surveyed areas, the primary factors
controlling the quality of the photogrammetric results (i.e., camera—object distance,
slope and angle of incidence, camera network geometry, surface texture and
shadows) were evaluated in terms of DEM accuracy and spatial resolution. The
obtained results were compared to the theoretical behaviour of the error as a function
of the depth (oq), calculated using the following formulation:

D
O'd:mB 'E'Gi, (1)

where mg represents the image scale (D / focal length); D is the depth (camera-object
distance); B is the ba@]e and g; is the measured accuracy in the image space.
After the accuracy assessments, we investigated the suitability of using the terrestrial
photogrammetric surveys to calculate the annual mass balance of the glacier and the
surface displacement rates of the rock glacier, comparing the results with those
obtained from ALS surveys. The mass balance and elevation changes were
calculated differencing multitemporal DEMs.

The geodetic mass balance was calculated from the total volume chang (m3)

between two survey dates:

v 4 (2)
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where Az is the average elevation change between two DEMs over the area A of the
glacier. The area-averaged net geodetic mass balance in metres of water equivalent

per year (m w.e. y'!) was calculated as:
M ="2F 3)

where p is the mean density, The area A of the glacier between the two surveys did
not change. The mean density was obtained by a fractional area-weighted mean,
assigning 900 kg/m® for the ablation area (Huss, 2013) and 530 kg/m? for the
accumulation area, as directly measured in a snowpit. The resulting weighted mean
density was 600 kg/m3. In the mass balance calculations, both raw Az values and
corre@ Az values were used to account for the mean errors in the stable areas
outside the glacier, as reported in Table 3. Other processes like ice fluxes, varying
snow density and re-freezing of melt water were assumed to be negligible for the
calculation of the annual geodetic mass balance (Zemp et al., 2013).

The horizontal surface displacements rates of the AVDM3 rock glacier were
estimated by a manual measurement of the displacement of single boulders identified
in the hiIIsha@ DEMs. Several points were also located outside the rock glacier to
assess the accuracy of the surface velocity determinations. Displacements in the
horizontal plane were analysed instead of 3D displacements, which are affected by
surface elevation changes (Isaksen et al., 2000).

4. Results
4.1 Accuracy assessment on the area of La Mare Glacier

The mean elevation difference between the SfM-MVS DEM from 4 September 2013
(Fig. 5a) and the ALS DEM from 22 September 2013 (Fig. 2b), evaluated in the
common stable area outside the glacier, was -0.42 m (o = 1.72 m). The same
calculation between the SfM-MVS DEM from 27 September 2014 (Fig. 5b) and the
ALS DEM from 24 September 2014 (Fig. 2a) yielded a mean value of 0.03 m (o =
0.74 m). In this area, the mean difference between the 2014 and 2013 SfM-MVS
DEMs is 0.38 m (o = 1.73 m), and the mean difference between the respective ALS
DEMs is -0.09 m (o = 0.29 m, Table 3).
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These results show that the photogrammetric survey conducted in 2014, using a
higher number of camera positions and photographs and a slightly longer focal
length, provided a significant improvement compared to the survey of 2013. In
addition to the higher o, the 2013 SfM-MVS DEM has a residual average bias of -
0.42 m, which must be taken into account in the glacier mass balance calculations.
Table 3 presents the same statistics for the-areaof the glacier. However, given that in
2013 the ablation was not negligible between the photogrammetric survey of 4
September and the ALS survey of 22 September, the comparison between SfM-MVS
and ALS of the same year is meaningful only in 2014, with a mean difference of 0.23
m (o = 0.65 m). The comparison of the two ALS DEMs of 2014 and 2013 yields
mean difference of 1.30 m for the glacier, attributable to the positive mass balance
experienced by the glacier in that time period (+0.83 m w.e., Carturan, 2016).

The spatial distribution of the elevation difference between the SfM-MVS and ALS
DEMs surveyed at the same times (Fig. 6 and 7) suggests that the most problematic
areas for photogrammetric reconstructions are those that are far from the camera
positions, steep, and covered by fresh snow. Certain outliers can be observed in
steep areas outside the glaciers, even after filtering, but they likely have no influence
on the glacier, where the slope is much lower.

The factors controlling the quality of the photogrammetric DEMs were investigated in
detail using the SfM-MVS DEM from 27 September 2014, which has a higher spatial
coverage than that of 2013 and is almost contemporaneous with the ALS DEM from
24 September 2014 (which means negligible ablation and accumulation on the
glacier).

As expected, the standard deviation of elevation differences between the 2014 SfM-
MVS and ALS DEMs is proportional to slope but remains lower than 1 m up to 40° on
the glacier and up to 60° in the area outside it (Fig. 8). Grouping the data for slope
classes of 10 degrees and excluding classes with less than 1000 grid cells, it-was
possible to calculate a AcorrelationAbetween the absolute value of the elevation
difference and the slope@: 0.86 both inside and outside the glacier, significant at
the 0.05 level). A rapid increase in the error is observed for the highest slope classes,
which represent a very small partof the investigated area. For the glacier, only 1% of
the area has a slope higher than 40°. The mean elevation difference is around zero
for most of the low- and middle-slope classes, with the exception of the 0-10° class

inside the glacier, where a mean value of 0.41 m (o = 0.44 m) was calculated.

9


Susan
Cross-Out

Susan
Inserted Text
data covering 

Susan
Highlight

Susan
Sticky Note
not here, move to sect 4.3.1

Susan
Sticky Note
you mean R-squared?

Susan
Cross-Out

Susan
Cross-Out

Susan
Inserted Text
 was found

Susan
Sticky Note
if significance is at 0.05 I don't think this can be called a "strong" correlation.

Susan
Cross-Out

Susan
Inserted Text
proportion

Susan
Inserted Text
positive 

Susan
Cross-Out


291 Interestingly, the majority of this slope class lies in a flat area of the glacier at 3200-
292 3300 m a.s.l. and is covered by fresh snow, which has poor texture. In addition, this
293 zone has an unfavourable line of sight from the camera positions.

29@The role of the incidence angle between the line of sight of the camera and the
295 photographed object (vector normal to the surface), was investigated by analysing
296 the mean angles calculated from five representative camera locations at different
297 elevations. The analysis was performed for the glacier area, where most of the mean
298 incidence angles ranges between 70° and 90° (75%, Figure 9a). The scatterplot of
299 elevation differences between the 2014 SfM-MVS and ALS DEMSs versus the mean
300 incidence angles calculated for every pixel shows no statistically significant
301 relationship @ = 0.21). However, by analysing this relationship for classes of
302 incidence angle, and considering the mean of the elevation differences in absolute
303 value and the classes with more than 1000 pixels, yields a correlation coefficient R =
304 0.95 (significant at the 0.05 Ie@.

305 Because the redundancy of the observations, that is the number of cameras that
306 views the same points on the glacier, influences the quality of the photogrammetric
307 results, a viewshe alysis was carried out (Fig. 9d). The results show anti-
308 correlation between the absolute value of elevation difference and the number of
309 cameras viewing reconstructed pixels (Fig. 9e), yielding a coefficient of correlation of
31 -0.63, which is significant at the 0.05 level.

311 The effect of the camera-object distance (i.e., depth, Gbmez-Gutiérrez et al., 2014),
312 was evaluated by calculating the mean and standard deviation of the elevation
313 difference between the 2014 SfM-MVS and ALS DEMSs, clustering the pixels in 200 m
314 distance classes from a camera position at the centre of the array displayed in Figure
315 @ The relationship between error and depth is clearer for the glacier area (Fig. 10a),
316 whereas in the surrounding area, the error appears to be more influenced by the
317  variability of the slope angle (Fig. 10b).

318 The theoretical o4 was calculated using Eq. 1 for each class of distance, considering
319 a mean baseline of 400 m and an accuracy in the image space of 0.40 pixel, which is
320 the reprojection error after bu@ adjustment computations. Another quantification of
321 the error as a function of the depth was obtained, for comparison purposes, by
322 multiplying the Ground Sample Distance (GSD) (which increases with depth) by the
323  reprojection error provided by PhotoScan for the Ground Control Points. Figure 10c
324 shows that, on the glacier, the accuracy calculated from the DoD matches quite well

10
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325 the ‘theoretical’ calculations up to a depth of 1900 m. Beyond this distance, the
326 detected error increases faster than in theory, likely due to the increasing coverage of
327___fresh snow, which affects the image texture and decreases the accuracy.

32 The accuracy of photogrammetric reconstructions for the different substrata was then
329 evaluated. The spatial distribution of each substratum was outlined on the orthophoto
330 exported from PhotoScan. Debris, ice and firn display similar accuracy, with median
331 values of elevation difference between the 2014 SfM-MVS and ALS-based DEMs
332 close to zero and interquartile ranges of the same magnitude. Conversely, the area
333 covered by fresh snow, which is also the area with greater depth, shows prevailing
334 positive differences, a median value of 0.48 m and a much higher standard deviation
335 (0=0.82m).

336 The texture of the surface also influences the point density distribution and the spatial
337 coverage of the reconstructed area. A lower value of the point density was obtained
338 for fresh snow (4 pts m=2). Increasing point densities were obtained for firn, ice and
339  debris (10, 13 and 15 pts m2, respectively).

340 The spatial coverage in the fresh snow area was 75%, whereas it was 93% in the
341 rest of the glacier. Excluding the areas not visible from the camera position and
342  occlusions imposed by the topography, the spatial coverage in the fresh snow area
343 was 82% and 98% in the remaining part.

344  The point density is also affected by the depth, elevation and slope (Fig. 12). Due to
345 the GSD, the average point density decreases with depth, which in our case is also
346  proportional to the elevation. On the glacier, the point density decreases more rapidly
347 than in the surrounding area for elevations between 3100 and 3300 m a.s.| ., due to
348 the poor texture in this snow-covered flat area. Increasing densities with slope, up to
349  70-80°, are observed and likely result from more favourable incidence angles, which
350 do not however guarantee high accuracy, as noted earlier (Fig. 9). Considering the
351 entire reconstructed surface, the point density was higher in the area surrounding the

352 glacier than on it (12 pts m?2 vs. 8 pts m, respectively).

353
354 4@ Accuracy assessment in the area of the AVDMS3 Rock Glacier

355  The 2014 terrestrial photogrammetric survey of the AVDM3 Rock Glacier provided a
356 good spatial coverage (83%) of high-resolution terrain data (Fig. 13). The spatial

357 distribution of the elevation difference between the contemporaneous SfM-MVS and
11
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ALS DEMs shows the existence of areas with both positive and negative values (Fig.
14). The average elevation difference is 0.02 m on the rock glacier (c = 0.17) and
0.05 in the surrounding areas (o = 0.31 m, Tab. 5).

Similar to the La Mare Glacier area, the accuracy decreases with increasing slope in
the rock glacier area. The standard deviation of the average elevation difference
between the SfM-MVS and ALS DEMs is less than 0.20 m up to 40°. In the area
surrounding the rock glacier, the error increases faster with slope because steep
areas coincide with shaded areas and (pagsause the images were acquired in the
afternoon) high solar zenith angles. As suggested by Gomez-Gutiérrez et al., (2014),
the relationship between the quality of the photogrammetric DEM and the amount of
shadowed-lighted areas in the photographs was calculated using a hillshaded model
that was calculated by simulating the position of the sun in the sky (azimuth and
zenith angles) during the survey. As shown in Figure 16, larger errors occur in
shadowed areas and smaller errors in well-lit areas, even if the largest differences in

accuracy can be observed outside rather than on the rock glacier.

4.3 Glacial and periglacial processes
4.3.1 Mass balance of La Mare Glacier

Due to abundant solid precipitation during the accumulation season and low ablation
rates during the summer (the glacier was snow-covered above ~3000-3100 m a.s.l.),
the mass balance of the La Mare Glacier was positive in the 2013-14 hydrological
year for the first time since the beginning of measurements in 2003. According to the
direct glaciological method, the annual mass balance was +0.83 m w.e. (Carturan,
2016).

As shown in Table 4, the geodetic mass balance estimates using only ALS data do
not differ significantly for either the entire glacier or the sub-areas covered by the
photogrammetric surveys of 2013 and 2014 (88% and 93%, respectively). The
estimates range between 0.85 and 0.88 m w.e for the raw data and between 0.90
and 0.94 m w.e. for the corrected data. The geodetic mass balance calculations
using only photogrammetric data yield a raw value of 1.09 m w.e. and a corrected
value of 0.87 m w.e. Using the 2014 SfM-MVS, which has a higher quality than the
2013 @ DEM, yields a raw value of 0.98 m w.e. and a corrected value of 1.02 m
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w.e. Area-averaged estimates of the geodetic mass balance from photogrammetric
data are very close to the estimates from ALS data and from the direct method and
are closer still if the mean DEM error in the stable areas outside the glacier is
subtracted from the raw average elevation differences. The spatial distribution and
magnitude of elevation change is also well captured by the terrestrial
photogrammetry (Fig. 17 and 18), even if, as already noted in the previous section,
problematic areas are present in the upper part of the glacier, which was covered by

fresh snow, especially in the 2013 SfM-MVS survey.

4.3.2 Surface changes and velocities of the AVDM3 Rock Glacier

The spatial distribution and the mean value of elevation change on the surface of the
AVDM3 Rock Glacier were calculated differencing the available SfM-MVS and ALS
DEMs. Table 5 shows that, according to the ALS data, there was a—prevailing
lowering of the surface in the period from 2003 to 2014. Taking into account the
average residual bias in the stable area outside the rock glacier, the average
lowering rates of the rock glacier surface were 1.5 cm y* in the period from 2003 to
2013, and 2 cm in the year 2013-14. Comparing the SfIM-MVS DEM of 2014 with the
ALS DEMs of 2013 and 2003 and accounting for the mean bias outside the rock
glacier, we obtained slightly higher lowering rates of 2.2 cm y* from 2003 to 2013
and 5 cm from 2013 to 2014. As expected on the basis of the accuracy assessment
(Section 4.2), the decadal lowering rates calculated from the SfM-MVS DEM are in
closer agreement with those calculated from ALS data than the single-year
calculations. The same can be observed for the spatial distribution of the elevation
changes (Fig. 19), which shows a—-prevailing thinning in the upper and middle part of
the rock glacier and a thickening of the two advancing lobes. Figure 20 shows that
the fastest moving areas in the period from 2003 to 2014 were the two frontal lobes,
which also featured the greatest elevation changes. Table 6 shows that the SIM-MVS
and ALS data produced very similar surface veloci@ for the three sub-areas (each
with homogeneous displacement) into which the rock glacier can be divided. Outside
the rock glacier, the photogrammetric method exhibited a slightly lower accuracy

compared to the ALS, but no systematic shift of the different DEMs was found.
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5. Discussion
5.1 Data processing and accuracy assessments

The results of our terrestrial photogrammetry applications on the La Mare Glacier and
on the AVDM3 Rock Glacier demonstrate that it is possible to reliably quantify the
investigated glacial and periglacial processes by means of a quick and safe survey
that was conducted on a single day using cheap, light and easy-to-use hardware.

Moreover, time-consuming and unsafe direct access to the glacier surface was not

required.@

The data processing times—were—significantlylong. For a single operator, the

processing time is approximately 10@y3. The most labour-intensive and time-
consuming tasks were the pre-processing steps i.e., masking of the photos,
identification of reference points from the LIDAR DEM and then in the images, and
processing of the images (the MVS step is particularly computationally intensive),
which is directly related to the resolution and the number of photographs uploaded
and the computer performance. Several steps required a certain degree of
subjectivity, e.g., the identification of the GCPs. However, due to the high automatism
of the image processing, the level of expertise is considerably lower than for LIDAR
and traditional photogrammetry.

On the La Mare Glacier, the area-averaged estimates of the 2013-14 geodetic mass
balance from ALS and photogrammetric data were almost identical (0.91 and 0@m
w.e., respectively) and close to the mass balance calculated from the direct
glaciological method (0.83 m w.e.). The differences are well within the uncertainty of
the direct mass balance estimates, which was quantified in 0.26 m w.e. y! by
Carturan (2016). These results confirm that the @ results obtained by Piermattei
et al., (2015) on the small Montasio Glacier, in the Julian Alps, can also be replicated
on larger glaciers with different morphologies and characteristics.

Because the AVDM3 Rock Glacier exhibited, quite slow annual deformation and
creep, we were able to calculate reliable displacement rates and area-averaged
surface elevation changes only on a multi-year (in our case, decadal) time scale. This
result confirms the f@]gs of Gomez-Gutiérrez et al. (2014), who applied a similar
method to the Corral del Veleta Rock Glacier in the Sierra Nevada (Spain).

Our results are promising, despite the limitations of the adopted method, which

include 1) the location of GCPs on natural targets outside the investigated glacier/rock
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glacier, ii) the presence of areas with deep shadows and changes in the light during
the survey, iii) the presence of fresh snow in the upper and middle part of the glacier,
and iv) the high camera-object distance in the glacier application.

In general terms, the photo-based accuracy is related to the image feature extraction,
feature matching (in both the SfM and MVS steps), and scale definition (Bemis et al.,
2014). A low accuracy in these steps, caused for example by poor camera network
geometry, can generate model distortion and reduce the ability to identify unique
corresponding features in overlapping images (Wackrow and Chandler, 2011,
Dall’'Asta et al., 2015, Favalli et al., 2012; James and Robson, 2012; 2014;
Hosseininaveh et al, 2014; Micheletti et al., 2014; Nocerino et al., 2014). In our case
studies, among the various aspects analysed, the spatial variability of the accuracy of
the photogrammetric DEMs is related to the camera-object distance, the presence of
fresh snow with low contrast, the changing illumination during the survey and the
occurrence of shadows. The increasing error with increasing terrain slope suggests
the persistence of a small shift in the reconstructed DEMs. This shift, however does
not affect the areal estimates of mass balance and elevation change, given that the
vast majority of the glacier and rock glacier areas feature small or moderate slope
angles. For both the glacier and the rock glacier, the spatial coverage of the
reconstructed areas was not co@ete. In the glacier surveys, the problematic areas
were those visible from a low number of camera positions and those covered by fresh
snow and far from the viewpoints. In the rock glacier, certain areas were not
reconstructed due to the rock glacier's complex morphology and in particular to the

presence of ridges, furrows and counterslopes.

5.2 Possible improvements of the SIM-MVS approach

The accuracy assessments confirm that the ALS data still provide results with
somewhat higher accuracies (Tabs. 3 and 5, Figs. 6 and 14) but with much higher
costs and demanding logistics than the SfM-MVS approach. However, the SfM-MVS
method has the potential to provide a significantly higher spatial resolution (Debella-
Gilo and Kaab, 2011; Piermattei et al., 2015) and temporal resolution due to its
significantly lower costs. Moreover, the photogrammetric reconstructions still have
room for improvement, as demonstrated by the better results achieved from the 2014
survey of the glacier area compared to those from 2013. This improvement resulted

from a higher number of photographs and improved camera network geometry.
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Many of the limitations described above can be overcome by introducing
modifications to the terrestrial photogrammetric survey strategy. For the rock glacier
survey, shorter baselines are recommended to ensure greater spatial coverage, high
image similarity and good matching performance (Wenzel et al., 2013). GCPs, for
example, could be placed on the surface of the glaciers and rock glaciers to reduce
the model distortions (Bemis et al., 2014) and generate surveys with much higher
accuracies via, for example, the use of d@ (Dall’Asta et al., 2015).

The use of UAVs could solve the problem of excessive camera-object distances and
the issue of missing areas due to inaccessibility. However, these alternatives imply
increased costs, more troublesome logistics, greater expertise, and ultimately longer
survey times. In addition, they also require directly accessing unsafe or difficult to
reach areas, both to place targets and to move UAVs among study areas that exceed
their operational range (Buhler et al., 2014). Therefore, the best balance must be
found between simplicity, safety, costs and accuracy for each photogrammetric
application based on the final objectives and on the available human and economic

resources.

6. Conclusions

In this paper, we investigated the applicability of the SfM-MVS approach for
monitoring glacial and periglacial processes in a catchment of the Ortles-Cevedale
Group (Eastern Italian Alps), validating our results using ALS DEMs as benchmarks.
The ground surveys were conducted on foot and were intentionally planned to be as
quick and easy as possible. The 2.1 km? La Mare Glacier and the neighbouring
AVDM3 Rock Glacier were surveyed in one day using only a consumer-grade SLR
camera without the setup of artificial targets.

The accuracy of the photogrammetric DEMs, evaluated as the mean and standard
deviation of the elevation difference in a stable area between the SfM-MVS DEM and
the reference ALS DEM, was -0.42 m + 1.72 m and 0.03 m £ 0.74 m for the 2013 and
2014 surveys, respectively. The STM-MVS DEM accuracy of the reconstructed rock
glacier surface acquired in 2014 was estimated to be 0.02 m £ 0.17 m.

The SfM-MVS geodetic mass balance estimates for the La Mare Glacier were in
good agreement with the calculations from the contemporary ALS data and with the

results of the direct glaciological method, confirming a positive mass balance of
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approximately 0.9 m w.e. in the 2013-14 hydrological year. In the rock glacier, the
survey produced a good spatial coverage of the photogrammetric DEM and a reI@e
calculation of the multi-year surface changes and displacement rates. For rock
glacier applications, particularly for slow-mowing ones such as AVDM3, single-year
assessments of elevation change and surface velocities require the setup of artificial
targets and GCPs to obtain the accuracy required to detect such slow processes.

The simplicity of the ground surveys and the physical characteristics of the analysed
alpine terrain were the main factors influencing the tested approach. In particular, we
refer to the use of natural targets as GCPs, the occurrence of shadowed areas and
lighting changes during the surveys, the presence of fresh snow in the upper part of
the glacier (which reduced the contrast), and the sub-optimal camera network
geometry and long camera-object distances imposed by the morphology and
accessibility of the study area. In consideration of the factors that spatially control the
accuracy of the SfM-MVS DEMSs, there remains room for significant improvements,
e.g., using aerial platform and/or placing artificial targets surveyed by dGPS. Further
research is therefore needed to i) find technical solutions to overcome the major
limitations of the SfIM-MVS approach in such remote areas and ii) achieve the optimal
balance between the simplicity and low cost of this approach and the accuracy

required for each specific application.
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Table 1. Date and main parameters of available LIDAR data.

: Laser Laser Max. Scan Point density
Date Aircraft -
scanner model scanner rate scan angle frequency  [pts-m™]
24 Sept.  Elicopter Optech ALTM o
2014 AS350 B3 GEMINI (04SEN164) 00 KHZ 46 34 Hz 51
22 Sept. Cessna 404 0
2013 D-IDOS ALTM 3100 70,000 Hz +25 32 Hz 0.9

17 Sept. B @ B B B 05

2003

Table 2. Data acquisition settings and processing

deviation of J@registration is reported in the table.

results of the photogrammetric
surveys for both case studies. The GCPs error is the average transformation
residuals error [m] and root mean square reprojection error for the GCPs [pix] during
the bundle adjustment computation. The image quality represents-the downsized of
the images resolution during the dense matching computation. “Ultra high” means full
resolution, “High” a downsized of 50% before the image matching processing. The
ground sample distance (GSD) is the average pixel size on the ground. The standard

La Mare glacier

Rock glacier

4 September 2013 27 September 2014 27 September 2014

Input data

Camera type
Focal Length
Image size
N° Images

Processing data

Reprojection error
GCPs error
Image quality
Mean GSD
Dense point cloud
Point density

Post-processing data

Filtered point cloud
/subsampled
Point density
ICP transformation

Nikon 600D
25 mm
5184 x 3456 pix
37

0.43 pix (1.76 max)
1.52m 1.48 pix
Ultra high
0.16 m/pix
49,844,094 pts
37 pts m=2

15,617,342 pts
(sampled 0.20 m)
8 pts m2
0.14 m

Nikon 600D
35 mm
5184 x 3456 pix
177

0.40 pix (3.75 max)
1.14m 1.96 pix
High
0.22 m/pix
55,114,074 pts
20 pts m-2

24,226,221 pts
(sampled 0.20 m)
9 pts m2
0.15m

Canon 5D Mark Il
28 mm
5760 x 3840 pix
198

0.38 pix (1.20 max)

0.62m 1.86 pix
High
0.064 m/pix
56,171,705 pts
244 pts m2

4,517,143 pts
(sampled 0.10 m)
21 pts m-
0.10 m
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@)Ie 3. Results of gomparisons between SfM-MVS-based DEMs vs—ALS-based

DEMs in the common area and-for the bare-ground stable area and glacier,

Elevation differences [m] cell size 1 m x 1m
Common SfM-MVS bare-ground area Common SfM-MVS glacier area

DEMs

Min Max Mean o Min Max Mean o
Sf';"(;'l"?}’s - ALS 2013 -19.59 33.61 -0.42 1.72 -9.91 12.04 -0.13 0.78
Sfl\zﬂc-)ll/lils - ALS 2014 -18.48 22.42 0.03 0.74 -18.17 11.41 0.23 0.65
SfM-MVS - SfM-MVS
2014 2013 -33.12 14.19 0.38 1.73 -12.44 12.33 1.58 1.42
ALS 2014 - ALS 2013 -15.38 10.81 -0.09 0.29 -1461 7.37 1.30 0.97

Table 4. Mass balance calculations on La Mare Glaciers-using different combinations
of SfTM-MVS and ALS DEMs.

Mass balance estimation

Spatial Average elevation  Volume change Mass balanc
DEMs 3
cell size 10 m coverage changes [m] [m?] [m w.elC D
[m?] Raw Corrected Raw Corrected Raw Corrected

StM-MVS SfM-MVS
2014 2013  1.834.800 181 145 3,320,988 2,660,460 1.09 0.87

ALS 2014 - ALS 2013 (~88%) 1.47 1.56 2,697,156 2,862,288  0.88 0.94

SM-MVS Al s 2013 164 170 3179468 3295790 098  1.02
2014 1,938,700

ALS 2014 - ALS 2013 (~93%) 1.41 150 2,733,567 2,908,050 0.85 0.90
2,072,700

ALS 2014 - ALS 2013 (entire 1.43 152 2,963,961 3,150,504 0.86 0.91
glacier)
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Table 5. Statistics of elevation changes in the rock glacier and in bare ground stable

area offrock glacier from September 2014 to September 2013 and September 2003

in the ALS reconstructed area and in the common ALS and SfM-MVS coverage area.

Elevation changes [m]

ALS Reconstructed area

SfM-MVS Reconstructed area

Data, Stable area Rock glacier Stable area Rock glacier
Mean o Mean o Mean g Mean g
SfM-MVS ALS
2014 © 2014 — — — — 0.05 0.31 0.02 0.17
SfM-MV'S ALS
2014 " 2013 — — — — 0.01 0.33 -0.04 0.18
ALS
ALS 2014 - 2013 -0.05 -0.07 0.12 -0.05 0.20 -0.07 0.12
SfM-MVS ALS
2014 "~ 2003 — — — — 0.06 0.33 -0.16 0.49
ALS 0.2
ALS 2014 - 2003 -0.01 > -0.18 0.46 -0.00 0.21 -0.18 0.47
ALS 0.2
ALS 2013 - 2003 0.04 1 -0.11 0.41 — — — —

Table 6. Velocity statistics in three distinct areas of the rock glacier and in stable area

outside the rock glacier evaluated comparing the 2003 and 2014 ALS DEMs and the

photogrammetric DEM for the 2014 survey epoch.

Horizontal movements between 2003 and 2014 [cm yr 7]

ALS 2003 - ALS 2014

ALS 2003 - SfM-MVS 2014

No. points  Min Max  Mean o No. points ~ Min Max Mean o©
Area 1 41 7.3 433 26.8 8.9 36 6.8 475 26.3 10.3
Area 2 13 44 274 189 7.0 11 9.0 279 181 6.4
Area 3 26 45 16.5 9.4 4.0 24 4.5 18.2 9.0 41
Off rock 65 0.0 10.7 3.6 3.1 23 0.0 13.6 53 42
glacier
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I:] La Mare glacier
’:] Rock glacier

Figure 1. Geographic setting of study areas. Panorama view of the La Mare Glacier
from the same camera position on 4 September 2013 and 27 September 2014. The
lower right photograph shows the front of the meridional lobe of the AVDM3 Rock

Glacier, which was surveyed on 27 September 2014.
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@ Ground Control Points La Mare glacier I:I Rock glacier :l Snow 2014 i// Active areas off rock glacier
Figure 2. ALS shade DEMs of la Mare glacier acquired on (a) September 24, 2014

and (b) September 21, 2013. The ALS DEMs of rock glacier acquired on (c) 2014,
(d) 2013 and (e) 2003.The red dots represent the selected GCPs in 2013 DEM used

i, the photogrammetric approach. The snow accumulation areas and

geomorphologically-active areas outside the rock glacier were excluded during the
ICP computation between 2013 and 2003, 2014 ALS point cloud.

Figure 3. Orthophoto-images-of SfM-MVS 3D model of La Mare glacier surveyed on
(a) 4 September 2013 and (b) 27 September 2014. The white areas in the ortho-
images represent the snow-covered area in the rock stable area. The red dots
outside the glacier area are the GCPs and the triangles jdentified the camera
locations.
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Ground photo acquisition
(RAW format)

Photo editing
and TIFF conversion

Mask not stationary
objects in the images

GCPs
identifications

SfM (pre-calibrated camera)
sparse point cloud

MVS
dense point cloud

PhotoScan Pro

Filter of noise

Mesh generation/
Export Ortho-photo

3 Additional filtering
of noise

l Sub sampled point cloud |

ICP (ALS 2013
point cloud as reference)

4 E generation |
783

784  Figure 4. Workflow illustrating the photo-based 3D reconstruction process used in

785  this work for both case studies, starting from images collection to DEM generation.
786

787 1 Lamare glacier ® GCPs A Camera position survey 2013 A\ Camera position survey 2014

788 Figure 5. Hillshaded DEMs pf La Mare glacier derived from photogrammetric
789 measurements on (a) 4 September 2013 and (b) 27 September 2014,

790
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Figure 6. Spatial distribution of elevation differences between photogrammetric and
ALS-based DEMs o1 (a) 2013 and (b) 2014,
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I@Jre 7. Cross sections through the La Mare glacier DEMs show the glacier
elevation change and the difference between 2013 and 2014 in SfM-MVS and ALS-
based DEMs. The location of (a) the profile 1 and (b) profile 2 is indicated in Fig. 6.
The x-axis zero has been fixed at the first camera position of the 2014 survey and the
minimum and maximum values of the z-difference set to + 3 m and both profiles and
the camera positions were projected onto the xz-plan.

30


Susan
Cross-Out

Susan
Inserted Text
for

Susan
Inserted Text
Black lines are the location of profiles in Fig. 7.

Susan
Cross-Out

Susan
Sticky Note
what do th e shaded areas mean on the graphs? Say in the caption

Susan
Inserted Text
i


801
802

803
804
805

806
807

808
809
810
811
812
813
814
815

816

()
x
RS
o
ES
(o
x
20
o
ES

T T T T T Counlt T T i = 70 T T T T T CounIt T T ] 70
6 Mean (glacier) -=- 1 60 6 Mean (bare ground) -=- 4 60
4k Mean Abs (glacier) % 4k Mean Abs (bare ground) X ¥

- 50 - 50
E2r g B IS
N -2 | 1309 N2t 1300

-4 - -~ 20 4 - 20

6 [ -~ 10 6 - 10

-8 b1 1 1 1 1 1 1 1 1 0 -8 b 1 1 1 1 1 1 1 I 1T 0

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 0-10 10-2020-30 30-40 40-50 50-60 60-70 70-80 80-90
Slope [] Slope []

Figure 8. Mean, mean of the absolute values and standard deviation of the 2014
DoD between SfM-MVS and ALS-based DEM depending on slope calculated (a) in
the glacier area and (b) in the bare ground outside glacier covered by rock. The grey

bars show the count of cells at any given slope (y-axis on the right).
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Figure 9. Mean incidence angles between five cameras positions and vectors normal
to the surface and viewshed analysis. (a) Map of the mean incidence angle
calculated for five representative camera positions; (b) the scatterplot of the elevation
difference and the mean incidence angle for the five camera positions; (c) mean with
one standard deviation ¥y bars and mean of the absolute value of elevation
differences for the mean incidence angle intervals calculated for 5 selected camera;
(d) map of the yiewshed reconstructed-area-visible from all camerg; (e) mean with
one standard deviation ¥ bars and mean of the absolute value of elevation

differences for the viewshed reconstructed area,
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Figure 10. Mean and standard deviation of the 2014 DoD between SfM-MVS and
ALS-based DEM depending on depth caleulated (a) jin the glacier area and (b) in the

bare ground outside glacier covered by rock. The trend of the average slope angle

for depth intervals is shown on the right y-axis. (¢) Comparison of 0z measured jn the

glacier reconstructed area, the theoretical depth accuracy estimated according to the
Eq. (1) and the GSD multiplied fex, the GCPs RMSE for the depth intervals.
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Figure 11. Elevation difference between the 2014 SfM-MVS and ALS-based DEMs

calculated for different substrata. The figure shows (a) the mean and standard

deviation of z-difference for four substrata (debris, ice, firn, and snow) grouped by

distance from camera position; (b) the box plot of the z-difference for four substrata.

In the box-whisker plot, values which exceed 1.5 * IQR were considered outliers. In

panel (c) the orthophoto of the glacier on 27 September 2014 and map of substrata.
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model and (a) camera-object distance, (b) elevation and (c) slope calculated for the
glacier and rock stable area outside glacier. The point density was estimated using
the filtered and subsampled point cloud.
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13. Correspondence between (a) the orthophoto of SfTM-MVS 3D model of

Figure
rock glacier surveyed on 27 September 2014 and (b) the hillshade model of rock

glacier model calculated at the same data and-hourof the images—acquisition. The
holes in the DEM represent noet reconstructed area,
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Figure 15. Mean, mean of the absolute values and standard deviation of elevation
differences between 2014 SfM-MVS and ALS-based DEMSs calculated for the slope
interval (a) jn the rock glacier reconstructed-area and (b) in the bare ground outside

the rock glacier.
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Figure 16. Elevation differences between 2014 SfM-MVS and ALS-based DEMs
calculated for the hillshade jnterval (a) in the rock glacier reconstructed area and (b)

in the bare ground outside the rock glacier. Lowest values represent shadowed area
whilst lighted, areas present the highest values.
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Figure 17. Spatial distribution of elevation changes between (a) SfM-MVS 2014 and
SfM-MVS 2013 DEMs (b) SfM-MVS 2014 and ALS 2013 over the area of the glacier
with common coverage and (c) ALS 2014 and ALS 2013 over the entire glacier.
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Figure 18. Area-altitude distribution and surface elevation change with standard
deviation for the glaciological year 2014/2013 displayed for altitudinal bands with 50
m interval. The elevation change were calculated between (a) SfM-MVS DEMs of
2013 and 2014 in the 2013 photogrammetric reconstructed area; (b) SfTM-MVS DEMs
14 and ALS DEM of 2014 in the 2014 photogrammetric reconstructed area; (c)
ALS DEMs of 2013 and 2014 of the entire glacier. The photogrammetric results were

compared with the corresponding ALS result calculated in the same area.
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873 Figure 19. Spatial distribution of elevation changes from September 2014 to

874  September 2013 and September 2003 between the DEMs derived from SfM-MVS
875 and ALS.
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877  Figure 20. Displacement vectors of the rock glacier between 2003 and 2014

878 computed by a manual identification of natural features visible in the shaded DEMs
879 generated by (a) ALS for both survey epochs and by (b) ALS and photogrammetry
880 for 2003 and 2014 survey, respectively.
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