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Abstract The application of Structure-from-Motion (SfM) Photogrammetry with
ground-based and UAV camera stations may be exploited for modelling the
topographic surface of Alpine glaciers. Multi-temporal repeated surveys lead to
geometric models that may be applied to analyze the glacier retreat under global
warming conditions. Thanks to the integration of point clouds obtained from
ground-based and UAV imaging platforms, a complete 3D reconstruction also
including vertical and sub-vertical surfaces may be achieved. These 3D models may
be also exploited to understand the precursory signals of local collapse that might
represent a risk for tourists and hikers visiting glaciers. In this paper a review on the
application of SfM Photogrammetry in the field of glaciological studies is reported.
The case of Forni Glacier in the Italian Alps is presented as emblematic study.
Photogrammetric data sets obtained from measurement campaigns carried out in
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2014, 2016, 2017 and 2018 have been processed using a common workflow.
Attention is paid to a few crucial aspects, such as image orientation and calibration,
dense surface matching, georeferencing and data fusion. In the end, the use of
output point clouds to evaluate the risk of collapse in the Forni Glacier is addressed.

1 Introduction

Global warming has resulted in severe and diffuse melting processes in the cryo-
sphere (Kerr 2012). Alpine glaciers may be considered as the most vulnerable areas
that have shown the most evident effects (Gobiet et al. 2014). By comparing the
extension of continental glaciers during the last one hundred years, the glacier
retreat is generally impressive. In addition, local collapsing processes have affected
the terminus areas of several Alpine glaciers, very often with a very fast dynamics
that led to the quick loss of important ice volumes. In the case of glaciers that are
visited by tourists and mountain hikers, these local phenomena may have severe
consequences on humans (Carey et al. 2015).

As thoroughly discussed in (Fugazza et al. 2018), cryospheric hazards include
ice-avalanches from hanging glaciers (see Fig. 1), detachment of seracs, debris
flows caused by the mobilization of accumulated loose sediments, water outburst
that might originate from the breaching of moraines, ice-dammed lakes or col-
lapsing englacial/subglacial systems. These processes are in general directly or
indirectly accelerated under climate change forcing. In the former case, the
development of proglacial moraine-dammed lakes or ice avalanches can be
accounted for (see, e.g., Gobiet et al. 2014). In the latter, the retreat of permafrost

Fig. 1 Example of an ice avalanche from a hanging section of a glacier captured by the authors on
Forni Glacier, Rhaetian Alps (see Sect. 3)
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and glaciers may result in slope instability and in different types of landslides (see,
e.g., Fey et al. 2017; Albers et al. 2017).

Moreover, glacier downwasting may affect water resources (Kääb et al. 2005b)
with consequences on the local agriculture, industry and economy. The increase of
glacier-related risk may have a negative influence on the tourism industry (Palomo
2017). In Fig. 2, some significant photos depicting typical risk situations that are
becoming more and more frequent in places that may be easily reached by tourists
and hikers are reported. These images also highlight the lack of awareness of some
people visiting glacier and periglacial areas, who are not able to understand the
potential risk and to maintain adequate safety measures.

Understanding under where and when a local collapse in the ice bulk may
happen is not a trivial task. On one side, the direct inspection by experts who have
experience of those collapsing processes in a specific region is the most valuable
method to recognize the precursory signals of forthcoming collapses. On the other
hand, the local reconnaissance is not always possible. Different types of sensing
technologies may contribute to understand the evolution of local collapses, even
though they cannot be used to establish an autonomous decision support system.
The judgement by experts is always required. However, observations could help to

Fig. 2 Two dangerous
situations for people
(including kids) visiting a
glacier. In both cases, a
sudden collapse of the ice
vault or surface would involve
human beings in the area
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obtain a complete picture of the local conditions, including digital surface models
(DSM) from photogrammetric and laser scanning techniques, ice-penetrating data,
rheological and weather records, and measurement of sub-glacial water flow. In
particular, the integration of surface and subsurface surveying and inspections is
expected to provide a better support to the hydraulic and structural modelling, as
already achieved in other fields of the Geosciences, see Longoni et al. (2012).

Among different types of observations from Remote Sensing (Rutzinger et al.
2018), DSM’s play a paramount role because they help evaluate glacier thickness
and volume variation, and to identify those areas where geomorphological and
dynamical changes are expected (Kääb et al. 2005a). Provided that images at
sufficient ground sample distance (GSD) are available, these may help the recog-
nition of those typical hints of potential collapses, such as circular crevasses,
sub-vertical ice walls, thin ice vaults and the like. The necessary GSD prevents the
use of medium-resolution satellite images (e.g., ASTER, Landsat and Sentinel
series), which are suitable for regional-scale mapping. Some authors have
demonstrated that HR/VHR (high-resolution/very high-resolution) imagery may be
exploited for investigating the majority of cryospheric hazards, see Kääb et al.
(2005b) and Quincey et al. (2005). On the other hand, the analyses at the scale of
single glaciers require higher resolution than the one that may be obtained only
from specific airborne or ground missions employing Photogrammetry
(image-based) or Laser Scanning (range-based). In addition, HR/VHR images may
suffer from cloud cover and bad atmospheric conditions, that may result in diffi-
culties in retrieval of suitable data sets.

It’s out of the scope of this article to focus on pros vs contras of Photogrammetry
(Luhmann et al. 2013) and Laser Scanning (Heritage 2009), which also depend on
the specific application, see Chandler and Buckley (2016) and O’Banion et al.
(2018). Photogrammetry, with the development of easy and accurate self-calibration
techniques (Luhmann et al. 2016), Structure-from-Motion (SfM) for automatic
image orientation (Barazzetti et al. 2009) and dense surface matching (Remondino
et al. 2014) for detailed 3D reconstruction, has demonstrated to be a successful
technique to be widely applied in the Geosciences (Eltner et al. 2016), among which
high-mountain research (Remondino et al. 2014) and Glaciology (Piermattei et al.
2015, 2016). Nowadays, the term SfM Photogrammetry has become a synonym of
the full automatic process leading to object reconstruction, not only limited to the
orientation stage as in its origin (Hartley and Zisserman 2003).

A further help to the diffusion of SfM Photogrammetry has been the develop-
ment of small UAV (Unmanned Aerial Vehicles or drones, see Sect. 2) for data
acquisition (Santangelo et al. 2018). Regardless of the platform for image acqui-
sition, ground-based or UAV Photogrammetry is quite flexible and does not call for
the use of heavy equipment such in the case long/very-long range terrestrial laser
scanners are used (see Fig. 3).

In the next Sect. 2, a review of the state-of-the-art of SfM Photogrammetry for
application to glaciers is reported. In the following Sect. 3, a case study where the
application of this technique has been carried to the study of changes of a glacier
and to analyze the possible risks related to downwasting is presented and discussed.
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2 SfM/UAV Photogrammetry in Glacier Studies

As already highlighted in Sect. 1, SfM Photogrammetry (Westoby et al. 2012;
Granshaw 2018b) has given new popularity to the image-based reconstruction
techniques after a period when Terrestrial Laser Scanning (TLS) seemed to become
the main approach for 3D surface reconstruction. This success has been also sup-
ported by a large development of the applications in the domain of Geosciences, as
widely reviewed in Eltner et al. (2016) and, recently, in O’Banion et al. (2018). But
it is the combination of SfM and UAV’s—also often referred to with many other
acronyms, see the interesting discussion in Granshaw (2018a)—that transformed
the photogrammetric technique in a competitive approach with respect to TLS for
3D reconstruction in the mountain environment (Ryan et al. 2015) and to face with
emergency surveying during geohazards (Giordan et al. 2018). In addition to the
lower cost, the SfM and UAV coupling allows to overcome the problems of
occlusions and may simplify data acquisition in complex terrains as well, see
Chandler and Buckley (2016). The road map to this success has been completed by
the availability of several software packages implementing SfM in a user-friendly
environment while keeping low-cost or also the availability of software from the
open source community (Gonzalez-Aguilera et al. 2018).

Beyond the abovementioned reviews, different technical aspects about the use of
integrated SfM/UAV Photogrammetry in Geosciences can be found in the litera-
ture: problems related to camera set up (Mosbrucker et al. 2017; O’Connor et al.
2017), mission planning (Pepe et al. 2018), direct georeferencing (Carbonneau and
Dietrich 2017; Dall’Asta et al. 2017), evaluation of the accuracy using a theoretical
framework (James et al. 2017) or an empirical approach (O’Banion et al. 2018),
analysis of multi-temporal surveying reproducibility (Clapuyt et al. 2016).

In the field of glaciological studies, the potential of SfM/UAV Photogrammetry
is documented in several applications. Glaciers in different areas of the Earth could
be mapped, such as Svalbard Glaciers (Norway—Solbø and Storvold 2013),
Fountain Glacier in Bylot Island (Canada—Whitehead et al. 2013), Forni Glacier in
Raethian Alps (Italy—Fugazza et al. 2015, 2018), debris-covered Lirung glacier
(Himalaya, Nepal—Immerzeel et al. 2014), calving dynamics at Store Glacier

Fig. 3 TLS acquisition at
Forni Glacier (Raethian Alps,
Italy) based on a long-range
terrestrial laser scanner Riegl
LMS-Z420i. Even though
modern long-range and very
long-range TLS have a
smaller size and weight, they
are still difficult to be carried
and operated in
high-mountain environment
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(Greenland—Ryan et al. 2015), ice cliffs at Kilimanjaro Mount (Kenya—Winkler
et al. 2012), and Gran Sommetta Glacier in Aosta Valley (Italy—Dall’Asta et al.
2017). The same approach may be used for mapping periglacial areas or moraines,
as described in Tonkin et al. (2014), or to measure snow depth (Bühler et al. 2015).
UAV’s may be used also to operate other types of remote sensing techniques, as
discussed in Bhardwaj et al. (2016). In Kraaijenbrink et al. (2016) the emphasis is
given to the application of object-based image analysis (OBIA) obtained from SfM/
UAV Photogrammetry to map and characterize surface features (ponds, ice cliffs)
on Langtang debris-covered glacier in Nepal.

For some applications the individual use of SfM Photogrammetry from ground-
based stations may suffice to obtain the reconstruction of the glacier surface. This
especially holds in the case of small glaciers (Piermattei et al. 2015, 2016) and where
the local topography allows to set up a suitable network geometry from the ground
(Gómez-Gutiérrez et al. 2014, 2015). In Fugazza et al. (2018) the integration of
UAV/SfM and ground-based SfM Photogrammetry has been carried out to obtain a
more complete 3D reconstruction of an Alpine glacier, as also shown in next Sect. 3.

3 A Case Study: The Forni Glacier in Raethian Alps, Italy

3.1 Case Study Presentation

A typical case where a rapid retreat is occurring with the development of local
collapse processes in the ice-tongue terminus is given by the Forni Glacier, which
is located in the Raethian Alps within the Ortles Cevedale mountain group. The
glacier is included in the National Stelvio Park (Northern Italy). It is one of the
major valley glaciers in the Italian Alps, which is currently suffering from intense
ablation processes. The latest Italian Glacier Inventory (Smiraglia et al. 2015)
reported the total glacier area as 11.34 km2, an altitudinal range between 2501 and
3673 m a.s.l., and a North-North-Westerly aspect. Since this inventory was based
on 2007 data, the successive separation of the multiple ice tongues, the loss of ice
bulk at global level and the retreat resulted in a reduction of the reported extension.
These are progressive processes that have been active in the latest decades but
recently they have been showing a rapid acceleration. Just to give an idea of the
magnitude of the retreat process, during the Little Ice Age (LIA), which approxi-
mately extended between 1500 and 1850 A.D., Forni Glacier spanned over an area
of 17.80 km2 (Diolaiuti and Smiraglia 2010). On the other hand, some sectors of
the lower part of glacier’s main tongue are undergoing a local disruption process
entailing first the formation of circular crevasses, to be followed by their collapse
and the formation of large exposures of bedrock, see Fig. 4.

Other similar processes are documented in the literature (Albers et al. 2017).
Such local processes are quite fast to develop: from their preliminary events to the
full ice collapse the process may take less than one year. Monitoring the ice
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degradation process from a quantitative and qualitative point-of-view is of great
importance to understand the related dynamics and to apply rigorous numerical
models. While the analysis of archive maps, medium resolution satellite images and
digital elevation models (DEM) may provide an overview of the long-term pro-
cesses, as shown in Fig. 4, the application of close-range sensing techniques
(Remondino et al. 2014) from ground-based and UAV stations offers the
unprecedented opportunity to operate a 4D reconstruction of the glacier geometry at

Fig. 4 Examples of local
collapses in the terminus area
of Forni Glacier. From top to
bottom: collapse of circular
crevasses in 2016; the same
process on the opposite side
of the ice tongue in the end of
Summer 2017 (after
formation) and one year after
(August 2018); the remaining
right part of the glacier front
after the creation of the
discontinuity shown above
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both global and local levels. Recent research on this glacier can be found in
Fugazza et al. (2015, 2016, 2018).

In the latest years, the melting process at Forni Glacier has resulted in the
formation of some circular deep crevasses on the surface of the terminal ice tongue.
Due to the contemporary erosion of subglacial water, large areas have collapsed
resulting in the formation of huge craters in the ice tongue, see Fig. 4. The event
occurred at the end of Summer 2017 (see Figs. 4 and 5) partially interrupted the
active ice flow on the right hydrographic flank of the terminus, speeding up the
melting process of this portion of the glacier.

In Fig. 5 a series of medium resolution satellite images (Sentinel 2A/2B) over
the area of Forni Glacier has been used to provide an overview of the evolution of
the retreat in the period that is considered here. Despite of the quite large GSD
(10 m), these images allow to understand the formation and development of the
local collapses close to the terminus of the glacier tongue.

In order to carry out a detailed analysis of the dynamic development of this
glacier, the authors have decided to start some observation campaigns during the
summer period, when the glacier is easier to be accessed and the melting process
reaches its fastest rate. Missions using drones have been operated in 2014, 2016,
2017 and 2018. Starting in 2016, close-range photogrammetric surveys were
accomplished from ground stations, in order to integrate some better views of
vertical and subvertical facies that cannot be completely seen from vertical photos
captured by drones. As reported in Fugazza et al. (2018) a comparative study
between long-range TLS, UAV and terrestrial photogrammetry, was operated
during the 2016 campaign. The results published there demonstrated that the
integration of photogrammetry from both platforms may lead to adequate results for
the purpose of this study, avoiding the necessity of using a TLS for the study of the
ice tongue area. The DEM’s derived from the interpolation of point clouds could be
used for analyzing the rate of glacier retreat, the ice volume thickening and the
consequent loss of water equivalent volume. The point clouds could be exploited
for a better detection of the collapsed areas and to locate those regions where new
forthcoming failures may be predicted.

In the next subsections, some aspects related to photogrammetric data acquisi-
tion at Forni Glacier case study are reported and discussed.

3.2 Photogrammetric Data Acquisition

3.2.1 UAV Missions

Four UAV missions covering the glacier terminus were operated from 2014 to date.
The main technical features of these missions are reported in Table 1. The first
survey covered both the terminus of the central and eastern ablation tongue of the
glacier (see Fugazza et al. 2015). It was flown on 28th August 2014 using a
SenseFly SwingletCam fixed wing aircraft at a relative flying height of

246 M. Scaioni et al.



18/07/2016 06/09/2016 26/06/2017

16/07/2017 02/08/2017 05/08/2017

15/02/2017 30/08/2017 14/10/2017

01/07/2018 27/08/2018 09/09/2018

Fig. 5 Patches from Sentinel 2A/2B medium resolution satellite images (GSD = 10 m) depicting
the dynamical evolution of the Forni Glacier’s tongue from summer 2016 to summer 2018
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approximately 380 m above the average glacier surface. The resulting average GSD
was 12 cm. No ground control points (GCP’s) were deployed during this flight.
The only information available for absolute georeferencing were the 291
camera-pose locations obtained from the onboard navigation-grade GNSS (Global
Navigation Satellite System) sensor. The uncertainty of this type of positioning
could be estimated in the order of ±2 m.

The second flight was operated across two days (30th August and 1st September
2016), see Fugazza et al. (2018). The drone employed in this mission was a cus-
tomized quadcopter, flown at a low relative altitude of 50 m with respect to the
topographic surface (average GSD = 6 cm). Eight GCP’s were deployed on the
glacier terminus and in the periglacial area in front of it. GCP coordinates were
measured by using a GNSS/RTK (Real-Time Kinematic) sensor.

The third flight was operated on 25th October 2017 in order to reconstruct the
glacier topography after the collapse occurred at the end of summer, see Fig. 4. The
drone employed in this mission was a customized quadcopter. A GSD = 5 cm was
achieved. A set of 5 GCP’s measured using GNSS/RTK were used for georefer-
encing. The RMSE (Root Mean Square Error) on these residuals was evaluated as
7 cm.

A fourth flight was carried out during August 2018, but at the moment of writing
the processing has not been completed yet.

3.2.2 Terrestrial Photogrammetric Campaigns

Three photogrammetric campaigns using digital cameras for the acquisition of
images from ground-based stations around the glacier tongue have been accom-
plished up until today. The main characteristics of these blocks are shown in
Table 2, while the locations of camera stations are illustrated in Fig. 6.

Table 1 Main technical features of UAV mission at Forni Glacier from 2014–2018

UAV
platform
type

Time UAV model Camera model Sensor size
(pixels/mm)

Focal
length
(mm)

Avg.
GSD
(cm)

#
GCP’s

Fixed wing 08/2014 SwingletCam
(SenseFly)

Canon IXUS 127
HS

4608 � 3456
6.16 � 4.62

4.3 12 0

Multicopter 08/2016 Customized
quadcopter

Canon
PowerShot ELPH
320 HS

4608 � 3456
6.16 � 4.62

4.3 6 8

Multicopter 10/2017 Customized
quadcopter

Canon
PowerShot ELPH
320 HS

4608 � 3456
6.16 � 4.62

4.3 5 5

Multicopter 08/2018 Customized
quadcopter

Canon
PowerShot ELPH
320 HS

4608 � 3456
6.16 � 4.62

4.3 6 6
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The first block was captured concurrently to the 2016 UAV mission. A block of
134 images captured using an SLR (single lens reflex) camera Nikon D700
equipped with 50 mm lens was obtained to cover the glacier terminus including the
rock flanks, a part of the periglacial area, and the ending part of the central moraine
over the main glacier tongue. The criterion applied for establishing the camera
stations was to explore as many positions as possible from which the targeted
region could be observed from multiple, redundant viewpoints. In particular, to
optimize the SfM process for automatic image orientation, an attempt to find a
trade-off between long baselines with convergent images (providing a better geo-
metric intersection of corresponding rays) and short-baselines with parallel images
(helping the image-matching process adopted for image orientation and surface
reconstruction), see Wenzel et al. (2013). Seven natural features were selected as
GCP’s on the glacier front for georeferencing of terrestrial block. Their coordinates
in the mapping reference frame were measured using a theodolite equipped with a
reflector-less rangefinder. The position and heading of the theodolite stations in the
geodetic reference frame was found using GNSS/RTK.

During September 2017, a new photogrammetric survey from ground-based
stations was repeated after the impressive collapse shown in Fig. 4. A Nikon D700
camera equipped with 35 mm lens was adopted in such a case with the purpose of
shortening the acquisition distance. This solution was necessary because of the
geometric constraints imposed by the new collapse. Due to some technical prob-
lems, no measurements for absolute georeferencing could be obtained from this
campaign.

The third available photogrammetric survey was operated at the beginning of
August 2018. In such a case, the same SLR camera Nikon D700 equipped with a
50 mm lens was used. The location of a subset of camera stations were measured
using GNSS/RTK to establish the ground reference datum. Additionally, a few rock
features were also measured by GNSS/RTK to be recognized in photos and used as
standard GCP’s.

3.3 Photogrammetric Data Processing

The processing of all photogrammetric blocks from either terrestrial or UAV
imaging platforms has been carried out by applying the same processing workflow.

Table 2 Main technical features of terrestrial photogrammetric blocks captured at Forni Glacier
from 2016–2018 (CST = camera stations)

Time Camera model Sensor size (pixels/mm) Focal length (mm) #GCP’s

08/2016 Nikon D700 4256 � 2823/36 � 24 50 7

09/2017 Nikon D700 4256 � 2823/36 � 24 35 0

08/2018 Nikon D700 4256 � 2823/36 � 24 50 3 + 28 CST’s
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Fig. 6 Camera stations (blue rectangles) after exterior orientation of terrestrial photogrammetric
networks accomplished in 2016 (at the top), in 2017 (in the middle), and in 2018 (at the bottom)
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Each block has been independently processed. Agisoft Photoscan® Professional
ver. 1.4.0 (in the following referred to as “APP”—www.agisoft.com) has been used
for photogrammetry processing based on SfM and dense matching. The fusion of
data sets captured at the same epoch has been carried out on the final point clouds in
CloudCompare environment (www.cloudcompare.org). More details about the
different processing stages are described in the following paragraphs. In Table 3,
some basic properties of different processing steps adopted with these blocks are
reported.

3.3.1 Sensors Calibration and Orientation

First, tie points (TP’s—Hartmann et al. 2016) have been extracted and matched
using feature-based matching (FBM—Barazzetti et al. 2009). In Fig. 7, a typical
distribution of feature points extracted as candidates for the FBM are displayed.
Among these, blue points are those that have been successfully matched in other
images and consequently they may play as TP’s in successive bundle-block
adjustment (BBA). As can be clearly seen, discarded feature points (grey circles)
are mainly located on the background and on the water surfaces. Since TP’s on
these areas are not likely to be selected a mask could be applied to avoid it. On the
other hand, this kind of filtering operation is difficult to automate, and masking
should be manually applied to each photo. To escape this time-consuming opera-
tion, masking has not been considered, but we relied on the sufficient robustness of
the TP set to discard points in unwanted areas. Barring a few exceptions, this
strategy worked well, as shown in the example displayed in Fig. 7.

The BBA implemented in APP provided the exterior orientation (EO) of the
images, the ground coordinates of TP’s, and camera calibration parameters. APP is
able to compute all the approximate values of the unknown parameters needed to

Table 3 Main properties of SfM processing with Agisoft Photoscan (r) Professional of the
photogrammetric blocks captured at Forni Glacier in the period 2014–2018

Imaging
platform
(UAV/
Terrestrial)

Time
(month/
year)

#oriented
photos

Image RMS
residuals
(pix)

Processing
“Accuracy” level

Final point cloud
size (#106 points)

EO Dense
matching

UAV (fixed
wing)

08/2014 86 0.5 High High 55.7

Terrestrial 08/2016 134 0.8 Highest High 27.7

UAV
(multicopter)

08/2016 288 2.0 Highest High 75.1

Terrestrial 09/2017 232 0.4 Highest High 29.5

UAV
(multicopter)

10/2017 161 1.4 Highest High 55.7

Terrestrial 08/2018 291 0.4 Highest High 70.0
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instantiate the BBA, though providing initial values may speed up processing. This
option has been followed in the case of the UAV blocks, since the GNSS onboard
sensors recorded the position of each shot at navigational accuracy (approximately
±2 m). In such a case, GNSS coordinates were used to instantiate the datum for the
initial BBA. In the case of terrestrial blocks, no approximate values were available
to help BBA processing. Anyway, the procedure could automatically derive the
final EO parameters by using an internal strategy based on a preliminary SfM
procedure carried out on subsampled images. Initial EO obtained this way was than
used to instantiate the final processing. APP allows to define the level of accuracy
(see Table 3). In most cases, the highest level has been selected (“Very-high
accuracy”) in order to better define the EO of each block, which may guarantee a
geometric stability to next processing steps. This level corresponds to processing
the images at full resolution.

In the case of UAV blocks (2014, 2016, 2017) all the images could be processed
at the same time, after discarding a few photos with significant shadows or wrong
expositions (e.g., due to clouds). In the case of terrestrial blocks collected in 2016
and 2017, the direct processing of all the images together was not possible.
Consequently, the block from 2016 was initially split into two sub-blocks (referred
to as “chunks” in APP jargon) to be independently oriented. The block from 2017
required the subdivision in four sub-blocks. The standard procedure to join
sub-blocks should be based on the use of a sufficient number of GCP’s (Barazzetti
et al. 2011), solution that could not be applied in such a case. Then sub-blocks were
successfully merged using an automatic function implemented in APP with the
purpose of aligning overlapping “chunks.” A critical analysis of this problem led to
the conclusions that in the case of complex, large blocks, the overlaps between
photos covering surfaces with a different spatial orientation should receive much
attention during data acquisition. Thanks to this lesson learnt, the terrestrial block
surveyed during August 2018 could be entirely oriented in a single step. In previous
papers, some aspects such as the image configuration for the terrestrial blocks have
been discussed, see Corti (2017), Fugazza et al. (2018), Scaioni et al. (2017). In
Fig. 6 the camera poses for the terrestrial blocks are depicted.

Fig. 7 Example of feature
points extracted on one image
from terrestrial block captured
in 2016: blue points represent
TP’s that have been matched
in at least another image; grey
points are features points that
have not been successfully
matched
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3.3.2 Ground Control

In order to make sound comparisons among multi-temporal data sets, an external
datum has been defined per each photogrammetric block. The planimetric datum
adopted for georeferencing all mapping products in this part of Italy is ITRS2000/
UTM 32 N.

Thanks to the measurements of static GNSS baselines with respect to permanent
stations located at a distance inferior to 30 km, the accurate position of one or more
GNSS/RTK master station in ITRS2000/UTM 32 N reference system was found.
From here, differential corrections were broadcasted via radio-link to correct the
position of a rover station used to determine the coordinates of targets to be used as
GCP’s in UAV projects. In other cases, the GNSS/RTK rover was used to measure
directly the camera stations of photogrammetric blocks, or some vertices from
which thodolite measurements could be operated. In the case of terrestrial blocks,
either targets and natural features were used as GCP’s.

Since GNSS processing could provide ellipsoidal elevations, each project nee-
ded to be transformed into orthometric heights. In order to have a standard pro-
cedure for determining local geoid ondulation and due to the limited size of the area
where the glacier terminal tongue spanned over, a unique constant value was
selected. The constant ondulation was computed with the help of the official soft-
ware Verto 3, distributed by the Italian mapping agency (IGMI).

When enough GCP’s were available, these have been directly included in the
BBA implemented in APP to establish the geodetic datum. GCP’s can be included
as weighted pseudo-observations, contributing this way to adjust possible geometric
deformations of the block. In fact, in most SfM software packages, GCP’s are only
used to compute a general 3D similarity transformation to better fit GCP coordi-
nates in object space to corresponding coordinates derived from space intersection.
In general, a limited number (less than ten) GCP’s were available per each project.
Average residuals on GCP’s resulted in the order of few tens of centimetres. These
results are aligned with the ones obtained in similar projects on other glaciers (see,
for example, Piermattei et al. 2015, 2016).

In the case of missing sufficient GCP’s, some alternative procedures were
applied to align a block with respect to another one already georeferenced in
ITRS2000/UTM 32 N. When two blocks collected at the same time (or at short
time gap) had to be oriented, they were first imported into the same APP project as
“chunks.” Then the procedure for merging “chunks” on the basis of FBM was
applied. This was the case, for instance, of the terrestrial block collected in 2017,
for which it was not possible to measure any GCP’s due to the time shortage during
data acquisition campaign. In such a case, the UAV block flown during the same
year was used as reference for co-registration, since in the case of this block a
consistent set of GCP’s was available.

On the other hand, in the case of the co-registration of blocks captured in
different years, the same procedure could not be used because of the impressive
changes of the local surface. Indeed, it is really difficult to find persistent features to
be used for co-registration when a full year has passed: in addition to the ice flow
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and melting, also the periglacial area in front of the glacier may undergo dramatic
changes, while the surface texture may be completely altered due to the action of
atmospheric agents. In such a case, the 3D coordinates of GCP’s can be derived by
spatial intersection from the already oriented images of the block to be used as
reference. These “photogrammetric” GCP’s should be selected in correspondence
of selected features that may be easily recognized at both epochs in stable areas (for
example on the rocks outside the glacier tongue). The number of these GCP’s
should be sufficient to guarantee a stable geometry in the registration process, and to
maintain enough precision. In the case the identification of “photogrammetric”
GCP’s is difficult, another approach consists in including some images from the
block to be registered into the reference block. Once this new data set is oriented
using SfM, the image coordinates of “photogrammetric” GCP’s can be measured in
the same images for the both blocks. Than the EO of the reference block will be
used to compute the object coordinates of GCP’s to be used for co-registration of
the other block (Scaioni et al. 2017).

3.3.3 3D Reconstruction Using Dense Surface Matching

A dense matching technique has been adopted for deriving the point cloud
describing the surface of the region of interest. The “Build Dense Cloud” function
implemented in APP has been used to this purpose. In Table 3 the main input
parameters and some characteristics of the output point clouds are shown for all
data sets. In all of them, the total number of images could be processed at the same
time starting from the EO and camera calibration parameters that had been previ-
ously computed. The “High” accuracy level has been set up, which is based on
subsampled images at half the original resolution. As discussed in Scaioni et al.
(2017), the use of the images at full resolution (“Very-high” accuracy level) entails
an impressive growth of processing time and computing resources, which is not
counterbalanced by the increase of quality in the final point cloud. In addition, the
size of this may become too large so that a successive decimation filtering might be
necessary to handle such a huge data set. The final point clouds have been auto-
matically assigned colors to points by using RGB information from images.

3.4 Data Fusion

Point clouds from “terrestrial” and “UAV” blocks collected during 2017 campaigns
are displayed in Fig. 8 to show differences. Similar figures may be retrieved in
Fugazza et al. (2018) to show the same point clouds but from 2016 campaigns. In
Fig. 9, a quantitative comparison between these point clouds is also reported. This
has been carried out in CloudCompare environment using M3C2 function (Lague
et al. 2013).
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While for some applications a single point cloud per epoch (from UAV or from
ground-based stations) may suffice, the data fusion of both may lead to a more
complete 3D reconstruction. Thanks to previous georeferencing into the same
reference system, point clouds could be directly merged. Afterwards, the resulting
data sets were subsampled at 20 cm spatial resolution to obtain complete 3D
reconstruction of the entire ice tongue of the Forni Glacier in 2016 and 2017, see
Figs. 10 and 11, respectively. RGB information of points in overlapping areas has
been also averaged. Indeed, due to the large size of the merged point clouds, to the
high point density in the overlapping regions, and the possible presence of small
misalignments at local level, subsampling allowed overcoming all these drawbacks.
Furthermore, the resulting point clouds were easier to handle.

Fig. 8 Point clouds obtained from “terrestrial” (at the top) and “UAV” (at the bottom) blocks
captured in 2017
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The integration of a point cloud obtained from airborne vertical images to
another one from ground-based camera stations, allows to improve the recon-
struction of surfaces with different spatial orientation such as those typical of a
glacier terminus.

Fig. 9 Comparison between point clouds obtained from “terrestrial” and “UAV” blocks captured
in 2017 (see Fig. 8). Grey areas are those where no overlap exists

Fig. 10 Point cloud obtained from the fusion of “terrestrial” and “UAV” blocks captured in 2016
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3.5 Results and Discussion

The point cloud obtained by merging terrestrial and UAV blocks captured in 2016
(Fig. 10) covers the full terminus of the Forni Glacier. In addition, no holes or
major occlusions can be noticed. By looking at 3D geometry, the presence of
surface features is easy to detect. The presence of a large collapsed area (Summer
2016) on the left hydrographic side of the glacier can be observed.

The point cloud derived from terrestrial and UAV blocks surveyed during
September 2017 (Fig. 11) has a smaller spatial coverage. It should be also remarked
that the complexity of the glacier topography was higher in 2017, due to the large
area that collapsed in the end of summer, and the major fragmentation of the
terminus. Anyway, these events are clearly visible in the point cloud, also because
data acquisition was designed for their specific documentation.

By looking at point clouds from 2016 and 2017, a first impressive change
concerned the interannual retreat of the glacier front. The average value distance
between the medial part of the front was 38 m. The observed shape of the front is
quite similar in both years, with the terminus split in two longitudinal sectors by the
medial supraglacial moraine. In both sectors, water may flow out from the glacier,
where it is excavating subglacial tunnels. The thinning of the vault of a portion of
the right tunnel was probably the causative reason of the collapse occurred in the
end of summer 2017. This resulted in the formation of a big crater, which also had
the effect of breaking the ice flow on the terminal part of the corresponding lon-
gitudinal sector, close to the glacier front. The lack of ice input will speed up the
melting process of this part of the terminus.

In August 2018 the “terrestrial” point cloud shows a progress in the retreat of the
glacier front, while the collapsed area continued to grow. It is interesting to notice
that the water flow has now completely switched to the right hydrographic side,
since no water is flowing out from the left side.

Fig. 11 Point cloud obtained from the fusion of “terrestrial” and “UAV” blocks captured in 2017
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During each summer, the terminus of Forni Glacier is visited by many hikers and
tourists. On one hand, tracks to reach some mountain peaks in the nearby go
through the terminus. On the other hand, the short walking distance from Branca
Hut, which may be also reached using a car service, brings hundreds of tourists
every day to the terminus. The easy access allows also non-experts and children to
visit this area. Consequently, big collapses like the ones discussed in this paper, and
other of minor magnitude, may have serious consequences on people visiting the
glacier.

The availability of 3D models obtained from photogrammetric surveys may help
understand those areas where collapses are foreseen, and consequently to limit the
access to the glacier. In particular, these 3D models may help obtain a
three-dimensional view of the problems, and to realize which is the effective region
involved. In addition, the use of stereo-visualization and virtual-reality techniques
may help better understand the glacier morphology without a direct inspection of
the site.

Of course, this type of information may be integrated by on-site reconnaissance
and other investigations (weather conditions, precipitations, ice penetrating radar,
hydraulic flow measurements, etc.).

Another option to consider consists in the installation of fixed cameras to record
a continuous documentation of melting events. Thanks to suitable locations of at
least two cameras, the stereo-reconstruction by using dense matching techniques
could be operated (see Roncella and Forlani 2015). Terrestrial photogrammetric
blocks could be exploited to help find the optimal positions for those camera
stations, by means of some network simulations to evaluate the completeness and
the accuracy of the obtainable point clouds.

Of course, in the future the availability of several 3D models that will be likely
captured at least on an yearly basis is expected to provide a very detailed
description of the ongoing processes. A better understanding on how they may
dynamically evolve since the appearance of precursory signals on the glacier sur-
face and whether there are some parameters that may be related to them, will
potentially lead to a more precise forecasting of collapses and then to assess the risk
for those people who visit the glacier. To this purpose, the repetition of more data
acquisition campaigns during the same summer (e.g., on a monthly-basis), may
provide unprecedented information to understand these rapid melting processes, to
be generalized to other case studies as well.

4 Conclusions

The application of ‘Structure-from-Motion’ (SfM) Photogrammetry from
ground-based and UAV imaging platforms has been evaluated for monitoring
changes of mountain glaciers. In this paper the focus has been given on the
assessment of the risk of collapses, which may potentially result in casualties
among people who visit some glaciers. Even though the specific analyses for the
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evaluation of the risk have not been directly in the scope of the paper, the avail-
ability of detailed 3D models of the glacier surface has been highlighted as a
potential source of information for this type of investigations.

The paper has specifically dealt with the case study of Forni Glacier, where the
risk is quite relevant under current global warming conditions and accelerated
melting. In such a case, the use of SfM Photogrammetry has been demonstrated to
be quite supportive, since the analysis and comparison of 3D models allowed to
extract useful information to detect potential collapses.

Close-range surveys from drones and ground-based imaging platforms are
supposed to be repeated in the future for both long-term (annual basis) and
short-term (monthly basis, only during summer), to better depict global and local
phenomena contributing to the acceleration of the glacier ablation process. Since a
measurement campaign requires time, suitable weather conditions, and a team of
people, the organization of multiple expeditions is in general a non-trivial task. For
this reason, on one side the installation of a permanent camera system for both
visual analysis and 3D reconstruction is envisaged. On the other side, SfM
Photogrammetry is now mature to be implemented within Citizen Science initia-
tives, for instance. People may be trained on how and where images should be
collected, while the processing stage may be left to experts. As proposed in Albers
et al. (2017), some apps may be also developed to guide users to capture the images
following a precise scheme and to obtain redundant data acquisition.
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