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Chapter

Close-Range Sensing of Alpine
Glaciers

Daniele Giordan, Niccolo Dematteis, Fabrizio Troilo,
Valerio Segor and Danilo Godone

Abstract

Glacial processes can have a strong impact on human activities in terms of
hazards and freshwater supply. Therefore, scientific observation is fundamental to
understand their current state and possible evolution. To achieve this aim, various
monitoring systems have been developed in the last decades to monitor different
geophysical and geochemical properties. In this manuscript, we describe examples
of close-range monitoring sensors to measure the glacier dynamics: (i) terrestrial
interferometric radar, (ii) monoscopic time-lapse camera, (iii) total station, (iv)
laser scanner, (v) ground-penetrating radar and (vi) structure form motion. We
present the monitoring applications in the Planpincieux and Grandes Jorasses
glaciers, which are located in the touristic area of the Italian side of the Mont Blanc
massif. In recent years, the Planpincieux-Grandes Jorasses complex has become an
open-air research laboratory of glacial monitoring techniques. Many close-range
surveys have been conducted in this environment and a permanent network of
monitoring systems that measures glacier surface deformation is presently active.

Keywords: Mont Blanc, monitoring, remote sensing, data integration, glacial hazards

1. Introduction

Mountain glaciers represent the main source of fresh water for human activities
of the surrounding regions [1, 2]. Furthermore, glaciological processes (e.g. ice
break-offs, glacier outbursts, snow/ice avalanches) can threaten population, urban
areas and infrastructures [3]. In densely populated areas, such as the European Alps,
the interaction between glaciers and anthropic activities is very frequent and it is of
crucial importance to study the glaciers to understand their evolution and response
to climate change, which is expected to reduce their area coverage and increase their
instability [4].

Long-term monitoring of glaciological processes is often complicated and
expensive, especially in remote areas and inaccessible terrains, which are com-
mon in mountain environment [5]. A practical approach is the adoption of remote
sensing apparatuses that allow observing glacial processes with minimal risk for
scientists and technicians. In recent years, the free availability of data acquired
from satellite platforms has largely improved the possibility to observe wide areas
from remote with relatively high spatiotemporal resolution. Nevertheless, satellite
surveys suffer complex geometries and the revisit time might be not adequate to
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measure fast processes. Therefore, the use of close-range remote sensing systems is
often the most effective solution for glacier monitoring [6].

Section 2 presents a substantial list of close-range remote sensing techniques that
can be adopted to measure glacier surface deformations. Section 3 is devoted to the
Planpincieux and Grandes Jorasses glaciers (Mont Blanc massif) case study (Figure1).
In recent years, such a glacial complex has become an open-air laboratory where
innovative and experimental monitoring systems have been developed [6-12]. Several
practical examples of close-range remote sensing surveys will be described therein.
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Figure 1.
Overview of the Planpincieux and Grandes Jovasses glaciers (upper tile) and area of study (lower tile). Yellow
and ovange rectangles indicate vespectively the Montitaz Lobe and the Whymper Serac framed by the time-lapse

cameras (Figure 2).
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Figure 2.

(a) Image of the Montitaz Lobe of the Planpincieux Glacier monitoved by a monoscopic time-lapse camera.
The terminus width is approximately 100 m. (b) Image of the Whyper Serac acquired by monoscopic
time-lapse camera. The sevac face is approximately 40-m high. The black circles indicate the prism positions
onto the serac surface in 2019.

2. Close-range remote sensing techniques

The study of the Planpincieux and Grandes Jorasses glacier surface deforma-
tions has been conducted following different approaches: (i) volumetric changes
have been evaluated with point clouds and digital elevation models (DEMs). Such
measurements have been obtained with laser scanners or structure from motion
(SFM) processing. (ii) Surface kinematics maps of specific displacement compo-
nents, which have been provided by monoscopic time-lapse camera and terrestrial
interferometric radars. (iii) 3D displacements measured in specific points with a
robotised total station (RTS). Furthermore, helicopter-borne ground-penetrating
radar (GPR) campaigns have been conducted to investigate the glacier internal
structure and thickness (Table1).

2.1 Point clouds for surface generation

Three-dimensional point clouds are crucial tools in glacier monitoring; the main
survey techniques to obtain them are LiDAR [13], terrestrial laser scanner (TLS)
[14] and aerial and terrestrial photogrammetry, particularly structure from motion
(SfM) approach [15]. LiDAR and TLS are based on a sensor, terrestrial or airborne,
capable of emitting laser pulses at high frequency and measure their ‘time of flight’
in order to compute the position of each echo. The absolute position of each point
is calculated from the emitter centre, geocoded by a GNSS coupled with an inertial
measurement unit [16]. Besides its coordinates, each point can be characterised
by the intensity of the echo in order to detect the nature of the target [17]. By the
exploitation of laser beam divergence, it is also possible to discriminate and analyse
multiple echoes or even the full waveform, thus obtaining multiple measurements
of different object hit by the same pulse [18].

Concerning SfM, it is a technique originating from computer vision, which,
by processing multiple images from different points of view of the same target
object, generates a three-dimensional point cloud. The algorithm matches common
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Glacier Survey Dates References

Planpincieux GPR 2/4/2013,

2019

DIC August 2013-in [8]

course

TRI 9/8/2013- [9, 42]

10/8/2013

7/8/2014-

8/8/2014

1/9/2015-

14/10/2015

13/6/2016-

19/6/2019

26/9/2019-in

course

LiDAR 9/6/2014
TLS 2/10/2015
Helicopter- 2017
borne SFM 28/10/2018
20/9/2019
1/10/2019
5/11/2019
Drone SFM 24/7/2019
Grandes RTS 2010-in course [11,12]
Jorasses
DIC 2016-in course
GPR 4/6/2010
2/4/2013
Helicopter- July 2010
borne SFM
Drone SFM July 2019
Table 1.

List of the surveys conducted in the Planpincieux and Grandes Jovasses glaciers since 2010.

features in the images and reconstructs the three-dimensional coordinates of the
matching points and of the cameras. Resulting points are then collected in the
cloud [19]. Images can be captured by various kinds of sensors including cameras,
smartphones and drones [20].

2.2 Punctual topographic displacement measurements
Robotised total station (RTS) is a topographic apparatus that measures the

sensor-to-target range and the azimuth and zenith angles, which allow determin-
ing the target position in a 3D coordinate system whose centre corresponds to the
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RTS itself. Typical measurement sensibility of best-quality RTS is of 1.5 mm and
0.5 arcsec, depending on the distance. The RTS is composed of a laser rangefinder
and an electronic theodolite that measures respectively distance and angles. The
RTS targets retroreflector prisms installed both in and outside the moving area.
The latter ones serve as control points for measurement calibration and data
corrections.

Since it is required to install prisms within the investigated area, the RTS cannot
be considered a remote sensing device in a strict sense. Nevertheless, such installa-
tion is needed just once; thereafter, the RTS provides measurements from remote,
strongly reducing human and financial costs for accessing the surveyed area. This
holds especially when the RTS works in automatic target recognition (ATR) mode,
with which it carries out autonomously the measurements. In geosciences, the
RTS is widely used for gravitational slope phenomena, such as landslides [21, 22],
volcanos [23] and glaciers [11, 12, 24].

2.3 Glacier surface kinematics maps

Spatially distributed data are a relevant tool in glaciological studies because they
allow to analyse the surface kinematic patterns and to identify possible different
kinematic sectors. In the Planpincieux-Grandes Jorasses glacial complex, two main
remote sensing systems have been applied to measure surface kinematics maps:
digital image correlation (DIC) and terrestrial radar interferometry (TRI).

2.3.1 Digital image correlation

With the advent of digital cameras, time-lapse imagery has become popular
since the beginning of the 2000s in glaciology, where it has been applied to survey
polar ice flow [25-28] and mountain glaciers [6, 8, 29-33].

DIC is an image analysis technique that is applied to a pair of images to obtain
spatially distributed maps of the two displacement components orthogonal to
the line-of-sight (LOS). In classical DIC processing, a reference template out
of the master image is searched for in an investigated larger area of the slave
image. The cross-correlation (CC) is calculated for every possible template of
the investigated area and the position of the maximum correlation coefficient
corresponds to the displacement of the master template. Alternatively, the CC
can be calculated in the Fourier domain according to the convolution theorem.
Fourier CC is computationally efficient but it is more prone to outliers.

The main DIC advantages concern the low-cost hardware and its high portabil-
ity even in harsh environments. Nevertheless, it suffers adverse meteorology and it
strongly depends on the visibility conditions.

2.3.2 Terrestrial radar interferometry

In the last two decades, TRI revealed to be a valuable tool to monitor glaciers
[9, 34-42]. TRI concerns the analysis of the phase difference between two radar
acquisitions, which is directly related to the target displacement component
parallel to the LOS. Typical radar apparatuses can provide spatially distributed
displacement data in an area of several square kilometres with an operative range
of a few kilometres. Radars are active sensors, as such, TRI can be applied during
the night and severe meteorological conditions. Moreover, TRI measurements have
sub-millimetre sensibility in an optimal context. However, the processing is not
trivial and it requires high computational costs. Particularly complicated is the
phase wrapping solution, which depends on the phase 2 periodicity and which is



Glaciers and the Polar Environment

related to the sensor-to-target range. Moreover, TRI is quite sensitive to possible
morphological change of the scattering surface and that causes signal decorrelation
and extreme atmospheric conditions can heavily affect the measurements [43, 44].
In glaciological contexts, long distances, morphological surface changes and severe
meteorology are common and TRI processing must be handled carefully.

2.4 Glacier internal structure

GPR has been widely used as a geophysical method for the study of internal
glacier properties. A variation in electrical permittivity creates dielectric interfaces
and subsequent reflections that can be analysed. GPR can be used for the defini-
tion of firn-ice transition, the detection of subglacial cavities and the ice thickness
[45]. GPR systems include a transmitter and a receiver antenna. Typical operating
frequencies vary between 10 and 15 MHz, for the investigation of glaciers hav-
ing depths of hundreds of meters, to 400-600 MHz, for shallow investigations.
Different factors can limit the effectiveness of the technique, such as debris cover
of the ice surface or highly crevassed areas that can create scattering or absorption
phenomena that reduce the possibility of investigation of the glacier sub-surface.
Processing of radar data normally implies many steps, which include (i) low-frequency
filtering, caused mainly by surface reflection; (ii) selection of a time gain to correct
for the amplitude divergence; (iii) temporal and spatial filtering for improving the
signal-to-noise ratio; (iV) deconvolution and (v) migration [46].

GPR apparatuses are usually lightweight and compact and they can be easily
transported by walking or snowmobile, which allows at acquiring a large number
of 2D radar profiles. However, helicopter-borne surveys provide the most versatile
platform and they have been used for detecting glacier thickness [47, 48], intragla-
cial features [49] and snow accumulation [50].

2.5 Data integration

Spatially distributed deformation data provide wide information on the inves-
tigated process. Nevertheless, common remote sensing apparatuses only provide
specific displacement components or punctual measurements and the integration
of different sensors is necessary to obtain spatially distributed 3D data.

Dematteis et al. [6] proposed an innovative solution to obtain 3D displacement
using DIC and TRI data integration. DIC and TRI provide different and complemen-
tary displacement components that can be coupled to obtain a three-dimensional
representation of the surface kinematics. The necessary conditions to couple the
different data are that their maps must have the same spatial resolution in the same
coordinate system (CS). Therefore, a geometric transformation is required to repre-
sent both data in the same CS, which is usually associated with a georeferenced DEM.

A different approach of data integration entails the merging of DIC and RTS
data. RTS provides 3D displacement in specific points, while DIC can measure
spatially distributed data. Therefore, their integration allows obtaining the displace-
ment direction and versus using RTS data, while the DIC results give the spatial
distribution.

3. Case study: Planpincieux-Grandes Jorasses glaciers

The Planpincieux and Grandes Jorasses glaciers form a unique polythermal
glacial complex located on the Italian side of the Grandes Jorasses peak (Mont
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Blanc massif), in the Ferret valley (Figure 1). The glaciers have approximately a
South-East aspect and the elevation ranges from 2600 m asl to 4200 m asl. The
accumulation area of the Grandes Jorasses Glacier is formed of two 45° steep
cirques, which merge in an icefall at 3500 m asl. In the left cirque is located

the Whymper Serac, whose front is at an elevation of 3800 m asl (Figure 2b).
According to Pralong and Funk [51], this portion is classified as an unbalanced
hanging glacier. As such, the serac progressively increases its volume and when its
shape reaches unstable geometry, the serac collapses. This cycle follows an irregu-
lar periodicity and the time between the break-offs ranges from a few years to
more than a decade. Usually, the unstable ice chunk has a volume of the order of
105 m’, which can collapse at once or in several pieces. The instability dynamics is
driven only by the geometry and it is not linked to temperature or water percola-
tion. Therefore, the fracture can also occur during the cold season, when the col-
lapse might easily trigger a large snow avalanche that would seriously threaten the
underlying buildings and the road at the valley bottom. The last events happened
in August 1993, June 1998 [11] and September 2014 [12]. The first one caused the
fatality of eight mountaineers, but the ice avalanche did not cause further dam-
ages for the absence of snow.

The Planpincieux Glacier topography presents three distinguished zones:
the accumulation area, 3000-3500 m asl, is formed of two steep cirques that
merge in a wide plateau at 2900-3000 m asl, and two lobes constitute the abla-
tion area. The right lower lobe (Figure 2a) is 32° steep on average and it is quite
crevassed. Its terminus ends in correspondence of a bedrock cliff that causes
frequent calving. In the past, several collapses occurred and, in a few cases,
they endangered the bridge of the Montitaz stream that originates from the
glacier snout. Further information on the Planpincieux Glacier can be found in
Giordan et al. [7].

3.1 Monitoring campaigns

In the last decades, the Planpincieux-Grandes Jorasses Glacier complex has
become an open-air laboratory where innovative remote sensing techniques have
been developed to monitor the glacier activity [6-12].

The Planpincieux Glacier is observed by two monoscopic time-lapse cameras
placed in the opposite side of the Ferret valley, at a distance of 3800 m from the
glacier. The monitoring station is equipped with two solar panels and an electric
cell for power supply. It is remotely controlled by a Raspberry Pi 3 connected to
the server of the Geohazard Monitoring Group (GMG) of the Research Institute
for Geo-Hydrological Protection (IRPI), in Torino, Italy. A robotised webcam
has been installed in 2018 to survey the station functioning. The system is active
since August 2013 and it acquires images at hourly frequency. In the period
August 2013-December 2019, it collected more than 35,000 images and it is
probably the longest continuous series of hourly images in the European Alps.
The images are processed with the DIC technique to estimate the surface glacier
kinematics.

The Grandes Jorasses Glacier is being monitored since 2010 by an RTS installed
in the Planpincieux hamlet at a distance of 4800 m. The RTS measures every 2 h
the position of the prisms installed onto and in the vicinity of the Whymper Serac
(Figure 2b). Due to the extreme meteorological conditions and the exceptional
sensor-to-target range, the prisms are not always visible and gaps in the measure-
ment series are frequent, especially during the cold season. Snowfalls and strong
wind occasionally cause the loss of some prisms and the intervention of Alpine
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guides it is necessary for the installation of new targets. Moreover, the Whymper
Serac is continuously monitored by a 4800-m-far monoscopic camera. This survey
is active since 2010 and the serac surface displacement is estimated with feature
tracking of the hourly photographs.

Besides these continuous monitoring systems, in the past, several measure-
ment campaigns have been conducted to increase the glacier understanding and to
develop new monitoring techniques of glaciological close-range remote sensing. In
Table 1, the complete list of the surveys conducted since 2010 is presented and the
related references are reported when available.

3.1.1 Point cloud analysis

DEMs obtained during LiDAR and TLS surveys and from photographic SfM
acquired by drones and helicopter-borne cameras allow monitoring the morphology
evolution of the glacier surface. In addition, the DEM of difference (DoD) calcula-
tion permits to estimate the surface elevation changes and the possible ice mass
loss. From the DoD obtained with the DEMs acquired in October 2019 and June
2014 (helicopter-borne SfM and LiDAR respectively), one can observe the glacier
thinning of more than 10 m on average (Figure 3). In the considered period, the
terminus retreated by several tenths of metres and the bedrock remained exposed.
In this part, the DoD shows a thickness loss of 30-40 m approximately, which
corresponds to the glacier thickness in 2014.
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Figure 3.
DEM of difference (DoD) of the Montitaz Lobe. The DoD is calculated as the diffevence between the DEMs
acquired on 1/10/2019 and 9/6/2014. The glacier outlines in both years ave represented as dashed lines.
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3.1.2 RTS applications

RTS measurements are continuously active since 2010 to monitor the surface
velocity of the Whymper Serac. The survey is conducted with a Leica TM30 that
operates in ATR mode. The prism network is composed of several stakes installed
into the unstable portions, while a few prisms placed in the surrounding bedrock
serve as reference points. Complete acquisition of the entire network lasts approxi-
mately 45 min and it is conducted every 2h. The sensor-to-target distance is of
4800 m on average, which is beyond the instrument operating limits declared by
the manufacture in ATR mode (https://w3.leica-geosystems.com/downloads123/zz/
tps/tm30/brochures-datasheet/tm30_technical_data_en.pdf). In addition, extreme
atmospheric conditions linked to the high-mountain elevation occur frequently.
This situation makes the Whymper Serac a critical scenario for RTS measurements
and a robust processing method has been developed ad hoc [11]. However, the RTS
data allowed forecasting 10 days in advance the serac break-off of 22/10/2014 [12].
The RTS data acquired before such an event are shown in Figure 4.

3.1.3 Time-lapse camera applications

The surface kinematics of the Planpincieux Glacier right lobe has been deeply
investigated with image analysis of 6-year-long time-lapse monitoring. The
data analysis allowed characterising the terminus dynamics and classifying the
instability processes that cause break-offs: (i) disaggregation, (ii) slab fracture
and (iii) water tunnelling [7]. Disaggregation is the progressive toppling of small
ice pieces caused by the movement of the terminus beyond the frontal bedrock
cliff. It is the most frequent process and it involves break-offs of limited size,
usually lower than 1000 m?. Slab fracture instability is caused by the aperture of
a crevasse orthogonal to the motion direction, located in correspondence to the
maximum tensile stress line. When the fracture reaches the bedrock, it triggers a
large break-off of an ice lamella that can assume a volume of 104-105 m’. Water
tunnelling refers to the formation of R-channels [52] where a large amount of
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RTS measurements of prisms 13, 14, and 2b before the failure of 22/09/2014. Using these data, the break-off
was predicted 10 days in advance.
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water can accumulate. The water produces a strong pressure on the frontal cliff
that can provoke failure of the terminus. Moreover, the empty tunnels increase the
instability and they can collapse themselves.

Besides the visual photographic interpretation, DIC in the Fourier domain
was applied to the hourly images, obtaining surface displacement maps at daily
resolution. During the monitoring period, the surface displacement pattern
was composed of four distinct kinematic domains, which were characterised
by different velocity regimes. The presence of kinematics domains indicates the
action of high strain rates localised at the domain limits, where large fractures
appear (Figure 5). The behaviour of the frontal sector is noteworthy, because it
reveals the occurrence of a few speed-up periods per year, which culminate with
large break-offs (Figure 6). These kinematic fluctuations were characterised by
well-defined thresholds of initial velocity (v > 30 cm day_l) and acceleration
(a >3 cm day_z). Moreover, a monotonic relationship (rank correlation coeffi-
cient > 0.7, p-value < 0.02) between the velocity peak and the collapsed volume has
been observed.

DIC in the spatial domain was applied to the images of the Whymper Serac
to measure the displacement in July 2019 (Figure 7a, b). The available images
presented rototranslation that had to be compensated with robust coregistration.
Moreover, the smooth texture and low chromatic contrast of the scene lowered the
signal-to-noise ratio (i.e. the correlation, see Figure 7) and hence many artefacts
were present in the displacement maps. Therefore, a robust outlier correction
method was applied [53]. The results showed a slight acceleration during July, which
was confirmed by RTS measurements.

3.1.4 TRI applications

The Planpincieux is probably the unique glacier where TRI surveys were
conducted using four different terrestrial interferometric radar models, namely:
GPRI™ (Gamma Remote Sensing, https://www.gamma-rs.ch/rud/microwave-
hardware/gpri.html), IBIS-L™ (IDS Georadar, https://idsgeoradar.com/products/
interferometric-radar/ibis-fl), FastGBSAR-S™ (MetaSensing, https://www.geo-
matics.metasensing.com/fastgbsar-s) and GBInSAR LiSALab™ (LiSALab, http://
www.lisalab.com/home/default.asp?sez=6).

(c)

Figure 5.

(a) Image of the Montitaz Lobe acquired by the monoscopic time-lapse camera. The terminus width is
approximately 100 m. (b) Surface deformation map. Diffevent velocity vegimes clearly identify the four
kinematics domains. (c) Longitudinal conceptual scheme of the glacier lobe (not in scale). The black lines
indicate bedrock discontinuities that corvespond to the kinematic domain limits. Modified from Giordan
etal. [7].
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Time series of the daily velocity of sectors A and B (see Figure 5) in the years 2014—2019 (from top to bottom,).
The break-off occurrence is depicted in black dots, while the white circle size is proportional to the volume.
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Figure7.
(a) IBIS-L GBSAR surveyed the Planpincieux Glacier avea, delimited in black. (b) The cumulative sum of the
interferograms acquired in the period September 4, 2015 to October 14, 2015.

The surface kinematics of the glaciers was surveyed in five TRI campaigns, in
2013, 2014, 2015, 2016 and 2019 (Table1). The first two were conducted using the
GPRI™ real-aperture radar (RAR) in Ku band that surveyed the glacier from the
valley bottom and the valley ridge opposite to the glaciers. Both campaigns lasted for
2 days and they were able to detect the displacements of the lower portions of the
Planpincieux and Grandes Jorasses glaciers, which were approximately 25 cm day ™
and 50 cm day " respectively. Instead, the following surveys were conducted using
Ku-band ground-based synthetic aperture radars (GB-SAR). The campaign of
autumn 2015 (IBIS-L™) lasted much longer and hence it was possible to recognise the
different kinematic domains of the Montitaz Lobe (Figure 8). During the campaign,
the meteorological conditions were severe and the radar acquisitions were affected
by strong APS. To solve the issue, a polynomial APS model that was a function of the
topography was developed [9, 42]. In 2016, FastGBSAR-S™ measurements with an
acquisition frequency of 10 s were carried out; thereby, the atmospheric disturbance
was minimised. Fully polarimetric measurements were experimented, but the very
long distance did not allow exploiting the potentiality of such a technology. The
last campaign (GBInSAR LiSALab™) began at the end of September 2019 for civil
protection and it is still active during the writing of the present chapter.
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Figure 8.

(a-c) Surface displacement maps of the Whymper Sevac of the periods July 1, 2019 to July 7, 2019, July 7, 2019
to July 16, 2019 and July 16, 2019-July 24, 2019. (d) Map of the mean correlation coefficient, which displays low
values because of the texture smoothness of the snow surfaces. The serac face is approximately 40 m high.
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Figure 9.

(a) GPR traces of the Planpincieux (ovange line) and Grandes Jovasses (blue line) glaciers. (b-c) GPR profiles
of the Whymper Serac and Planpincieux Glacier respectively. The white-ved boundary indicates the ice
thickness.
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3.1.5 GPR applications

A helicopter-borne 65-MHz GPR survey was conducted in the Planpincieux-
Grandes Jorasses glacial complex in April 2014, when 16 GPR traces homogeneously
distributed on the glaciers’ surface were acquired (Figure 9). The noise of the radar
data was quite high, because the numerous crevasses caused bounds of the electro-
magnetic waves and produced echoes and artefacts. Nevertheless, it was possible to
estimate the glacier thickness, which was in the range 20-40 m in the Planpincieux
Glacier and lower than 20 m in the Whymper Serac.

3.1.6 Data integration

In September 2015, time-lapse photography and terrestrial radar campaigns were
conducted simultaneously to measure the Planpincieux Glacier surface kinematics.
The actual three-dimensional surface kinematics was obtained by coupling DIC
and TRI results. Figure 10 reports the mean daily velocity map, where the colour
represents the velocity module and the arrows indicate direction and versus. The
3D displacement can be obtained only in the areas visible by both the sensors. In the
right lobe, the displacement vectors are not uniformly parallel to the surface, because
the seracs move downstream as a single body and the ice is subjected to internal
deformation. This result is not trivial, as the most common approach to estimate 3D
displacement is to project the single movement components along the local slope
obtained from the DEM, but this assumption might be misleading in specific cases.

The permanent monitoring system of the Whymper Serac is composed of RTS
and time-lapse imagery. In July 2019, the data of the two sensors were integrated
and represented in an informative bulletin [54, 55], shown in Figure 11. Such inte-
gration allows evaluating the versus and direction of the principal movement (with
the RTS data) and the distribution of the strain rates (with the DIC results).

Lat

Figure 10.

Velocity field of the surface kinematics of the lower Planpincieux Glacier obtained with the integration of DIC
and TRI measurements. Colours and arrows represent velocity module and divection vespectively. Modified
from Dematteis et al. [6].
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Figure 11.

Data integration of DIC and RTS measurements. The image depicts the spatially distributed daily deformation
of the Whymper Serac front (coloured dots) and the surface displacement direction measured by the TRS in
corvespondence with the prism P3-2017. The right plot veports the displacement trend provided by the RTS.

4. Summary

In-depth knowledge of glacier behaviour is fundamental for glaciological risk
evaluation and management and it permits to develop mitigation and adaptation
strategies against the cryosphere change provoked by global warming. To achieve
this aim, data collection about the current glacier state is of primary importance,
but the harsh mountain environment makes the survey activities difficult.
Measurements from aerospace platforms are affected by complex geometries and
might not provide sufficient spatiotemporal resolution, especially when high acqui-
sition rates (i.e. minutes to hours) are necessary. Therefore, ground-based systems
are often the most suitable solution. Nevertheless, impervious areas where glaciers
are usually located entail the use of high financial and human efforts, as well as
potential risks to access the investigated area. Therefore, remote sensing systems
represent the best cost-benefit ratio and they are commonly adopted for glacier
monitoring. Considering the possible adverse conditions (e.g. extreme meteorology,
steep slopes, long sensor-to-target distance, natural hazards) that can occur during
the survey activities, ad hoc technologies and methods must be developed. The
glacial complex formed of the Planpincieux and Grandes Jorasses glaciers represents
an outstanding site where different close-range remote sensing approaches have
been experimented, in a heterogeneous Alpine glacier environment. Here, the com-
bined use of multiple sensors proved to be a valuable tool to collect complementary
information that allowed improving the understanding of the current state and
recent evolution of the glacial area.
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