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Abstract

The ongoing global temperature increase has accelerated the mass loss of glaciers
2Fondazione Montagna Sicura, Courmayeur, . . . . . . . .
AO, Italy worldwide, with Italian alpine glaciers being particularly vulnerable due to their small
size, complex geometries and exposition that implies a fast reaction to thermal and
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hydrological modifications. In such a frame, the Indren Glacier (Aosta Valley, north-
western Italian Alps) provides a valid test site to check the thickness evolution over
the last two decades (1999-2020), through an integrated approach combining histor-
ical data, on-site geophysical measurements, remote sensing surveys, modelling and

temperature analysis. Using a 2018 helicopter-based photogrammetric survey and
Funding information

MUR, Grant/Award Number: DM 118/2023 Ground Penetrating Radar (GPR) survey campaigns of 2020, we obtained new input

data and constraints to build up an updated thickness model for the whole glacier
through the Glacier Thickness Estimation algorithm (GIaTE). Ice thickness is indeed a
key parameter to estimate the ice volume and use it as further input in evolutionary
models forecasting future scenarios. As a part of this integrated approach, we also
analysed remote sensing and temperature data, finding a major modification in the
glacier conditions over the last decade. Further comparing these results with previ-
ous studies, we identified a significant decrease in ice thickness, and we confirmed
the presence of an over-deepening in the glacier central widest part. This integrated
methodology enhances our understanding of glacier dynamics and improves predic-
tions of future changes, offering crucial insights for managing water resources and

mitigating natural hazards in the alpine region.
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1 | INTRODUCTION

behaviour and relatively high temperatures, typically just a few

degrees Celsius below zero (Colombero et al., 2019; Harris

The continuous increase in global mean temperatures and the
decrease in snow precipitation at high altitudes over the last years
have caused the mass loss of ice bodies all over the world
(IPCC, 2019; Lemke et al., 2007). Mountain or alpine glaciers show a
higher reactivity to climate compared to glaciers at lower elevations
(Owen et al., 2009; Pepin et al., 2015; Solomon et al., 2007). Their
high vulnerability to both present climatic conditions and future sce-
narios is primarily associated with their small size, steepness, dynamic

et al., 2009; Huss & Fischer, 2016; Winkler et al., 2010; Zemp &
Haeberli, 2007). European Alps, in particular, have already lost almost
50% of their total glacial area from 2000 and will continue experienc-
ing severe shrinkage by the end of the 21st century (Hanzer
et al,, 2018; Zemp et al., 2006).

Melting of mountain glaciers can cause serious natural hazards
linked to slope stability, like glacier floods, rock slides, as well as the
outburst of glacial lakes, threatening nearby communities and
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infrastructures (Harris et al., 2009; Hock et al., 2019; K&ib, Reyn-
olds, & Haeberli, 2005). Concerning Alpine glaciers, which are a key

source for the European hydrological regime, the effects of their
shrinkage impose severe environmental and socio-economic impacts
both at local and global scales (Gobiet et al., 2014; Linsbauer, Paul, &
Haeberli, 2012; Salim et al., 2021; Zekollari, Huss, & Farinotti, 2019;
Zemp & Haeberli, 2007). Previous studies have shown how the con-
tinuous ice melting of these bodies, will place pressure on water
resources (Beniston & Stoffel, 2014). This will cause a shift in the
hydrological regime and a decrease in the mean annual river runoff,
strongly affecting water supply, agriculture, hydropower generation
and ecosystem equilibrium (Beniston et al., 2018; Brown, Hannah, &
Milner, 2007; Horton et al., 2006; Milner et al., 2017; Patro, De
Michele, & Avanzi, 2018; Zemp & Haeberli, 2007).

Given alpine glacier’s role as reliable climatic indicators, focusing
research efforts on these vulnerable environments is essential to
understand the cryosphere-climate interactions and for modelling
future scenarios (Haeberli, 2005; Haeberli et al, 2017; Mark &
Fernandez, 2017). Studies conducted in the alpine region could also
provide a foundation for understanding the evolution of other remote
glacial bodies, especially in cases where survey campaigns and data
acquisition would be more challenging.

The ice thickness of a glacier represents a key parameter for its
characterization and the estimation of ice volume. This latter is the
starting point for assessing the glacier's dynamics and forecasting its
future evolution in response to climate forcings (Gartner-Roer
et al., 2014; Rabatel et al., 2018). While the thickness decrease and
the overall shrinkage can be monitored from remote sensing surveys,
accurately quantifying the ice thickness at a specific time frame still
presents significant challenges. Geophysical investigations, and in par-
ticular Ground Penetrating Radar (GPR) surveys, have demonstrated
to be a powerful tool for this purpose, leading to accurate areal results
in a fast and cost-effective way (Binder et al., 2009; Singh
et al.,, 2012). In temperate glaciers, scattering phenomena of the elec-
tromagnetic (EM) signal can occur in water-rich regions or volumes of
warm ice. These regions have dielectric permittivity that differs signifi-
cantly from that of pure ice, causing the signal to deviate in multiple
directions and creating High Scattering Zones (HSZ) and energy loss
(Colombero et al., 2019; Forte et al., 2021; Ogier et al., 2023; Santin
et al., 2024). Further logistical constraints and site accessibility in the
presence of severe crevassing often prevent exhaustive on-site sur-
veys. As a result, the obtained data might be sparse or confined to lim-
ited areas of the glacier, thus failing to fully outline the glacier's
bottom morphology and leading to the need of modelling tools to lat-
erally extend the estimation.

Different methodologies for the modelling of glacier’s thickness
are found in the literature; among all the possible modelling
approaches, we focus on the Glacier Thickness Estimation algorithm
(GIaTE), developed by Langhammer et al. (2019), because of its high
flexibility and low demand for input data. In addition, the theoretical
model of thickness can be constrained with experimental data, partic-
ularly GPR surveys, to obtain accurate estimates. Other models can be
applied to forecast the temporal evolution of ice thickness, implying
calibration and validation over historical data and more complex input
requirements (Van Tricht & Huybrechts, 2023; Zekollari et al., 2022;
Zekollari, Huss, & Farinotti, 2019). From the monitoring perspective,

the combination of remote sensing data (e.g., Digital Elevation

Models) and temperature trend estimations may provide important
insights to estimate thickness variability over time. This approach is
advantageous because it is faster and requires fewer constraints com-
pared to complex modelling.

An integrated approach involving on-site geophysical measure-
ments, remote sensing acquisitions, modelling and meteorological data
analysis is well-established in glaciological studies, providing a robust
framework for analysing ice thickness evolution in response to climate
modifications. In this study, we demonstrate the effectiveness of this
approach by applying it to the Indren Glacier (Aosta Valley, north-
western Italian Alps) to evaluate its changes over the last two decades
(1999-2020).

2 | MATERIALS AND METHODS

For the estimation of the Indren Glacier’s ice thickness and its evolu-
tion, we employed a comprehensive methodology, integrating remote
sensing data, geophysical instruments and modelling techniques.

We began by collecting freely accessible historical data, previous
on-site measuring campaigns and modelling attempts. Specifically, Viani
et al. (2020) already applied the Glacier Bed Topography Model
(GlabTop, Linsbauer, Paul, & Haeberli, 2012) to estimate the ice thick-
ness of the same glacier. This was achieved using the regional Digital
Terrain Model (DTM) from 1991 and the glacier perimeter from the
same year as model inputs. This study identified a potential over-
deepening in the central part of the glacier. Similar results are available
from the Regional Agency of Environmental Protection of the Aosta
Valley Region (https://mappe.partout.it/pub/GeoNavSCT/?repertorio=
arpa, last accessed on September 3, 2024), obtained using the same
unconstrained modelling tool (GlabTop) and remote sensing inputs
(DTM and perimeter) from 2008 for all the glaciers across the region.
To use more recent input data for the modelling, we used the updated
glacier perimeter and high-resolution DEM obtained from a helicopter-
based photogrammetric survey of the glacier carried out in 2018. We
then conducted a denser GPR campaign on the Indren Glacier in July
2020, with the aim of validating the previous results and introducing
experimental constraints into the modelling of ice thickness. Despite
the challenges in interpreting the GPR data in some portions of the gla-
cier, we used the new geophysical data as a constraints in the GlaTE
algorithm of Langhammer et al. (2019) and compared it with previous
studies. Additionally, we linked the analysis of the available DTMs and
DEM over the years with a detailed analysis of air temperature mea-
sured at the nearest meteorological monitoring stations, to quantify the

thickness evolution over the same time period.

21 | Testsite: the Indren glacier

The Indren Glacier is located at the top of the Lys and Sesia valleys, in
the Aosta Valley region, at the border with Piedmont (Figure 1a). It is
found on the Monte Rosa massif, which belongs to the Italian Pennine
Alps. The glacier is south-west oriented and located at the foot of the
Vincent Pyramid, with elevations ranging from 3,000 m to 4,200 m
approximately (Figure 1b; Colombo et al., 2019; Freppaz et al., 2021,
Maggioni et al., 2009; Tognetto et al., 2021). In the frontal portion, it

feeds the Lys stream and is in direct contact with a proglacial pond
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FIGURE 1 (a) Geographical location of the Indren Glacier (Aosta Valley, northwestern Italian Alps). (b) DTM of the Aosta Valley region from
1999 (https://mappe.regione.vda.it/pub/geonavitg/geodownload.asp?carta=DTM99, last access on September 3, 2024). (c) Glacier perimeters
available on the historical regional database (http://catastoghiacciai.partout.it/, last access on September 3, 2024). (d) Glacier thickness estimation
through GlabTop model using the regional DTM of 2005-2008 and the glacier perimeter of 2005 as inputs.
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FIGURE 2 Discontinuous historical data (1882-2020) on (a) average ice thickness; (b) area; (c) estimated volume; (d) minimum, maximum and
average elevation of the Indren glacier, available on the historical regional database (http://catastoghiacciai.partout.it/, last access on September

3, 2024).

having an extension of approximately 1 km?. Starting from 1850, the
glacier front has retired of 1 km with a retreat of approximately
500 m between 1927 and 2013 (Colombo et al., 2019; Godio
et al, 2017). The available historical perimeters of the glaciers over
the first decade of analysis (1999-2012) are shown in Figure 1c
(http://catastoghiacciai.partout.it/, last access on September 3, 2024).
Notably, signification variations in the glacier area have occurred
along the years and the ice thinning in the upper central area led to
the exposure of a few rock outcrops.

Figure 1d displays the ice thickness of the glacier modelled with
GlabTop (Linsbauer, Paul, & Haeberli, 2012) obtained for all the gla-
ciers of the region with input data from 2005 to 2008 and without
experimental data constraints. The possible over-deepening is visible
in the axial lower portion of the glacier.

Historical data on the average ice thickness, area and volume
decrease over years are available for the Indren Glacier in the same

regional database (http://catastoghiacciai.partout.it/, last access on

September 3, 2024). All the available data are summarized in Figure 2,
together with the historical variations in minimum, maximum and
average elevation. As expected, a clear decreasing trend is found for
the ice thickness, area and volume starting from the measurements of
1940. As a consequence, the minimum elevation of the glacier has
slightly increased over the years. Apart from the GlapTop models
mentioned above (referred to 1991 and 2008 input data), there is no
additional information on ice thickness related to recent years. This
leak of data led us to develop a methodology to obtain an updated ice
thickness model for the site.

2.2 | DEM reconstruction and analyses

We used the available regional DTMs covering the glacier area to
track potential variations in the glacier thickness over the period
1999-2018.
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The available regional DTM-1999 was obtained through the
interpolation of elevation data and contour lines present in a large-
scale technical map of the Aosta Valley (orthometric heights, refer-
ence system UTM ED50 zone 32 N). The final resolution of this
dataset is 10 m.

The second DTM of the region, referred to as DTM-2008, was
created by merging two separate datasets collected during different
periods. The first dataset, acquired in 2005-2006, focused on areas
susceptible to debris flow hazards and the main fluvial areas within
the region. This dataset offers a high resolution of 0.5 m (orthometric
heights, reference system UTM ED50 zone 32 N). The second
dataset, acquired in 2008, completed the coverage of the remaining
parts of the region that were not scanned in the initial survey, includ-
ing the area of the Indren Glacier. This dataset has a resolution of 2 m
(orthometric heights, reference system UTM ED50 zone 32 N). Both
datasets were acquired using a LiDAR (Light Detection and Ranging)
scanner mounted on board of an aerial platform.

A high-resolution DEM of the Indren glacier was finally obtained
in July 2018 by Fondazione Montagna Sicura (FMS), through an aerial
photogrammetric flight (DEM-2018).

The DEM-2018, covering the whole glacier surface, was obtained
by performing a helicopter flight and acquiring oblique digital images
with a Sony DSC-HX90 digital camera. The surveyed area covered
3.54 km?, obtaining an orthomosaic with a ground resolution of
18.5 cm/pixel and a DEM with a ground resolution of 36 cm/pixel.
The image processing was performed by applying Structure from
Motion Algorithms with the use of Agisoft Metashape software. A
total of 19,879 tie points were identified using 25 images, which were
then used to generate a dense cloud of 9,199,227 points. From the
dense cloud, we derived the DEM and the orthomosaic products. Four
Ground Control Points were used. Three of these points were used to
produce the external orientation of the photogrammetric model. The
fourth point, centrally positioned, served as a checkpoint to assess
the error of the model. The error was found to be equal to 0.81 m on
the XY plane and 0.36 m on the Z axis.

This dataset has a final resolution of 0.4 m (ellipsoidal heights, ref-
erence system WGS84 UTM zone 32 N). We used this DEM, together
with the glacier perimeter manually defined on the orthomosaic of the
same survey (Figure 4), to model the updated ice thickness con-
strained with GPR data of 2020.

Figure 3 shows the three models, cut over the perimeters of the
glacier in the different reference years.

To highlight thickness variations over the two decades, compari-
sons were made between the available elevation models (2008-1999,
2018-2008 and 2018-1999). All layers were converted to the
WGS84 UTM zone 32 N reference system, and DEM-2018 elevations
were converted to orthometric heights to allow for comparison with
the regional data. To overcome limitations due to differences in reso-
lution between the three surveys, a smoothing procedure was applied.
In particular, the layer differences involving the DTM-1999 (10-m res-
olution) were low-passed filtered to contrast artefacts related to the

grid dimensions.

2.3 | GPRdataset

The ground-based GPR dataset was acquired in two different survey
campaigns of July 2020 (Figure 4). The first dataset consisted of
12 profiles acquired over the area of potential thickness over-
deepening and the frontal part of the glacier (Figure 1d). A 200-MHz
IDS antenna connected to an IDS K2 TR200 acquisition unit was used
in this campaign. The antenna was manually dragged on the snow sur-
face and GPR traces were georeferenced by means of a GNSS RTK
antenna (Emlid Reach RS2+) mounted on the radar antenna. GPR
traces were recorded for a total length of 800 ns, with a sampling of
2048 samples/trace. The second survey campaign was carried out
with the same system and acquisition parameters, but mounting a
70-MHz antenna (Subecho-70, Radarteam). This selection was done
in order to achieve a potentially higher investigation depth in the area

of the over-deepening and upwards, where scattering and attenuation
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FIGURE 3 Regional DTMs (1999 (a) and 2008 (b)) and local DEM (2018 (c)) cut on the glacier perimeters of the different years, overlapped to
the glacier orthophoto retrieved from the photogrammetric flight of 2018. DTM-1999 and DTM-2008 are available from https://mappe.regione.
vda.it/pub/geonavitg/geodownload.asp?carta=DTM99, last access on September 3, 2024. Glacier perimeters for years 1999 and 2008 are
available on the historical regional database (http://catastoghiacciai.partout.it/, last access on September 3, 2024). The perimeter of 2018 was

manually picked on the orthomosaic of the photogrammetric flight.
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FIGURE 4 Orthophoto and glacier perimeter obtained from
photogrammetry (2018) with the location of the GPR profiles
acquired in July 2020 for which thickness information could be
retrieved even in partial segments of the profiles.

partially compromised the interpretation of the profiles acquired dur-
ing the first campaign. However, the quality of this second dataset
was very poor and only three of the seven available profiles (lines 1, 5
and 6 in Figure 4) led to additional information about the glacier bot-
tom morphology and ice thickness.

We considered a constant velocity of 0.17 m/ns (EM wave propa-
gation velocity in ice) for time-to-depth conversion, disregarding the
presence of a shallow thin and discontinuous snow cover. With this
velocity, the wavelengths of the two survey campaigns are approxi-
mately 0.85m and 2.43 m, implying indicative vertical resolutions
(wavelength/4) of 0.2 m and 0.6 m (Annan, 2003).

A standard processing procedure was applied to the raw
radargrams. The start time of each trace was shifted to delete samples
preceding the initial pulse and obtain the exact zero time. A high-pass
filter was applied to remove the low-frequency noise (dewow). The
average trace of each radargram was subtracted to remove the hori-
zontally coherent noise. Traces were further corrected for geometrical
spreading, to gain signal amplitude with depth. We manually removed
the stationary traces inside the radargrams caused by random stops in
the dragging of the antenna close to crevasses and in other difficult
walking conditions and applied time-to-depth conversion. Finally, we
proceeded with the migration of the GPR data to improve the bottom
visualization and remove the presence of diffraction hyperbola. For
this purpose, we applied a Kirchhoff migration with a summation
width of 200 traces.

A manual picking of the ice bottom reflections was performed on
the processed radargrams, to map the glacier thickness along the

profiles.
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24 | Ice thickness modelling with GPR data
constraints

Given the availability of an updated glacier geometry (perimeter and
elevations) and thickness measurements obtained from the GPR data,
we selected the GIaTE algorithm (Langhammer et al., 2019) as the
optimal modelling tool for extending the thickness estimation to
the entire glacier area. Through an inversion procedure, this model
aims at reducing the mismatch between the ice thickness estimated
by means of a starting theoretical model and the experimental mea-
surements acquired through GPR. The GIaTE model can incorporate
any glaciological model from the literature as its theoretical con-
straints. Here, we considered the approach developed by Clarke et al.
(2013), i.e., the same used by the authors of the GIaTE algorithm. The
initial glaciological model links the basal shear stress (z) to the ice
thickness and geometry of the glacier. However, the parameters
defining = might be highly variable, a correction factor based on the
minimization of the difference between measured (through GPR) and
estimated thickness is therefore introduced. The model is further con-
strained at the glacier perimeter (i.e., thickness = 0 m) and a regulari-
zation constraint is introduced. This strategy aligns with Occam’s
principle, favouring simpler solutions amidst the model’s multiple out-
puts. By applying relative weights to the different constraints, the
model allows to allocate the confidence in all the individual
contributions.

We used the glacier perimeter and DEM related to 2018 as model
inputs. The DEM was resampled to a coarser, but homogeneous, cell
size of 5 m to speed up the computational processing and avoid local
artefacts. The thickness data retrieved from the GPR survey cam-
paigns of 2020 were then used as model constraints.

2.5 | Temperature analysis

To complete the analysis of the long-term evolution of the glacier
thickness, we used the freely available air temperature measurements
of the closest meteorological stations to estimate a temperature trend
for the period 1999-2020 (Table 1). The station BP (Bocchetta delle
Pisse) is the one having the longest temperature record, starting in
1988, however, it is located at a significantly lower elevation (—600 m
with respect to the glacier front). The station G (Gabiet) is located at a
similar elevation at a comparable distance to the glacier, but the tem-
perature record started in 2002. The closest station is CM (Capanna
Margherita), having an elevation of +-250 m with respect to the glacier
summit, but data is limited to the period 2002 to the present. Given
the limitations in the available information, we carried out tempera-
ture analyses on all the stations to compare the results and obtain an
average estimation of the temperature trend over the years.

In detail, we considered daily average temperatures from each
station over all the available monitored years. Figure 5 shows the
processing procedure aimed at linear fitting the residual temperatures,
after the removal of the seasonal components, specifically for the sta-
tion BP. We filled the gaps in the long-term records (Figure 5a) by
replacing the missing daily temperatures with the average tempera-
ture for that specific day of the year computed on the whole dataset.
We cut the data to complete year periodicity to avoid unbalanced rep-

resentativeness of some periods of the year (Figure 5b). We then
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TABLE 1 Meteorological stations of the regional monitoring networks with available daily average air temperature measurements. The
approximate station coordinates are given in WGS84 UTM32N to compute the average distances from the Indren Glacier perimeter. Data
sources: ARPA Piemonte for stations BP and CM (https://www.arpa.piemonte.it/rischi_naturali/snippets_arpa_graphs/map_meteoweb/?rete=
stazione_meteorologica) and Regione VdA (https://presidi2.regione.vda.it/str_dataview_download) for station GA, last access on September 3,

2024.
Station ID Station name Data source E (m) N (m) Elevation (m) Distance (km) Data availability
BP Bocchetta delle Pisse ARPA Piemonte 414,878 5,080,207 2,410 4.2 1988 to present
CM Capanna Margherita ARPA Piemonte 412,940 5,086,616 4,554 24 2002 to present
GA Gabiet Regione VdA 410,521 5,077,548 2,379 4.8 2002 to present
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FIGURE 5 Processing of daily average air temperatures recorded at the meteorological stations closest to the Indren Glacier. (a) Raw data for
station BP, the black lines highlight periods in which data are not available. (b) Amplitude spectrum and (c) phase spectrum of the data in (a).

(d) BP data (cut to complete years) and after gap filling (blue dots) compared to the periodic components retrieved from the daily average
temperatures computed over the whole period (in black) and from equation 1 (in red). (e) Residual temperatures after removal of the average
temperatures, and related linear fitting line (in green). (f) Residual temperatures after removal of the periodic component retrieved from

equation 1, and related linear fitting line (in green).
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FIGURE 6 GPRresults obtained in the 200-MHz survey campaign. (a) Processed radargram of profile 9 (location in Figure 4) prior to
migration. (b) Processed radargram of profile 9 with migrated data; interpretation lines of the glacier bottom morphology (in magenta) and snow
cover (in cyan). (c) Processed radargram of profile 12 (location in Figure 4) prior to migration; the red boxes indicate widespread diffraction
hyperbolas under which intense scattering of the signal is found, and likely related to the presence of crevasses and cavities, whereas the red
arrow might indicate the presence of a boulder or a small cavity in the ice matrix. (d) Processed radargram of profile 12 with migrated data;
interpretation lines of the glacier bottom morphology (in magenta) and snow cover (in cyan).

estimated the periodical seasonal variations with two different
approaches: i) computing the average temperature of each day of the
year on the whole dataset, ii) taking advantage of signal processing
tools. For the latter, we expressed the periodic component y of the
data as a sum of cosine functions, the following:

y =Aq cos(2nf1t+ ¢y ) +Ag cos(2nfat +dy) (1)

where t is time (in days), f; and f, are the two main frequency compo-
nents detectable in the data, A; and A, are their related amplitudes,
¢, and ¢, are their related phases. The dominant frequencies with
related amplitudes and phases can be easily retrieved from the ampli-
tude and phase spectra of the temperature signal. An example is
shown in Figure 5b,c for the station BP (amplitude and phase spectra,
respectively). The amplitude spectrum shows a clear dominant peak at
a frequency of 0.0027day™! (f;), corresponding to a period of
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FIGURE 7 Experimental ice thickness retrieved from the GPR
investigations along the profiles.

365.25 days. This peak confirms the dominant yearly periodicity in the
temperature records. A second peak (f,) is found at 0.0057 day~?,
corresponding to a six-month periodicity. The amplitudes and phases
of these two periodic components (f; and f,) can be easily retrieved
from Figure 5b,c, respectively, and input in Equation 1.

The periodic components retrieved from the daily average tem-
perature and from signal processing are compared in Figure 5d. The
residuals obtained by subtracting each of the period components from
the original data are displayed in Figure 5e,f, together with their linear
fits. The temperature trend can be easily estimated from the slope of
the fitting lines.

We applied this procedure to the three datasets of the closest mete-
orological stations. Since the station BP provided the longest time record
and the methodology was found to be robust with both approaches, we
split the long-term records into two subsets to get an approximate refer-
ence trend for the two decades under investigation (1999-2008 and
2008-2018). Finally, we performed a direct comparison with the thick-
ness variations highlighted by the DTM and DEM analyses.

3 | RESULTS

This section presents the key findings from our analysis. We begin by
presenting the results from the GPR surveys, followed by the integra-
tion of the GPR data into the glaciological model. Next, we show the
findings from the DTM analysis and conclude with the analysis of

the temperature trends.

3.1 | Ice thickness from GPR data

Figure 6 shows representative processed radargrams of two profiles
obtained during the survey campaign with the 200-MHz GPR

antenna. In particular, Figure 6ab refers to the longest
section transversally cutting the glacier (profile 9 in Figure 4), while
Figure 6c,d refers to the longest section acquired along the central
axis of the glacier in longitudinal direction (profile 12 in Figure 4). The
figure shows processed profiles before and after data migration.
Unmigrated data are included because the presence of diffraction
hyperbola helps in identifying localized objects, like crevasses, boul-
ders and possible cavities. Data migration generally improved the
visualization of the deeper features, but it also enhanced noise arte-
facts, such as the horizontal stripe at approximately 600 ns in
Figure 6b. Further 200-MHz GPR profiles, the longest after lines
9 and 12, are reported in the Supplementary Material (52-54).

With the exception of profile 9 (Figure 6a,b), it was not possible
to visualize the bottom interface of the glacier along the whole GPR
profiles. Intense scattering and attenuation of the GPR signal were
encountered in many areas of the processed sections, as clearly
shown along profile 12 in Figure 6c,d, from a distance of 240 m.

Despite the diffuse scattering, the thickness measures that could
be reconstructed along the profiles are summarized in Figure 7. The
ice thickness reaches a maximum depth of approximately 60 m in
the central area of the survey, confirming the existence of an over-
deepening in this portion of the glacier already identified from glacio-
logical models in the previous studies referred to years 1991 (Viani
et al., 2020) and 2008 (Figure 1d).

3.2 | Ice thickness modelling with GPR data
constraint

The available GPR thickness constraints were used as inputs to the
GIaTE model, together with the updated DEM and perimeter of
the glacier retrieved for 2018. Figure 8 displays the modelling results
obtained with a smoothing factor of 20 (over E and N distances of
100 m), in compliance with the average spacing between the acquired
GPR profiles. The ice thickness estimation from the glaciological
model only (h¥°°) is shown in Figure 8a. Figure 8b displays the interpo-
lation of the GPR data (h°®) used as constraints, to obtain the final
model (h®") of Figure 8c. The difference in thickness between the
final model and the unconstrained one is shown in Figure 8d
(het — pdlecy,

3.3 | DTM/DEM analysis

Figure 9 shows the differences in elevation between the available
DTMs and DEM of the glacier, over the two considered decades (first
decade, 2008-1999, in Figure 9a; second decade, 2018-2008, in
Figure 9b; whole period, 2018-1999, in Figure 9c).

3.4 | Temperature analysis

The results of linear fitting on the residual temperatures, obtained after
the removal of the seasonal periodic components, are summarized in
Table 2. All the fitting lines showed a p-value lower than 1072 for the
slope estimates (Figure 5e,f), meaning negligible probability of having

zero-slope fitting curves. The trend in the data should therefore be
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FIGURE 8 Updated ice thickness
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modelling results: (a) ice thickness (a)
estimated with the initial theoretical
model only; (b) interpolated GPR ice
thickness constraints; (c) ice thickness
estimated through the GIaTE algorithm;
(d) comparison between the GIlaTE and
theoretical model.
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FIGURE 9 Elevation and ice thickness variations between (a) DTM-1999 and DTM-2008 (2008-1999); (b) DTM-2008 and DEM-2018
(2018-2008); (c) DTM-1999 and DEM-2018 (2018-1999). All the variations are computed inside the glacier perimeter of 2018.

considered reliable. In addition, the error on the slope estimation is gen-
erally one order of magnitude lower than the estimated slope.

4 | DISCUSSION

Our analysis integrated data from GPR surveys and glaciological model-
ling to characterize the ice thickness of the Indren Glacier. Additionally,
we examined the impact of recent climatic trends on this glacier dynam-

ics through a comparison of DTMs and temperature records.

41 | Ice thickness from GPR data and modelling

Profile 12, presented in Figure 6c, helps to clarify the scattering phe-
nomena encountered in the different radargrams. This profile can
indeed be subdivided into a first part, where ice seems transparent to
the penetration of the EM waves and the bedrock is clearly identified,
and a second part, with a high scattering zone. The shallow features visi-
ble in the radargram further help to explain the origin of the scattering.
The first part of the line is covered by a thicker and continuous snow

cover and clear additional layering can be seen at the interface with
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TABLE 2 Estimation of the air temperature trend in the area of
the Indren glacier from the daily average temperature records of the
closest regional meteorological stations. Ty4: trend estimated on the
residual temperatures after the removal of the average daily
temperatures for each day of the year computed on the whole
dataset. Tp: trend estimated on the residual temperatures after the
removal of the periodic component of Equation 1.

Station ID Data period Tms (°C/year) Tm2 (°C/year)
BP 1988-2023 0.038 = 0.003 0.038 + 0.003
BP until 2005 0.025+0.010 0.026+0.010
BP since 2005 0.070+0.018 0.070+ 0.009
CM 2002-2023 0.052 + 0.008 0.052 * 0.008
GA 2002-2023 0.051 + 0.007 0.051 + 0.007

compact ice. In the second part of the radargram, the snowpack is thin
and several shallow diffraction hyperbolas are widespread in the section,
likely linked to the presence of crevasses, contributing to the infiltration
of melting water and modifying the thermal conditions at depth. These
diffraction hyperbolas are locally also found at depth, potentially indicat-
ing the additional presence of cavities and other melting water paths
inside the ice body. The scattering and attenuation of the GPR signal is
therefore likely linked to the presence of warm and water-rich ice, as
already reported in several studies (e.g., Colombero et al., 2019; Forte
et al., 2021). To confirm this, it should be recalled that GPR surveys con-
ducted on the Indren Glacier were performed during the summer period
when the high temperatures contribute to snow and ice melting. The
existence of warm ice, causing the scattering events, can be therefore
directly linked to the presence of crevasses on the glacier surface,
through which water percolates, reaching the ice-bedrock interface.

The images generated using the GIaTE model (Figure 8) are quite
consistent with the interpolated GPR data (Figure 7). The results of
the theoretical glaciological model without the GPR constraints
(Figure 8a) already show average thickness values more consistent
with the present experimental GPR measurements with respect to the
previous models referred to years 1991 (Viani et al., 2020) and 2008
(Figure 1d). This is likely due to the updated geometry and elevation
inputs, together with the long temporal gap existent between the dif-
ferent estimates. This consideration stresses on the importance of
using input data belonging to coherent time windows to obtain a first
rough estimation of the glacier thickness. In the initial model, a deeper
ice thickness is also predicted close to the area of the glacier where
the over-deepening was found from GPR data interpretation and pre-
vious models. However, this over-deepening is shifted 50 m down-
wards and less extended and pronounced compared to the GPR
observations (Figure 8b). Figure 8, in fact, shows a mismatch of 30 m
between the theoretical and constrained thickness models in this area.
These differences highlight the value of integrating GPR data to refine
and improve the accuracy of the final model (Figure 8c).

4.2 | DTM/DEM and temperature analysis

Comparing Figure 9 with the variations in glacier perimeter already
highlighted in Figure 1-3, it can be noted that in only 20 years the
elevations have dramatically changed, with the biggest variations
occurred in the last decade, between 2008 and 2018. Figure 9 well

highlights how the thickness reductions have occurred mainly in the
frontal area of the glacier, and in the centre, where the rock outcrops
have emerged. No significant changes are shown for the period
between 1999 and 2008 (Figure 9a), where elevation fluctuations
vary within #2 m, likely linked to the poor resolution of the first
DTMs. This is also confirmed by the fact that the variations between
2008 and 2018 (Figure 9b) are highly comparable with those occurred
in the whole considered period (Figure 9c).

The thickness modifications depicted over the last two decades
are highly in line with the air temperature evolution estimated over
the same period. The closest meteorological station (CM), located at
higher elevations with respect to the glacier summit, pointed out an
extreme temperature trend of approximately 0.05 + 0.01°C/year in
the period from 2002 to the present. Despite the great difference
in elevation, this temperature trend is confirmed by the GA station
results, active over the same monitoring period. The only
station offering more than 30 years of almost continuous daily tem-
perature record (BP) still shows an extreme temperature trend of
0.04°C/year on average, in line with the other two more recent
stations.

To compare the temperature trends with the ice thickness evolu-
tion during the two decades under investigation (1999-2008 and
2008-2018), we applied the same procedure to the data of the sta-
tion BP cut in two different datasets of 17 complete years (1989-
2005 and 2005-2023). The obtained temperature trends are signifi-
cantly different: the temperature trend of the second period of obser-
vation is more than twice the temperature increase detected until
2005 and closer to the general trend detected by the other two sta-
tions. Such high recent temperature rates support the observed higher
ice thickness variations in the period between 2008 and 2018 through
the DEM analyses. The temperature increase registered in the second
decade has led to enhanced ice melting on the Indren Glacier. Thick-
ness variations are an initial manifestation of annual weather condi-
tions (Zemp & Haeberli, 2007). These variations also influence the
horizontal length of the glacier over the long term, which is a delayed
response to weather conditions and reflects the impact of climate
change.

5 | CONCLUSIONS

A two-decade integrated data comparison on the Indren glacier
offered a good opportunity to quantify the present ice thickness and
investigate thickness variations occurred over a significant time inter-
val. On-site geophysical measurements and remote sensing surveys
allowed for the retrieval of an updated ice thickness model for the gla-
cier, while the combination of historical data and long-term tempera-
ture records offered consistent information about the thickness
evolution over time. Our findings highlight a significant ice
thickness decrease in the last decade in comparison to previous time
periods and experimentally confirmed the presence of an over-
deepening in the glacier, consistent with previous studies. The study
relied on basic model inputs and tight data availability, trying to com-
bine discontinuous and freely available spatial data with experimental
measurements as a calibration and validation tool. The outcomes
underscore the fast response of alpine glaciers to climate change and

provide crucial insights for forecasting future scenarios. This simple
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integrated approach can be applied to other glacial bodies, contribut-
ing to a broader understanding of cryosphere-climate interactions and
guiding the research efforts in climate change adaptation and mitiga-

tion strategies.
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