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Foreword 

 

Glaciers are a peculiarity of mountain and polar environments on Earth. The landscape of the 

Alps, in particular, finds one of its most fascinating traits in the snow and ice capped mountains. 

If it has been this way in the past centuries, nowadays not only scientists but both local 

populations and tourists alike can observe that large, unusual changes are happening in the 

high mountain environment of the Alps. Very little snow cover is left during the summer season, 

perennial snow and subsequent equilibrium line altitude is a lot higher than in the past, and 

glaciers experience more and more debris cover from increasingly frequent rockfalls. The 

darkening of the alpine landscape should really be an indicator for populations to care more 

about environmental changes caused by anthropogenic global climate change. If the adaptation 

to the bitter sensation of observing the vanishing of alpine glaciers may be subjective and have 

a relatively mild impact, the consequences of climate change and a strong ongoing degradation 

of alpine cryosphere could be severe: water scarcity during summer droughts and an increase 

in the frequency and intensity of extremely severe meteorological phenomena are only two of 

the consequences that will have to be faced in the future. In between large-scale phenomena 

such as those just mentioned, locally, the evolution of natural hazards linked to a rapidly 

changing cryosphere will also need to be faced and adaptation sought. The early detection and 

monitoring of a very rapidly evolving territory are challenging in the extreme. It is from this 

standpoint that the present PhD project was conceived. 

 

1.  Introduction 

 

The executive PhD project supported by the Fondazione Montagna sicura (FMS) and the 

University of Pavia, which I carried out as the principal investigator, was conceived in order to 

pursue research and development activities on the topic of the monitoring and the 

understanding of the dynamics and processes leading to glacial instabilities and glacial risks 

(Faillettaz et al., 2016; Faillettaz et al., 2015). The involvement of the CNR IRPI Section of 

Turin, GMG ‘Geohazard Monitoring Group’, was fundamental in the integration of historical 

monitoring data and experimental activities on specific monitoring sites as well as the extensive 

input that derives from their expertise in the monitoring of natural hazards and the 

development of innovative monitoring solutions. The project’s research topic stems from a 

distinct need: even though great improvements have been made in recent years using new 

technologies, many uncertainties are still present in many steps of the monitoring and the 

subsequent decision-making process when a road is closed or houses have to be evacuated due 

to potential glacial instability. Therefore, the need for a strong integration of research activity 



into risk management has become a priority. In this frame, the ‘monitoring’ side (that is mainly 

represented as the private investor in the PhD project: Fondazione Montagna Sicura) represents 

the applied side of the scientific project, while the understanding of the processes is more purely 

scientific, one that is more affine to the academic side represented by the university. The joint 

efforts that were combined in this partnership well represent the structure of the executive PhD 

that should blend industry and academia in a pathway of research and development around a 

common subject of interest. In the field of glacial hazards, a great leap forward for both the 

scientific community and policy makers involved in the management and monitoring of glacial 

risk situations has been made in recent years by the intergovernmental study group Gaphaz, 

first with its establishment and, later, with the very relevant publication of: ‘Assessment of 

Glacier and Permafrost Hazards in Mountain Regions, Technical guidance document’ (Allen et 

al., 2022). This document synthetises a large quantity of information related to destabilisation 

phenomena in high mountain environments. A large part of the work analyses risks of a glacial 

origin; cascading processes which will be the focus of the present work. Nonetheless, the Gaphaz 

document carefully describes phenomena and largely deals with the early identification of 

hazards, and possible modelling approaches, for the definition of risk scenarios. The scientific 

community worldwide should refer to this document for guidelines on early hazard detection 

and a preliminary definition of risk scenarios, which represent the core of the Gaphaz work. 

Nonetheless, what is not included in this document is everything that happens when, at a 

specific site, a hazardous situation is detected and highly destructive impacts are estimated by 

means of modelling approaches (Emmer et al., 2022; Mergili et al., 2020). Therefore, what comes 

into play is the “monitoring” phase of the phenomenon (Faillettaz et al., 2016; Pralong & Funk, 

2006), and this part of the process represents the main topic of the present work. The final steps 

of the Gaphaz document provide some indications and examples as to the kind of approach that 

could be used for the further investigation (a general indication of a possible approach is given, 

but is not developed further) of specific sites, but this does extend to a critical analysis of existing 

approaches and methodologies, their pros and cons, limits, cost and other important details. I 

believe that the relevance of the present study resides in the aim of analysing the current 

situation and increasing knowledge of it. Principally, this project was born because, in the frame 

of glacial monitoring activities managed by the FMS, many difficulties are due to the current 

degree of knowledge of the glacial processes that may, potentially, generate risk situations. 

Often, these processes are poorly understood and also less studied compared to other glacial 

processes. This focus in the field of glaciology has a motivation, and the efforts of the 

glaciological community having a major focus on better understanding the global consequences 

of future glacier melt is highly motivated by the global impacts that it will have in future climate 

change scenarios. Even if impacts of glacial risks have more local impacts, in present climate 

change scenarios, they could represent major problems to be faced by mountain communities 

(Pandey et al., 2022). In this context, we focused our attention on providing an in-depth review 

of the existing methodologies and the scientific understanding of glacial destabilisation 

processes. The main objective of the present PhD study is to understand whether the integration 

of a stronger and updated scientific approach to an existing glacial risk monitoring plan could 

benefit present procedures and if new knowledge applied to the management and monitoring of 

glacial risks could help researchers, practitioners and policy makers. This knowledge would, in 

turn, benefit populations living in the mountains who have to cope with glacial risks. Another 

aim of the project would be, ideally, to create or at least lay out a pathway for standardised 

procedures and methodologies that could be replicated and diffused in order to be used and 

applied by other mountain communities around the world. 

The Fondazione Montagna Sicura is a non-profit organisation dedicated to the study of safety 

in high mountain environments. It has developed specific departments studying snow and 



avalanche science, mountain medicine, risk communication and glaciological studies applied to 

the prevention of glacial risks. The Foundation began its operations in 2002. 

Before exploring these issues, it is worth summarising the natural processes involved in the risk 

assessment and management of glacial hazards; a simple yet effective classification can better 

guide the reading and the understanding of the content that will follow. 

A classification of glacial risk phenomena 

Mountain glaciers are the main source of freshwater for human activities in the surrounding 

regions (Barnett et al., 2005; Hock et al., 2005). Furthermore, glaciological processes (e.g., ice 

break-offs, glacier outbursts, snow/ice avalanches) can threaten populations, urban areas and 

infrastructure (Kääb et al., 2005). In densely populated areas, such as the European Alps, the 

interaction between glaciers and anthropic activities is very frequent (Haeberli et al., 1989) and 

is of crucial importance in the study of glaciers in order to understand their evolution and as a 

response to climate change. Moreover, glaciers are expected to reduce their area coverage and 

increase their instability (Deline, Gruber, et al., 2015). The long-term monitoring of glaciological 

processes is often complicated and expensive, especially in remote areas and inaccessible 

terrains, which are common in mountain environments (Kenner et al., 2018). A practical 

approach is the adoption of remote sensing instrumentation that allows for the observation of 

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 remotely with a relatively high spatiotemporal resolution. Nevertheless, 

satellite surveys suffer complex geometries and the revisit time might be not adequate for 

glaciers and the measurement of rapid processes. Therefore, the use of close-range remote 

sensing systems is often the most effective solution for glacier monitoring (Dematteis et al., 

2018). 

Before going further into the study, it is important to summarise the principal types of 

instability that can affect glaciers and their surrounding environment. 

Glacial instabilities can be divided in two large categories of phenomena: 

A) Phenomena linked to destabilisation of solid ice masses (glacier collapses) 

B) Phenomena linked to destabilisations involving unstable water accumulations into, onto 

or near to glaciers (GLOFs) 

A third class may be identified as a crossover between the two aforementioned classes and that 

involves solid and liquid water phases but, more generally, as other solid phases may be 

incorporated in mass movements like rock or snow. We define this class as instabilities linked 

to ‘cascading processes’ and, therefore, define it as: 

C) A destabilisation involving complex cascading processes with the presence of different 

phases into mass movements. 

 

 

 

 

 



A) Glacier collapses 

Glacier collapses can be divided into two major groups: serac falls and temperate glacier 

destabilisations. These are typically gravity driven instabilities involving solid ice masses 

(Faillettaz et al., 2016). 

Serac falls occur when glaciers are frozen to the bedrock, meaning that they have negative 

temperatures at the ice-bedrock interface throughout the whole year. No basal sliding happens 

in these conditions and the dynamics of such ice bodies are determined by internal deformation 

and damage only, thus providing an opportunity to interpret accelerating deformations as a 

precursor (Pralong et al., 2005) of a major failure in the ice body (Figure 1). The failure is driven 

by accretion of the ice body to a critical geometry which becomes unstable and is, essentially, 

driven by ice accumulation and gravity that generates periodical large failures. 

 

Figure 1. Large serac falls of the Whymper Serac occurred in September 2014. 

Temperate glacier collapses occur as a consequence of different dynamics (compared to serac 

falls) that such glaciers manifest due to the presence of liquid water at the ice-bedrock interface 

at the base of the glacier (Pralong & Funk, 2006). Along this interface, the basal friction is 

weakened and in a complex equilibrium between melting and refreezing along asperities, a 

distributed drainage network can build up; during the melting season the drainage network can 

build up more consistently and organise itself in a channelised network. In this subglacial 

drainage network, positive water pressures may build up because of sudden increases of water 

input from increased snow/ice melt or liquid precipitation, and a drop in basal friction of the 

glacier can be experienced. A decrease of basal friction causes the ice mass to accelerate. Such 

accelerations may destabilise certain types of glacier and cause the triggering of large ice 

avalanches (Alean, 1985). Such avalanches can occur on steep glaciers (Figure 2) that sit on 

hard bedrock (such as the Allalingletscher ice avalanche, 1965) (Faillettaz et al., 2012), but it 

has been recently observed (for example at Aru Lake in 2016) (Gilbert et al., 2018) that glacier 

tongues lying on a soft sediment base may also become destabilised, even with very low angle 

slopes. This last type of destabilisation has never been described for alpine case studies. 



 

Figure 2. Destabilisation of a temperate glacier tongue. The ice avalanche of 30 August 1965 at 

Allalingletscher (Wallis Canton-CH) 

 

B) Glacier lake outburst floods (GLOFs) 

GLOFs are generated by the accumulation of liquid water onto, into or near to ice bodies. These  

can become unstable and trigger sudden collapses of the ice dams retaining the liquid water 

mass, thus generating floods downslope (Emmer, 2017). Generally, if the lakes have a free 

surface (Figure 3), they can be fairly easily observed both on-site and from satellite observations 

so they can be readily detected (Taylor et al., 2023). If a critical and potentially dangerous 

geometry is identified, more specific assessments must be made such as water volume 

estimation, flood runout modelling and ice subsurface imaging by geophysical investigations. If 

a risk for downslope communities or infrastructures exists, active measures such as drainage 

channel excavations, water lowering by pumping or passive measures such as monitoring 

systems linked to early warning systems are normally taken into account (Wang et al., 2022). 

 

 

Figure 3. The Grand Croux glacial Lake (Cogne – Aosta Valley) which originated a GLOF on 14 August 

2016. 



C) Cascading processes 

Cascading processes are phenomena that can be triggered as a single mass movement but 

that later evolve into a different type of mass movement due to the uptake of, or combination 

with, other phases or materials along their paths (Mergili et al., 2020). A classic example of 

cascading processes in high mountain environments involving glaciers are so called ‘rock-ice 

avalanches’. In this case, rock failures from rock walls that fall onto glaciers can uptake ice 

and/or snow from the glacier surface (Shugar et al., 2021) (or eventually destabilising the whole 

glacier in extreme cases) so that the mixture of rock, ice and snow is ‘lubricated’ with a drop in 

friction coefficients of the moving mass, giving rise to an extension of the run outs compared to 

the starting, single-phase, event (Figure 4). The array of different cases is extremely wide with 

existing examples ranging from glacier collapses ending up in lakes that trigger floods, to ice 

avalanches that end up blocking streams and can trigger subsequent debris flows along streams. 

 

Figure 4. A rock-ice avalanche powder cloud reaches the hamlet of Entrèves, Courmayeur on 16 

January 1998. 

1.1 Area of study 

The Aosta Valley (Italian: Valle d'Aosta) is a mountainous autonomous region in northwestern 

Italy (Figure 5). It is bordered by Auvergne-Rhône-Alpes, France, to the west, Valais, 

Switzerland, to the north, and by Piedmont, Italy, to the south and east. The regional capital is 

Aosta. Covering an area of 3,263 km2 and with a population of approximately 128,000, it is the 

smallest, least populous, and least densely populated region in Italy. Provincial administrative 

functions are provided by the regional government and the region is divided into 74 

municipalities. The Aosta Valley is an Alpine valley which, with its tributary valleys, includes 

the Italian slopes of Mont Blanc, Monte Rosa, Gran Paradiso and the Matterhorn; its highest 

peak is Mont Blanc (4,810 m). The valleys, usually reaching above 1,600m on their lowlands, 

annually have a cold continental climate. The inner parts of the region, orographically protected 

by the main incoming weather fronts, are particularly dry, with mean annual precipitations as 

low as 500-600mm, while the outer parts of the region, in the bordering areas, can reach 1800-

2000mm of precipitation per year, on average. With about 40% of the regional territory above 

2500m, the presence of glaciers is widespread around the whole region. 



 

Figure 5. Localisation of the Aosta Valley region on the national Italian territory. 

 

In the New Italian Glacier Inventory (Smiraglia et al., 2015), 903 glaciers are described, 

covering a total area of 369.90 km2 ± 2%. The largest part of the glacier coverage is, in fact 

located, in the Aosta Valley Autonomous Region (36.15% of the total). Only three glaciers in the 

national inventory exceed 10 km2 of glacier surface: the Forni Glacier (11.36 km2) in Lombardy, 

the Adamello Glacier (16.44 km2) in both Lombardy and in the Autonomous Province of Trento, 

and the Miage Glacier (10.47km2), which is located in the Autonomous Region of Aosta. In this 

high alpine environment, 4% of the Aosta Valley territory is still covered by glaciers (2015). The 

Regional Glacier Inventory, with its update to 2019, counts 184 glaciers. The actual trend of 

glacial regression has been ongoing for several decades, and the analysis of three successive 

glacier inventories of the Aosta Valley region, performed by Diolaiuti et al. (2012) for the years 

1975, 1999 and 2005 on 174 glacial bodies (that were common in all three inventories), provides 

a good description of the trends of recent decades: Aosta Valley glaciers lost 44.3 km2 during 

1975-2005 (about 27% of the initial area), and the real change rate accelerated over time: the 

1999-2005 mean area loss was of 2.8 km2/year while the 1975-1999 mean area loss had been of 

1.1 km2/year, the total glacierised surfaces 163.9 km2 in 1975, 136.6 km2 in 1999, and 119.6 km2 

in 2005. Owing to its high Alpine environment and special geomorphology, the Aosta Valley 

population is highly exposed to risks related to glaciers. The area of study of the present PhD 

project is particularly interesting for two main reasons: 

- In a small (3200km2) area, there are case studies comprising all the glacial instability 

types numbered in the precedent section with both historical events and actually 

monitored sites. 

- The Aosta Valley region was one of the first alpine regions to adopt an official glacial risk 

monitoring plan. 

 

 

 

 

 



1.2 Case studies 

 

One of the core functions of the Fondazione Montagna Sicura has been, since its creation (that 

was strongly supported by the Autonomous Regional government), to be an operative branch 

dealing with problems linked to high mountain environments, especially snow avalanches on 

one the hand and glacial hazards and risk on the other. To address the glaciological issues, the 

foundation’s Technical and Research Area has worked, since its inception, to conceive and apply 

a glacial risk monitoring plan (Schindelegger, 2019). The specific methods used for its 

management and application are described in the following chapters of the thesis, but it is 

fundamental to stress that the selection of case studies was naturally guided by existing case 

studies, where monitoring of glacial instabilities had been carried out in the past or is still 

ongoing. Therefore, some of the specific monitoring sites on which glacial instabilities are being 

monitored have been chosen, the choice mainly being guided by the quantity and quality of 

existing data available from the different sites. 

Single specific monitoring sites of the glacial risk monitoring plan of the Aosta Valley, chosen 

for further investigation, are briefly presented hereafter: 

 

Grandes Jorasses 

The Whymper Serac is located in the upper part of the Grandes Jorasses Glacier, in Val Ferret, 

in the municipality of Courmayeur, at approximately 4000m a.s.l. (Figure 6). Six boreholes 

drilled in January 1998 showed basal temperatures below 0°C. Recent observations indicate 

that the basal temperature has risen ((Vincent et al., 2020) and Vincent 2021, personal 

communication). The serac is 45°-steep and is classified as an unbalanced hanging glacier 

(Pralong & Funk, 2006). The Whymper Serac follows an evolution cycle characterised by its 

progressive volume increase until its shape and mass reach unstable conditions, and 

consequently, it collapses. The last break-offs occurred in August 1993 (causing the death of 

eight mountaineers), in June 1998, in September 2014 and during autumn 2020. Major 

destabilisations of the Whymper Serac have twice been successfully detected in the past thirty 

years, with a very good estimation of the time of failure of the ice mass in both cases. The 

methodologies used for the monitoring and the prediction of the time of failure have been 

published both for the 1998 case and for the 2014 case (Faillettaz et al., 2016). A predictive 

model based on the analyses of inverse surface velocities of the ice mass has proven to be 

effective as long as most of the ice-bed interface is frozen.  



 

Figure 6. The Grandes Jorasses summit and the Whymper Serac 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Planpincieux Glacier 

The Planpincieux Glacier (RGI60-11.02991) is a medium-sized (Area: 1.013km2) glacier located 

in the Italian part of the Mont Blanc massif (Figure 7). It is situated in the municipality of 

Courmayeur, Aosta Valley region. Its aspect is mostly south and its accumulation area is 

overlooked by rock faces from the Grandes Jorasses (4208m), reaching as high as 700m of 

vertical drop. It drains in Val Ferret, in the municipality of Courmayeur. The ablation area of 

the Planpincieux Glacier is composed of two lobes. One lobe, on the left part of the glacier front, 

does not show signs of destabilisation (Giordan, Dematteis, et al., 2020). The unstable part is 

represented by the right lobe, known as the ‘Montitaz Lobe’, which is a 32°‐steep icefall whose 

terminus lies at 2600m a.s.l. and ends in correspondence with a bedrock cliff that induces 

frequent calving and subsequent ice-avalanches. The monitoring systems that are active for the 

monitoring of the Montitaz lobe consist in a wide array of instruments that are detailed in the 

following chapters. Large instabilities were detected by the monitoring systems in 2019 and 

2020, leading authorities to undertake safety measures such as road closures and the evacuation 

of houses in Planpincieux village.  

 

Figure 7. The lower part of the Planpincieux Glacier, with the Montitaz Lobe to its right 

Brenva Rock Spur 

The Brenva Rock Spur is located at the head of the Brenva Glacier, on the southeastern slopes 

of the Mont Blanc summit (Figure 8). The southeastern side of Mont Blanc is constituted of high 

granitic peaks affected by different degrees of fracturing. In the past hundred years, two major 

ice-rock avalanche events took place on the Brenva Glacier involving volumes of more than 

2*106 m3. In September 2016, a volume of 35,000m3 detached from the previous rock avalanche 



scar and was deposited on the higher part of the Brenva Glacier (Deline, Akçar, et al., 2015). 

This new event has pushed Aosta Valley Autonomous Region’s authorities to investigate in more 

detail the ‘Sperone della Brenva’ rock mass. During autumn 2017, deformation of the rock wall 

was monitored with a ground-based InSAR system. No significant mass movement was 

detected, nevertheless three rockfall events occurred between July 2017 and October 2018, 

indicating that some activity remains. Some specific monitoring activity was subsequently 

initiated. The presence of leaking water on the rock wall has been observed, suggesting that the 

interaction between permafrost and melted water influences greatly the stability of the Sperone 

della Brenva. Repeated aerophotogrammetrical surveys have been performed yearly. Point 

clouds have been analysed in order to analyse potentially unstable volumes of the rock mass via 

a structural analysis of the rock face. Yearly rockfall volumes were also calculated by 

differencing the single point clouds. By combining all these observations, the scenarios have 

been ranked in terms of hazard level. If the collapse of mid-volumes of about 1*105 m3 is rather 

likely  the failure probability is lower for larger volumes. However, due to global warming and 

annual snow cover variations, the monitoring (measuring instruments and/or monitoring 

activity) needs to be continued in order to permanently re-evaluate the probability of failure of 

each scenario. The monitoring systems adopted are, as of now, composed of a digital optical 

system capable of detecting movement and triggering alarms in case of rockfalls (Geosurveyor 

system); a temporary GBInSAR acquisition is made every summer for a couple of months 

depending on snow on the ground; a photogrammetric survey of the failure scar is performed 

every year. The very small displacements recorded by the GbSAR acquisition maintain a 

medium to low level of attention to this specific site. If an increase in rockfall activity is detected, 

a rise in monitoring procedures can be undertaken with 24/7 GbSAR installation or other early 

warning solutions. 

 

Figure 8. The south side of the Mont Blanc with the Brenva Rock Spur evidenced in red 



Grand Croux glacial lake  

The Grand Croux Centrale Lake is a proglacial lake that has started forming since 2000 on the 

left snout of the Grand Croux Centrale Glacier, located in the Valnontey Valley (in the 

municipality of Cogne, Aosta Valley Region) (Figure 9). The lake gave evidence of a subglacial 

outburst flood (GLOF) in 2016, when local authorities documented it and more than sixty people 

had to be evacuated from the lower valley area as bridges had been blocked by the flood wave 

(Giordan, Adams, et al., 2020). After this first recent event, regular observations of the lake 

formation began via Sentinel 2 satellite optical image monitoring. Even though the lake did not 

form again in 2017, observation of Planetscope satellite optical images in 2018 was useful for 

the identification of the lake formation in late spring. Because of the potential risk of another 

GLOF and the steady water volume increase due to glacial melt and the lake surface increase, 

a plan for a possible artificial lake drainage was made. A first water level lowering via pumping 

was performed during August 2018 and a permanent drainage channel that halved the lake 

volume was excavated at the end of summer 2018. 

 

 

Figure 9. The central Grand Croux Glacier and its glacial lake 

 



2. Materials 

Many of the datasets used in the present work derive from archived datasets from the 

glaciological monitoring activity of the Fondazione Montagna Sicura; when deriving from other 

sources, data attribution is cited accordingly. The principal datasets used in the present study 

are summarised in the following paragraphs. Specific smaller datasets used in specific studies 

are detailed in the materials chapter of every single manuscript of the paper collection presented 

in the PhD thesis. 

The glacial risk monitoring plan in the Aosta Valley region 

The Fondazione Montagna Sicura has managed a regional glacial risk monitoring plan on behalf 

of the Aosta Valley region since 2012. The strong relations with the glaciology section of ETH 

Zurich began in 1997, before the start of the foundation’s activities, with a direct link between 

the ETH and the Regione Autonoma Valle d’Aosta (Aosta Valley autonomous region). The first 

case study of glacial risk in Aosta Valley is, in fact, represented by the Whymper Serac ice 

avalanche monitoring of 1998 (Margreth & Funk, 1999) (Faillettaz et al., 2016). In 2009, the 

monitoring of the Whymper Serac on a 24/7 basis begun, becoming the first site-specific, high-

frequency glacial risk monitoring plan in the Aosta Valley region and in Italy (Margreth et al., 

2011). Together with the expertise of Prof. Martin Funk, a full Regional Monitoring Plan of 

Glacial Risk was set up in order to cover the entire regional area with low frequency monitoring 

and to have a framework to implement site-specific, high-frequency monitoring if needed 

(Schindelegger, 2019). The structure of the plan was built on experience from the Swiss 

territory, where a certain number of sites and events had been monitored in recent decades 

(Huggel et al., 2004). The very first large-scale action, started by the Fondazione in 2005, was 

the institution of a regular regional glacier inventory update with the aim of having a more 

frequent update of the inventory, compared to the national and global inventories, and that 

would serve as the database on which to construct the regional glacial risk monitoring plan. The 

second large-scale action comprised in the plan was the scheduling of a yearly screening of all 

the glacial bodies in the region, by means of a photographic helicopter flight over the whole 

regional area. It was during one of these flights that a potentially large instability was identified 

at Planpincieux Glacier in Val Ferret (Courmayeur). A prospective knowledge monitoring plan 

had been conceived and setup during 2012 and 2013, and since 2014 eventually became 

operational with the installation of monitoring time-lapse cameras (still ongoing) and, later, the 

installation in 2019 of GBInSAR instrumentation for high-frequency monitoring and a Doppler 

radar system for early-warning monitoring due to an exacerbation in the accelerations of the 

unstable glacier front. Since 2012, the regional glacial risk monitoring plan has been officially 

mandated from the Aosta Valley region to the Fondazione Montagna Sicura every year until the 

present. 



 

Figure 10. Workflow of the regional glacial risk monitoring plan. 

The monitoring plan can be summarised by the workflow above (Figure 10) 

- The regional glacier inventory is the main database on which all further analysis is performed. 

It is updated whenever aerial photogrammetric flights are performed over the region (4-6 years 

on average). Both glacier outlines and glacial lake shapefiles are produced and attributes are 

filled according to international guidelines. 

- A secondary database from which information is integrated is the regional database of mass 

movements, which is constantly updated by the Autonomous Region of Aosta Valley, when 

phenomena occur in glacial and periglacial environments. 

- In addition to these two large databases, the Fondazione Montagna Sicura maintains and 

updates an archive database of historical data and scientific studies performed in the region 

regarding glacial and periglacial hazards. 

- The geo-referenced information of the above-mentioned database is included in a Geographic 

Information System (GIS) database. 

- A preliminary qualitative assessment of the vulnerability is performed with the integration of 

the digitised information of the human structures and infrastructures present on the territory. 

- A subset of the glaciers from the regional glacier inventory, which had had impacts in the past 

or, potentially, may have impacts on people and structures because of glacial hazards, form a 

class denominated ‘Potentially hazardous glaciers’ which have a single specific descriptive data 

sheet for each glacier. 

- The database of ‘Potentially hazardous glaciers’ is updated every year by means of a yearly 

photographic helicopter flight. 

- A great yearly input derives from events documented by alpine guides, mountaineers, 

geologists and other professionals who frequent the mountain environment, and that are 

communicated to the Autonomous Region of Aosta Valley. The regional offices forward them to 



the Fondazione Montagna Sicura, which, in turn, evaluates whether they may need further 

investigation. 

- At sites where a high-level of possible impact is detected, specific investigations and specific 

monitoring sites are activated. Specific safety concepts are developed together with a numerical 

simulations analysis and closure zones mapping when needed (Margreth et al., 2017). 

 

Time-lapse cameras 

Time-lapse cameras (TLCs) were installed in August 2013 and 2016 to monitor the Planpincieux 

Glacier (Giordan et al., 2016) and Whymper Serac, respectively. The TLCs were placed on the 

Mont de La Saxe crest (2300m a.s.l.) and at Pointe Helbronner (3400m a.s.l.). The TLC distances 

from the respective glaciers are approximately 3800m and 4800m, respectively. The monitoring 

station of the Planpincieux Glacier comprises of a UMTS modem, a DSLR Canon EOS 700D 

equipped with a 297mm lens (another TLC targets the Planpincieux Glacier with a 120mm 

lens), a Raspberry-Pi 3 computer, a fan heater, a power module composed of several solar panels, 

a backup battery and two surveying webcams. The TLCs are mounted on a cemented pillar 

independent from the shelter box. This means minimum misregistration, even in the presence 

of strong winds. Occasionally, bad weather and snow cover cause a system stand-by, but it 

reactivates autonomously. The monitoring station is completely autonomous and it is remotely 

accessible. The TLCs acquire with hourly frequency and the images are transmitted using a 

UMTS connection. We experimented with both auto and manual focus modalities for image 

acquisition. The advantage of the former is that, in general, the photographs are sharper, while 

using manual focus they are frequently blurred. On the other hand, autofocus may fail in the 

presence of slight condensation on the viewing window. To solve this issue, we equipped the 

monitoring station with a fan heater that eliminates the condensation. In the end, we opted for 

the autofocus acquisition mode because image blurring affects DIC results (Dematteis & 

Giordan, 2021). Since DIC suffers from surface shadow pattern change (Schwalbe & Maas, 2017) 

(Travelletti et al., 2012), we implemented an automatic machine learning-based procedure to 

autonomously select and process the images acquired in diffuse illumination conditions 

(Dematteis et al., 2019). Thereby, we significantly reduced the human efforts required to 

monitor the glacier continuously. Images are used to apply the DIC using the spatial cross-

correlation calculated in the Fourier space. In 2020, we adopted the zero-mean normalised cross-

correlation metrics. This latter method is computationally demanding but it is less affected by 

environmental noise (Dematteis & Giordan, 2021). The TLC that targets the Whymper Serac is 

a DSLR Canon EOS 1200D equipped with a 400mm lens. The TLC acquires photos in auto-focus 

mode. The monitoring system is connected to the power grid and transmits, depending on the 

season, one to four images per hour via a WiFi connection. The shelter box is mounted on the 

metallic pillars of the Skyway cable car station of Pointe Helbronner. We observed strong image 

misregistration. The image registration was hampered by the presence/absence of snow on the 

stable surfaces that were adopted as reference. To partially reduce this hindrance, we adopted 

the cosine similarity method (Dematteis & Giordan, 2021), which proved to be less affected by 

this issue. The pixel footprints of the TLCs are approximately 54mm px−1 and 52mm 

px−1 (Planpincieux Glacier and Whymper Serac images, respectively). The TLC that monitors 

the Planpincieux Glacier acquired more than 23,500 photographs between August 2013 and 

December 2020, while that of the Whymper Serac acquired more than 10,500 images between 

August 2016 and December 2020. The time-lapse time series of the Planpincieux Glacier and 

Whymper Serac are among the longest continuous glaciological TLC surveys worldwide. 

 

 

 



Robotic total station 

An RTS Leica TM30 was installed in the Planpincieux hamlet in 2010 to monitor the Whymper 

Serac, acquiring a measurement every two hours. The Whymper Serac is approximately 4800m 

from the RTS and the elevation difference is 2400m. This distance is beyond the declared 

operational range for the automatic target recognition acquisition mode, which is 3000m for 

standard prisms (Leica TM30 Technical Data. Available online: https://w3.leica-

geosystems.com/downloads123/zz/tps/tm30/brochuresdatasheet.pdf (accessed on 1 February 

2021). For this reason, often, not all targets were detected during a single measurement session. 

The declared accuracy by the manufacturer at a distance of 4800m, is approximately 8mm. A 

network of several prisms (with an optimal view angle of 40° for both the horizontal and vertical 

axes) was arranged on the Whymper Serac with the aid of alpine guides. To minimise the risk 

of losing the prism visibility for the tilting/rotation of the supporting pole, we adopted V-shaped 

bars that prevent rotation along the z-axis; furthermore, in October 2020, we installed a prism 

with 360° and 120° view angles along the z- and x-axes, respectively. Due to logistic difficulties, 

only two reference prisms were installed in the surrounding bedrock. The exceptionally high-

mountain conditions caused a frequent loss of prisms, and in-field interventions to replace or 

substitute missing targets were often necessary. A total of 42 prisms have been installed on the 

Whymper Serac surface since 2010. Over this period, on average, 2-5 prisms were concurrently 

present. The RTS collected more than 26,000 measurement epochs and approximately 15,000 

had at least one reference prism available. The RTS dataset of the Whymper Serac is likely one 

of the longest continuous time series of a glacier worldwide. The extreme weather conditions 

and the critical operational range introduced high noise to the RTS measurement. To analyse 

the RTS data before the 2014 break-off, Faillettaz and others used a robust method to filter 

most of the artefacts in the data (Faillettaz et al., 2008). 

 

Terrestrial radar interferometry 

In the Grandes Jorasses area, six experimental TRI campaigns have been conducted since 2013. 

Among the different typologies of TRI apparatuses, three models of GBSAR – IBIS-L (IDS 

GeoRadar), FastGBSAR (Metasensing), and GBinSAR LiSALab (LiSALab) – and one RAR – 

GPRI (Gamma Remote Sensing) – were adopted. All the radars operated in Ku-band and 

provided VV polarisation; FastGBSAR additionally had fully polarimetric capability. All radars 

were installed in the Planpincieux hamlet in order to have the apparatuses connected to the 

power grid. The distances from Planpincieux Glacier and Whymper Serac were of 2500m and 

4800m, respectively. Using the RAR, we also experimented with the positioning on the Mont de 

La Saxe crest, near the TLC monitoring system of the Planpincieux Glacier. In this case, the 

sensor-to-distance increased. The exceptional mountain environment introduced a series of 

data-processing issues (Monserrat et al., 2014) (Luzi et al., 2018). The variable atmospheric 

conditions and the large elevation difference caused a strong disturbance. Liquid and solid 

precipitation modified the surface scattering properties and caused data degradation. Therefore, 

we implemented specific methods to minimise the atmospheric effects and to remove corrupted 

data effectively (Dematteis et al., 2017). A further critical issue concerned the sensor-to-target 

distance. GBSAR devices have a limited operational range, up to 4-5km. Therefore, ad hoc 

software/hardware adjustments were applied to monitor the Whymper Serac, e.g., the adoption 

of high-gain antennas. The long distances also affected the results’ spatial resolution. The 

azimuth resolution linearly decreases with the range. Using the GBSARs, the resolution was 

approximately 10-15m for Planpincieux Glacier and 15-20m for Whymper Serac. Unlike the 

GBSAR systems, the RAR was affected less by the operational range due to its higher SNR, but 

its azimuth resolution was twice as coarse. Another issue concerned the radargrams’ 

georeferencing, which was fundamental to evaluate the active glacier portions precisely. 

Therefore, we proposed a method based on the spatial correlation between amplitude maps and 

a digital terrain model, obtaining high georeferencing precision (Dematteis et al., 2018). 

 



Satellite imagery 

A relevant dataset largely used in the PhD project is Esa Copernicus Sentinel-2 optical 

satellite imagery. The Sentinel-2 mission is composed of two twin satellites – Sentinel-2A and 

Sentinel-2B – orbiting on sun-synchronous orbits at an altitude of 786km. Free availability of 

13 multispectral bands (443 nm-2190 nm central wavelengths) with ground resolutions ranging 

between 10m and 60m, a revisit time as low as three days for some areas (three days for most 

areas) and global coverage, make this product a very important resource for glaciological 

studies. In particular, Sentinel-2 near infrared band B08 processing level L1C is used for the 

application of feature tracking on glacial surfaces as suggested by previous studies (Paul et al., 

2016). Based on different publications (Millan et al., 2019) (Paul et al., 2016) the geometric error 

of Sentinel-2 can show up to 1.5 pixel offsets in the horizontal plane. Therefore, an image co-

registration process is normally needed for multitemporal analyses.  

When high resolution imagery (0.5m-3m) was needed in the study, and mostly when stereo 

acquisition was needed to retrieve altitudinal information, we generally relied on commercial 

AIRBUS Pléiades imagery. The AIRBUS Pleiades satellite constellation is an optical satellite 

constellation providing very high-resolution products (50cm) with a 20km swath. Both the space 

and the ground segment have been designed to provide information in record time, offering daily 

revisit capacity to any point on the globe and outstanding acquisition capabilities. The Pléiades 

constellation is composed of two very-high-resolution optical Earth-imaging satellites – 

Pléiades-1A and Pléiades-1B – that were launched in December 2011 and 2012, respectively. 

The two satellites operate in the same phased orbit and are offset at 180° to offer a daily revisit 

capability over any point on the globe. The Pléiades also share the same orbital plane as the 

SPOT 6 and 7, forming a larger constellation with four satellites 90° apart from one another. 

Their orbit is sun-synchronous, phased, near-circular, and of a mean altitude of 695km. The 

multi-spectral detection is made with five detectors of 1500 pixels each: 13 µm wide. Each 

detector consists in four assembly lines, enabling four-colour imaging (blue, green, red, near 

infrared). 

Drone photogrammetric surveys in this study were performed using two different drones: an 

Autel Evo 2 Enterprise quadcopter equipped with a 6K digital camera (sensor width of 1”). 

Images acquired during the surveys have a resolution of 5472x3648 pixels and the geocoding of 

the images was conducted in RTK mode using virtual base stations of the SPIN GNSS 

(www.spingnss.it). Also used was a Mavic 2 Pro UAV. It was equipped with a 4K Hasselblad 

digital camera shooting 20MP images with geotagging done on a classic GNSS system with no 

additional RTK or PPK corrections; surveys performed with this drone needed introductions of 

GCPs or co-registration with higher accuracy DEMs. 

When helicopter-borne photogrammetry was performed, a Nikon D850 camera was used. 

The D850 is a full-frame digital single-lens reflex camera (DSLR) produced by Nikon. It features 

a Nikon FX format and a 45.7 megapixel back-illuminated (BSI) CM sensor. In order to Geotag 

(image positioning information of pictures such as latitude, longitude, altitude), a GPS Nikon 

GP-1 module was added to the camera. Geotagging was, therefore, written onto the Exif file of 

the images. 

All the GNSS surveys performed in this study were carried out with a pair of Geomax Zenith 

25 Pro receivers used in RTK survey mode and a Virtual Reference Station of the Spin GNSS 

network (Maltese et al., 2021). 

 

http://www.spingnss.it/


3. Methods 
 

3.1 Workflow methodology 

 

At the beginning of the PhD project activity, a prospective research plan was conceived. The 

plan was structured as follows: 

WP 1 ‘DATA’: (wp1.1) Data mining. (wp1.2) Data back analysis. (wp1.3) New data acquisition 

WP 2 ‘Development of innovative methods’: (wp2.1) In-situ methods for accuracy assessment 

of remote sensed data. (wp2.2) Methods for hydrological monitoring in a glacial environment. 

(wp2.3) Application of developed methods 

WP 3 ‘Management’: (wp3.1) Improvement of risk assessment. (wp3.2) Sustainable 

management 

While entering the first stages of the research activity, it was realised that some problems would 

arise in the prospective research plan that was presented. There were mainly two concepts in 

the 2.1 and 2.2 points that could, potentially, mislead the outcomes of the project owing to: 

- Initially the focus of the WP 2.1 was stressing on the in-situ measures for the validation of 

existing remotely sensed datasets. It turned out that the available in-situ measurements were 

on the one hand abundant and presented acceptable uncertainties and coverage for a validation 

of remote sensed products, but, on the other, available, freely distributed global glacier velocity 

products obtained from remotely sensed data (Friedl et al., 2021) (Altena et al., 2019) were not 

suited to the context of alpine glaciers and both data quality and coverage in the areas of interest 

was none or very limited. Owing to this, we switched the core of the WP towards developing 

specific methodologies that could produce remotely sensed surface velocity datasets on the small 

alpine glaciers of our interest in the present study. 

- Regarding WP 2.2, the focus was initially set to the methodologies for hydrological monitoring 

in a glacial environment; the topic is very relevant, mostly linked to the understanding of the 

processes leading to the destabilisation of temperate glacier tongues, but the approach to the 

problem highlighted a structure having two demanding advancement steps: 

• The first step would be the time-consuming operation of acquiring and setting up a 

hydrological measurement network on a specific glacial stream site (Frenierre & Mark, 

2014). This task would be feasible in the project’s three-year timeframe but this would 

not account for data processing and analysis, which would indeed be the core of the 

research activity. 

• The second step would consist in the acquired data analysis; this topic would be very 

relevant in trying to find correlations between glacier velocities and hydrological 

variations (Nanni et al., 2020), but in a best possible scenario we could plan one year for 

conception, one year for the setting up and calibration of instruments and one year of 

data acquisition. This prospective schedule does not leave any time to perform data 

analysis during the PhD project. Moreover, the estimation of the hydrological input part 

would need distributed ablation measurements (or the production of modelled data) that 

would have economic and human resources costs that go far beyond the possibilities of 

the present PhD project. 



Considering the two abovementioned criticalities, we reworked the prospective research plan 

and followed an approach that can be summarised in the following workflow scheme: 

 

 

 

Figure 11. Research Workflow of the PhD project 

The general workflow followed in the present study (Figure 11) can be summarised as follows: 

- A specific literature review is performed in order to find recent advances in the field of glacial 

risk studies. We reviewed specific case studies, modelling studies focused on process dynamics 

and a special focus was centred on the techniques used in the monitoring of glacial instability 

processes and the current situation in this field. 

- An analysis of the actual structure of the regional glacial risk monitoring plan of the Aosta 

Valley Region was undertaken after the updated literature review. A critical analysis was 

performed identifying weaknesses and possible improvements in the monitoring plan. 

- A specific activity of data organisation and data back analysis was performed on datasets 

available in the archived data from the monitoring systems and activities of the glacial risk 

monitoring plan. 

- At this stage, a choice of possible research topics to be further investigated was made: 

(A) On one hand, activities, methodologies or other possible improvements that were highlighted 

in the literature review and that could be readily integrated in the glacial risk monitoring plan 

were summarised and organised for integration with plan. Summarisation and organisation of 

certain experimental activities that would require more time and finance than is available for 

the current PhD project activities would come into this category, for possible future further 

development. 

(B) On the other hand, a series of activities that needed consistent experimental activity with 

the elaboration of new data acquisition and processing and the application of new methods for 

the monitoring of glacial environments, were chosen on a sustainability basis to possibly achieve 

some prospected results in the timeframe and economic feasibility of the actual PhD project.  



- Research activity was undertaken to acquire and process new data and apply new methods to 

monitor the glacial environment. A series of results were obtained in the frame of elaborating 

new methods for glacial risk assessment. 

- When possible, the integration of such new methods and the deriving data was integrated in 

the actual glacial risk monitoring plan. 

- The integration of new data and methods in the glacial risk monitoring plan finally converges 

to an update of the actual monitoring plan.  

 

3.2 Analytic methodologies used in this study 

 

Every manuscript that will be presented in the results section has its own chapter dedicated to 

the methods used in that specific study, but we hereby highlight some of the methodologies that 

have been widely applied in a large number of the studies undertaken in the present PhD 

project.   

 

Structure from Motion technique 

Structure from Motion (SfM) is a photogrammetric range-imaging technique for estimating 

three-dimensional structures from two-dimensional image sequences that may be coupled with 

local motion signals. It is studied in the fields of computer vision and visual perception. SfM is 

a technique that sits between photogrammetry and computer vision and which uses overlapping 

images to reconstruct 3D surface models. It is a valuable research tool in geomorphology and 

related disciplines. Images can be collected with standard consumer-grade cameras, making 

SfM a low-cost tool that complements other, more expensive, 3D technologies such as terrestrial 

and airborne laser scanning (lidar). The high level of automation of SfM processing offers wide 

possibilities to describe earth surface processes. SfM has been applied to photogrammetric 

aerial drone acquisitions, helicopter borne acquisitions from digital DSLR cameras and to 

satellite borne stereo-mode acquisitions. We mainly applied SfM algorithms using two software 

suites (Agisoft Metashape and PCI Geomatica) that are briefly described in the following 

paragraphs. 

Agisoft Metashape 

Agisoft Metashape (previously known as Agisoft PhotoScan) is a tool for photogrammetry 

pipeline. We used this software when producing Digital Elevation Models (DEMs) and Ortho 

mosaics from drone or helicopter borne acquisitions of digital imagery. The software is available 

in Standard and Pro versions: the standard version is sufficient for interactive media tasks 

while the Pro version is designed for authoring GIS content. The software is developed by 

Agisoft LLC located in St Petersburg, Russia. The software is widely used in many fields of 

application from archaeology to earth sciences (Kingsland, 2020). 

PCI Geomatica 

PCI Geomatica is a remote sensing and photogrammetry desktop software package for 

processing earth observation data, designed by the PCI Geomatics company. The latest version 

of the software is Geomatica 2018. Geomatica is aimed primarily at faster data processing and 

allows users to load satellite and aerial imagery where advanced analysis can be performed. 



Geomatica has been used by many educational institutions and scientific programmes 

throughout the world to analyse satellite imagery and trends, such as the GlobeSAR Program, 

a programme which was carried out by the Canada Centre for Remote Sensing in the 1990s. 

The software has been used in this study to perform satellite stereo pair DEM extraction and 

orthorectification of satellite imagery. This pipeline has already been tested in literature studies 

in a glacial environment (Berthier et al., 2014) 

QGIS 

QGIS is a free and open-source cross-platform desktop geographic information system (GIS) 

application that supports the viewing, editing, printing, and analysis of geospatial data. QGIS 

functions as geographic information system (GIS) software, allowing users to analyse and edit 

spatial information, in addition to composing and exporting graphical maps. QGIS supports 

raster, vector and mesh layers. Vector data is stored as either point, line, or polygon features. 

Multiple formats of raster images are supported, and the software can georeference images. 

QGIS integrates with other open-source GIS packages, including PostGIS, GRASS GIS, and 

MapServer. Plugins written in Python or C++ extend QGIS's capabilities. Plugins can geocode 

using the Google Geocoding API, perform geoprocessing functions similar to those of the 

standard tools found in ArcGIS, and interface with PostgreSQL/PostGIS, SpatiaLite and 

MySQL databases. The QGIS suite sees constant updates and plug-ins development from a huge 

global community, and specific packages for remote-sensed data analysis already exist 

(Congedo, 2021). 

SAGA GIS 

System for Automated Geoscientific Analyses (SAGA GIS) is a geographic information system 

(GIS) computer programme that is used to edit spatial data. It is free and open-source software, 

developed originally by a small team at the Department of Physical Geography, University of 

Göttingen (Germany) and is now being maintained and extended by an international developer 

community. SAGA GIS is intended to provide scientists with an effective but easily learnable 

platform for implementing geoscientific methods. This is achieved by the application 

programming interface (API). SAGA has a fast-growing set of geoscientific methods, bundled in 

exchangeable module libraries. It implements a wide array of tools for geospatial analysis, one 

of which is the IMCORR algorithm, widely used in earth sciences for Digital Image Correlation 

(Jawak et al., 2018)   

SNAP 

A common architecture for all ESA Sentinel toolboxes is being jointly developed by Brockmann 

Consult, SkyWatch and C-S: Sentinel Application Platform (SNAP). The SNAP architecture is 

ideal for Earth Observation processing and analysis due to the technological innovations such 

as: extensibility, portability, Modular Rich Client Platform, generic EO data abstraction, tiled 

memory management, and a graph processing framework. 

DIC – Digital Image Correlation; GIV toolbox 

DIC is a common technique used to measure surface displacements using proximal (Evans, 

2000; Ahn & Box, 2010; Schwalbe & Maas, 2017) and remotely sensed imagery (Scambos, 1992; 

Heid & Kaab, 2012; Marsy et al, 2021; Dematteis et al., 2022). The processing chain performed 

in the present study uses the open-source Glacier Image Velocimetry (GIV) toolbox (Vries, 2021). 

GIV uses frequency-based correlation, can process large datasets efficiently and has been shown 

to perform well on glacier surface velocity measurements at different test sites (Vries, 2021). 

Co-registration of images is implemented in the GIV process chain using a stable area where 



potential shifts are estimated. To measure glacier surface velocities, we adopted the ‘multi-pass’ 

option that has proven to produce velocity maps with a high signal-to-noise ratio. The 

correlation chip size is automatically defined by GIV. Then, the velocities of image pairs are 

averaged on a monthly basis. A temporal and spatial smoothing function is implemented in the 

processing algorithm and has been used in the processing of data in this study. To estimate the 

precision of the DIC measurement in our studies, we analysed the standard deviation of residual 

displacement on stable terrain (Dehecq et al, 2015). 

 

 

4. Results 
 

4.1 Literature review 

The first result of the research activity was the performing of a wide literature review. This was 

carried out in order to understand the current situation in both the understanding of the 

processes involved in glacial hazards and in the techniques and methodologies used for the 

monitoring of such phenomena. The literature in this topic is not as wide as other fields of 

glaciology but there is a large number of papers dedicated to glacier destabilisations and glacier 

lake outburst floods. Many studies focus on the analysis of the processes and the analysis of 

case studies. Even if a consistent number of publications have dealt with different aspects linked 

to glacier instabilities, few have been dedicated to risk assessment or to methods or procedures 

that go in the direction of a real risk assessment framework. Although far from being complete, 

a short series of papers that can be considered milestones in the field of glacial risk assessment 

and monitoring are presented in the following chapter with a summary of their contents. The 

bibliography of each of those works contains extensive references for wider reading on specific 

subjects: the earlier works have references to historical studies that have been the pillars for 

the presented works, while the more recent studies may serve as a reference to other works in 

the same field of interest. A brief synthesis of the contents and the relevance of each article is 

reported hereby. 

Ice avalanches: some empirical information about their formation and reach (Alean 

1985) 

We consider this study to be a starting point for the description and definition of ice avalanche 

phenomena, which make up a significant part in the field of glacial hazards. This practical study 

aimed to predict ice avalanche hazards, documenting approximately 100 ice avalanches, 

primarily from the Alps. The research categorised starting zones based on terrain features. Ice 

avalanches originating from lower-altitude zones, with uniformly inclined bedrock planes, were 

more common in summer and autumn while no such seasonal pattern was observed for other 

starting zones at higher altitudes or involving abrupt bedrock gradient changes. Testing one- 

and two-parameter models to estimate run-out distances indicated only modest improvements 

with the introduction of the second frictional parameter. For shorter run-out distances (several 

hundred metres), an alternative terrain-based estimation method was suggested. 

Assessing risks from glacier hazards in high mountain regions: some experiences in 

the Swiss Alps (Haeberli 1989) 

The relevance of this work resides in it being one of the few studies to date in specific literature 

dealing with the risk assessment of glacial hazards. Evaluating glacier hazard risks concerning 



the safety of settlements and infrastructure in high mountain regions relies on experience from 

past incidents and simplified rules based on glaciological principles. Estimating the 

characteristics of steep, largely unmeasured glaciers involves a parameterisation scheme. 

Factors like glacier length, ice avalanches, and glacier floods must be considered over several 

years to decades. This systematic assessment leads to the creation of maps indicating 

potentially hazardous zones. Although Alpine communities have long faced glacier hazards, 

modern construction, particularly in tourism development, encroaches on previously avoided 

high-risk areas. Assessing glacier hazards involves comparing them with other mountain 

hazards such as avalanches, landslides, rockfalls, and storm-induced floods. Determining 

acceptable risk levels is challenging and is often influenced by political and economic factors 

rather than purely scientific criteria. 

Hazard mapping for ice and combined snow/ice avalanches - two case studies from 

the Swiss and Italian Alps (Margreth 1999) 

What is remarkable and very useful for the present work in this paper, is the presentation of a 

framework with practical examples in respect to the realisation of both hazard-mapping and 

consequent safety plans. In September 1996, a glacier ice release from Gutzgletscher in the 

Bernese Alps caused two large powder avalanches, blocking a road and injuring three people. 

The avalanche history of Gutzgletscher is well-documented. In another case in January 1997, a 

section of a hanging glacier in the Mont Blanc Massif broke off, with predictive measurements 

foreseeing the event. An evacuation was considered due to the potential for snow avalanches 

triggered by the ice masses. However, the break-off occurred after snow stabilisation, resulting 

in no further avalanches or damage. Hazard maps and safety plans were prepared by the Swiss 

Federal Institute for Snow and Avalanche Research (SLF) and the Laboratory for Hydraulics, 

Hydrology, and Glaciology (VAW). These case studies illustrate the challenges and principles of 

ice avalanche hazard assessment. 

An assessment procedure for glacial hazards in the Swiss Alps (Huggel 2004) 

In trying to propose a procedure for the assessment of glacial hazards, this work contains many 

hints that were integrated in the conception of the glacial risk monitoring plan of Aosta Valley. 

This text discusses assessing glacial hazards in populated mountain areas like the Swiss Alps, 

emphasising the importance of considering fundamental glaciological, geomorphological, and 

hydraulic principles and learning from past events. The proposed approach aims to determine 

maximum event magnitudes and probabilities. Magnitude analysis draws from empirical data 

in the Swiss Alps and other mountain regions, while estimating probabilities is challenging due 

to dynamic glacial systems and infrequent events. Qualitative indicators, like dam features and 

avalanche patterns, help specify probabilities. Applied to real cases in the Swiss Alps, the 

results offer reasonable estimates not exceeded by actual events, providing valuable initial 

hazard assessments for dynamic mountain environments with growing populations and 

infrastructure. 

Assessment principles for glacier and permafrost hazards in mountain regions (Allen 

2017) - GAPHAZ 

As stated in the introduction, this study is a guide for anyone interested in glacial hazard 

assessment and, therefore, represents a milestone in this field of studies. This text discusses 

glacier and permafrost hazards in cold mountain regions, influenced by climate-driven changes 

in the alpine cryosphere. These hazards range from minor icefalls to major disasters like glacial 

lake outburst floods (GLOFs), posing risks to downstream communities and infrastructure. The 

hazard assessment comprises two key aspects: (i) susceptibility and stability assessment, which  



involves analysing various factors, including atmospheric, cryospheric, geological, 

geomorphological, and hydrological elements, to determine the likelihood and origins of these 

hazards. (ii) Hazard mapping: this component combines process modelling and field mapping to 

predict potential impacts downstream, forming the basis for decision-making and planning. 

Historically, glacier and permafrost hazards gained attention after notable disasters in the mid-

20th century in places like the Peruvian Andes, Alaska, and the Swiss Alps. Initial assessments 

were reactive, focused on understanding the causes and mitigating ongoing threats. These 

incidents underscored the importance of considering complex geosystems and cascading 

processes, highlighting the cumulative downstream effects. Today, advances in satellite 

imagery enable a proactive approach to hazard assessment. It starts with a regional-scale 

susceptibility analysis and modelling to identify unstable slopes or hazardous lakes. Detailed 

field investigations and hazard mapping concentrate on high-priority areas. Given the rapidly 

changing mountain environment, forward-looking scenarios are crucial, accounting for 

emerging threats like new lakes in deglaciating regions. Even though planning for low-

probability, high-magnitude events is challenging, they should be considered in comprehensive 

hazard assessments for effective preparedness. 

 

Avalanching glacier instabilities: review on processes and early warning 

perspectives (Failletaz 2016) 

One of the few studies that exist to date which is focused on the monitoring possibilities of 

glacial instabilities. Avalanching glacier instabilities, which can lead to significant disasters, 

have been the subject of extensive study. Recent efforts in monitoring, analysis, and modelling 

have improved our understanding of destabilisation processes and enhanced early warning 

capabilities. This paper reviews these advancements. Three types of instability are identified 

based on the ice/bed interface's thermal properties. In cold conditions, precursory signs such as 

surface velocity changes and passive seismic activity allow for the prediction of a final break-off 

event. When meltwater is involved due to partially temperate interfaces, no clear precursory 

signs exist and monitoring the thermal regime is essential. Steep temperate glacier tongues can 

switch into an ‘active phase’, with major break-offs occurring rarely, making predictions 

challenging but identifiable under certain critical conditions. 

Glacial lake outburst floods threaten millions globally (Taylor 2023) 

Glacial lake outburst floods (GLOFs) pose a significant threat, with an increasing number of 

glacial lakes appearing globally since 1990. Approximately 15 million people are exposed to 

potential GLOF impacts, with the highest exposure in High Mountains Asia (HMA), where 

around a million people live within 10km of glacial lakes. India, Pakistan, Peru, and China 

collectively account for over half of the globally exposed population. While HMA is most at risk, 

the Andes region also presents concerns, with significant GLOF potential but comparatively 

fewer research studies. 

                                                           --------------------------------- 

The literature review performed was compared to the actual structure and the actual 

methodologies that are being applied in the glacial risk regional monitoring plan of Aosta Valley. 

Together with the literature review, a comparison with the guidelines highlighted in the Gaphaz 

guidance document was performed in order to identify criticalities or points of possible 

improvement in the existing procedures. An important result of the PhD project was, therefore, 

the individuation of criticalities in the general workflow as well as in the specific monitoring 



regarding the actual structure of the Regional Monitoring Plan of Glacial Risks in the Aosta 

Valley Region. This analysis is summarised in the following chapter. 

 

 

4.2 Analysis of the criticalities of the glacial risks monitoring plan and site 

specific monitoring 

 

Monitoring plan 

A first criticality of the large-scale monitoring, in the context of very rapidly evolving glaciers, 

is the rapid outdating of glacier outlines and the rapid formation and expansion of glacial lakes. 

The consequence is that when a possible instability is documented, the reference cartography 

may have large mismatches with the actual situation in the field. A second point is the very low 

acquisition frequency of the annual helicopter monitoring flight. During a given year, an 

instability may arise only for a few months and not be seen on the exact day that the survey is 

undertaken. The monitoring flight should be not eliminated because it can still individuate 

important indicators of potential instabilities, but an objective of the present study is to evaluate 

the existence of alternative approaches. The environmental impact of a 3–4-hour helicopter 

flight should also be considered, as well as its cost. 

Grandes Jorasses 

The main criticality of the historical monitoring system is the need for costly and dangerous 

periodical field missions to the top of the serac, at 4200m, to install stakes with reflective prisms. 

These are used in topographical monitoring via a total station. The predictive methodology 

applied is known to be effective as long as the basal thermal regime of the serac is of a cold type, 

as measured in 1997. The second, and possibly major critical point, is the possibility that the 

actual evolution of climate could be leading to a transition towards a polythermal state of the 

ice-bedrock interface at the base of the serac, and in the mid-term to a full transition to a 

temperate basal thermal regime. The basal friction of a temperate based glacier would not be 

enough to maintain the stability of the serac with such a slope and geometry. Moreover, a failure 

from the base of the serac would involve a larger volume than was destabilised historically, and 

the predictive method used historically would not be effective in the prediction of a polythermal 

of temperate based glacier destabilisation. Last but not least, a warming condition could lead to 

an accumulation of liquid water inside the serac or in the bergschrund. This could lead to a 

sudden, unpredictable rupture that would entrain a mixture of ice and water with much larger 

run-outs than those of an ice avalanche involving ice only. 

Planpincieux Glacier 

The main criticalities that we found on the monitoring of the Planpincieux Glacier were: 

- The monitoring system monitors just a small part of the glacier. 

- There is a lack of literature data on the velocity variations of destabilising, avalanching 

temperate glaciers in the Alpine environment. 

- A time-of-failure predictive model has never been successfully tested in literature studies for 

temperate glacier tongues. 



The problem linked to the unpredictability of the failure of a temperate ice mass is assessed in 

literature studies such as Faillettaz et al. (2015) and Faillettaz et al. (2012). Indications that 

accelerations can still be indicative of large glacier instabilities in temperate glaciers has been 

observed at Allalin Gletscher (Faillettaz et al., 2012), Trift Glacier (Meier et al., 2018) and, for 

the failure of smaller volumes, at Planpincieux Glacier (Giordan, Dematteis, et al., 2020). The 

problem encountered with the monitoring of accelerations of a temperate glacier is that often a 

suspect acceleration that provides an indication of an upcoming time of failure may restabilise 

via a complex equilibrium determined by variations of basal water pressure. This enhances or 

reduces basal friction and thus velocity of the ice mass. Such behaviour has been documented 

at Planpincieux Glacier, but there is little data available in literature from potentially unstable 

temperate glaciers and for monitored temperate glacier destabilisations and failures.  

This makes monitoring very challenging, with the persistence of false positive detections of 

accelerations and very little data to determine velocity thresholds, or acceleration thresholds, 

for the activation of early warning and civil protection safety plans. 

 

Brenva Rock Spur 

The Brenva Rock Spur instability is a good example of a high mountain cascading process. On 

this specific study site, two very large ice-rock avalanche phenomena have been documented in 

the last century, causing both damage and casualties in Val Veny, near the hamlet of Entrèves. 

The events occurred in 1920 and in 1998. Both have been analysed in detail in the literature 

(Deline, Akçar, et al., 2015) that have carefully reconstructed the sequence of episodes that led 

the destructive mixture of rock, ice and snow reaching the bottom of the valley. The Regional 

Geological Survey is in charge of the monitoring of rock instabilities in the Aosta Valley 

Autonomous Region; nonetheless, as the instabilities on the rock faces on this site can trigger 

cascading processes involving ice and snow, the Fondazione Montagna Sicura has participated 

in the conception of the actual monitoring concept and in the dynamic modelling part of the 

study. The main criticalities of this monitoring were the lack of a specific structural analysis 

that would identify specific rock volumes potentially prone to failure and the lack of an updated 

topography of the Brenva Glacier to correctly run the dynamic models of the possible rock 

failures and subsequent ice-rock avalanches. 

 

Grand Croux GLOF 

The active intervention that was realised at Grand Croux lake means that this monitoring site, 

momentarily, does not top the list of the criticalities in the monitoring plan as, in the present 

conditions, the actual GLOF events are of a known magnitude. This is slowly increasing and 

provides a decadal timescale for an implementation of the actual solution; should further 

intervention be required in the future, the solution will be costly but feasible. It would involve 

the deeper excavation of a drainage channel or the study of an excavation on the ice dam, a plan 

which already has been carried out on similar sites around the Alps (Lac de Plaine Morte-CH, 

Lac des Bossons-FR). (Ogier et al., 2021) 

 

                                           ----------------------------------------------------- 

 



After the critical analysis of the monitoring plan and the specific monitoring sites, a series of 

prospective research activities that could significantly improve the existing procedures was 

produced. 

We divide the activities into two categories: 

A) Improvement of existing methods, data processing or procedures of the glacial risk 

monitoring plan. 

When existing data or existing methodologies could be significantly improved with the 

application of methods already existing in the literature, we readily structured integrations of 

the existing plan with updated procedures in the glacial risk monitoring plan. 

This did not need specific experimental activity so it is briefly summarised in the following 

chapter. Although it does not represent the main experimental activity of the PhD project, it 

nonetheless produced significant improvements with relatively little research effort, so it still 

is relevant to be introduced here. 

Some research activities that are included in this category were identified as being very relevant 

and readily feasible, but were considered to be too wide-ranging or requiring too much time or 

financial investment to be accomplished in the course of a three-year PhD; for this reason, we 

give a brief description of such research activities that were identified and conceived in the 

preliminary part of the present study but that were then inserted into other research projects 

in order to secure additional funding and a longer time span in order for them to be 

accomplished. The writing of the framework of such projects is also a relevant result of the 

present PhD project. 

 

B) New data and methods for risk assessment 

When we did not find a concrete answer to a specific criticality in the monitoring plan that was 

highlighted, we selected a series of research topics that could be further investigated in the 

temporal and economic feasibility constraints of the three-year PhD project. 

With the abovementioned structure in mind, a critical analysis of the actual monitoring 

approaches and two distinct approaches to investigate the possible solutions of the identified 

criticalities were composed: (A) Immediate solutions to be readily integrated without further 

development and solutions that aren’t sustainable in the PhD project, and (B) Solutions that 

need further research, new data and new methods, to be developed in the present PhD project. 

In this framework, a research plan with distinct and well-defined research actions was 

conceived and is highlighted in the following paragraph. 

 

4.3 Research plan to cope with criticalities of the monitoring plan and site-

specific monitoring 

 

Some specific research activities could be planned in order to cope with the criticalities 

highlighted in chapter 4.2. Prospective specific research actions are synthesised as follows: 

 

 



Monitoring plan 

One of the major objectives of the research activity of this PhD project was the possible 

integration of remote-sensed data to support the management of the regional glacial risk 

monitoring plan. The great advantage of remotely sensed data is the simultaneous coverage of 

very large areas and the much higher frequency of available data acquisitions compared to the 

annual helicopter flight. To cope with the rapid outdating of glacier outlines in the regional 

database, the integration of a periodic update by the manual digitisation of glacier outlines 

based on Sentinel-2 imagery could be planned. 

Grandes Jorasses 

An initial act that could be carried out to improve the monitoring systems of the Whymper Serac 

is the coupling of a GBInSAR instrument as well as an analysis of high-resolution time-lapse 

imagery to monitor the surface velocities of the Whymper Serac ice mass. Radar measurements 

and digital image correlation measurements could be integrated into the historical topographic 

monitoring.  

As many experimental and monitoring activities had been carried out at different times and by 

different researchers on the Whymper Serac (including on Planpincieux Glacier, see the 

paragraph below) we dedicated the first part of the PhD research activity to data re-analysis 

and data organisation. This part of the work led to the publication of the paper: ‘Ten-Year 

Monitoring of the Grandes Jorasses Glaciers Kinematics. Limits, Potentialities, and Possible 

Applications of Different Monitoring Systems’ (Dematteis et al., 2021), which is the first paper 

presented in the collection of papers based on the present PhD project. This was a structured 

methodological approach in order the have a well-organised database of activities, 

measurements and the relative data on two of the most specifically monitored sites in the 

monitoring plan. 

Planpincieux Glacier 

In the frame of the actual monitoring and research actions at Planpincieux Glacier, we identify 

two main priorities: 

 

(i) To better characterise the variations in velocities of the entire Planpincieux Glacier 

(ii) To better characterise the variation in velocities of adjacent and/or similar glaciers 

to the Planpincieux Glacier.  

 

As for the Whymper Serac, at first, before exploring the research activities of points (i) and (ii), 

we dedicated an initial part of the PhD research activity to data mining and data organisation 

(see more in the results chapter (Dematteis et al., 2021)). Moreover, the possibility of the 

triggering of cascading processes could be a research topic to be integrated in the existing 

monitoring plan.  

Brenva Rock Spur 

In order to improve the risk assessment of the Brenva Rock Spur, some actions could be put 

together to better characterise this specific monitoring site: 

- The processing of all the photogrammetrical surveys carried out between 2016 and 2021. 



- A structural analysis based on SfM photogrammetrical point clouds and the derivation of 

possible unstable rock volumes. 

- To try to define a volume/frequency relationship for the rockfall volumes calculated by means 

of multitemporal point cloud analysis. 

 

Grand Croux GLOF 

In order to better characterise the Grand Croux lake GLOFs and their evolution, the execution 

of one yearly drone photogrammetrical survey in order to monitor lake expansion, water volume 

calculation and characterise the melt rates of the lake’s ice dam could be scheduled in the future. 

GLOFs as a general topic could be tackled with a regional monitoring approach based on the 

monitoring of NDWI maps obtained by Sentinel-2 satellite imagery on weekly availability (not 

accounting for cloud cover). This would integrate with existing glacier and glacial lake databases 

and could monitor the appearance of new supraglacial lakes. 

 

4.4 A) Improvement of existing methods 

 

The integration of existing techniques, data or methods that could be readily integrated into the 

monitoring plan, or that were considered unsustainable in the present PhD projects, are briefly 

described in this present chapter. 

Integrated in the monitoring plan 

- Glacier inventory update based on satellite imagery  

The regional glacier inventory is the primordial database on which the glacial risk monitoring 

plan relies. As glacier national inventories are sporadically updated, one of the first needs 

identified in the glacial risk monitoring plan had been an update of the glacier inventory 

whenever an aerophotogrammetric flight was available using state funding. Nowadays, it is 

well established that freely available datasets such as Sentinel-2 imagery can be successfully 

used for glacier outline mapping. With 10m ground resolution, such imagery can be ineffective 

when changes in glacier outlines are of a similar magnitude to the ground resolution. 

Nonetheless, in the current climate change scenarios, most glaciers undergo length changes of 

tens to hundreds of metres per year. Thanks to the work carried out in the present study, the 

glacial risk monitoring plan has introduced the update of glacier outlines of the regional glacier 

inventory based on Sentinel-2 imagery every two years. The 2019 glacier outlines are available 

for download on the webGIS (https://geoportale.regione.vda.it/download-old/carte-eo-data/ 

accessed 20/09/2023) of the Autonomous Region of Aosta Valley (Figure 12).  

https://geoportale.regione.vda.it/download-old/carte-eo-data/


 

Figure 12. Web interface for the download of glacier outlines of Aosta Valley glaciers updated 

as of Sentinel-2 imagery dating of 2019. 

 

- Semi-automatic procedure for the monitoring of glacial lakes on satellite imagery  

The literature review performed identified certain procedures that have already been tested and 

applied in bibliographic studies on the possibility to successfully detect water bodies in 

mountain regions with the use of remotely sensed data. When dealing with freely available 

datasets, ground resolution and revisit time of Landsat satellites that were available before the 

Sentinels launch (2015) was not suited to the identification of newly formed glacial lakes in an 

alpine environment. With the availability of Sentinel-2 datasets, we conceived an experimental 

activity of a possible semi-automatic classification of newly formed glacial lakes to be possibly 

integrated into the glacial risk monitoring plan. The draft of the experimental activity was laid 

down in the framework of the present PhD project. The development of the research plan was 

inserted into the framework of the WP3 of the Interreg Alcotra 2014-2020 (IT-FR) RISK-ACT-

PITEM RISK project. This financed the experiments to validate a procedure based on the 

analysis of updated NDWI index maps on the regional territory for every low cloud cover 

percentage image acquired by the Sentinel-2 satellites. The procedure has been integrated in 

the glacial risk monitoring plan as an experimental monitoring procedure and is currently active 

and ongoing.    

- Integration of Ground Based interferometry for the monitoring of the Whymper Serac 

The idea that GbSAR interferometry could be effective for the monitoring of the Whymper Serac 

clearly emerged from the literature review that was performed in the present study. 

Nonetheless, experiments were needed in order to understand the reliability and data quality 

for a site where the distance between the instrument and the target is at the range limit of 

instrumentation available on the market. Experimental acquisition of data was performed in 

2020 and 2021 thanks to financing from the Autonomous Region of Aosta Valley. The studies 

provided good results and the purchase of an interferometric radar was approved as part of the 



FSC national fund for research under the ‘Glaciers of the Val Ferret as sentinels of climate 

change’ project. The interferometric measurements of the deformations of the Whymper Serac 

have now been totally integrated into the glacier monitoring plan procedures and, twice a week, 

Fondazione Montagna Sicura technicians produce a monitoring report. This integrates the 

GbSAR measurements that are sent to the Geological Survey of Aosta Valley and the Civil 

Protection contacts are included, if needed.  

 

To be further investigated in future projects 

- Basal thermal regime investigations at the Whymper Serac 

During 2020 and 2021, a series of field campaigns for the drilling of boreholes reaching the ice-

bedrock interface were performed on Whymper Serac by the Fondazione Montagna Sicura. The 

work was carried out under my coordination, in cooperation with the University of Grenoble 

and financed by the Autonomous Region of Aosta Valley. Thermistor chains in the boreholes 

measured englacial and basal temperatures of the serac and were compared to the 

measurements obtained by Funk at al. in 1997. This comparison evidenced a general warming 

of the ice and especially highlighted those one of the six basal points of analysis had switched 

from the cold state in 1997 to a temperate state in 2020. This analysis underlined that the 

transition of the Whymper Serac from a cold-based hanging glacier to a polythermal glacier has 

started and is ongoing. The consequences of a possible destabilisation linked to this phenomenon 

is of very significant relevance for monitoring activities and safety plans and cannot be tackled 

as part of the PhD study. A specific modelling activity with the IGE University of Grenoble has 

begun and further field campaigns and financing for the purchase of new thermistor chains for 

the future monitoring of the thermal evolution of the Whymper Serac have been proposed and 

approved as part of the FSC national fund for research ‘Glaciers of the Val Ferret as sentinels 

of climate change’ project. The activity carried out in 2020 and 2021 was summarised in a poster 

presentation (Figure 13) at the 2022 Alpine Glaciology Meeting held in Munich, Germany. 



 

Figure 13. Poster presented at the Alpine Glaciology meeting 2022 in Munich. 

 

 

 



- Modelling of the thermo-mechanical regime of the Whymper Serac   

In understanding the future evolution and scenarios of Whymper Serac destabilisations, a 

thermo-mechanical modelling experiment (Figure 14) using the Elmer-ice module was 

performed in cooperation with the IGE University of Grenoble. The reconstruction of a surface 

point mass balance with the techniques highlighted by Vincent et al. (Vincent et al., 2021) was 

one of my tasks in this project. This was done thanks to the acquisition, processing and analysis 

of drone surveys and the obtained DEMs and GNSS measurements of stakes on the serac, 

coupled with data from the topographic monitoring system and the image analysis on time-lapse 

imagery from the automated cameras. The modelling activity is due to be completed in 2024 and 

will possibly include the publication of a dedicated paper. 

 

Figure 14. Some preliminary results from the initial technical report of the thermo-mechanical 

modelling of the Whymper Serac; work in progress to be finalised. 

 

- Analysis of hydrological data and regimes of a destabilising temperate glacier 

Owing to a great knowledge gap that was evidenced thanks to the literature review performed 

in this PhD project, the further investigation of the hydrological regimes of the subglacial 

drainage system, and their influence and glacier motion and destabilisation, was identified as 

a major goal for the future of glacial risk assessment and management. As the issue is very 

wide-ranging and difficult to be investigated, a large part of the project FSC national fund for 

research ‘Glaciers of the Val Ferret as sentinels of climate change’ project was dedicated to this 

specific topic. As part of this project, a series of four boreholes reaching the bedrock of the central 

part of the Planpincieux Glacier are due to be drilled during summer 2024. The objective of this 



campaign will be the measurement of deformations and basal sliding throughout the whole 

glacier, from the surface to the ice-bedrock interface. Another aim is the measurement of the 

presence and the pressure of basal water, inferring the activity of the basal drainage network 

via seismic monitoring and relating this data to the input and output of water by the continuous 

measurement of ablation. There will be the installation of an on-site AWS and the analysis of 

data from the already installed (2023) radar hydrometric station on the glacial stream coming 

from the Montitaz lobe of the Planpincieux Glacier (Montitaz Stream). These will be the main 

aims of the project activity in 2024. 

 

 

4.5 B) New methods for risk assessment 

 

We decided to pursue certain specific objectives amongst all the criticalities and the open 

research questions highlighted in the precedent chapter of the present PhD project. The possible 

outcomes of these research actions could possibly be new methodologies for glacial risk 

assessment to be later integrated into the current glacial risk monitoring plan. The specific 

topics are summarised as follows: 

 

1) To start an organised review of the existing monitoring data on the two most studied 

glaciers in the Aosta Valley: Whymper Serac and Planpincieux Glacier. 

2) To review the current state of glacier displacements monitoring in the literature. 

3) To review existing data of glacier displacements in the Mont Blanc Massif in order to 

contextualise the monitored Planpincieux Glacier displacement and acceleration at the 

Massif scale. 

4) To study the possibility to obtain time series of glacier velocity of the full extent of the 

Planpincieux Glacier, and possibly of neighbouring glaciers, to better understand 

displacements and accelerations of the Planpincieux Glacier. 

5) To analyse the morphometry of the destabilising areas of the Planpincieux Glacier, 

determine a recurrency in the kinematic sectors formation and a possible relationship 

with bedrock morphology. 

6) To analyse the possibility of the triggering of cascading events at Planpincieux Glacier. 

7) To determine possible failure scenarios of the Brenva Rock Spur. 

8) To analyse a larger context of current degradation of high-altitude rock outcrops in order 

to understand future scenarios of possible large rock ice avalanche formations. 

 

A series of manuscripts summarise the main research activities that have been carried out 

around the above-mentioned research objectives and are reported in the following paragraphs. 

 

 



Ten-Year Monitoring of the Grandes Jorasses Glaciers 

Kinematics. Limits, Potentialities, and Possible Applications of 

Different Monitoring Systems 

Short summary 

The publication of the technical note ‘Ten-Year Monitoring of the Grandes Jorasses Glaciers 

Kinematics. Limits, Potentialities, and Possible Applications of Different Monitoring Systems’ 

(Dematteis et al., 2021), summarises the history and the ongoing main activities linked to the 

monitoring of both the Planpincieux Glacier and the Whymper Serac. This served as a base of 

knowledge to build up further research activities on these two specific monitoring sites. 

Main findings 

The main findings of this publication are: 

• Combining discontinuous and permanent monitoring data into one database. 

• Highlighting limits and potentialities of the adopted monitoring systems. 

• Analysing the early warning capabilities of each system. 

• Proposing data integration strategies. 

 

Contributions of the PhD candidate 

Conceptualisation of the research activity with the co-authors. Data retrieval and organisation. 

Analysis and interpretation of the data. Collection of the data and maintenance of the 

measurement networks. Contribution in the preparation and writing of the manuscript and the 

figures with the co-authors. 

Data availability 

The data are available from the authors, upon request. 

Journal 

Remote Sensing (ISSN 2072-4292) publishes regular research papers, reviews, technical notes 

and communications covering all aspects of remote sensing science, from sensor design, 

validation/calibration, to its application in geosciences, environmental sciences, ecology and civil 

engineering. The journal’s aim is to publish novel/improved methods/approaches and/or 

algorithms of remote sensing to benefit the community, open to everyone in need of them. 2022 

JCR Impact factor: 5.0 





































 



Morphodynamics of the Mont Blanc glaciers and their recent 

evolution 

In order to further investigate topics (2) (3) (4) highlighted in the previous chapter, we 

concentrated on a first part of literature review, coming to the resolution that: (i) state of the 

art monitoring techniques are already in use at Planpincieux and Grandes Jorasses for the 

measurement of surface velocities of glaciers. (ii) Continuous monitoring of glacier 

displacements is seldom carried out and achieved worldwide. The Argentière Glacier in the 

Mont Blanc Massif represents a unique site for glacier displacement measurements around the 

globe (Vincent et al., 2022; Vincent & Moreau, 2016). (iii) An extension of the velocity 

measurements from a small part of the glacier to its full extent, and a region-wide assessment 

of seasonal and interannual variations in velocities could possibly be carried out with the use of 

satellite-borne remote-sensed data, but this has still not been the subject of literature studies 

on the Mont Blanc area or on other Alpine massifs. The outcomes of the research activities on 

this topic are summarised in the ‘Morphodynamics of the Mont Blanc glaciers and their recent 

evolution’ manuscript. The paper has been submitted to the journal “The Cryosphere” and has 

been published online as a Pre-print for open discussion and review.  

Short summary 

In the present manuscript, we reconstructed a seven year-long time series of surface 

displacements from a set of thirty glaciers on the Mont Blanc Massif. We validated results via 

comparison with other remotely sensed datasets and with ground-based measurements. We 

analysed the results highlighting remarkable trends and, finally, we proposed a classification 

of the different glacial bodies based on their morphometric analysis and their kinematic 

behaviour. 

Main findings 

The main findings of this publication are: 

• Testing an experimental procedure to retrieve monthly surface displacements for Alpine 

glaciers with the use of freely available satellite imagery. 

• Analysing the trends and characteristics of the obtained velocity time series. 

• Proposing a classification of the analysed glaciers based on morphometric and kinematic 

characteristics. 

• Highlighting limits and potentialities of the adopted methodologies. 

 

Contributions of the PhD candidate 

Conceptualisation of the research activity. Literature review. Archive data retrieval and 

organisation. Pre-processing of imagery. Digital image correlation analysis of the image stacks. 

Extraction of time series. Data organisation. Data analysis. Manuscript writing and figure 

elaboration. 

Data availability 

The data are available from the authors, upon request. 

 



Journal 

The Cryosphere (TC) is a not-for-profit international scientific journal dedicated to the 

publication and discussion of research articles, short communications, and review papers on all 

aspects of frozen water and ground on Earth and on other planetary bodies. 

The main subject areas are the following: 

• ice sheets and glaciers; 

• planetary ice bodies; 

• permafrost and seasonally frozen ground; 

• seasonal snow cover; 

• sea ice; 

• river and lake ice; 

• remote sensing, numerical modelling, in situ and laboratory studies of the above and 

including studies of the interaction of the cryosphere with the rest of the climate system. 

The actual Journal Impact Factor is rated as 5.2. 

The Cryosphere has an innovative two-stage publication process which involves interactive 

scientific discussion of preprints and utilizes the full potential of the Internet to do the following: 

• foster scientific discussion; 

• enhance the effectiveness and transparency of scientific quality assurance; 

• enable rapid publication; 

• make scientific publications freely accessible. 

 

 

 

 

 

 

 

 

 

 

 

 

 





















































 

 

 

 













 

 

 

 



Evidences of bedrock forcing on glacier morphodynamics: a case 

study in the Italian Alps                                                                                                                                        
Short summary 
The publication of the research paper ‘Evidences of bedrock forcing on glacier morphodynamics: 

a case study in Italian Alps’ (Dematteis et al., 2022), highlights the integration that has been 

performed between Ground Penetrating Radar data and high-resolution surface elevation data 

at Planpincieux Glacier in order to demonstrate quantitative evidence of the influence of 

bedrock geometry on glacier surface morphology. The recurrence of the seasonal evolution of 

surface morphology is analysed as well as its application to glacial risk monitoring. 

Main findings 

The main findings of this publication are: 

• The realisation of a GPR glacier thickness model on a steep temperate glacier. 

• A multi-temporal analysis of a multi-year high resolution digital elevation and orthomosaics 

dataset. 

• A spatial analysis of surface glacial morphological features. 

• The demonstration of bedrock influence on surface glacier morphology and its implications to 

glacial risk monitoring and assessment. 

 

Contributions of the PhD candidate 

Conceptualisation of the research activity with the co-authors. Organisation of field surveys. 

Field data validation and post-processing of GPR data. Acquisition and processing of aerial 

photogrammetric surveys. Analysis and interpretation of the data. Contribution in the 

preparation and writing of the manuscript and the figures with the co-authors. 

Data availability 

The data are available from the authors, upon request. 

Journal 

Frontiers in Earth Science is an open-access journal that aims to bring together and publish on 

a single platform, rapidly growing and continuously expanding domains in Earth Science, 

involving the lithosphere (including the geosciences spectrum), the hydrosphere (including 

marine geosciences and hydrology, complementing the existing Frontiers journal on Marine 

Science) and the atmosphere (including meteorology and climatology). Impact factor 2022: 2.9 

 



























 

 

 

 



Periglacial cascading process in an Alpine environment: an 

example of an ice avalanche-induced debris flow in Val Ferret 

(Courmayeur, Italy). 

 

Short summary 

In the research paper ‘Periglacial cascading process in an Alpine environment: an example of 

an ice avalanche-induced debris flow in Val Ferret (Courmayeur, Italy)’, we demonstrate how a 

close-range monitoring system for glacial risk monitoring, coupled and integrated with specific 

remotely sensed data, could be used for the analysis and understanding of complex phenomena 

of mass movement in an Alpine environment. The paper shows: 

Main findings 

The main findings of this publication are: 

• An analysis of the possible chain of events and inputs that triggered the debris flow analysed 

in the case study. 

• The realisation of an accurate digital elevation model from high-resolution stereo imagery. 

• The validation of satellite elevation data with Ground Control Points. 

• The demonstration of chain events by the integration of field evidence and monitoring data. 

• The demonstration of the vulnerability of recently deglaciated alpine slopes to the triggering 

of potentially destructive chain processes. 

 

Contributions of the PhD candidate 

Conceptualisation of the research and planning of research activities. Performance of field 

surveys. Processing of aerial photogrammetric surveys. Stereo satellite image processing and 

data validation. Analysis of the data from the monitoring systems. Data integration. Writing of 

the manuscript and figure preparation with the co-authors. 

Data availability 

The data are available from the authors, upon request. 

Journal 

Geografia Fisica e Dinamica Quaternaria is a six-monthly journal published by the COMITATO 

GLACIOLOGICO ITALIANO. Founded in 1978, it is the continuation of the ‘Bollettino del 

Comitato Glaciologico Italiano’. It publishes original papers, brief communications, news and 

book reviews of Physical Geography, Glaciology, Geomorphology and Quaternary Geology. The 

journal furthermore publishes the annual reports on Italian glaciers, the official transactions of 

the Comitato Glaciologico Italiano and the Newsletters of the International Association of 

Geomorphologist. Impact Factor 2020: 1.5; 5 years Impact factor: 1.659 





























 

 

 

 



Assessing the rock failure return period on an unstable Alpine 

rock wall based on volume-frequency relationships: the Brenva 

Spur (3916m asl, Aosta Valley, Italy). 

 

Short summary 

In the research paper ‘Assessing the rock failure return period on an unstable Alpine rock wall 

based on volume-frequency relationships: the Brenva Spur (3916m asl, Aosta Valley, Italy)’ (Fei 

et al., 2023), monitoring by means of a yearly aerophotogrammetric survey on an unstable high 

alpine rock wall is described. The obtained data are analysed for a possible assessment of 

unstable rock volumes and for a prospective frequency relationship analysis. Failure scenarios 

are produced in order to improve the risk assessment of potential rock-ice avalanche 

phenomena. 

Main findings 

The main findings of this publication are: 

• The realisation of a series of multi-temporal aerophotogrammetric surveys in a very high 

alpine environment. 

• The processing and integrated analysis of the obtained point clouds. 

• The analysis of point clouds in order to obtain a structural analysis of the Brenva Rock Spur. 

• The calculation of yearly rockfall volumes. 

• The definition of a volume-frequency relationship of rock failures. 

 

Contributions of the PhD candidate 

Conceptualisation of the research and planning of research activities. Performance of field 

surveys. Processing of aerial photogrammetric surveys. Writing of the manuscript and figure 

preparation with the co-authors. 

Data availability 

The data are available from the authors, upon request. 

Journal 

Engineering Geology is an international interdisciplinary journal bridging the fields of the earth 

sciences and engineering, particularly geological and geotechnical engineering. The focus of the 

journal is on geological or engineering studies that are of interest to engineering geologists, 

whether their initial training is in geology or civil/mining engineering. The studies published in 

this journal show relevance to engineering, environmental concerns, and safety. Impact Factor 

2022: 7.4 

 

































 

 

 

 



Recent evolution of high alpine areas: multi-sensor optical 

satellite imagery analysis in the Monte Rosa Massif, Western Alps 

 

Short summary 

In recent years, mountaineers and researchers have observed a concerning degradation of high-

altitude glacierised areas, marked by permafrost thawing, increased rockfall incidents, and the 

expansion of exposed rock formations. Pilot studies, while valuable, have underscored the need 

for comprehensive data across various regions. Our study, conducted between 2017 and 2022, 

utilised remote sensing data for rock body mapping. Comparing Sentinel-2 (10m resolution) and 

Pléiades (0.5 m resolution) imagery, we found a notable increase in high-altitude rock outcrops. 

Pléiades data revealed a 10% expansion, highlighting the efficacy of medium-resolution 

multispectral imagery in illustrating rapid glacial area reduction. While large glacier 

accumulations remained stable, surrounding areas showed significant changes in the context of 

climate change. Expanding our research to a regional scale is essential to better understand 

these dynamics, especially considering the potential impact of the warm summer of 2022. 

Continuous monitoring is crucial to confirm long-term trends in high-altitude Alpine 

environments, emphasising the importance of observing and comprehending evolving mountain 

processes. Our work underscores the necessity of vigilance in monitoring rapidly changing 

trends. 

Main findings 

The main findings of this publication are: 

• Mapping of high-altitude rock outcrops at the massif scale for four different timesteps. 

• Highlighting areal variations from 1999 to 2022. 

• Testing the feasibility of the analysis by means of semi-automatic classification. 

Contributions of the PhD candidate 

Conceptualisation of the research activity. Collection of the data. Stereo DEM production. 

Orthorectification of satellite imagery. Classification of multispectral imagery. Writing of the 

manuscript and figures elaboration. 

Data availability 

The data are available from the authors, upon request. 

Journal 

The proceedings of the conference will be published in the Euro-Mediterranean Journal for 

Environmental Integration. With the specific aim of promoting Euro-Mediterranean scientific 

partnership so as to develop and integrate environmental research and findings into the 

activities of related sectors in the region, a group of Euro-Mediterranean scientists have recently 

launched the Euro-Mediterranean Journal for Environmental Integration. This journal 

(published by Springer and owned by the University of Sfax, Tunisia), which started in 2016, 

has been now indexed in the Web of Science and Scopus. It offers a scientific platform for 

presenting and discussing the latest advances in research with a focus on emerging 

environmental issues and challenges in the region. 2022 impact factor: 2.0 
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Abstract.  
In recent years, both mountaineers and researchers have documented an increased degradation of high-altitude 

glacierized areas, leading to processes such as permafrost thawing, increased rockfall activity and expansion of rock 

outcrops. Pilot studies have been performed, but data from different massifs and regions are needed to better understand 

these phenomena. To study the evolution of these high-altitude areas, we mapped rock bodies using remotely sensed 

data. Analysis of rock outcrop areas have been performed between 2017 and 2022. Semi-automatic classification of 

free-access Sentinel2 (10 m resolution) images and manual digitization on commercial Pléiades (0.5 m resolution) 

imagery has been compared. Our study shows an increase in rock outcrop areas in high-altitude environments. Both 

datasets show similar results coherent with literature data. The Pleiades dataset, having higher accuracy, shows an areal 

expansion of rock outcrops in between 2017 and 2022 of +10% on a total analyzed area of 30 km2, out of which 5 km2 

represent rock outcrops. The feasibility of using medium-resolution multispectral imagery to document the 

aforementioned geomorphological process has proven effective in showing the very fast shrinking of glacial areas 

during the study period. Even though the high-altitude portions of large glaciers do not show significant local mass loss 

in the accumulation areas, the adjacent areas showed important areal changes in the present climate change context. 

We conducted our study in a pilot area, where field observations indicated a probable fast evolution of degradation 

processes. Still, an extension to a regional scale is needed to better define those dynamics and their recent evolution. A 

possible exacerbation of the processes due to the warm summer of 2022, which falls within the study period, has to be 

considered. Furthermore, the evolution in the next decades still has to be monitored to confirm a specific trend. High 

mountain processes of the Alpine environment, such as the one outlined in the present study, have to be better observed 

and understood. Nevertheless, our work shows that rapidly evolving trends exist and should be monitored. 

Keywords: Glacier, Ice, Remote sensing, Climate change, Permafrost. 

Introduction 

The aim of this paper is to investigate the evolution of glacier surfaces and rocks outcrops in 

recent years using satellite imagery in high-altitude Alpine terrain. The study is focused on the 

Monte Rosa massif, a high-alpine area covering approximately 150 km2, located on the Italian-

Swiss border, culminating with the Dufour peak (4.635 m a.s.l.). The area is characterized by 

the widespread presence of glaciers, seracs, and ice walls, also known as ice aprons (Ravanel et 

al., 2023). In recent decades, both mountaineers (Ravanel et al., 2023) and researchers have 

observed significant changes in high Alpine areas. Repeated photographs of the area of study 

show macroscopic changes of rock outcrops at very high altitude (Fig.1). To better understand 

this phenomenon, we analysed satellite imagery and historical orthophotographs of the Monte 

Rosa Massif. 



 

Fig. 1 The eastern ridge of the Central Breithorn peak (4155m a.s.l.) shows large changes in the areal extension of 

rock outcrops. Photographs from 2017 and 2022 (Fondazione Montagna Sicura archive). 

Materials and Methods 

A multi-temporal and multi-sensor approach was chosen for this study. We analyzed two 

distinct datasets: (i) AIRBUS Pléiades (0.5 m spatial resolution) optical imagery acquired on 

15/08/2017 and 18/09/2022 and (ii) freely available European Space Agency Sentinel2 (10 m 

spatial resolution) optical imagery captured on 19/07/2017 and 15/07/2022. To focus exclusively 

on high-altitude areas, we defined an Area of Interest (AOIf) using the NASA Shuttle Radar 

Topography Mission DEM, encompassing elevation bands above 3700 m a.s.l. For the purpose 

of comparing results with historical data, we also integrated aerial orthophotographs from 1999 

and 2005, obtained from the Aosta Valley Autonomous Region covering Italian territory only. 

The analysis of Pléiades imagery involved manual digitization performed by a trained 

technician using QGIS software, with a scale of 1:1000. We applied the same methodology to 

map rock outcrops on historical orthophotos. Sentinel2 images were processed through a semi-

automatic classification on ESA SNAP software, using band combinations and ratios as outlined 

by Paul et al. (2016). We chose the band ratio in equation (1), with th1 and th2 as thresholds, 

set to 3.00 and 0.11 respectively, in accordance with literature ranges and iterative testing (Paul 

et al., 2015).  

(B04/B11) > th1 AND B02> th2 (1) 

To estimate the evolution of glacier surfaces, rock outcrops and ice aprons throughout the 

reference period, we compared the obtained polygons of high-altitude rock outcrops between 

2017 and 2022, together with comparative assessment of the historical data from 1999 and 2005. 

Results 

In the present study, we measured the areal extension of high-altitude rock outcrops on the Monte Rosa 

Massif in 4 different timesteps: 1999, 2005, 2017, 2022. We conducted an analysis of the areal changes 

between 2017 and 2022 on the whole cloud free areas of the AOIf (28.09 km2). However, to ensure spatial 

coherence from the year 1999, we reduced the AOIf to a subset of 17.54 km2 (AOIs), based on image 

overlap. 



 

Fig. 2. Satellite imagery of the areas shown in Fig.1. The left panel shows the Semi-automatic classification of rock 

outcrops form Sentinel2 imagery while the right panel displays the manual classification on Pléiades imagery (2017 

v. 2022). 

 

Errors during the manual digitization can mostly arise from: (i) variations in manual picking of 

pixels, (ii) differences in snow cover conditions and (iii) local geometric distortions linked to the 

orthorectification process. Manual mapping accuracy (i and ii) was estimated in 1% of the 

calculated  area, as the interpretation of rock outcrops was supported by high quality dataset, 

previous terrain knowledge and the analyst’s expertise in photo interpretation (Paul et al., 

2013). Differences linked to geometric distortions were estimated to account for 0.047 km2 on 

the AOIf (0.17 % of the total area), therefore we estimate the accuracy of the manual mapping 

of rock outcrops at +/-1.17% of the total mapped areas. We measured areal changes of rock 

outcrops in the AOIs that can be summarized as follows: 

Table 1. Temporal evolution rock outcrops extension (1999 to 2022) by manual digitization. 

Year Area (km2) Difference from previous 

measure (km2)  

Difference from t0 

(km2) 

 

1999 

 

3.440 +/- 

0.040 

 

/ 

 

/ 

2005 
3.578 +/- 

0.042 
+ 0.138 + 0.138 

2017 
3.533 +/- 

0.041 
- 0.045 + 0.093 

2022 
3.884 +/- 

0.045 
+ 0.351 + 0.444 

    

 

On the 2017-2022 timeframe, we explored the feasibility of multispectral Sentinel2 satellite 

imagery semi-automatic classification, for (i) avoiding time consuming manual digitization of 

perimeters for future studies (ii) free availability of 3 to 5 days satellite revisit time. We 

therefore plotted the differences between manually digitized mapping from Pléiades imagery 

and the Sentinel2 semi-automatic classification mapping on the AOIf above 3700 m (28.09 

km2). We obtained the following results: 



 

 

 Table 2. Differences between the mapping based on Pléiades and on Sentinel2 imagery. 

Year Pléiades Area (km2) Sentinel2 Areas (km2)  Difference Sentinel2/Pléiades (km2) 

2017 5.063 +/- 0.059 4.705 - 0.358 

2022 5.516 +/- 0.064 6.281 + 0.765 

    

 

Discussion 

The present study demonstrates the possibility of an ongoing variation in the degradation trends of the 

high-altitude cryosphere, potentially leading to an increased rate of expansion of high-altitude rock 

outcrops. Analysis of the manual mapping on Pléaides imagery reveals a +10% increase in rock outcrops 

both on AOIs and on AOIf within 5 years (2017 to 2022), while data from 1999, 2005 and 2017 show a 

substantial steadiness in the areal extent of rock outcrops. The semi-automatic mapping of the 2017 

Sentinel2 imagery shows an underestimation of total rock outcrop areas by 0.358 km2 compared to the 

Pléiades manually digitized surfaces. In 2022, the same comparison shows an overestimation of 0.765 

km2. This considerable variability is likely to be caused by the difference in the acquisition dates. As a 

matter of fact, given that only two images were available from the Pléiades archive, the best image match 

had to be found in terms of date similarity, shadows, cloud and snow cover. Finally, the trade-off among 

all these parameters led to the selection of a July 2017 Sentinel2 acquisition. However, this image still 

had a considerable amount of seasonal snow cover onto the rock outcrops, resulting in a misclassification 

of rocky areas as snow/ice zones. Similar errors were detected onto the completely snow free 2022 

Sentinel2 image, where misclassification of dirty/debris covered ice were mainly caused by rockfalls and 

ice darkening. 

 

Conclusions 

Although the present study identifies an increased rate of expansion of high-altitude rock outcrops, it is 

important for future observations over a longer timescale to either confirm or refute the trend highlighted 

in this study. The feasibility of using Sentinel2 imagery is likely acceptable for a decadal timescale 

comparison, especially when based on imagery acquired under very similar conditions of snow cover, 

rockfall activity and light. Given the current climate change scenarios characterized by unprecedented 

rates of warming and the potential Altitude Dependent Warming effects (Pepin et al., 2015), the identified 

trend should be monitored in the future. The exacerbation of the phenomenon highlighted in this work 

seems possible in the coming decades. The present study was partly financed by the Interreg Italia-

Svizzera 2014/2020 RESERVAQUA (ID 3864298) cooperation project. 
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5. Discussion 

 

The present PhD thesis summarises different aspects and topics related to the study of glacial 

hazards and subsequent risk situations that may arise in populated contexts. The work that 

was performed during the three-year PhD course has enjoyed great positive feedback on the 

glacial risk monitoring activities in the Aosta Valley Region. International collaborations have 

started and ideas and projects have been multiplying in the past few years. The growth of 

applied and research activities gave rise to the idea that this territory should be used as a ‘pilot 

area’ and an open-air laboratory in the field of glacial hazards and risk. A specific convention 

with the commitment of interest in the creation of an official open-air laboratory has already 

been signed between the Fondazione Montagna Sicura and the National Research Council 

(CNR). The present work has achieved some important results that open up further research 

topics that should be investigated in the future. Some of the topics for future research, such as 

those in section 4.4, already have a plan of future development and this is another remarkable 

achievement of the PhD project. Not only those of section 4.4 but the other specific objectives 

highlighted in the present PhD work should also be pursued and further developed in the future. 

Scientific achievements, the diffusion of new models, new software and new technological 

equipment that sees continuous evolution should give hope for the filling of knowledge gaps that 

pose many questions and potential threats in the field of glacial risk as of today.  

Looking into the direction that specific topics that were developed in the present project could 

be focused into further future development, short individual discussions are summarised for 

each of the presented manuscripts in the following chapter. 

 

5.1 Discussion of individual manuscripts 

1) Ten-Year Monitoring of the Grandes Jorasses Glaciers 

Kinematics. Limits, Potentialities, and Possible Applications 

of Different Monitoring Systems 

 

The publication of Dematteis et al. (2021) was a fundamental step in the organisation of all the 

work that followed in the PhD project. In fact, during this project, we faced the problem of 

retrieving historical data from different sources, different monitoring systems and archived by 

different people using different methodologies. This part of data back analysis made it possible 

to standardise procedures for the coding of standardised data formats, data naming and archive 

structures. The integration of different data was one of the great goals in this work. In the 

perspective of the PhD project, having a well-organised database of the different monitoring 

data was an important milestone for future work.  I believe that the wider relevance of this work 

was to share with the scientific community an organised synthesis of all the monitoring data 

that exist to date for the Whymper Serac and Planpincieux Glacier, on which anyone interested 

in further research on the topic could rely as a starting database. As of today, the major open 

question regarding Whymper Serac monitoring concerns its evolution towards a polythermal 

and, eventually, temperate basal thermal regime. The start of the transition has been 

demonstrated by the temperature measurements performed in 2020 and 2021, and the first 

outputs in trends highlighted by the thermo-mechanical modelling (an ongoing project with IGE 

Grenoble) suggest that actual climatic trends are causing a warming of the serac and the 



distribution of temperature obtained by modelling activity reflects those that have been 

measured. The forcing of the model towards modelled climatic conditions predicted for 2050 

suggests a transition towards a state where the proportions between cold and temperate basal 

surfaces will see the temperate areas becoming more abundant than the cold ones. In such a 

state, the serac will lose its stability on such a steep slope, and its total collapse is highly likely. 

Predicting such destabilisation is very difficult and poses a great question for the safety of the 

valley and the villages endangered by a major failure of the Whymper Serac. Research efforts 

should be increased in order to achieve a new safety concept and plan for this risk scenario, one 

that will not be manageable with an acceptable degree of safety for the population with today’s 

knowledge and monitoring systems. 

Present knowledge would suggest only extreme solutions for the management of human 

activities in the areas potentially affected by a major collapse of the Whymper Serac: 

delocalisation of human activities or the artificial triggering of a total collapse of the serac. Both 

solutions would engender massive economic losses and no feasibility studies have been carried 

out to date.  

On the other hand, for the monitoring of the Planpincieux Glacier, and for the monitoring of 

destabilising temperate glacier tongues in general, the major open research question resides in 

the understanding of the causes of accelerations and decelerations of the destabilising ice 

masses. As a generic cause of accelerations, it is generally accepted that these should be linked 

to variations in pressure of the basal hydrological drainage network but it is not known, as of 

today, how to possibly measure drivers of those pressure changes. Therefore, it is not possible 

to hypothesise a prediction of motion based on the measurement or modelling of the water 

inputs in the glacial drainage system as it is impossible, today, to monitor the state and 

evolution of the drainage network itself. The activity planned for 2024 on the Planpincieux 

Glacier in the FSC ‘Val Ferret Glaciers as sentinels of climate change’ project will go in the 

direction of gaining knowledge in the evolution of the subglacial environment and its relations 

to ice flow and velocity variations, but it still is far from answering the larger research question 

and the possibility of monitoring such dynamics. Nonetheless, it is important to stimulate 

research on this topic in order to gain knowledge for possible future potentials in the prediction 

of temperate glaciers collapses.  

As a long-term perspective, on those specific sites, in 2070-2100, in line with current climatic 

trends, the Montitaz lobe will have probably gradually disappeared from the steep section of the 

slope by glacial front retreat; the Whymper Serac may no longer form. The pathway toward this 

state might see one or more large collapse occur along their evolution. 

 

2) Morphodynamics of the Mont Blanc glaciers and their recent 

evolution 

I believe the work that followed the first objective to be the largest research topic covered during 

the PhD activity. Once the results are finalised for publication on a peer-reviewed paper, it could 

possibly be the major scientific outcome of the PhD project. First of all, in this paper we managed 

to measure, on a monthly basis, the velocities of 30 glaciers for seven years from freely available 

optical satellite imagery. Therefore, a prime achievement of this study was to demonstrate that 

the extraction of velocity time series with remote-sensing techniques on alpine glaciers is 

possible using limited computing effort and both freely available data and processing software. 

This opens a large pathway in the monitoring of alpine glaciers by remote-sensed techniques, 

with certain limits that could, eventually, be overcome in the future. This work could analyse 



the behaviour of the Planpincieux Glacier as a whole glacial body, not relying only on data from 

the small destabilising section. Therefore, it could provide some context for the data relative to 

the accelerations of the frontal Montitaz lobe. Moreover, we could place the Planpincieux Glacier 

in a larger context along with the other 29 glaciers located in the neighbouring areas in the 

same massif. Consequently, we proposed a classification of those glaciers and highlighted other 

sites where large variations of velocities exist in this region. In the future, an analysis of velocity 

time series from remotely sensed data may, possibly, be based on higher resolution data both in 

terms of spatial and temporal resolution (satellite revisit times), so that remote sensing could 

become a real monitoring tool to measure glacier surface velocities. In this scenario, the 

automated processing of data on a large number of glaciers could provide more possibilities to 

begin studying the forcing factors of glacier velocity variations (meteo-climatic, mass balance, 

thermal regime variations, sliding, deformation etc…) and this should be an important topic for 

future further research.   

3) Evidence of bedrock forcing on glacier morphodynamics: a 

case study in the Italian Alps                                                                                                                                         

Another important achievement in the course of the PhD project was the demonstration that 

the morphologic and kinematic separations that form onto the Planpincieux Glacier have a 

recurrency and are directly linked to changes in slope of the bedrock. This was possible thanks 

to the realisation of a large helicopter-borne GPR Survey. This was performed in cooperation 

with the ETH of Zurich and with the integration of the multitemporal high resolution 

topographical data that I personally collected and processed by means of drone and helicopter-

borne photogrammetric flights and subsequent Structure from Motion processing. This analysis 

was also very relevant with regards to the possible future analysis and experiments regarding 

the ice-bedrock environment at Planpincieux Glacier. 

Potential evolutions in geophysical methods and equipment might provide new insights in the 

possibility to indirectly measure and monitor water presence and activity under/inside glacial 

bodies. In this direction, an experimental activity of multitemporal GPR helicopter-borne 

acquisitions is planned for 2024. A new configuration of antennas and a GNSS system on the 

AIR-ETH system has been tested in 2023 for this purpose, and the experimental activity focused 

on finding variations in the water presence at difference times of the year in the GPR soundings 

has already been included and financed as part of the FSC ‘Val Ferret Glaciers as sentinels of 

climate change’ project. This is also aimed at being a first step in further research on this topic. 

4) Periglacial cascading process in an Alpine environment: an 

example of an ice avalanche-induced debris flow in Val 

Ferret (Courmayeur, Italy) 

 

The chance to have a sophisticated monitoring system provided an opportunity to document a 

large number of events and to carry out specific targeted surveys immediately or very soon after 

the events themselves. One major event, when a road at the bottom of the Val Ferret was 

blocked and a bridge damaged by a debris flow, fortunately with no casualties, was well mapped 

after its occurrence. Nonetheless, after the first field surveys, it was very evident that such a 

large event could not have been generated due to rainfall as there was far too little to create 

debris flows along the streams of the Vel Ferret. Owing to this, a specific in-depth analysis of 

the available data and specific processing of additional data allowed a hypothesis to be 

formulated on the triggering of this destructive event. This is relevant as the study highlighted 



the possibility that further process chains can be activated on this site where a single type of 

event is monitored. This additional knowledge will, possibly, be integrated in the future in the 

official municipality and civil protection management procedures. Specific geomorphological 

analyses could be conceived in order to quantify possible cascading process triggering. However, 

research and development activities on this matter are much needed. 

The study demonstrated that new technologies such as DEM production with the use of UAV 

with airborne RTK GPS modules, and the production of DEMs from stereo satellite high 

resolution imagery, provide new possibilities in the study of gravitational phenomena. Further 

evolution of those techniques will open up new possibilities in the study and back analysis of 

gravitational processes.  

5) Assessing the rock failure return period on an unstable 

Alpine rock wall based on volume-frequency relationships: 

the Brenva Spur (3916m asl, Aosta Valley, Italy) 

 

An additional goal achieved during this PhD project was the definition of specific updated risk 

scenarios for the possible failure of the Brenva Rock Spur and the subsequent genesis of an ice-

rock avalanche. I actively participated in the conception of the workflow in the research group 

that led to the results highlighted in the publication mentioned prior. Once it was decided that 

helicopter photogrammetry would be the methodology used to monitor and assess both the 

structural analysis of the rock mass and to perform a DoD operation in order to calculate yearly 

rock volumes of failure, I also carried out one of the photogrammetrical surveys used in the 

study.  

A re-analysis of the dynamic modelling of possible rock-ice avalanches should be undertaken in 

the future, accounting for precise failure volumes determined in this study and, possibly, for 

updated topography of the Brenva Glacier, large volume changes having been noted in recent 

years. 

Large-scale dynamic modelling, with the identification of possible source areas for rock 

avalanches at high altitudes, could be initiated in the future. The modelling might also become 

a useful tool regarding the exacerbation of high-altitude large slope failures related to 

permafrost degradation present in current climate change scenarios. 

Specific monitoring studies on rockfall activity at high altitudes should also be stimulated in 

the future and major improvements might also come in this field from remotely sensed data 

analysis. 

 

6) Recent evolution of high alpine areas: multi-sensor optical 

satellite imagery analysis in the Monte Rosa Massif, Western 

Alps 

 

If the Brenva rock Spur is a large rock instability at high altitude, it is not yet clear whether 

permafrost degradation is the main driver of the past and present rock failures at this specific 

site. This considered, an increase in small to medium failures of rock masses during summer 



and autumn in high alpine mountain areas, has been noted and documented in very recent years 

both by the mountaineering community and by several studies dedicated to this subject. The 

other phenomenon that accompanies a high number of instabilities is a poorly documented trend 

in the rapid enlargement of rock outcrops at very high altitudes. Owing to this, we performed a 

pilot study on the Monte Rosa Massif where we determine if these sparse observations of rock 

outcrop enlargement have quantitative evidence, at least at a massif scale. The results of the 

study document preliminary evidence that a possible rupture in the trend of recent decades 

could be underway. Though this topic certainly requires an analysis of larger datasets on other 

areas and on larger timespans in order to confirm this trend, it does suggest that the very 

highest parts of the Alps, considered to be much more stable than the lower zones, could be on 

the threshold of an era of intense variations in the current climate change scenarios. This will 

be relevant for the study, the monitoring and the prediction of possible future large slope 

instabilities in high mountain rock faces that could engender larger ice-rock avalanche scenarios 

in the future setting of the high alpine landscapes. 

 

5.2 Discussion of an integrated general approach in glacial risk 

monitoring 

 

In the present work, we dedicated our study to a specific mountain region. Nonetheless, many 

processes described in this work are processes typical of mountain regions globally. It is beyond 

the possibilities of the present PhD project to provide a full review of glacial risk processes, their 

identification and their monitoring. Nonetheless, a preliminary framework to be further 

developed, with the aim of realising guidelines for the identification and monitoring of glacial 

instabilities based on the present PhD project, and especially on the work carried out with the 

realisation of Dematteis et al. (2021), can be outlined as a final chapter of the thesis. In fact, in 

the last decade, the Grandes Jorasses glaciers complex, comprising both the Whymper Serac 

and the Montitaz lobe of the Planpincieux Glacier, have become a real open-air laboratory for 

the study of glacier destabilisation and ice avalanches in particular. Thanks to this huge 

concentration of studies, measurements and experiments, we can consider that almost all 

monitoring techniques that can be applied in this field have been implemented or at least 

attempted, and their pros and cons highlighted. So, a preliminary, but updated review regarding 

the detection and the monitoring of glacial instabilities can be summarised in the following 

paragraphs, primarily to be further developed in future studies. 

 

 

 

 

 

 

 

 



 

Glacial risk monitoring integrated general approach 

 

We hereby summarise a possible general framework for the monitoring and management of 

glacial risks. It is synthesised in the following workflow (Figure 16) and subsequently 

commented on in the following paragraphs. 

 

 

 

 

Figure 15. Workflow of a general approach to glacial risk monitoring and management. 

 

When facing the problem of the identification of potential glacial risk situations at a regional 

scale, the regional geomorphological and meteo-climatic framework in which the analysis will 

be performed should first be assessed. 

Regional geomorphological and meteo-climatic framework 

Meteorological data of the area should be collected, and both the presence of Automated 

Weather Stations or the existence of historical time series data should be checked. Mean annual 

temperature at different altitudes should be determined and precipitation regimes and 

intensities assessed. A preliminary assessment of the altitude where glaciers could be cold, 

based in the region, should be made as well as the presence of continuous permafrost. 

It is fundamental to retrieve whatever altitudinal data is available in the region. NASA’s 

SRTM 30 metre resolution DEM is available globally, and it could be suitable in off-glacier 

terrain, but dated 2000, considerations should be made on the use of such data regarding 

glaciers. Aster DEMs also offer almost global coverage (geographic coverage of the ASTER 



GDEM extends from 83° North to 83° South) at 30m ground resolution, with acquisition dates 

ranging from 1 March 2000 to 30 November 2013. Therefore, depending on the location of the 

area, this dataset could be more recent than the SRTM DEM. The production of a regional 

updated DEM should be considered by checking the availability of archive stereo satellite 

imagery or requesting specific tasking by the satellites with stereo capability. Some radar 

satellite data can be used to obtain updated topographic data and commercial satellite 

companies also offer for sale of processed DEMs from specific satellite acquisitions. 

The availability of maps of the principal urbanisation structures and infrastructures 

should be checked, and if no specific product is available from governmental agencies, products 

such as Open Street Maps or similar can be used for this purpose. Specific digitisation can be 

made by the use of high-resolution satellite imagery, if needed and if available. 

Location and extent of glaciers in the region of interest can be made by the use of the 

Randoph Glacier Inventory. This also includes the principal morphometric parameters of the 

glacial bodies. The year of update of glacier outlines can be variable (for example, on Mont Blanc 

outlines are dated 2003) but updates of the inventory are also planned and published. A local 

update of glacier outlines based on Optical Satellite imagery should generally be undertaken. 

 

Historical and bibliographic background 

Bibliographic research on historical events of glacier instability and/or destabilisation 

should be made. If possible, local authorities and/or citizens could provide insights on historical 

or recent hazardous events. If very evident, risk situations should be easily identified and this 

should immediately activate further site-specific investigations and the possible monitoring of 

the phenomena. A scientific literature review should be made specifically to understand if 

and what kind of glaciological research has been or is being performed in the region. 

 

 

 

Definition of hazards 

At this stage, it is possible to start specific large-scale hazard mapping and identify zones 

that could, potentially, be impacted and represent zones at risk. An initial qualitative risk 

assessment can be made as a matrix of distances between potentially hazardous glaciers (if 

there is an indication of any) or between all glaciers of the Randoph Glacier Inventory and 

human settlements and infrastructure. Maximum run-out distances for historical phenomena 

can be found in literature and may be used as a reference for extreme phenomena in order to 

discard very remote areas and concentrate the analysis on glacier areas that are closer to human 

settlements and infrastructure. A first simple approach could be based on simple buffer polygons 

built on the Randoph Glacier Inventory glacier outline polygons. Further refinement can be 

made by the use of dynamic models for flow routing. At the regional scale, only simple 

models can normally be used due to the computational effort required to analyse large regions. 

Arbitrary volumes of ice, when considering ice avalanches, and arbitrary water volumes, when 

considering GLOFs, can be used based on literature studies (Huggel et al., 2004). This workflow 

is based on the simplistic assumption that an ice avalanche could occur on any Randoph Glacier 

Inventory glacier, as could a GLOF.  



This approach will overestimate the number of glaciers that could potentially be dangerous, and 

a subsequent further discrimination is needed after this first analysis. The eye of a trained 

glaciologist can quickly discern very small or very flat glacial bodies that can be discarded from 

the inventory of potentially hazardous glaciers for ice avalanche phenomena. A morphometric 

analysis of the selected glacial bodies can also provide the same results but should also be 

carefully reviewed by an expert as the identification of potentially hazardous sites is very 

relevant. Glacier thickness global modelled databases should be integrated at this stage 

in order to provide an initial estimate of possible destabilisation volumes of specific sites. If a 

critical setting is spotted, specific surveys for updated site-specific estimations of ice thickness 

should be made together with updated site-specific topographic surveys. Ice thicknesses can 

generally be identified by ground or heliported GPR soundings, while topography may be 

updated by drone photogrammetry, aerial lidar or satellite stereo acquisition, depending 

on the extent of the area, the required resolution and accuracy and the financial resources 

available. 

Regarding potential GLOFs, if the hypothesis of a subglacial water accumulation could cause 

flooding, then all glaciers should be considered. If this option is not taken into account, then the 

identification of glacial lakes with a free surface can be performed by remote sensing 

techniques and semi-automatic classification algorithms. The evolution of glacial lakes can then 

be performed with an update using the same techniques. Lakes with potentially unstable 

geometries can thus be spotted. Geomorphological analyses by a trained eye may reveal 

unusual surface features on remotely sensed imagery that could be indicative of destabilisation 

processes such as freshly formed crevasses or large ice avalanche deposits. This could call for 

the further site-specific surveys and eventually monitoring. When performing geomorphological 

analyses, the identification of potentially hazardous glacial lakes by a trained eye can be 

compared or integrated to the semi-automatic classification proposed above. If remote sensing 

analyses identify specific sites with potentially hazardous glacial dynamics, specific monitoring 

can be undertaken. 

When specific estimation of volumes is available for a certain site, tailored run out 

modelling, with the use of sophisticated modelling software, may be undertaken if needed. 

 

 

Glacial hazard monitoring 

If anomalous glacial dynamics are detected, a first assessment of the kinematics can be made 

by the use of globally averaged displacement maps (Millan et al., 2022) and a subsequent check 

of the actual surface displacement rates. If glaciers are large enough, automated global 

displacement maps can be used, otherwise site-specific processing should be made.  

When dealing with serac falls or glacier collapses, almost all the monitoring possibilities in 

glacial environments are highlighted in Dematteis et al. (2021). Some specific cases might be  

suited to other techniques not highlighted in this glacial complex, for example very slow-moving 

ice masses could be also monitored by radar satellite interferometry, which was not suitable on 

the Grandes Jorasses Glacier complex. A few other techniques can be shared from experiences 

in the monitoring of other slope instabilities. It is possible to refer to specific landslide 

monitoring literature for alternative solutions, such as inclinometers or crack-meters, which 

could suit certain glacial settings. The monitoring of potentially unstable glacial lake dams 

could require a search for and adaption of different technologies. The principal techniques 

used for monitoring of deformations are: TLCs, TRI, RTS, GNSS and satellite 



interferometry. Most of the pros and cons of the abovementioned techniques can be found and 

are carefully reviewed in Dematteis et al., 2021. The monitoring phases should be approached 

as a semaphoric 3-level monitoring of different intensity levels (for example, if a massive GLOF 

is expected very soon and just being detected, the phase switches immediately to the application 

of safety measures). At first, a knowledge monitoring phase is expected. In order to 

characterise phenomena and understand the dynamics and the data related to it, a first phase 

of data acquisition and data analysis should be performed. When the knowledge monitoring 

provides information and possibilities about the monitoring of the phenomena, this phase can 

be translated into a fully active monitoring system. If the monitoring systems detects 

potential instabilities, this could require the monitoring system to feature an alarm 

monitoring phase with the integration of specific early warning systems. 

 

Risk management 

Should an early warning system be needed, possible solutions can be copied from snow 

avalanche, debris flow or rockfall early warning monitoring systems. The main technologies 

used for this purpose normally are Doppler radar, seismic sensors and pendulum systems. 

Few private companies specialised in this sector exist, and tailored as well as experimental 

solutions can be studied with highly experienced technicians. 

For the monitoring of GLOFs, water-level sensors have been successfully tested to trigger 

alarms downslope if water level lowering is detected. Active intervention can also be planned 

with different techniques used for artificial water-level lowering such as water pumping, 

syphoning, or channel excavation. However, these should be carefully planned in order not to 

trigger unexpected lake emptying (see the case study of the Giétro GLOF (Ancey et al., 2019)). 

It should be remembered that, when dealing with monitoring and early warning systems, safety 

plans to cope with emergency situations should be carefully conceived and communicated to 

the local populations and authorities. 

Nonetheless, communication strategies to transmit alerts to local communities and 

authorities should be planned so that safety measures are understood and accepted and, 

therefore, can have a positive impact on people’s safety. 

Regular updates of the full monitoring plan, and the approaches used,  should be regularly 

reviewed and updated. 

 

 

 

 

6. Conclusion 

In this PhD project, a wide array of themes was considered and developed, all of which had one 

main objective. The objective was to answer several major research questions such as: what is 

the current situation regarding the knowledge and monitoring of glacial related risks? What are 

the main gaps in knowledge of the observed processes? Which are the main research questions 

on this topic? The PhD project was structured around these questions and a series of specific 



actions it was possible develop in the three-year course of the project were initiated. Most of the 

topics were directly related to the monitoring of glacial risks and, when possible, a direct 

relation and integration with the regional glacial risk monitoring plan managed by the 

Fondazione Montagna Sicura was undertaken. 

Some major improvements were achieved during the course of the PhD project and, above all, a 

real integration of research activities and practical applications has been structured. In many 

fields and for many reasons, such integrations struggle to be undertaken and, in some cases, 

science and practice do not often meet along their evolution. As the objectives of academic 

institutes and private companies tend to differ, it can often be difficult to integrate the two 

sectors. 

We believe that advancements in earth observation techniques could, in the near future, boost 

studies related to glacial risk processes. Nonetheless, expensive and time-consuming field 

experiments are still needed for a better understanding of the processes leading to glacial 

instabilities. A series of knowledge gaps and research questions were developed and represent 

the core of the present PhD project. Certainly, not all such gaps and questions could be 

developed but a stronger base on which to develop future research has been built in regard to 

what was analysed in 2019, before the start of the present project. Research on glacial related 

hazards is a niche research topic but efforts like the ones made for this project should be 

continued in order for communities to be able to adapt to future mountain environment settings 

around the globe. 
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