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Preface 161

We are pleased to present a themed issue of AUC 
Geographica 2/2024, which is dedicated to our mul-
tifaceted research conducted in the Alpine environ-
ment. This research and education activities were 
conducted within the framework of the 4EU+ coop-
eration initiative. The three universities participating 
in this project have collaborated in both research and 
education since 2021 and include Charles University 
(Czechia), University of Milan (Italy) and Heidelberg 
University (Germany) (Fig. 1). We are pleased to pres-
ent the results of the first three-year collaboration in 
the combined study of the Belvedere Glacier (Italian 
Alps), an iconic debris-covered glacier, situated in the 
Monte Rosa Massif, the second-highest mountain of 
the European Alps. The site is well-known not only as 

a popular tourist destination, but also because of nat-
ural hazards related to glacial and geomorphological 
processes, which are locally affecting hamlets and the 
tourist trail network.

The principal aim of this international collabora-
tion has been to establish a research foundation for 
education, with a particular focus on PhD students, 
and to create an appropriate context for integrated 
research topics in physical geography, geomorpholo-
gy and remote sensing. By employing modern meth-
odologies, we seek to collect new data and develop 
new strategies for the research of glacier-related 
changes and its hazards during the global climate 
change. The collaboration started with the provi-
sion of university mini-grants, which facilitated the 

Brodský, L., Bollati, I. M., Nüsser, M. (2024): Preface. AUC Geographica 59(2), 161–162
https://doi.org/10.14712/23361980.2024.20
© 2024 The Authors. This is an open-access article distributed under the terms of the Creative Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0).

PREFACE
Lukáš Brodský1,*, Irene Maria Bollati2, Marcus Nüsser3,4

1 Charles University, Faculty of Science, Department of Applied Geoinformatics and Cartography, Czechia
2 University of Milan, Earth Science Department, “A. Desio”, Italy
3 Heidelberg University, South Asia Institute, Department of Geography, Germany
4 Heidelberg University, Heidelberg Center for the Environment, Germany
* Corresponding author: lukas.brodsky@natur.cuni.cz

Fig. 1 Our research group  
in the field in 2021.
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organisation of several seminars, research exchanges, 
and fieldwork aimed at data collection and training 
for early career scientists and students. This has led 
to the preparation of several Master and PhD theses 
and their presentation during scientific congresses 
for young researchers in 2022 and 2023. Moreover, 
we have produced none research papers and intend 
to further develop our database for future field-
work-based research on glacier changes and associ-
ated geo-hazards. The most recent natural hazards, 
such as a debris flow, which occurred on 27 August 
2023, and the 29–30 June 2024 flash flood (Fig. 2), 
justify our continuing research in this area. These 
events have significantly impacted several locations in 
the Western Italian Alps and the Southern Swiss Alps, 
especially the Macugnaga watershed.

The Belvedere Glacier, a prominent feature of the 
Alps, has undergone notable changes in recent dec-
ades that have been affected by climatic fluctuations. 

This debris covered glacier exhibits highly distinctive 
response patterns within the Alpine region. This spe-
cial issue of the AUC Geographica (https://karolinum 
.cz/en/journal/auc-geographica) presents the research 
on the Belvedere Glacier (see Table of Content), with 
a particular focus on its dynamic responses to environ-
mental changes. The articles included in this special 
issue employ a range of methodological approaches, 
including remote sensing and in-situ field observa-
tions, absolute and relative datings, monitoring and 
mapping. They provide a more comprehensive under-
standing of the glacier’s current state since 1951 in 
comparison to long-term historical records (Fig. 3). 
The first article reviews previous research in this area 
by various Swiss and Italian researchers. The remain-
ing articles analyse the current dynamics of glacier 
retreat and down-wasting through the application of 
innovative techniques, which yield new findings in 
glaciology and associated geo-environmental studies.

Fig. 3 The head of the 
Anzasca Valley, the valley of 
the Belvedere Glacier where 
we are currently used to 
work with our students for 
educational and research 
purposes.

Fig. 2 Devastating flash  
flood from 2024 (Rio 
Tambach in the Staffa 
Village, part of Macugnaga), 
according Beba Schranz  
on www.nimbus.it.
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ABSTRACT
The Belvedere glacier is an intensively studied glacier in the Italian Alps on the east face of the Monte Rosa, which is currently 
undergoing a fast deglaciation connected to various slope failures and Glacial Lake Outburst Floods. Measurements of the terminus 
position have been carried out since the 1920s. Since 2000, more attention has been paid to this area due to the occurrence of large 
mass movements and a surge-type event. In this review, research articles and various reports dealing mainly with glacier dynamics, 
rock and ice avalanches, Glacial Lake Outburst Floods, and other hazardous processes were considered. Aerial photogrammetry, 
Unmanned Aerial Vehicles, satellite stereo-processing and several terrestrial approaches (laser scanning, geophysics, measurements 
of near-surface heat flow, ablation stakes and camera-lapse) provided a base for quantifying the ongoing processes. Despite efforts 
based on the comparison of Digital Elevation Models, this review shows that the evolution of the Belvedere glacier in terms of ice 
volume is still partially unknown due to the low temporal frequency of aerial surveys, technical limitations of the Unmanned Aerial 
Vehicles used, and the fact that most studies focus only on the lower part of the glacier. The hazardous supraglacial Effimero lake 
that appeared during the surge-type event has been well documented, and interventions to mitigate potential risks were put in 
place, but the trigger of the event and the evolution of the lake basin have not yet been clarified. Mass wasting and outburst floods 
are mainly documented in the grey literature. The degradation of permafrost was suggested to be the driver of rock and ice ava-
lanches, including one of the largest ice avalanches in the Alps, which occurred in 2005. In summary, the Belvedere Glacier and the 
surrounding rock walls have experienced repeated slope failures, an incident of surge and several outburst floods. Despite regular 
monitoring, a clear picture of its behavior due to the changing climate is still unknown. This review is intended to pave the way for 
further integrative studies.
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1. Introduction

Mountain glaciers have been undergoing rapid and 
accelerating changes due to global warming (e.g. Bhat-
tacharya et al. 2021; Neckel et al. 2014). Deglaciation 
was documented on a global scale with multiple conse-
quences including sea level rise, modification of river 
discharge regimes (Huss and Hock 2018), natural haz-
ards, impacts on hydropower generation, irrigation, 
and glacier tourism (Harrison et al. 2018; Zemp et al. 
2019; Nüsser and Schmidt 2021; Bollati et al. 2023).

Mountain deglaciation is particularly severe in 
the Alps where glacier retreat since the end of the 
Little Ice Age (LIA), ~1850–1860 as documented by 
Ivy-Ochs et al. (2009), despite minor glacier advanc-
es at the beginning of the 20th Century and in the 
1970s–1980s (e.g. Citterio et al. 2007). Glacier retreat 
and downwasting have recently accelerated by the 
rapid increase in air temperature during the last few 
decades (IPCC 2022; Davaze et al. 2020; Paul et al. 
2020; Kropáček et al. 2014). For the Alps, Sommer 
et al. (2020) report a regional variable mean mass 
balance of −0.5 to −0.9 m a−1 in the period 2000–2014 
while Davaze et al. (2020) reported a mean annual 
mass balance of –0.74 ± 0.20 m w.e. a−1 from 2000 
to 2016. This massive glacier shrinkage in the Alps is 
accompanied by a progressive increase in supraglacial 
debris coverage (Azzoni et al. 2018) which contrib-
utes to the transformation from debris-free glaciers to 
partially or completely debris-covered ones. The cli-
mate change scenarios indicate that future volumes of 
alpine glaciers will further decrease as the mean mass 
balance predicted for the year 2050 was calculated as 
−1.3 m w.e. a−1 by Huss (2012). The mass loss of gla-
ciers in the Alps will exceed 80% (RCP 8.5) by the end 
of the 21st century, compared to 2015 (Pörtner et al. 
2019). In terms of glacier related hazards, deglacia-
tion leads to slope instabilities developing along the 
glaciers via the process of debuttressing (Ballantyne 
2002; McColl 2012; Spreafico et al. 2021). Glacial 
retreat increases also the susceptibility to GLOFs (e.g. 
Chowdhury 2021). In the Alps, landslides induced by 
debuttressing were described for instance at Alet-
schgletscher (Kääb 2002; Kos et al. 2016).

The rising air temperature also leads to the degra-
dation of mountain permafrost (Haeberli and Benis-
ton 1998; Harris et al. 2003; Gobiet et al. 2014; Jac-
quemart et al. 2024), which in turn favours rock-falls 
(Deline et al. 2015; McColl 2012), rock and ice ava-
lanches and debris flows (Fischer et al. 2013; Kropá-
ček et al. 2021)

The release of a large mass of ice from hanging gla-
ciers resulting in ice avalanches can change into cat-
astrophic mass flows, characterised by sudden onset, 
high velocity and long runout (Evans et al. 2021). Sev-
eral recurrent ice avalanches threatening settlements 
and infrastructure were described in the Alps (e.g. 
Vincent et al. 2015; Faillettaz et al. 2016; Margreth 
2017). A transition from cold to temperate glacier bed 

can lead to the collapse of a whole glacier as Faillettaz 
et al. (2011) elucidated for the collapse of Altelsglet-
scher in September 1895 recognized as the largest 
known ice avalanche in the Alps. However, even rel-
atively smaller ice avalanches can result in casualties 
as it occurred at Marmolada in the Italian Alps in July 
2022 (Olivieri et al. 2023). In some cases, ice and snow 
avalanches are triggered not by permafrost thaw, but 
by earthquakes (Klimeš et al. 2009).

Due to glacier retreat, glacial lakes (e.g. proglacial 
lakes) develop, threatening downstream populations 
by Glacial Lake Outburst Floods (GLOFs) (Emmer et al. 
2016; Harrison et al. 2018; Huggel et al. 2003; Viani 
et al. 2016; Pandey and Kropáček 2023; Bollati et al. 
2023; Schmidt et al. 2020). A fast increase in the num-
ber of glacial lakes with regional variation has been 
described for the Alps in several studies, e.g. for the Aos-
ta Valley (Viani et al. 2020), for the Austrian Alps (Buck-
el et al. 2018) and for the Swiss Alps (Mölg et al. 2021).

A continuous eight-fold increase in the number of 
glacial lakes since the LIA was reported for the Aus-
trian Alps by Buckel et al. (2018). The development of 
glacial lakes was described in more detail in the Swiss 
Alps, where the annual increase in area and number 
was the highest in 1946–1973. It decreased towards 
the end of the 20th century, and increased again in 
2006–2016 (Mölg at al. 2021). Similarly, in the Aosta 
Valley in the Western Italian Alps, the number of lakes 
doubled and their area increased by approximate-
ly 30% in the period 2006–2015 (Viani et al. 2020; 
2022). In terms of timing, GLOFs in the Alps occur 
about two months earlier compared to the beginning 
of the 20th century, while the trend in extreme events 
has not changed (Veh et al. 2022; Veh et al. 2023). The 
occurrence of GLOFs is commonly related to global 
warming (e.g. Chiarle et al. 2021). However, the tem-
poral pattern of GLOFs often does not match with cli-
matic fluctuations (Harrison et al. 2018). Moreover, 
the analyses of the temporal pattern of GLOF frequen-
cy suffer from bias in reporting due to the more fre-
quent reporting in the recent period (Veh et al. 2022).

Belvedere Glacier together with the east face of 
Monte Rosa has been a hotspot of processes, leading 
to GLOFs and large mass wasting events. The process-
es include the development of two glacier lakes and 
destabilisation of slopes, both of them connected to 
climate change-driven deglaciation. The area features 
a long record of research papers dealing with various 
aspects and timescales. However, many publications 
related to the occurrence of glacier hazards and mit-
igation strategies belong to the grey literature. This 
review is an effort to bring together the main findings 
in a synoptic overview, including information from 
largely neglected material.

1.1 Object and aim of the study

In this review, we focused on the debris-covered Bel-
vedere Glacier located in the Italian Alps. This glacier 
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is anomalous in the Alps in terms of the extent of 
debris cover, large proportion of avalanche feeding 
and low altitude of the terminus. It also features a flow 
acceleration referred to as suge-type event, unique in 
the Alps. This glacier received a lot of attention over 
the last four decades, mainly due to the hazardous 
processes affecting the area and population, but it has 
been explored already since the end of the 18th centu-
ry (Kropáček et al. 2024, in this issue). There is a long 
record of natural hazards associated with the Belve-
dere Glacier, mainly related to GLOFs, rock and ice ava-
lanches and even a surge-type event in 2001–2002.  
The east face of Monte Rosa has been intensively 
discussed due to the fast deglaciation and related 
mass-wasting processes (e.g. Kääb et al. 2004; Fischer 
et al. 2006; 2011). 

This review study aims to assess the dynamics of the 
Belvedere Glacier and related natural hazards resulting 
from GLOFs and mass wasting in the surrounding rock 
slopes and lateral moraine based on available litera-
ture. It covers the changes and events starting at the 
beginning of the 20th century when systematic obser-
vations began. Earlier reports that are significant for 
the history of high mountain research, at least at the 
European scale, are briefly summarised (for further 
details see Kropáček et al. 2024, in this issue).

This review begins by presenting the methodo-
logical framework and study area (Sections 2 and 3). 
Next, it examines the remote sensing and in-situ 
methods used in the studies (Section 4). Sections 5 
and 6 address glacier dynamics and related natural 
hazards, respectively. This is followed by a discus-
sion that includes a critical assessment of the studies 
(Section 7) and concludes with insights into future 
research opportunities (Section 8).

2. Methodological framework

A search was conducted on the SCOPUS database for 
the articles using various combinations of keywords 
relevant to the study on Belvedere Glacier. The articles 

were considered relevant if they dealt with the study 
of glacier dynamics and related natural hazards. The 
search was not filtered by years, or the techniques 
used (Tab. 1).

Tab. 1 Keywords used for literature search on SCOPUS and their 
outputs.

Keywords Total documents Relevant

‘Belvedere’ AND ‘glacier’ 24 17

‘Monte Rosa east face’  7  3

‘Monte Rosa’ AND ‘climate change’ 18 15

Total 49 35

Total after removing duplicates 19

The search with different keywords yielded dupli-
cate results as well, which were removed. In total 
19 articles were observed to fulfil the criteria of the 
objective (Tab. 2). The selected studies and their tem-
poral coverage are displayed in Fig. 1. Several histor-
ical texts in the Italian language with information on 
floods and glacier extent were also considered, includ-
ing Stoppani (1876), Somigliana (1917) and Monterin 
(1922, 1926). Monterin’s first article (Monterin 1922) 
represents the first glaciological study of Belvedere 
Glacier based on ground measurements. Furthermore, 
the comprehensive reports by VAW (1984, 1985 and 
1986) also in the Italian language were considered. 
Belvedere Glacier has attracted considerable atten-
tion since the year 2000 especially due to the surge-
type event. The studies and events are also reported 
in national and local papers and various blogs and 
websites such as the AGU Landslide blog (https://
eos.org/landslide-blog) and Nimbus website (http://
www.nimbus.it/ghiacciai/2002/020626belvedere 
_art.htm). They mainly focus on the specific events 
of rock falls from the Monte Rosa headwall, GLOFs 
and the formation of the temporary (ephemeral)  
supraglacial lake that accompanied the surge-type 
event. This type of grey literature has also been used 
to enrich the review and clarify the glacier’s behav-
iour and events in recent history.

Fig. 1 Temporal coverage  
by the 19 research articles 
found by the SCOPUS search 
using the criteria defined in 
Tab.1 is shown as the time span 
of the study on the x-axis while 
the year of publication  
on the y-axis.
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3. Study area

Belvedere Glacier is situated at the eastern side of 
Monte Rosa (4634 m a.s.l.), the second highest sum-
mit in the Alps on the border between Italy and Swit-
zerland (Fig. 2). The glacier is located in the Anzasca 
Valley in the Piemonte region of Italy, close to the vil-
lage of Macugnaga. Belvedere Glacier originates from 
the east face of Monte Rosa, which is a compact rock 
wall of metamorphic rocks forming the highest rock 
face in the Alps with a vertical span of about 2600 m 
(Diolaiuti et al. 2003). The glacier flows towards 
North-Northeast and terminates approximately 2 km 
west of Macugnaga. According to the Global Land 
Ice Measurements from Space (GLIMS) (Cogley et al. 
2022), the glacier extends from 4487 m a.s.l. down to 
an elevation of about 1840 m a.s.l. In 1983, it covered 
an area of about 5.58 km² (WGMS 2023). Belvedere 
is an elevated sediment bed glacier (Monterin 1922; 
Mazza 2000). The ice of the snout, reaching sever-
al tens of metres in thickness, is superimposed on 
the sediment layer reaching a depth of 100–200 m 
(VAW 1985). 

Belvedere is a humid-temperate glacier (Kääb et al. 
2004; Haeberli et al. 2002). It has a limited accumu-
lation basin and is mostly fed by snow and ice ava-
lanches. In the 20th century the tributary Locce and 
Nordend glaciers separated from the Belvedere due to 
their retreat, which further reduced ice contribution. 
Rockfalls from the east face of Monte Rosa contribute 

to its debris coverage (Haeberli et al. 2002; Diolaiuti 
et al. 2003). The upper part of the glacier is steep, and 
its geometry is heavily determined by the relief of the 
east face, covered by hanging glaciers and firns. The 
hanging glaciers undergo rapid changes in geometry 
and release ice avalanches, which accumulate on the 
glacier at the toe of the wall (Kääb et al. 2004; Fis-
cher et al. 2006). The lower part of the glacier, which 
has an average slope of 10° (Godone et al. 2010), is 
heavily debris-covered. The thickness of the debris 
cover measured in 2000 was 4–5 cm and it reached 
20–30 cm on the frontal lobes (Diolaiuti et al. 2003). 
The terminus of Belvedere Glacier reaches 1840 m 
a.s.l., which is much lower than the nearby glaciers 
in the Monte Rosa Massif (Lys: 2395 m a.s.l., Verra: 
2770 m a.s.l. and Gornergletscher: 2207 m a.s.l.), main-
ly due to the debris-cover and low solar exposure.

The terminal portion of Belvedere Glacier is bilo-
bate and reaches below the tree-line. The lobes are 
separated by a moraine complex. A surge-type move-
ment was observed between the summer of 2001 and 
2002 that uplifted the glacier surface in the lower part 
by 10–25 m (Haeberli et al. 2002; Truffer et al. 2021). 
After the surge, an ephemeral lake appeared near the 
foot of the Monte Rosa east face, posing a threat to the 
village of Macugnaga (Tamburini and Mortara 2005). 
Therefore, this lake was constantly monitored by Civil 
protection until its extinction. In August 2003, glacier 
thinning started on most parts of Belvedere Glacier 
(Truffer et al. 2021).

Tab. 2 Basic details of the articles found by the SCOPUS search.

No. Study Parameter Location Duration Methodology

1 Haeberli and Epifani 1986 buried glacier ice Lago delle Locce 1983–1984 geophysical soundings and drillings

2 Mazza 2000 glacier dynamics Belvedere 1914–1999 compilation of results from various 
studies

3 Haeberli et al. 2002 surge Belvedere and Monte Rosa 2001–2002 photographs and field visits

4 Taschner and Ranzi 2002 surface temperature Belvedere 2001 satellite thermal measurements 

5 Diolaiuiti et al. 2003 thickness and volume Belvedere 1957–1991 topographic maps

6 Fischer et al. 2003 permafrost thawing, slope 
instabilities Monte Rosa (East face) 1885–2003 field photographs, permafrost models, 

aerial photographs

7 Ranzi et al. 2004 debris-covered glacier Belvedere and Miage 2002–2003 field energy balance station, ASTER

8 Kääb et al. 2004 glacier hazards Monte Rosa 1868–2003 review of studies

9 Mecatti et al. 2007 ice flow velocity Belvedere 2006 ablation stakes, ground based SAR

10 Noferini et al. 2009 range velocity and elevation Belvedere 2007 around based SAR interferometer

11 Godone et al. 2010 glacier ablation Belvedere Glacier 2006–2008 ablatometric stakes

12 Fischer et al. 2011 topographic changes Monte Rosa (East face) 1956–2007 aerial photogrammetry

13 Fischer et al. 2012 slope failure, erosion rate Monte Rosa (East face) 1956–2007 aerial photogrammetry

14 Mondino 2015 map surface changes Belvedere 2001–2003 aerial photogrammetry

15 Colombero et al. 2019 Ice thickness terminal lobes 2016–2018 GPR

16 Tonolo et al. 2020 3D glacier mapping Belvedere Glacier 2017–2019 stereo images

17 De Gaetani et al. 2021 elevation changes Belvedere Glacier 1977–2019 aerial and UAV images

18 Ioli et al. 2022 glacier velocity and volume Belvedere Glacier 2015–2020 UAVs

19 Ioli et al. 2023 terminus retreat left lobe of the terminus since 2021 time lapse cameras (stereo)
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The climate data from Zappa Zamboni weather sta-
tion (2075 m a.s.l.) located next to the lower part of the  
glacier indicates significant seasonal variations. 
January and February are cold and dry with aver-
age maximum air temperatures around −0.4 °C and 
mean monthly precipitation under 10 mm. Spring 
(March–May) sees rising temperatures and increas-
ing precipitation, peaking in May at 206 mm. Summer 
(June–August) is warm, with average maximum tem-
peratures between 13.3 °C and 15.5 °C and moderate 
precipitation. Autumn (September–November) fea-
tures gradually cooling temperatures and substantial 
rainfall, particularly in October with 147 mm. Decem-
ber marks the onset of winter, with temperatures 
dropping and precipitation decreasing to 11 mm.

3.1 Historical explorations and name changes

Belvedere Glacier has received a lot of attention since 
the very beginning of scientific mountain explora-
tions. As early as in 1780 the glacier was visited by 
Amoretti who described a glacier gate at one of the 
terminal lobes which was then the source of the Anza 
River (Amoretti 1817). The terminus of the glacier 
was crossed by De Saussure in 1787 who carried 
out a trigonometric measurement of the elevation 
of Monte Rosa. Temperature and pressure measure-
ments were done by Zumstein during his ascent of 
one of the summits of Monte Rosa (Zumstein 1824). 
A map of Monte Rosa showing roughly the outlines 
of Belvedere Glacier was published by Welden who 

visited Belvedere in 1823 (Welden 1824). Forbes 
(1845) noted that Belvedere was rather stagnant in 
contrast to Lys Glacier. A detailed study on the geology 
of the Monte Rosa massif was published by Schlagin-
tweit (1853). The first topographic map of the area 
in 1 : 50,000 scale was published by the Kingdom of 
Piedmont-Sardinia in 1820–1821. Since the 1920s, 
systematic measurements of the position of glacier 
terminus have been carried out by the Italian Glacio-
logical Committee. The first aerial photographs used 
in the studies about Belvedere Glacier originate from 
the 1950s, see more information on this in Kropáček 
et al. 2024, in this issue.

In the historical literature, the glacier was called 
Macugnaga Glacier (Ghiacciaio di Macugnaga in Ital-
ian) e.g. by Monterin (1922) and it encompassed the 
glacier tongue and a large part of the glacierized east 
face. This name was used in the annual glaciological 
surveys published by the Italian Glaciological Com-
mittee till the 1950s. Starting in 1953 the surveys 
have been using the name Belvedere Glacier (Ghiac-
ciaio del Belvedere). However, the name Belvedere 
was related only to the lower, debris-covered part of 
the glacier. Most of the articles treated in this review 
sticked to this convention. The separate names for 
accumulation and ablation areas of a single glacier do 
not make sense from the glaciological point of view 
and results in confusion, especially if volume changes 
are calculated only for Belvedere Glacier i.e. the abla-
tion part (as shown further in the text).

Interestingly, the Italian Glacier Inventory (CNR-CGI  
1961) (http://repo.igg.cnr.it/ghiacciaiCGI/ghiacciai 
_new.html), the Belvedere Glacier includes all glaciers 
of the east face connected to the lower part at that 
time (Ghiacciaio Nord delle Locce, Ghiacciaio del Sig-
nal, Ghiacciaio del Monte Rosa, Ghiacciaio della Nor-
dend ). At present, some of these glaciers are already 
disconnected.Further on in this text we use the term 
‘Belvedere Glacier’ as defined in the New Italian Gla-
cier Inventory (Paul et al. 2020) including both its 
accumulation and ablation parts (Fig. 2).

4. Review of the used techniques 

4.1 Remote sensing based studies

The analysed papers show that various techniques 
have been used to study the Belvedere Glacier. In-si-
tu measurements to quantify changes in volume and 
mass balance are time-consuming, expensive, and 
require mountaineering expertise which makes them 
dangerous as well. To overcome all these limitations, 
photogrammetry, aerial photography, and remote 
sensing techniques prove to be extremely useful. Pho-
togrammetry is used to generate DEMs of glaciers’ 
surface from overlapping image pairs. The images can 
be acquired from aerial platforms, terrestrial stations 
or satellites acquiring very high-resolution (VHR) 

Fig. 2 The glaciers on the east face of Monte Rosa. The glacier  
limits and the toponyms refer to the New Italian Glacier Inventory 
(Paul et al. 2020). The background is a hillshade map obtained 
by the Digital Elevation Model (DEM) of Regione Piemonte. The 
glaciers not distinguished by the inventory as separate glaciers but 
mentioned in this text are marked by capital letters: A: Ghiacciaio 
del Monte Rosa and B: Ghiacciaio del Signal.
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imagery and recently also from Unmanned Aerial 
Vehicles (UAVs). 

Topographical maps based studies
Belvedere glacier was mapped using aerial surveys in 
various scales and for various purposes. The first map 
used for studies about the volume of Belvedere Gla-
cier from 1957 was acquired in the framework of the 
International Geophysical Year (Tab. 3). The survey 
was carried out by the Italian Aerial Survey Agency 
(EIRA) in Florence for the Italian Glaciological Com-
mittee (Diolaiuti et al. 2003). Another map from 1977 
was compiled by the Swisstopo, and the map from 
1991 is a technical map of the Piedmont region.

Tab. 3 Topographical maps used in the studies on volume changes  
of Belvedere Glacier.

Year Scale Contour interval Agency

1957 1 : 5,000 5 m EIRA

1977 1 : 25,000 20 m Swiss Topo

1983 1 : 2,000 2 m –

1991 1 : 10,000 10 m Technical map of Piedmont region

In a study about Belvedere Glacier for the munici-
pality of Macugnaga (VAW 1985) compared the 1957, 
1977 and 1983 maps (Tab. 3 and Tab. 4). They note 
that the glacier outlines especially in its debris-cov-
ered part may not be accurate due to the difficulty to 
distinguish between debris cover and surrounding 
terrain. Furthermore, they revealed a discrepancy of  
12.5 ± 1.5 m in the zone of the glacier between the 
1957 and 1983 maps which had to be accounted for 
(Tab. 3 and Tab. 4). In a study focused on volume 
changes of Belvedere Glacier by Diolaiuti et al. (2003), 
DEMs based on the 1957 and 1991 maps were com-
pared. Both maps were converted to raster representa-
tion and overlaid. The drawback was the coverage of 
the 1957 map limited to the lower part of the glacier.

Tab. 4 Data sources used by various authors for the analysis  
of volume changes.

Authors Topo 
maps

Aerial 
Photographs UAV LiDAR VHR 

satellite

VAW 1985
1957, 
1977, 
1983

1983    

Diolaiuti et al. 
2003

1957, 
1991     

Kääb et al. 2004  1995, 1999    

Fischer et al. 2013  
1956, 
1988, 2001 
(Swisstopo)

 2005, 
2007  

De Gaetani et al. 
2021  

1977, 1991, 
2001, 2009, 
2019

   

Mondino 2015  2001, 2003    

Tonolo et al. 2020   2019  2017

Ioli et al. 2022   2015–
2020   

Aerial photogrammetry based studies
Aerial photographs of the east face of Monte Rosa are 
available at the Italian Military Geographical Institute 
for the years 1951, 1954, 1968, 1970, 1988, 1992, 
1996 and 2004. They can be obtained at several levels 
of scanning density. The frequency of the aerial sur-
veys allowed for monitoring of glacier changes and 
anomalies on decadal time scales (Tab. 4). Addition-
ally, aerial orthoimages from 2009–2011 are available 
for download, while images from 1980–1990, 2015, 
and 2018 can be accessed as Web Map Service (WMS) 
layers on the Piemonte region’s information portal 
(Geoportale Piemonte).

Since 1954, the surveys have used black and white 
photography with the standard film format 23 × 23 cm 
at various flight heights resulting in scales ranging from 
1 : 30,000 to 1 : 47,000. Only the 1950 survey by Santo-
ni company, which was flown at an altitude of 5,000 m, 
used 13 × 18 cm glass plates at a scale of 1 : 26,000.  
The surveys were carried out for various purposes.

Mondino (2015) derived elevation changes over 
the lower part of the glacier based on two image pairs 
from 2001 and 2003. He applied a simultaneous mul-
ti-temporal aerial image bundle adjustment approach, 
shared ground control points (GCPs), which was com-
pared against traditional strategies for aerial ste-
reo-pair adjustment. The improved relative accuracy 
in height coordinates was quantified as 0.65 m com-
pared to single bundle adjustment resulting in 2.63 m.

Another aerial survey was carried out by the Labo-
ratory for Climate Change Monitoring of the Politecnico 
di Torino in 2019 employing a small aircraft with the 
medium format Phase One iXM-RS150F photogram-
metric camera with 150 Mpx sensor and 50 mm focal 
length lens onboard. The altitude limit of the aircraft at 
4,000 m and the payload weight prevented the coverage 
of the upper part of the glacier. A DEM based on the data 
was utilised by Tonolo et al. (2020) for the analysis of 
mass changes of the lower part of the Belvedere Glacier.

The development of digital photogrammetric cam-
eras with high-quality sensors has eased the surveying 
of remote and orographically complex areas to be geo-
referenced with fewer GCPs which reduced the field-
work. A digital multispectral camera was used for the 
aerial survey in 2009 carried out by a private compa-
ny (Compagnia Generale Ripreseaeree). Resulting data 
together with scanned photographs of the surveys in 
1977, 1991 and 2001 were used by De Gaetani et al. 
(2021) for derivation of DEMs, which in turn were 
used for the calculation of volume changes of the low-
er part of Belvedere Glacier.

In particular, Fischer et al. (2011) mapped topo-
graphic changes from a set of high-resolution (2 m) 
aerial stereo pairs with the root mean square error in 
vertical dimension ranging from 1.5 to 2.5 m.

Unmanned Aerial Vehicles (UAVs) based studies
Since 2015 unmanned aerial vehicles (UAV) have 
been used to monitor volume changes of Belvedere 
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Glacier. This approach is based on the availability of 
affordable carriers, low-cost sensors, Structure from 
Motion techniques (SfM), and Differential Global Posi-
tioning Systems (DGPS) for geometry control. 

Starting in 2016, UAV campaigns using both fixed-
wing and copter platforms were carried out by Alta 
Scuola Politecnica (Politecnico di Torino e Milano) in 
order to identify regions of ice gain and loss of Bel-
vedere Glacier (Tonolo et al. 2020). Due to technical 
limitations, they could acquire data only for the lower 
part of the glacier in about three days. DEM based on 
UAV data was also used by De Gaetani et al. (2021). 
They carried out five UAV flights in July and August 
2019 in conjunction with aerial photogrammetry for 
the derivation of volume changes of the lower part 
of Belvedere Glacier (Tab. 3). They used fixed-wing 
UAV Parrot Disco with low-cost HawkEye Firefly 8S 
camera with 12 Mpx CMOS sensor. The flight height 
of 120 m above the ground resulted in a ground reso-
lution of the image data of 5 cm. 

Furthermore, Ioli et al. (2022) accomplished an 
aerial survey using different UAV platforms includ-
ing fixed-wing eBee drone carrying a compact cam-
era Canon PowerShot S110, Parrot Disco FPV with 
Hawkeye Firefly 8S lightweight camera and quadcop-
ter DJI Phantom 4 Pro with DJI FC6310 camera. They 
acquired data each year in the period 2015–2020 with 
ground resolution ranging from 5 to 9 cm. Both De 
Gaetani et al. (2021) and Ioli et al. (2022) used UAVs 
in combination with aerial stereo pairs employing 
SfM and Multi-View Stereo algorithms to build pho-
togrammetric models to study the elevation change 
of the glacier surface. They achieved accuracy on the 
scale of decimetres.

Lidar based studies
Lidar measurements were used for the analysis of 
topographic changes on the east face of Monte Rosa 
related to thaw of permafrost by Fischer et al. (2013). 
They used two DEMs based on Airborne Laser Scan-
ning (ALS), one assembled from data acquisitions by 
an aeroplane in 2005, the other one by helicopter in 
September 2007.

Satellite data based studies
The technique for glacier monitoring which has 
no altitude limit and does not require fieldwork in 
a demanding mountain environment is satellite ste-
reo-image acquisition by very-high resolution instru-
ments. An archived in-track stereo-pair of Pléiades 
1-A images from October 2019 were used for the 
generation of a DEM by Tonolo et al. (2020). They 
used Rational Function Model for the stereo-pro-
cessing which resulted in an ortho-image and DEM 
to map and analyse surface elevation change of the 
lower part of the Belvedere Glacier. Pléiades 1-A sat-
ellite was launched under the French-Italian ORFEO 
Programme in October 2003. It acquires very-high 
resolution image data with ground sample distance 

in nadir of 0.5 m in panchromatic mode and 2 m in 
multispectral mode, which includes three visible and 
one near-infrared spectral band (Gleyzes et al. 2012).

Thermal satellite data from Landsat and ASTER 
along with ground-based measurements were used 
by two studies to analyse the sensitivity of the tem-
perature to the physical properties of the debris cover 
of Belvedere Glacier (Taschner and Ranzi 2002). Ran-
zi et al. (2004) were able to identify debris-covered 
glaciers using satellite-borne thermal radiometers 
where the debris layer was less than 40–50 cm as the 
surface temperature of the supraglacial debris was 
4.5 °C colder, on average, than debris deposits near 
by the glacier.

4.2 In-situ measurements

Seismic methods and Ground Penetrating Radar (GPR)
On the occasion of the International Geophysical Year 
(1957), the Experimental Geophysical Observatory of 
Trieste carried out seismic prospecting for mapping of 
the glacier bed (Visintini 1957). The maximum depth 
was measured as about 225 m. This was followed in 
1984 by a campaign of Ground Penetration Radar (GPR) 
measurements using the USGS Monopuls Radar of  
1 to 5 MHz frequency (VAW 1985). The two approach-
es provided similar results in terms of ice depth with 
discrepancies generally within 5 to 10%. However, 
in the middle part of the glacier snout, the GPR mea-
surements showed a layer of unknown origin about 
50–100 m above the ice bottom detected by the seismic.

Further GPR campaigns, both by helicopter and 
from the glacier surface were carried out in 2002–2003  
for the detection of the ice thickness below the 
Effimero Lake and along several transects down-
stream (Tamburini and Mortara 2005). Despite diffi-
culties in the interpretation given by the debris cover 
and water present in the ice mass, they estimated the 
ice thickness below Effimero Lake as 120 m. Further-
more, Colombero et al. (2019) acquired GPR profiles 
and seismic measurements for the terminal lobes 
of Belvedere from 2016 to 2018, to estimate the ice 
thickness and reconstruct the bottom morphology. 
They detected a more than 40 m thick layer of sub-
glacial deposits and they also indicated the presence 
of bedrock at 80 m depth in the frontal portion of 
the left lobe. Apart from the frontal lobes, only noisy 
measurements, not allowing any ice bottom detection, 
could be obtained.

Bottom temperatures of the winter snow cover (BTS)
A combination of geophysical soundings and drillings 
to study the buried glacier ice close to the Locce Lake 
was used by Haeberli and Epifani (1986). The geo-
physical soundings included indirect measurements 
of near-surface heat flow, geoelectrical resistivity, and 
seismic refraction. BTS approach was applied in Feb-
ruary 1983 to map the distribution of the near-sur-
face underground ice, using thermistor probes that 
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were lowered to the soil-snow interface. Fifteen elec-
trical DC resistivity soundings were carried out in the 
summer of 1983 to investigate the extent of under-
ground ice and to confirm if it was frozen ground or 
buried glacier ice. Furthermore, the BTS approach 
was applied on the lobes of Belvedere Glacier by VAW 
(1985). The application of this approach, which allows 
to reveal the presence of ice below a layer of debris, 
resulted in the detection of ice in the shadowed parts 
of the moraines of Belvedere.

Terrestrial Laser Scanner
A monitoring campaign using TLS was conducted 
by Godone and Godone (2012) in the summer and 
autumn of 2006 and 2007 carrying out measure-
ments of the central/lower part of the glacier. Fur-
thermore, measurements of the 2005 and 2007 land-
slides that affected the terminal moraine of the North 
Locce Glacier, a former tributary on the right side of 
the Belvedere Glacier, were carried out. The surface 
comparison gave an average measure of landslide 
movement of over 2 m with an average rate of 0.05 m/
day. In addition, the total vertical shift of the landslide 
mass has been estimated as 36.62 m through manual 
measurement, since the trigger of the event. The dif-
ference in surfaces’ elevation indicated the ablation 
ranging from 2 to 8 m in the period 2006–2007. In 
the summer 2006 and 2007 two ground-based Syn-
thetic Aperture Radar (SAR) surveys were conducted 
at Belvedere Glacier to produce surface velocity maps 
(Mecatti et al. 2007; Pieraccini et al. 2008; Noferini 
et al. 2009).

Ablation stakes and camera-lapse
Moreover, a network of ablation stakes has been 
installed providing annual ablation and surface 
displacement velocity since 2009. The results are 
reported in the Annual Glaciological Survey of Italian 
Glaciers edited by the (Italian Glaciological Commit-
tee). Additionally, measurements on ablation stakes 
from 1983/84 are available (VAW 1985). Repeated 
photography was used extensively to document the 
mass wasting processes (Fischer et al. 2013; Tambu-
rini et al. 2013) and changes in the geometry of the 
glaciers (VAW 1985). Recently, a pair of time lapse 
camera systems was installed by Ioli et al. (2023) to 
monitor the volume changes of the left lobe of the 
terminus.

5. Glacier dynamics

5.1 Changes in glacier area and frontal glacier 
position

There is a large uncertainty in the area of Belvedere 
Glacier in various sources. The glacier area provided 
in articles dealing with the lower part of the glacier 
depends on the placement of the arbitrary border in 

the steep upper part of the glacier and is given in the 
range from 1.47 to 1.78 km2 (De Gaetani et al. 2021; 
Diolaiuti et al. 2003). The total area of Belvedere 
Glacier also varies based on the source and is in the 
range from 4.4 to 5.58 km2 (RGI, reports of the World 
Glacier Monitoring Service (WGMS), Global Glacier 
Change Bulletin). The variation is mainly due to the 
different number of hanging and tributary glaciers 
included rather than by real changes in extent (Fig. 2).

Area changes reported in two studies (VAW 1985 
and Diolaiuti et al. 2003) are difficult to compare 
due to different observation periods and due to the 
difference in the delineation of the lower and upper 
part of the glacier (Tab. 5). The fluctuation of gla-
cier front is a better indicator of changes in glacier 
extent because these changes occurred in the frontal 
zone. The glacier front fluctuation based on the field 
measurement of the left lobe organised by the Italian 
Glaciological Committee is shown in Fig. 3b. Apart 
from an advance at the end of the 1960s there were 
several years of minor advances (1986–1989, 1991, 
1994) in the period 1986–2000 and several periods of 
retreat (1990, 1992–1993, 1995–2000), correspond-
ing to the general trend recorded in the Italian Alps 
(Citterio et al. 2007). This was followed by a period 
of advance (50.5 metres) from 2001 to 2005 connect-
ed to the surge-type event while afterwards a strong 
retreat (2007–2022: −232 metres) was recorded (Ital-
ian Glaciological Committee reports). In the period  
1974–1985, the measurements of the terminal posi-
tions are missing.

Tab. 5 Changes in areal extent of Belvedere Glacier reported by two 
studies.

Period Areal change 
(km2)

Mean yearly rate 
(km2 a−1) Source

1957–1983 +0.06 +0.023 VAW 1985

1977–1983 +0.09 +0.015 VAW 1985

1957–1991 −0.017 −0.0005 Diolaiuti et al. 2003

5.2 Changes in ice volume

The records of ice volume change for Belvedere Gla-
cier are mainly based on aerial photographs, UAV data 
and historical maps. Again, they cover different time 
spans which renders them difficult to compare. Fur-
thermore, they are focused on the lower part of the 
glacier, apart from just one study. It is thus difficult to 
come up with a clear overview of the volume changes 
of Belvedere Glacier in time (Fig. 3c).

A study covering a large time span (1957–1991) was 
carried out by Diolaiuti et al. (2003) using a compar-
ison of DEMs from topographical maps (Fig. 3c). The 
change in volume estimated for the lower part of the 
glacier was +22.7 × 106 m3 which included the thick-
ness of the supraglacial debris. The mean change in gla-
cier thickness in the period 1957–1991 was assessed 
as +15 m, with annual increase of +0.44 m/year.  
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Negative change was recorded in the retreating fron-
tal sector with the highest thickness change of −30 m. 
An increase in thickness between 10–20 m was regis-
tered for over 50% of the glacier while less than 5% 
of the surface experienced thinning.

A similar approach using topographical maps for 
the estimation of volume changes of the lower part 
of the glacier was conducted by (VAW 1985). In addi-
tion to the 1957 and 1983 topographical maps, the 
Swiss topographical map from 1977 was used. The 
calculated volume change of 26 × 106 m3 in the period 
1957–1983 corresponds to a mean thickness increase 
of +18.42 m (+0.71 m/year) (Fig. 3c). The largest 

volume increase occurred in the central portion of the 
lower part of the glacier where the thickness increase 
exceeded +35 m while the volume losses were locat-
ed close to the terminus of the left lobe. In 1984 the 
surface of the glacier reached the level of the top of 
the LIA moraine.

A substantial part of the volume increase observed 
by VAW (1985) occurred in the period 1977–1983 
(mean thickness increase of +18.77 m and +3.31 m/
year). Interestingly, the comparison of the 1957 and 
the 1983 maps revealed a discrepancy in off-gla-
cier areas of 15.5 ± 1.5 m which was accounted for 
by a respective correction of the volumetric and 

Fig. 3 The changes in climate, glacier geometry, GLOFs, and rock and ice avalanches since the 1950s shown with E-obs temperature and 
precipitation (E-obs gridded dataset 0.1 × 0.1 degree, Haylock et al. 2008) (a), record of glacier front fluctuations with respect to the previous 
year as published by the Italian Glaciological Committee (b), mean volume changes calculated using maps and DEMs. Except for Fischer et al. 
2013, the figures refer only to the lower part of the glacier (c) and recorded GLOFs and rock and ice avalanches (d).
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thickness changes. A study published one decade 
later by Fischer et al. (2013) revealed a total volume 
loss of −25 × 106 m3 for the entire glacier in the period 
1988–2007 (Fig. 3c).

Another study using photogrammetry conducted 
by De Gaetani et al. (2021) focused on volume chang-
es in the lower part of the glacier during the period 
1977–2019 (Fig. 3c). It revealed a gain in volume of 
about +20.66 × 106 m3 from 1977 to 2001. The rate of 
volume gain increased by about 50% during this peri-
od. This period was followed by a decline in the volume 
from 2001 to 2019. First, the average annual volume  
loss amounted to −5.97 × 106 m3/year from 2001 to 
2009. The reduction was witnessed also in the next 
decade but with a lesser severity of −2.72 × 106 m3/ 
year. The total loss in volume of −54.28 × 106 m3, 
over the 42 years covered by the study was marked 
by distinct nonlinearity (De Gaetani et al. 2021). The 
down-wasting observed in the period 2001–2009, 
almost totally compensated for the volume increase 
of the previous 20 years. The start of the thinning of 
the lower part of Belvedere was observed by Kääb 
et al. (2004) in summer 2003. Since the end of the 
surge-type movement, the retreat has been continu-
ing, resulting in thickness reduced by tens of metres, 
as measured in the lower part of the glacier (De Gae-
tani et al. 2021).

The lower part of the glacier was also studied by 
Ioli et al. (2022) who derived annual volume changes 

in the period 2015–2020 using UAV-based DEMs. The 
volume changes ranged between −2 × 106 m3 and 
−3.5 × 106 m3. The results are however biased by the 
fact that in the years 2015–2017, data from the begin-
ning, and in 2018–2020 from the end of the ablation 
period were used.

In all but one case, the studies were focused on the 
lower part of the glacier. Older studies relied main-
ly on topographical maps while the newer ones on 
the evaluation of aerial photographs and UAV imag-
es. Despite mismatches of the results and difficulty 
in integrating the different time spans of the studies 
(Fig. 3c), it appeared that Belvedere Glacier experi-
enced a transition from positive to negative volume 
change between the 1980s and the beginning of the 
2000s.

5.3 Glacier flow velocity and surge-type event

The velocities measured on stakes ranged from 34.8 to 
47.6 m/year in 1983/84. The surface velocity was esti-
mated to be 30–40 m/year in the period 1995–1999,  
i.e. before the beginning of the surge-type event 
(Fischer et al. 2013). Glacier flow velocities speeded 
up to 110–200 m/year in the period 1999–2001 (Kääb 
et al. 2004; see details in paragraph 5.4). According to 
field measurements, the surface displacement veloc-
ity in 2020 was about 20 m/year in the upper part of 

Fig. 4 Glacier volume changes documented by ground photographs detailing the place of the breach of the right moraine close to the Zappa-
Zamboni Hut at the beginning of the 1990s by I. Bollati (a), during the surge-type event in 2001 by J. Eberle (b), in 2023 by J. Kropáček (c) and 
a more distant view along the moraine in 2022 by J. Kropáček (d).
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the glacier tongue and 2–4 m/year at the glacier snout 
(Baroni et al. 2020).

At the beginning of the 2000s, the glacier under-
went a flow speed up and marked changes in geom-
etry described as a surge-type or surge-like event by 
several authors (Haeberli et al. 2002; Diolaiuti et al. 
2003; Kääb et al. 2004; Fischer et al. 2006). The first 
signs of the event were recognised in the summer of 
2000 as the lower portion of the steep part of the gla-
cier displayed extreme crevassing indicating accelera-
tion in flow, which resulted in compression and defor-
mations on the surface of the lower part of the glacier 
(Haeberli et al. 2002). Further observations of an unu-
sual change in flow and geometry were carried out in 
spring of 2001 (Haeberli et al. 2002; Kääb et al. 2004).

In the lower part, the glacier surface rose for up to 
20 m reaching the level of the LIA moraine (Mortara 
et al. 2003). Debris-free and heavily crevassed ice was 
seen towering above the moraine at the place of the 
1904 breach threatening the path to Zappa Zamboni 
Hut (Fig. 4) (Haeberli et al. 2002). Flow velocities of up 
to 110 m/year in the period 1999–2001 and 200 m/ 
year in autumn 2001 were determined photogram-
metrically (Kääb et al. 2004). This is a significant 
increase compared to 1994–1999, in which the flow 
velocity was only 32–43 m/year (Kääb et al. 2005). 
The accelerated flow was observed till the spring 
2003 and since the summer 2003, the ice thickness of 
the lower part has been decreasing (Kääb et al. 2004). 
Although the features related to the event such as cre-
vassing appeared from 2000 to 2003, the duration of 
the event is usually given as 2001–2002.

An interesting insight into the dynamics of this 
event is provided by the maps of surface elevation 
changes of the lower part of the glacier generated by 
De Gaetani et al. (2021) despite a rather coarse tem-
poral resolution. In the period 1977–1991, the surface 
elevation change was a rather uniform increase while 
the elevation difference image for the following peri-
od (1991–2001) shows a pattern marking the begin-
ning of the surge-type event. This pattern consists of 
an intense elevation decrease on the transition to the 
steeper part of the glacier and at the same time an 
elevation increase in the lower portion of the glacier. 
This agrees with observations by Kääb et al. (2004) 
who identified the ice thinning of about 20 m at the 
location of the depression in the period 1995–1999. 
The accelerated flow first involved the lower flat 
part of the glacier leading to a lack of support for its 
steeper part (Kääb et al. 2004), while Haeberli (2002) 
reported the first signs of the acceleration in the low-
er portion of the steep part of the glacier, as observed 
in summer 2000.

The results of De Gaetani et al. (2021) further show 
a shift of the lowered part downstream due to the gla-
cier movement in the period 2001–2009. In the low-
er part, the Effimero Lake developed during spring 
snowmelt in 2001 for the first time (Haeberli et al. 
2002). There was also a marked thickening at both 

lobes likely due to the surge-type event. This stage 
was followed by an overall strong surface lowering 
in the period 2009–2019 and an elevation increase 
on the transition to the steep part of the glacier (De 
Gaetani et al. 2021). This increase occurred almost 
exactly in the area of the initial lowering in the period 
1991–2001. Despite these detailed observations, the 
exact mechanism of this event remains unclear (Maz-
za 2003; Truffer et al. 2021). 

6. Natural hazards related to glacier
dynamics

6.1 Slope failures

The observation of mass movement activity on the 
east face of Monte Rosa started in the 1990s (Kääb 
et al. 2004; Fischer et al. 2013). After an initial period 
of reduced activity, an increase in events, including 
massive ice avalanches, rockfall, and debris flows, was 
reported for the period 1999–2001. In the central part 
of the rock face the total volume loss of approximately 
25 × 106 m3 in the period 1988–2007 was observed 
by Fischer et al. (2013).

The east face of Monte Rosa witnessed four mas-
sive rock and ice avalanches which led to significant 
changes in its morphology. In August 2005, a major ice 
avalanche occurred due to a glacier detachment with 
a thickness of 40 m in the elevation zone between 
3580 and 3820 m a.s.l (Tamburini et al. 2013). With 
its volume of 1.2 × 106 m3, it was recognised as one of 
the largest ice avalanches documented in the Europe-
an Alps (Fischer et al. 2013). The ice accumulation, 
which had an area of about 1.1 km2, reached close 
to the Zamboni hut located more than 3 km down-
stream, but no casualty was recorded.

A large rock avalanche of 15–30 m thickness and 
0.2 × 106 m3 volume occurred in April 2007 from 
the uppermost part of the face of Monte Rosa in the 
region of continuous permafrost at an elevation of  
4000–4200 m a.s.l. The runout path and spreading area 
were almost the same as the previous ice avalanche 
event. The cause was linked to the exceptionally high 
temperatures recorded in April 2007 inducing perma-
frost degradation and thawing (Tamburini et al. 2013). 

Two large rockfalls occurred below the summit 
of Punta Tre Amici (Fig. 5), in the upper basin of 
Northern Locce Glacier. The first one with a volume 
of 0.1 × 106 m3 happened in September 2010 (Fischer 
et al. 2013; Paranunzio et al. 2016). The second one 
(0.2 × 106 m3) was triggered by a period of extreme 
warmth and low snowfall till mid of November and 
occurred on the night of 16 December 2015, at an 
altitude of approximately 3400 m a.s.l. Temperature 
reaching 7 °C was measured at the altitude of 3000 m 
a.s.l. by a radio-sonde above Milan in the neighbouring 
province four days prior the event (Chiarle et al. 2015). 
The accumulated material reached the southern
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shore of Lake Locce at the altitude of 2300 m a.s.l. 
The slope instability was already noticed in August 
as a debris flow from the slope of Punta Tre Amici 
was observed after early snowfall at higher altitudes  
(Chiarle et al. 2015).

These large-scale events together with frequent 
minor rock and ice avalanches resulted in a signif-
icant change in morphology of the entire cirque. 
These changes were quantified for the central part of 
the Monte Rosa east face prior to the major rock and 
ice avalanches (1988–2001) by Fischer et al. (2013) 
who determined a reduction of the steep glaciers and 
bedrock for up to 115 m in perpendicular direction to 
the slope. Most of the detachment zones of the slope 
failures were observed to be located either at the 
boundary of the estimated permafrost distribution 
zones or were found to be characterised by changing 
permafrost conditions (Boeckli et al. 2012; Fischer 
et al. 2006; Tamburini et al. 2013).

6.2 Glacier lake outbursts

There is a rich history of GLOFs originating from the 
lakes and englacial pockets in the east part of the 

Monte Rosa massif that threatened the downstream 
settlements. In total seven outburst floods from gla-
cial lakes and water pockets were documented (Fig. 5, 
Fig. 6). The first one occurred in August 1868 caused 
by the burst of an englacial water pocket after pro-
longed rainfall led to a collapse of the lateral moraine 
close to the left terminus (Haeberli et al. 2002) and 
the accumulation of boulders over an area of about 
1 km2 in front of the glacier (Stoppani 1876). Two 
older events were described in historical records, but 
it is not known whether they originated from a gla-
cial lake: one in 1820, during which the moraine at 
1585 m a.s.l. was breached, and another one was 
a large flood on 26–28 August 1834, which brought 
large pieces of ice some 15 km downstream (Bertami-
ni 2005; Mortara and Tamburini 2009).

A similar event was reported by “La Voce” mag-
azine in August 1896, where water cut two ways 
through the moraine and devastated meadows near 
Pecetto and Macugnaga. In 1904, another drainage of 
an englacial water pocket caused the collapse of the 
right lateral moraine (Somigliana 1917). In Septem-
ber 1922, following several days of rain, a large mass 
of water was expelled from the glacier, destroying 

Fig. 5 Major rock and ice avalanches as well as GLOFs that have occurred at the east face of Monte Rosa and Belvedere Glacier (marked  
by numbers): 1: 1904, water pocket outburst (Somigliana 1917; Kääb et al. 2004), 2: 1970, 1978, 1979 lake outburst (Kääb et al. 2004),  
3: 2003 lake outburst, 4: 2005 rock and ice avalanche (Fischer 2006), 5: 2007 rock avalanche (Tamburini 2013), 6 September 2010, rockfall 
(Fischer et al. 2013), 7: December 2015, rockfall (Chiarle et al. 2015) , 8: 11 July 2018, rock-ice avalanche (I. Bollati’s field observation), 
Glaciers: A: North Locce Gl., B: Signal Gl., C: Nordend Gl., D: Belvedere Gl., Other features: a: Punta Tre Amici, b: Colle Gnifetti, c: Imseng 
Channel, d: Marinelli Channel, e: Locce Lake, f: Position of Effimero Lake in 2002. (Source of the background image: Google Earth).
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a 100 m-long wall constructed to protect Macugnaga. 
Big ice blocks were carried over 6 km downstream 
(Monterin 1926).

A sequence of three outburst floods occurred in the 
1970s: on 13 August 1970, 2 August 1978 and in July 
1979 (Fig. 5). The floods issued from the Locce Lake, 
dammed by both moraine and ice. These floods pro-
gressively widened the breach through the right later-
al moraine, which was initially cut in 1904. The 1979 
event seriously damaged the Belvedere chair-lift and 
flooded the valley bottom over a length of 1 km and 
a mean width of 150 m, almost reaching the Pecetto 
hamlet near Macugnaga (Mazza 1998; Tropeano et al. 
1999).

In the vicinity to Locce Lake, in the ablation sea-
sons 2002 and 2003, the supraglacial Effimero Lake 
appeared in a depression caused by the surge event. 
During the heatwave of June 2002, the lake reached 
its maximum size of 0.15 km2, a maximum depth of 
57 m and a volume of about 3 × 106 m3 and threatened 
to burst (Tamburini and Mortara 2005; Truffer et al. 
2021). To reduce the risk of a GLOF, a pumping system 
was installed by the Italian Civil Defense Department, 
and emergency evacuation planes were prepared for 
the downstream settlements. The lake level lowered 
as a combined effect of the pumping, cold weather 
and subglacial drainage. However, in spring 2003, 
due to rapid snow melt in May a fast increase of the 
lake level was observed resulting in an outburst flood 
between 18 and 20 June (Fig. 5). A water volume of 
2.3 × 106 m3 was released without causing damage 
(Ranzi et al. 2004; Tamburini and Mortara 2005; Chi-
arle and Mortara 2008; Godone et al. 2010).

6.3 Erosion and collapse of moraines

Even if the destabilisation of the moraine started at 
the end of the LIA (Mortara et al. 2023), the powerful 
surge-type event caused morphological changes to 
the existing moraine system of the glacier. As Belve-
dere Glacier has been losing speed as well as thickness 
since the surge, the moraines have lost the support 
exerted by the glaciers and experienced erosion and 
partial collapse (Tamburini et al. 2019; Mortara et al. 
2023). The right lateral moraine of the left glacier lobe 

has shown instability in the form of subsidence on the 
inner side. The recent change was the appearance of 
a 180 m long crack in the moraine spur that separates 
the lobes of the glacier and hosts the chairlift station. 
It intercepts both sides of the moraine. The detached 
block partially collapsed before May 2022.

The partial collapse of the right lateral moraine 
causing severe problems to the hiking path towards 
the Zamboni-Zappa hut (Mortara et al. 2023), start-
ed in October 2016 with some minor collapses in 
October 2021 and April 2022 (www.meteoliveco.it). 
Several other events were reported by the local and 
regional press.

As the moraines will continuously lose their sup-
port by the shrinking glacier, further erosion and 
instabilities of the moraines can be expected. This 
is especially true for the moraines surrounding the 
lobes as very high rates of down-wasting were meas-
ured here. For instance, on the right lobe, a loss of 
46 cm in thickness within 10 days was measured at 
the end of July 2019, in spite of being covered with 
a thick layer of debris protecting the underlying ice 
from solar radiation (Tamburini et al. 2019).

7. Discussion

The dynamics of Belvedere Glacier were recorded 
mainly as fluctuations of its left terminus. However, 
it has been shown in many studies that fluctuations 
of glacier fronts are in offset with respect to climate 
forcing (e.g. Zemp et al. 2007). Mass balance of Bel-
vedere Glacier was calculated as averages over multi-
year periods mainly only for its lower ablation part. 
Although Belvedere Glacier was included in the glob-
al assessments of glacier status by IAHS and UNE-
SCO published within the period of five years since 
1959 (Kasser 1973), it can hardly represent general 
behaviour of glaciers in this region.

7.1 Anomalous behaviour of Belvedere Glacier

In many respects Belvedere Glacier is rather anom-
alous which was recognized already in the 1920s by 
Monterin (1926). This is mainly due to the prevailing 

Fig. 6 The record of outbursts for the period  
1820–1950 collected from various sources, 
superimposed by the periods of retreat and  
advance of Belvedere Glacier as listed  
in Monterin (1922).
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avalanche feeding mechanism resulting in an exten-
sive debris cover which modifies both the mass 
balance and its gradient compared to clean-ice gla-
ciers (Rowan et al. 2015). Glaciers which are main-
ly avalanche-fed tend to be longer and reach lower 
altitudes. The insulating effect of the debris leads to 
lower ice losses (Nakawo et al. 1999), as the high ava-
lanche activity leads to extensive debris cover (Laha 
et al. 2017). We assume that the insulating effect of 
debris cover at Belvedere plays this role mainly at 
the terminus as its thickness in the rest of the abla-
tion zone has the below-critical thickness of 5–10 cm 
(Reznichenko 2010). The ice loss of debris-covered 
glaciers is more in terms of ice thickness rather than 
by retreat of their terminus (e.g. Kirkbride and War-
ren, 1999). In general, in contrast to clean-ice glaciers, 
debris-covered glaciers have a delayed reaction to cli-
mate drivers. In the Italian Alps, certain similarities 
can be found at Miage Glacier in the Mont Blanc area 
(e.g. Mihalcea et al. 2008). It is heavily debris-cov-
ered, its terminus reaches below the tree line and its 
tongue is divided into two separate lobes. According 
to Fischer et al. (2013), the debris coverage on gla-
ciers will increase in the future due to further glacier 
down-wasting.

The surge-type event in the years 2001 and 2002 
was almost unique in the Alps. According to the RGI 
there are only three other surging glaciers in the Alps, 
the Vernagtferner in the Austrian Alps, documented 
by Hoinkes (1969) and Chelen and Damma glaciers 
in the Swiss Alps discussed by Roethlisberger (1969). 
The Vernagtferner surge was different as it was recur-
rent with an average period of 82 years. Furthermore, 
Vernagtferner features distinctly different geometry 
having a large accumulation area and low debris 
cover. The possible surge events of Chelen and Dam-
ma glaciers were carbon-dated with the age falling 
between 1650 ± 80 B.P. and 2280 ± 120 B.P., respec-
tively (Roethlisberger 1969).

During the 2001/2002 event, Belvedere Glacier 
had roughly twice higher flow velocity compared to 
the previous period. Surge events are typical with 
velocity increase for an order of magnitude. This 
event is thus referred to as a surge-type event, not 
a surge. The study by VAW (1985) revealed that there 
was another event of a large volume increase of the 
lower part of Belvedere Glacier which occurred in 
the period 1977–1984 for which a steep decrease in 
temperature in the nearby Sabione basin was report-
ed by Giaccone et al. (2015). In this period the gla-
cier thickness in the lower part increased on aver-
age for 18.77 m. This figure is close to the increase 
of about 20 m during the 2000/2001 event given by 
Kääb et al. (2004). In the period 1977–1984, a gen-
eral glacier retreat in the Alps following an advance 
in the 1970s was recorded. However, the exact tim-
ing and duration of this event is unknown. There 
are also no records of the flow velocity during this 
period. The IGC surveys noticed abundant cracking 

of the glacier in 1978, the appearance of longitudinal 
crevasses in 1980. An increase in volume due to the 
inflow from the upper part (Monte Rosa Glacier) was 
reported in 1981 which was followed by stationarity 
or slight expansion in 1982. The IGC surveys were, 
however, mainly focused on measurements of vari-
ations of the left terminus and did not contain sys-
tematic information on changes in glacier volume or 
its quantification. It remains also unclear whether 
the volume increase reported in 1981 accounts for 
the whole volume change calculated by VAW (1985) 
for the period 1977–1984. In both cases, the volume 
of the lower part of the glacier increased consider-
ably. Historical photographs revealed that the ice 
surface exceeded slightly the crests of the lateral LIA 
moraines. Despite the mentioned similarities to the 
event in 2000/2001, the notable volume increase in  
1977–1984 was probably a delayed manifestation 
of the general advance of glaciers in the Alps in the 
1970s. Debris covered glaciers typically react to 
climatic signals with a certain delay (Rowan et al. 
2015). Brenva Glacier, another debris-covered glacier 
in the Italian Alps kept advancing even until 1991, 
Even Lys, which is a debris-free glacier close to Bel-
vedere, advanced until 1985 (Diolaiuti et al. 2003). 
The mentioned increase in thickness of Belvedere 
Glacier was not exceptional as for instance the thick-
ness increase of the debris-covered Miage glacier in 
the Italian Alps was about 40 m in its lower part (Dio-
laiuti et al. 2003).

7.2 Relationship between climate and occurrence  
of natural hazards

While climate change is pointed out as the driv-
er of the increase in the number of various types of 
glacier related natural hazards, great care has to be 
taken before accepting this explanation for particu-
lar events. It has been generally recognized that the 
occurrence of natural hazards in glacial environment 
is affected by the retreat and down-wasting of glaciers 
(Emmer et al. 2016; Frey et al. 2010; Hartmeyer et al. 
2020). Various mechanisms play their role in this rela-
tion such as debuttressing leading to slope failures, 
thawing of permafrost triggering rock and ice ava-
lanches and glacier retreat giving rise to GLOF-prone  
lakes (Viani et al. 2016).

It appears that from the recorded outburst floods 
at Belvedere, four floods occurred during phases 
of glacier retreat, and two floods during advancing 
phases. For two outbreaks in the 1970s, the records 
on the glacier front position are missing. (Fig. 3b, 
Fig. 6). The timing of the surge-type event coincides 
with the period of glacier down-wasting. This was 
determined by Fischer et al. (2011) by means of DEM 
differencing for the period 1988–2007. The mean val-
ue of glacier thinning derived by this approach has, 
however, a low information value with respect to the 
concrete year in which the triggering of the event 
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occurred. The studies by De Gaetani et al. (2021) and 
Diolaiuti et al. (2003) seem to contradict the negative 
trend in volume but they were conducted only for the 
lower part of the glacier disregarding the accumula-
tion areas which are by some sources regarded as 
separate glaciers as for instance the Signal Glacier 
(Fig. 5).

While comparing the 2001/02 surge-type event 
with temperature and precipitation (Fig. 3a), it is 
interesting to note that the event does not match the 
peak in summer mean surface temperature and min-
imum in precipitation in 2003 marking the anoma-
lous heat wave in Europe. It occurred during rather 
normal years in terms of temperature (Fig. 3a) but it 
coincides with two precipitation extremes. In 2000 
and 2002, Pecetto Station recorded annual precipita-
tion totals that were 73% and 51% above the station’s 
average, respectively.

The recorded rockfalls and rock/ice avalanch-
es coincide with the period of decreasing ice vol-
ume. This is in line with the findings by Fischer et al. 
(2013) and Ravanel et al. (2010). However, most of 
the records on rock and ice avalanches are available 
for the period starting in 2000 as no older systematic 
observations exist. Their connection to the thawing 
of permafrost and the movement of the failure zone 
toward higher altitudes was explicitly mentioned by 
Fischer et al. (2013). The slope failures, especially 
the deep-seated ones, can however, be delayed with 
respect to climate warming even for millennia (Leb-
rouc et al. 2013) due to the extremely slow heat diffu-
sion into rocks. 

The comparison of natural hazards occurrence 
with the periods of glacier retreat and down-wasting 
is hampered in the case of the east face of Monte Rosa 
by several difficulties. The record of the events is not 
homogeneous with smaller events further in the past 
being likely neglected. The record on glacier status is 
far from being complete. For the period until 1957, 
we have to rely on the information about the position 
of the left terminus measured annually in the field 
by operators of the Italian Glaciological Committee. 
The movements of the terminus, however, represent 
a delayed climate signal. The volume changes, that 
react sensitively to the climate signal, each year are 
available only as a mean for several years.

7.3 Critical assessment of the studies

Despite a number of research papers focused on 
glacier dynamics and related natural hazards in the 
study area, there are still many gaps in understanding 
major processes shaping the climate – glacier – natu-
ral hazards relations and their drivers.

Volumetric glacier changes are purely documented 
as only the lower part of the glacier, roughly corre-
sponding to its ablation area, was mainly analysed. 
This was due to different interpretation of the gla-
cier extent, described in the study area section, and 

due to technical limitations, such as the limited flight 
height of the UAVs used (De Gaetani et al. 2021). The 
resulting volume changes do not represent the whole 
glacier and are difficult to compare with other stud-
ies. The comparison of the three studies dealing with 
volumetric changes is challenging also due to the only 
partial overlap of the study periods.

Mass wasting studies often do not systematically 
deal with the triggering mechanisms and predispos-
ing processes. As thawing of mountain permafrost 
due to global warming is obviously predisposing 
slope failures, this was specifically mentioned only in 
studies by Fischer et al (2006; 2011; 2013). The mass 
wasting processes were mainly described in grey lit-
erature with only limited effort to analyse the events 
from a broader perspective. 

Diolaiuti et al. (2003) found the debris cover on 
the lower part of the glacier in most of its area to be 
in the range of 5–10 cm. It’s a widely accepted fact 
that debris cover affects the mass balance of gla-
ciers (Mihalcea et al. 2008 and references therein). 
The lower albedo of a thin debris layer, compared to 
snow and ice, leads to augmented melting due to the 
increased absorption of short-wave radiation. On the 
contrary, a thick layer of debris decreases melting due 
to the insulation effect of the cover (Nicholson and 
Benn 2006; Östrem 1959; Stokes et al. 2007). The 
critical thickness is given as 5–10 cm by Stokes et al. 
(2007) which implies that only a small part of the Bel-
vedere Glacier experiences the insulating effect of the 
debris cover.

Although the effect of thawing of mountain per-
mafrost on mass wasting in steep rock faces has been 
described by various authors (e.g. Deline et al. 2015), 
it was recognized only by one of the treated studies. 
The study by Fischer et al. (2013) is focused on the 
dynamics of mountain permafrost at the east face of 
Monte Rosa as a driving factor of rock and ice ava-
lanches. Changes in the status of permafrost have not 
been monitored systematically in the study area. 

8. Conclusions

The Belvedere Glacier has a distinctly different geom-
etry compared to other glaciers in the Monte Rosa 
massif and is also outstanding in the scale of the 
entire Alps, with few analogs (e.g. Miage glacier at 
the Mont Blanc massif). Due to the avalanche-feed-
ing from the steep east face transporting products of 
intensive frost weathering, the lower part of the gla-
cier is heavily debris-covered. The difference in gla-
cier dynamics with respect to the nearby glaciers in 
the Monte Rosa Massif (e.g. Lys) was noticed already 
in the 1920s. Although much effort has been made 
to monitor the terminus position and changes in vol-
ume, there are still major gaps in understanding the 
volumetric changes of this glacier. The only volume 
change study that considers the whole Belvedere 
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Glacier including the upper steep part is based on two 
DEMs for the period 1988–2007, which is rather long 
to understand short-term variations in volume such 
as the surge-type event.

There is still potential for volumetric studies of the 
entire glacier including the steep upper part going 
back at least to the 1950s. Efforts based on UAV meas-
urements had to omit the steep face as they encoun-
tered their technical limits. Detailed information 
on the volumetric changes of the Belvedere Glacier 
would be invaluable for comparing its dynamics with 
climate fluctuations.

The behaviour of the Belvedere Glacier during 
the cold spell in the 1970s, during which most of the 
glaciers in the Alps advanced and gained volume, 
remains little known. Quantitative conclusions are 
missing from many studies because their results 
are only displayed as maps and figures, i.e. provid-
ing no information on glacier volume change. The 
surge-type event in 2001–2002 was unique in the 
Alps and is a highly interesting process moreover 
linked to the development of the hazardous Effimero 
lake. Clarification of the triggering mechanism and 
driving factors of the surge-type event still remains 
a challenge. Although a delay of the glacier behaviour 
with respect to climate drivers can be expected for 
a debris-covered glacier, due to the missing informa-
tion on volume changes, it is not possible to make 
a clear conclusion about whether this holds for Bel-
vedere Glacier.

The east face of Monte Rosa saw a series of GLOFs, 
rock and ice avalanches and landslides, which were 
documented with different levels of detail and in dif-
ferent time scales. Many of the events considered in 
this study were documented in the grey literature. 
A detailed record of mass-wasting events due to gla-
cier retreat and permafrost degradation in the east 
face exists for the period after the year 2000.

Although the review is based on a substantial body 
of valuable research, there are still opportunities to 
gain further insights into the dynamic processes, par-
ticularly in terms of high spatial, and temporal details, 
and potentially also new modelling techniques. Belve-
dere Glacier obviously deserves attention due to the 
concentration of processes and related hazards, oth-
erwise rarely seen in the Alps. 
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ABSTRACT
This study describes and analyses elevation changes in the debris-covered tongue of the surge-type Belvedere Glacier (Western 
Italian Alps) between 1951 and 2023 using remote sensing data, including historical aerial photographs, Lidar and drone acquisi-
tions. High-resolution digital surface models from 1951, 2009 and 2023 enabled detailed observation of the spatially heterogeneous 
patterns of change caused by debris cover, avalanches, a surge-type event, supraglacial meltwater, and glacial lake outburst floods 
in the context of global warming. In the period of 1951–2009, the mean rate of downwasting was quantified as 0.24 metres per 
year (14 metres in total), ranging from −83.5 to 32.2 metres. During the second observation period from 2009 to 2023, the mean 
downwasting rate was estimated to be 1.8 metres per year (25 metres in total), varying from −73.9 to 26.9 metres. The 2001–2002 
surge-type event, meltwater streams and supraglacial lakes are considered to be the main drivers forcing elevation changes and 
shaping its spatial variation and surface structures. In general, the changes in the glacier have accelerated between 2009 and 2023. 
This paper demonstrates the high potential of differenced digital surface models with high spatial resolution to detect the processes 
of glacier dynamics in high detail.
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1. Introduction

Glaciers are considered as important indicators of 
climate change since they react sensitively to climat-
ic conditions (Lemke et al. 2007; Oerlemans et al. 
2000; Jóhannesson et al. 1989). An accelerated mass 
loss of glaciers over recent decades can be observed 
in all mountain regions (Hugonnet et al. 2021; Zemp 
et al. 2019). As a result of glacier downwasting, engla-
cial debris accumulates at the surface and leads to an 
expansion of supraglacial debris cover (Fleischer et al. 
2021; Schmidt and Nüsser 2009; Thakuri et al. 2014; 
Azzoni et al. 2018). In addition, the extent and thick-
ness of supraglacial debris cover also depend on debris 
supply from surrounding rock walls and glacial trans-
port from the upper reaches (Kirkbride and Deline 
2013). Thus, the relative debris coverage and the num-
ber of debris-covered glaciers will further increase 
due to ongoing glacier decrease resulting from climate 
change (Jouvet and Huss 2019, Racoviteanu et al. 
2022). On a global scale, the relative debris coverage 
amounts to 4.4% of the glacierized area (excluding 
Greenland and Antarctica) with huge variations from 
less than 1% in the Canadian and Arctic Region to 
about 26% in the Caucasus and Middle East. In Central 
Europe, the percentage of debris-covered glacierized 
areas amounts to 10.4% (Scherler et al. 2018). The 
extent and thickness of debris cover influence the abla-
tion rates. While the melting rates beneath thin debris 
layers (less than 3 cm) are higher than for clean ice, 
the ablation rates under thick layers of 1–2 m, become 
negligible (Hewitt 2005; Mattson et al. 1993). Suprag-
lacial lakes and ice cliffs, which are regularly formed on 
debris-covered glaciers, mainly due to reduced glacier 
velocity and gentle slope angles in the ablation zone, 
can both increase ablation rates (Bhambri et al. 2023; 
Brun et al. 2016; Huo et al. 2021; Pellicciotti et al. 2015; 
Salerno et al. 2017). As a consequence, mass loss rates 
can be higher in the middle parts of the glacier than in 
the debris-covered terminus (Benn et al. 2012). In con-
trast, other studies from the Himalayas showed that 
the lowering rates of debris-covered glaciers are the 
same or even higher than for clean-ice glaciers (Kääb 
et al. 2012). Thus, the impact of debris cover on gla-
cier mass balances is still under discussion (Hock et al. 
2019; Muhammad, et al. 2020). Compared to a large 
number of studies on the impact of debris cover on 
glacier mass loss in the Himalayan region (Maurer 
et al. 2019), only a few debris-covered glaciers were 
so far investigated in the European Alps (Fleischer 
et al. 2021; Fugazza et al. 2023; Fyffe et al. 2019).

Debris-covered glacier surfaces are subject to exten-
sive and rapid climate-induced geomorphological 
changes (Westoby et al. 2020). Several evolution pat-
terns are described in detail: localised debris thinning 
across ice cliff faces, except those which were decay-
ing, where debris thickened; pervasive debris thinning 
across larger, back-wasting slopes, including those 
bordered by supraglacial streams, as well as ingestion 

of debris by a newly exposed englacial conduit. These 
findings highlight a fast evolution of the morphology 
of debris-covered glacier leading to effects not only 
in ice melting magnitude and distribution but also 
inhibits across-glacier meltwater flow, both supra- 
and sub glacially (Mölg et al. 2020; Racoviteanu et al. 
2022). Consequently, the investigation of the evolu-
tion pattern of the debris-covered glacier surface with 
remote-sensing data is needed (Westoby et al. 2020).

Ground measurements (Huss and Bauder 2009; 
Zemp et al. 2009; Fujita and Nuimara 2011; Yao et al. 
2012), remote-sensing observations (Rignot et al. 2003; 
Bolch et al. 2012; Kääb et al. 2012; Maurer et al. 2019), 
and modelling studies (Radić and Hock 2006; Huss 
et al. 2008; Immerzeel et al. 2013) have all contribut-
ed to the documentation of volumetric glacier changes.

In recent years, geodetic methods based on remote 
sensing data are commonly used for estimating mass 
balance (Fischer et al. 2015; Kääb et al. 2012; Nuimu-
ra et al. 2017; Pellicciotti et al. 2015). Elevation chang-
es contribute to the estimation of volume and mass 
changes of glaciers, as their mass loss or gain can be 
calculated using two digital elevation models (DEM) 
acquired at different times and an estimate of ice or 
snow density (Chandrasekharan and Ramsankaran 
2023; Berthier et al. 2007; Paul et al. 2015; Bolch et al. 
2008; Bolch et al. 2011; Bhambri et al. 2023; Nüsser 
and Schmidt 2021). This technique has been applied 
on elevation models derived from laser altimetry, 
and aerial stereo photographs, recently also on sat-
ellite optical stereo images, and radar data, but also 
on Unmanned Aerial Vehicle-acquired data (UAV, also 
known as drone). Each of them undertakes different 
procedures to retrieve elevation data. Laser altimetry 
is very precise but often has poor spatial coverage. 
Radar provides the best spatial coverage but can suf-
fer from elevation errors due to the penetration of the 
radar signal into low-density snow and firn (Brenner 
et al. 2007; Berthier et al. 2016). Stereoscopic image-
ry frequently exhibits excellent spatial coverage, yet 
typically demonstrates lower temporal sampling and 
requires sufficient radiometric quality. UAV makes 
data capture of stereo images more affordable and 
provides the possibility to choose better contrast con-
ditions and to decide the time intervals of multi-tem-
poral monitoring, keeping the advantage of proximal 
surveys with high resolution (Haubek and Prinz 2013).

Retrieving quantitative characteristics of the gla-
ciers requires dedicated processing workflows. Paul 
et al. (2015) provided a comprehensive overview of 
suitable algorithms for data processing and improve-
ment of error characteristics. Glacier elevation chang-
es from DEM differencing allow local or region-wide 
mass balance to be determined. They state that the 
spatial representativeness of elevation changes meas-
urements and the density of the material gained or 
lost are the most critical assumptions for the task 
(Huss 2013; Paul et al. 2015). They mention that “ele-
vation and volume change measurements are free  
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from related hypotheses and can therefore be inde-
pendently converted to mass changes later using 
a density scenario of choice”. 

Several studies have already analysed elevation 
changes of the ablation zone of Belvedere Glacier 
using DSM differencing to analyse surface changes 
(Mondino 2015; Tonolo et al. 2020; Ioli et al. 2022; De 
Gaetani et al. 2021). However, these studies are based 
on stereo pairs over shorter periods, 2001–2003 
(Mondino 2015), 2017–2019 (Tonolo et al. 2020), 
and 2015–2020 (Ioli et al. 2022). Only De Gaetani 
et al. (2021) applied the elevation change analysis for 
a longer period, between 1977 and 2019. The period 
since 1951 has not yet been analysed.

Our study aims to analyse elevation changes of the 
debris-covered Belvedere Glacier part between 1951 
and 2023 and to estimate glacier volume changes 
over a 72-year period using historical stereo aerial 
images and recently acquired UAV imagery and Lidar 
data from 2009. 

2. Study area

Belvedere Glacier (Fig. 1) is located on the east face of 
Monte Rosa (4634 m a.s.l.), a prominent peak in the 
Western Italian Alps on the border between Italy and 
Switzerland. It is one of the largest debris-covered 

glaciers of the Alps covering 4.51 km2 (Mortara et al. 
2009; Smiraglia et al. 2015). The debris-covered 
tongue reaches from about 2250 m a.s.l. to its low-
est level at about 1800 m a.s.l., where it splits into 
two separate lobes. This tongue covers 1.8 km2, with 
a length of 3 km and a maximum width of around 
0.5 km. It is mostly elongated in a South-North direc-
tion. In 2001–2002 the glacier experienced a surge-
type event (Kääb et al. 2004). The detailed study area 
description can be found in Kropáček et al. (2024).

3. Data sources 

A combination of stereoscopic optical aerial images, 
UAV remote sensing imagery, and Lidar data (Geopor-
tale Piemonte 2024) was used. Firstly, 16 grayscale 
analogue aerial images from 1951, were acquired from 
the IGM-Italian Military Geographic Institute. Second-
ly, 2198 digital UAV (DJI Mavic 2) images of the main 
ablation area and moraines from 2023, were acquired 
by the authors. The UAV acquisition covers only the 
ablation part of the Belvedere Glacier system given the 
limits of the UAV. Thirdly, the 5 m resolution Lidar Dig-
ital Surface Model and 0.4 m resolution orthophoto, 
were acquired from Geoportale Piemonte in 2024.

The quality of grayscale aerial historical imag-
es from 1951 can be characterised as generally 

Fig. 1 A – Belvedere Glacier in green, 7°55′E, 45°57′N, B – Monte Rosa East face, C – Nordend Glacier (brown), D – Castelfranco Glacier (pink), 
E – Effimero Lake, F – Lago delle Locce, G – Torrent Pedriola creek, H – Zamboni-Zappa hut. Data source: DSM hillshade (Geoportale Piemonte 
2024), Glacier boundaries Azzoni et al. (2024, in this issue), OpenStreetMap 2017.
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acceptable for 3D reconstruction but limited in spa-
tial resolution (Fig. 2). The images were scanned at 
10 µm/px resolution by Epson Expression 12000 XL 
scanner by the Istituto Geografico Militare. These 
cover the Belvedere main body and the two main 
lobes, allowing the recognition of main important 
features such as fractures and particular rocks on 
and near the moraines. The comparison between 
historical and modern data should consider the 
different spatial resolutions, such as the 3 cm res-
olution of UAV images. However, given the high 

geomorphological dynamics of the area, and the corre-
sponding displacements of features, this comparison is  
possible.

The 2023 consecutive strips of digital RGB imag-
es acquired by UAV (Fig. 3) are well distributed over 
the debris-covered Belvedere Glacier and moraines 
with 70% frontal as well as side overlap. The survey 
was mainly concentrated on the glacier part with the 
ephemeral lake. It was not possible to cover the entire 
western moraine area due to the large size and the 
weather conditions during the surveys.

Fig. 2 Sample of historical aerial imagery in 1951 and a sample of UAV image in 2023 from the orographic-right moraine of Belvedere Glacier. 

Fig. 3 Sample of raw UAV images with an overlap of 70% (Date: 2023/08/02).

Tab. 1 Cameras characteristics.

Date Aircraft Camera Sensor Focal length (mm) Image size (px)

1951/08/24 N/A Santoni Analog, (glass 13 × 18) 195 ~12800 × 17700

2023/08/02 DJI Mavic 2 Hasselblad RGB CMOS 1/2.3″  28 4000 × 3000

DSM realised through airborne Lidar surveys 2009, 5-metre spatial resolution, is considered as a reference model in this study. The associated 
0.4-meter resolution orthophoto was received from the same survey.
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4. Methods

The process of analysing the volume changes from the 
multi-temporal dataset began with the processing of 
historical stereo images to generate a DSM for change 
detection.

4.1 Ground Control Points collection

The ground control points (GCP) and control points 
(CP) were used for the purposes of referencing and 
correcting the models and orthophotos. A total of 24 
GCPs and CPs were used for the historical orthopho-
tos from 1951, while 26 GCPs and CPs were employed 
for the 2023 surveys.

The GCPs (and CPs) for the 1951 image processing 
were partly (13) measured in-situ on natural features 
and partly (11) identified on the 0.4 m orthophoto.

The in-situ measured GCPs were collected using 
Trimble R12i GNSS System with differential signal 
from RTX. Notable and recognisable flat features, such 
as large rocks, were selected. The coordinates and ele-
vations of these GCPs were collected in-situ with the 
associated accuracy, the initial threshold accuracy for 
the coordinates collection was set to 0.1 m. These nat-
ural GCPs are marked with the starting letter “N” and 
a number in Fig. 4. The additional 21 GSPs identified on 
the 0.4 m orthophoto used the original Lidar Digital Sur-
face Model received from Geoportale Piemonte in 2024. 

The GCPs (and CPs) for the 2023 image processing 
were partly (16) measured in-situ (Trimble R12i GNSS 
System) on natural features and partly (10) provided 
by the Politecnico di Milano (De Gaetani et al. 2021; Ioli 
et al. 2022). There were 27 50 × 50 cm polypropylene 
markers identified as fixed points on the stable depos-
its and measured with a high-quality Global Navigation 
Satellite System (GNSS). Field measurements were 
made using a dual-frequency (L1/L2) geodetic quality 
GNSS receiver Leica GS14 (De Gaetani et al. 2021). In 
the upper part of the glacier, a real-time kinematic RTK 
correction was applied (~10 min time sampling, 1 Hz 
sampling rate). For the rest of the markers, a post-pro-
cessing approach was adopted using a local master 
station (Leica GPS1200). The official European refer-
ence system ETRF2000 was used, resulting in a coor-
dinate accuracy of 1.5 cm in planimetry and 3 cm in 
elevation, in terms of root mean square error (RMSE) 
(De Gaetani et al. 2021). However, only seven of the 
high-quality GCPs could be utilised for the 2023 data 
processing (Fig. 4, marks starting with “D”), and three 
CPs allocated for validation purposes. The high-qual-
ity points only covered the lower part of the glacier. 

4.2 Historical aerial stereo image processing

The 16 grayscale aerial photographs from 1951 
were processed to generate DSM surfaces for recon-
structing morphometric changes. The genera-
tion of stereo models was performed with the SfM 

(Structure-from-Motion) Agisoft Metashape Profes-
sional v. 1.7.5 (Agisoft 2024). The inner and outer ori-
entations of the scanned images were calibrated by 
Agisoft to obtain a stereo model. Manual camera proto-
col or camera orientation parameters were not applied 
before the SfM process as they were not available. 

The tie points were automatically generated for the 
orientation of the scenes by the software. 

To acquire the six parameters of interior and exte-
rior orientation, a bundle block adjustment method 
was used in Agisoft. 15 GCPs and 9 CPs were utilised 
for the bundle block adjustment process. A measured 
accuracy of the natural GCPs were utilized for refer-
ence weighting. Taking into account the data density, 
the final DSM grids were generated with a ground res-
olution of 0.1 m. The root mean square error (RMSE) 
was used as evaluation metrics:

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  √∑ (𝑥𝑥𝑖𝑖−𝑦𝑦𝑖𝑖)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛 ,

where xi and yi are the coordinates of the GCPs or CPs, 
and n is the number of points. 

4.3 UAV stereo image processing 

The workflow for UAV stereo image processing fol-
lows in principle the process as presented in chap-
ter 4.1. The model generation was performed with the 
SfM running the same software. 

The UAV flight elevation was fixed at 100 m above 
ground level from the starting point, providing a the-
oretical ground sampling distance of 3.2 cm. The 
mission planner Pix4Dcapture v.4.11.0 (Pix4D 2024) 
was used to parametrize the image capture in a single 
grid, a camera angle 90°. In total, 2198 images were 
acquired over the main part of the debris-covered gla-
cier and side moraines.

26 targets spread along the glacier were used as CPs 
and selected in each image, 17 GCPs for the alignment 
process and 9 CPs for the error estimation. The accura-
cy of the individual GCP markers was set based on the 
in-situ measurements using the Trimble R12i instru-
ment and 0.03 m for the Politecnico di Milano GCPs. 

The 3D reconstruction starts with the automatic 
recognition of Tie and Key points through Scale Invar-
iant Feature Transform-SIFT algorithms and the align-
ment process through SfM algorithms, obtaining the 
Sparse Cloud and the Camera orientation.

The 3D reconstruction process continues through 
Multi-View Stereo algorithms, applied to obtain the 
Dense Cloud. The last phase consists of the DSM gen-
eration, using the depth maps generated through the 
previous process, obtaining a 0.1 m raster DSM. 

4.4 Change analysis

The change analysis involves comparing two or more 
DSMs acquired at different time points to identify and 
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quantify changes in the terrain’s elevation. The mea-
surement of changes in glacier elevation by differenc-
ing is a widely used method for estimating changes in 
glacier volume and mass at local and regional scales 
(Sommer et al. 2020; Bhambri et al. 2023). 

Before making a relative DSM comparison, it was 
assured that the DSMs from different time points are 
co-registered. This step is critical for accurate differ-
encing. The datasets were resampled to the common 
1 m spatial resolution prior to the co-registration as 
a compromise between the 0.5 m resolution from the 
historical and UAV data processing and the 5 m reso-
lution from the 2009 elevation model. 

The co-registration procedure is based on the 
method proposed by Knuth et al. (2023). They intro-
duced a multi-stage co-registration method, which 
involved a point cloud alignment method followed by 
the slope and aspect dependent method by Nuut and 
Kääb (2011). An iterative co-registration approach is 
used, which means that the co-registration process 
is performed in several iterations to progressive-
ly refine the alignment. The point clouds of the ter-
rain models for the years 1951 and 2023 were finely 
co-registered with the 2009 Lidar point cloud (Geo-
portale Piemonte 2024) as the reference. The point  

pair picking alignment tool of CloudCompare software 
was used for this process. Specific masking (glacier 
boundaries: Azzoni et al. 2024, in this issue) was used 
to perform co-registration outside the glacier. The 
co-registration process involves minimising the sum 
of squares of the distances between corresponding 
points in the DSMs. This is a common optimization 
approach to achieve the best alignment. The outputs 
are aligned DSMs and the co-registration parameters, 
which refer to the transformation parameters applied 
to one or more DSMs to align them with the reference.

The quantified elevation change of the glacier 
is the input information for the following step, the 
estimation of the volume of ice gained and lost. An 
estimation of the changes in glacier elevation across 
two intervals is performed, using a well-established 
process called DSM differencing. The two differenced 
DSMs enable to estimate the volume changes between 
1951 and 2023. They are used to estimate the spa-
tial variation of volume changes corresponding to 
the mean, minimum, and maximum differences for 
the periods 1951–2009, 2009–2023, and 1951–2023. 
The volume change is calculated over a constant area 
of the glacier and surrounding region. The UAV-de-
rived DSM in 2023 was used to delineate the glacier 
boundary. The DSMs (1951 and 2009) were clipped 
by the extent of the 2023 DSM and later by the glacier 
boundary shapefile. The study area is approximately 
1.6 × 106 m2 in size. To calculate the mass change of 
the Belvedere Glacier, the density of ice was assumed 
to be 850 ± 60 kg m−3 following Huss (2013). 

5. Results

The combination of GNSS measurements and 
manually selected GCPs allowed the generation of 
high-resolution DSMs of the complex terrain of Bel-
vedere Glacier ablation area and its orthophotos 
(Tab. 2, Fig. 5). The accuracy of the 1951 DSM in 
the vertical dimension amounts to −0.68 m on CPs. 
Some problems in the 1951 DSM can be detected in 
the southern part of the glacier, where visible out-
liers create high-frequency texture patterns. They 
are also partially visible in the northern terminus of 
the main tongue. This area also suffers from some 
erratic points, and local errors in the 1951 DSM due 
to imprecise image matching and low image quality, 
but these artefacts do not affect the main trends in 
the topographic changes analysed in this study. The 
UAV-derived DSM 2023 resulted in a much higher 
accuracy of −0.08 m compared to the historical 1951 
DSM processing (Tab.  2). The precision of the natural 
GCPs, determined through the utilisation of the Trim-
ble R12i GNSS with RTX differential data enhance-
ment, exhibited a mean value of 0.017 m in Easting, 
0.094 m in Northing, and 0.045 m in elevation. 

Fig. 5 illustrates the DSM related orthophotos 
as part of the photogrammetric process. The 1951 

Fig. 4 Location of the Control Points used for the photogrammetric 
models, background: OpenStreetMap data (OpenStreetMap 2017) 
and the 2009 hill-shade derived from Lidar DSM 2009 (Geoportale 
Piemonte 2024)
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grayscale orthophoto appears compact over the entire 
area of the glacier and its surroundings, although 
there are some irregular outliers. The 2023 ortho-
photo (Fig. 5, right) shows a number of cloud shad-
ows (radiometric variability) along the debris-cov-
ered glacier. The changing weather conditions partly 
affected the accuracy of the image matching, which 
propagated into the DSM quality. 

Although the accuracy of the retrieved 1951 and 
2023 DSMs is relatively high, the aim was to com-
pare the independently processed models. The 

comparison preceded the co-registration process. 
The accuracy assessment of the relative DSMs after 
co-registration is presented in Tab. 3. It presents an 
evaluation of how well the DSMs align with a com-
mon reference model 2009. The Tab. 3 shows key 
parameters after the co-registration, the mean values 
are well near zero, however, the spread of the points 
reveals variations. 

Tab. 3 DSM post-co-registration statistics.

DSM compared to 
2009 reference Mean (m) Median (m) RMSE (m)

1951 0.386 −0.051 0.91

2023 −0.394 0.0712 0.71

Note: the glacier was masked a priory of the co-registration process with 
outliers defined as mean ± 3 sigma of the DSM differences outside of 
glacier. 

Fig. 5 Belvedere Glacier orthophotos from aerial 1951 and UAV 2023 images and hill-shade derived from Lidar DSM 2009  
(Geoportale Piemonte 2024).

Tab. 4 Elevation and volume changes of the Belvedere Glacier tongue (excluding the Monte Rosa east face).

Mean Elevation 
Change

Total Volume 
Change  

[m3 × 106]

Volume Change  
[m3 × 106 yr−1]

Mass Change 
[Mt]

Mass/unit area 
[kg/m2] 

Mass balance 
[m w.e.]

Annual mass 
change  

[m w.e. yr−1]

1951–2009 −14.01 −15.73 −0.27 −13.37 ± 0.27 −11899.41 −11.89 −0.21

2009–2023 −24.82 −27.95 −1.99 −23.71 ± 1.67 −21105.92 −21.14 −1.51

1951–2023 −38.34 −43.61 −0.61 −37.07 ± 2.61 −33002.22 −33.01 −0.46

Tab. 2 RMSE computed on CPs for each photogrammetric model.

DSM E (m) N (m) h (m)

1951 −0.25 −0.04 −0.68

2023 0.39 0.06 −0.08

E, N, h – ground coordinates Easting, Northing, and elevation 
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Fig. 6 Glacier elevation change between 1951 and 2009 illustrated with dichromatic colour ramp centred around 0, glacier outlines 1951 
(Azzoni et al. 2024, in this issue).
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Fig. 7 Glacier elevation change between 2009 and 2023 illustrated with dichromatic colour ramp centred around 0, glacier limit 2023 (Azzoni 
et al 2024, in this issue).



The Belvedere Glacier elevation change between 1951 and 2023 193



194 Lukáš Brodský, Shruti Pancholi, Susanne Schmidt, Marcus Nüsser, Roberto Sergio Azzoni, Gianluca Tronti

Fig. 8 Five transect profiles of the Belvedere Glacier (Fig. 6 and Fig. 7) illustrate the surface in 1951, 2009, and 2023 and the elevation 
changes. Transect A: transition area receiving avalanches from the Monte Rosa east face; Transect B: central part of the debris-covered glacier 
near the glacio-fluvial stream of Nordend Glacier and the moraine breach. Transect C: central part of Belvedere Glacier with the double 
moraine formation on the eastern and two water channels on both sides of the glacier. Transects D and E: the two lobes of the glacier tongue.

The differenced DSMs 1951–2009 and 1951–2023 
show some changes in the vicinity of the glacier, in 
particular tree growth close to the terminal moraine. 
Other changes in the stable ground are caused by 
noise, which is often unavoidable when processing 
historical data. 

Based on the differenced DSMs, significant eleva-
tion changes of the Belvedere Glacier were detected 
over the entire observation period 1951–2023, which 
amounted to a mean elevation change of −38.3 m 
(−0.53 m yr−1) (Tab. 4). The average downwasting 
amounted to −0.24 m yr−1 between 1951 and 2009 
(−14.0 m in total) , equating to a specific mass change 

rate of −0.2 m w.e. yr−1. In the second observation 
period 2009−2023, the ice loss was more than seven-
fold higher at −1.77 m yr−1 (−24.8 m in total), equat-
ing to −1.51 m w.e. yr −1. The increasing trend in the 
annual mean temperature is also documented in the 
supplement (Appendix 1). These downwasting rates 
of the glacier tongue (excluding the Monte Rosa east 
face) are equivalent to a mass loss of 13.4 ± 0.27 Mt 
(Megatones) from 1951–2009 and a further loss of 
23.7 ± 1.67 Mt in the period 2009–2023. 

In addition to the acceleration of the glacier thin-
ning rates, large differences in the spatial pattern of 
elevation changes become apparent between the two 
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Fig. 9 Terrestrial photographs of Belvedere Glacier with disti ncti ve geomorphological features; A: Monte Rosa east face and transiti on zone 
of Belvedere Glacier (2021/08/11); B: debris-covered tongue modulated by meltwater streams and ice-marginal channels (2023/09/30); 
C: drainage pipe of Lago delle Locce and collapse of the moraine (2023/09/30); D: double moraine from the North with Monte Rosa east 
face at background (2023/08/02); E: ice cliff s and meltwater stream from Castelfranco Glacier on the Belvedere Glacier (2022/08/09); 
F: Glacier terminus of the debris-covered primary lobe (2021/08/12).
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observation periods (Fig. 6–8, Transect A-D). Along 
the central part of the glacier tongue, the surface low-
ering amounted to less than −10 m (Fig. 8, Transect B 
and Transect C) with some small parts with mass gain. 
The highest mass gain of up to 32.2 m can be identi-
fied at the secondary lobe, despite the fact that the 
frontal position of the glacier retreated by about 70 m 
(Fig. 8, Transect E). Some spots with a much higher 
surface lowering can be identified along the glacier 
tongue with a maximum of 83.5 m in the transition 
zone at the foot of Monte Rosa east face. In this part, 
the depression of the Effimero Lake was formed in 
2002 and completely drained in 2003 (Transect A). 
Furthermore, the retreat of the primary lobe (Tran-
sect D) by about 170 m (Azzoni et al. 2024, in this 
issue) and of the Nordend Glacier by about 755 m (in 
the timeframe 1951–2021 since the UAV orthophoto 
is not available for this area) become evident by high 
mass losses. 

In contrast to the first period, the entire glacier 
tongue is characterised by massive downwasting 
during the second observation period 2009–2023. 
Thus, in all transects the glacier surface is lower than 
in 1953. Some areas of more pronounced downwast-
ing up to −73.9 m can be identified (Fig. 6), which 
appear as a series of depressions distributed along 
the entire glacier tongue. Some of these depressions 
are at least temporarily filled with water (Fig. 7) and 
one of them (Fig. 8, Transect B) is connected to the 
glacio-fluvial stream of Nordend Glacier, flowing to 
the Belvedere Glacier and visible as a small line in 
the differenced DSM. Furthermore, along the east-
ern margin of the tongue, two linear structures with 
accelerated mass loss are visible, connected to the 
outlet of Lago delle Locce. Compared to the former 
period, both glacier lobes showed drastic downwast-
ing with a decrease of about −70 m and −25 m at the 
primary and secondary lobe, respectively. In addition 
to the thinning of the glacier, the collapse of the later-
al moraine becomes visible as a characteristic double 
structure in the differenced DSMs (Fig. 8, Transect C). 
Only in the southern part of the tongue, the transi-
tion zone to the Monte Rosa east face (Transect A), 
a maximum increase of 26.9 m can be observed  
(Fig. 7).

In addition to the accelerated thinning of the gla-
cier, there are also notable changes in certain geomor-
phological features (Fig. 6–8), such as the widespread 
collapse of lateral moraines amounting up to 40 m 
due to debuttressing and the breach (width 80 m) in 
the eastern lateral moraine caused by the surge-type 
event in 2001–2002 as well as downwasting (up to 
60 m) due to meltwater from the tributary Castelfran-
co Glacier and from Lake Locce (up to 55 m). Further-
more, the formation of a double-crested moraine is 
dislocated by up 60 m on the eastern lateral moraine 
and is highlighted in Profile C of Fig. 8. Moreover, the 
moraine in the vicinity of Lake Locce decreased by 
about 40 m, as indicated by transect A. 

6. Discussion

The multitemporal change analysis of Belvedere Gla-
cier provides valuable insights into the dynamics over 
the period 1951–2023. The combination of historical, 
UAV, and aerial data, along with the DSM difference 
approach, contributes to a comprehensive under-
standing of recent changes of debris-covered glaciers 
in the region. 

6.1 Elevation data

The DSM from 1951 has been processed for the first 
time. Although there are some visible outliers (prob-
ably caused by mass movements and vegetation 
growth), the digitization of the historical data allowed 
the creation of a digital representation of the historical 
glacier surface with a high spatial resolution, enabling 
the detection of long-term elevation changes. The 
accuracy of the retrieved DSM from 1951 is compara-
ble to the accuracy of the DSM from 1977 processed by 
De Gaetani et al. (2021), except in the vertical dimen-
sion (RMSE 0.43 m compared to 0.91 m). 

The accuracy of the 2023 DSM is comparable to 
UAV data processing 2020 by Ioli et al. (2022) in the 
upper part of the Belvedere Glacier. However, they 
also achieved accuracies below 0.1 m RMSE in other 
years. 

6.2 Glacier elevation changes

The analysis of the two differenced high spatial res-
olution DSMs enables the detection of the complex 
processes and related changes of the surge-type and 
debris-covered Belvedere Glacier since 1951. The 
Belvedere Glacier belongs to the few glaciers in the 
Alps with positive mass balances during the second 
half of the 20th century. According to Diolaiuti et al. 
(2003), the glacier tongue has already retreated in the 
early 1990s, while De Gaetani et al. (2021) observed 
ice volume gains until the 1990s. Due to the duration 
of the first observation period lasting from 1951 to 
2009, the period of mass gain and the reverse trend 
is not captured by the differenced DSMs used in the 
present study. However, the long observation peri-
od indicates a massive mass loss, as the glacier sur-
face in 2023 is on average 38 m below that of 1951 
(mean annual thinning rate −0.5 m per year), which 
is in line with the increasing trend of mean annual 
temperature trend since 1987, Appendix 1, statisti-
cally confirmed by Mann-Kendall test with p-value of  
5.75 × 10−14. During 2009–2023 an elevation thinning 
with 1.7 m per year can be observed (mass change 
rate of −1.5 m w.e. per year), that is much higher 
than for the Italian Alps, which amounted to −0.5 m 
per year (mass change rate of 0.6 m w.e. per year) 
during 2000–2014 (Sommer et al. 2020; Hugonnet 
et al. 2021). This comparatively high thinning rate 
might be caused by the exclusion of the headwall, 
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which forms the accumulation zone of the Belvedere 
Glacier. The present study examined glacier elevation 
changes of the debris-covered ablation zone using 
reference Lidar elevation points (2009) and very 
high-resolution images (2023 UAV ground sampling 
distance 3.2 cm), which resulted in elevation models 
with sub-meter accuracy. It can be assumed that the 
discrepancy between the studies can be attributed to 
the fact that the accumulation area was not examined 
in the present study. Until now, no other study has 
yet processed elevation changes in very high spatial 
resolution with sub-meter accuracy for the entire 
Belvedere Glacier.

It can also be assumed that the surge-type event 
2001–2002 (Kääb et al. 2004) has a long-term impact 
on mass balances. Like in the case of the Vernagt-
ferner, one of the few surge-type glaciers in the Alps 
showing higher mass losses after surging events 
(Charalampidis et al. 2018). In contrast, on the 
regional scale no significant differences of mass loss-
es were observed between surge-type and non-surge 
glaciers in the Karakoram (Farinotti et al. 2020; Gar-
delle et al. 2013). However, it becomes obvious from 
the differenced DSM 2009–2023, that the surge-in-
duced surface thickening of about 30 m in the upper 
part of the glacier tongue (from near Locce Lake to 
Rifugio Zamboni) (Truffer et al. 2021), completely 
melted. The surge movement, which probably origi-
nated from the foot of the Monte Rosa east face (Kääb 
et al. 2004; Truffer et al. 2021) is detectable in the 
differenced DSM 1953–2009 as the large depression 
in the transition zone near the temporary Effime-
ro Lake, which bursted in June 2003 (Truffer et al. 
2021). According to Kääb et al. (2004), the ice loss 
amounted to 20 m at this spot during 1995–1999 and 
a further ice loss occurred due to the surge move-
ment. During 2009–2023, the lower part of the head-
wall shows positive elevation changes, which might 
be a response to the rapid ice loss in the vicinity of 
Effimero Lake or due to the accumulation of large 
avalanches in 2005 and 2010, quantified by Fischer 
et al. (2013) and Tamburini et al. (2013). Due to the 
steep headwall of the Monte Rosa east face, the tran-
sition zone is characterised by frequent ice avalanch-
es, similar to the case of the Karakoram and Nanga 
Parbat glaciers (Hewitt 2014; Bhambri et al. 2017; 
Nüsser and Schmidt 2021).

Due to the high spatial resolution of the differ-
enced DSMs, also the accelerated ablation along water 
bodies can be detected. The linear features of accel-
erated ablation indicate ice-marginal channels and 
meltwater streams, such as those from the Nordend 
Glacier and Locce Lake and from the Castelfranco 
Glacier, which flow partly on the Belvedere Glacier. 
These streams are often connected to large depres-
sions, some of them were formed by supraglacial 
lakes (Brodský et al. 2024, in this issue), others by 
roof collapses of englacial water bodies (Gulley and 

Benn 1997). To which degree this can also be relat-
ed to the subglacial outburst of Effimero lake (Truffer 
et al. 2021) remains an open question. 

Furthermore, the impact of ice cliffs, which are 
often connected to supraglacial lakes and increase 
mass loss (Bhambri et al. 2023; Brun et al. 2016; 
Pellicciotti et al. 2015; Salerno et al. 2017), needs to 
be analysed in more detail. Especially, as the typical 
inversion of the ablation gradient along debris-cov-
ered glaciers as shown for the debris-covered glaciers 
in the Khumbu region, Himalaya (Benn et al. 2012) 
does not exist. In contrast, the lowermost part and the 
transition zone of the Belvedere Glacier both showed 
a more pronounced thinning than the central part. 
The higher ablation rates along the left lobe might 
be caused by ice-cliffs or by a changed flow direction 
as it seems that the surge event fed only the smaller 
right lobe. As the right lobe is characterised by a thick 
supraglacial debris-cover, the ice loss is less pro-
nounced compared to the left lobe. However, velocity 
measurements, which were carried out by Ioli et al. 
(2022) since 2015, showed that both lobes probably 
consist of stagnant ice. In the upper part, the high 
ablation rates might be caused by the occurrence of 
supraglacial lakes as well as the more patchy debris 
coverage. 

As in other studies (De Gaetani et al. 2021; Dioliau-
ti et al. 2003), the Monte Rosa east face was excluded 
from the calculations of changes. However, headwalls 
of ice and avalanche-fed debris-covered glaciers are 
important for an improved understanding of mass 
balances (Hewitt 2014; Nüsser and Schmidt 2021), 
often neglected in long-term models (Laha et al. 
2017). Furthermore, they are important sources for 
the debris supply to the glaciers (Racoviteanu et al. 
2022). Especially in the case of the Belvedere Glacier 
this is of utmost importance, where an increase of the 
debris-covered area can be observed since the end of 
the 19th century (Kropáček et al. 2024, in this issue) 
as Monte Rosa east face slope failures started in 1990, 
while several large rock and ice avalanches occurred 
in the 2000s (Fischer et al. 2013). The mass loss at the 
Monte Rosa east face was quantified, while its impact 
on the Belvedere Glacier is unknown. 

6.3 Consequences on glacier geomorphology 

In addition to the glacier changes, the differenced 
DSM also highlights some geomorphological chang-
es occurred in surrounding areas. The formation of 
a breach in the lateral moraine caused by the surge 
event in 2001–2002 becomes evident with a strong 
erosion of the outer side of the moraine and the accu-
mulation of the eroded material further downstream. 
A similar breach is evident at the base of the debris 
flow cone of the Castelfranco Glacier. Here, during 
more intense rainfall events, the debris flow chan-
nel cuts through the moraine reaching the glacier. 
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This action leads to a progressive enlargement of the 
moraine.

The significant reduction in ice thickness has led 
to widespread slipping of the inner margin of the 
moraines due to debuttressing phenomena (Azzoni 
et al. 2023). This is particularly evident on the left 
bank upstream of the breccia caused by the melt-
ing water of Castelfranco Glacier, on the left bank 
just downstream of Lago delle Locce (Fig. 6) and on 
the right side of the main lobe. Here, although the 
main ridge of the moraine is stable, the large loss of 
thickness has led to the formation of double-crested 
moraine as highlighted also in the profiles of Fig. 7. 
The displacement rate of this sliding, calculated with 
dendro-geomorphological analysis, is 1.87 metres per 
year for the 2018–2023 timeframe (Bollati et al. 2024, 
in this issue).

From the comparison of the DSMs, an evolution of 
the Belvedere Glacier moraine near Lago delle Locce 
is also observable. Here, also an anthropogenic impact 
on the geomorphology of the area is evident. In fact, 
following the erosion of this sector of the moraine and 
the alarm for a possible sudden draining of the lake, 
in 1979 a series of interventions were carried out that 
altered the shape of the moraine. Excavating a deep 
trench in the moraine and installing a drainage pipe 
diverting water to the inner side of the moraine led to 
significant changes in this area. The effect of this oper-
ation is still ongoing as the discharge of water pipe on 
the moraine’s flank promotes localised erosion.

7. Conclusion and outlook

The processing of the 1951 historical data into a DSM 
for the first time is an important step in understand-
ing the dynamic processes that have taken place on 
Belvedere Glacier over the last 72 years. The high 
spatial resolution of the DSMs allows detailed obser-
vation and deciphering of the spatially heterogeneous 
downwash pattern caused by complex processes 
such as debris cover, avalanches, surge, supraglacial 
meltwater and GLOFs, and their relationship to global 
warming. These high spatial resolution data are nec-
essary for a better understanding of the response of 
glaciers to global warming. Downwasting of Belve-
dere Glacier has accelerated, as documented by the 
massive elevation changes between our latest obser-
vation period (2009–2023). The massive mass loss in 
the long term observation period is in line with the 
increasing trend of mean annual temperature since 
1987, also statistically confirmed. While our data 
does not directly identify the surge-type event, the 
impacts are unmistakable when examined in the con-
text of the analysed data sets. The 2001–2002 surge 
event, meltwater streams and supraglacial lakes are 
considered to be the main drivers forcing elevation 
changes and shaping its spatial variation and surface 
structures.

The compared DSMs also reveal geomorpholog-
ical changes, including breaches in lateral moraines 
caused by glacier surges and debris flows, leading to 
erosion and downstream material accumulation, with 
similar processes observed at the Castelfranco Glacier 
during heavy rainfall. Also, the significant reduction 
in ice thickness caused widespread moraine slipping 
due to debuttressing, particularly near Castelfranco 
Glacier and Lago delle Locce.

For future work, it will be beneficial to increase 
the temporal resolution of DSMs to analyse glacier 
dynamics and associated geohazards in more detail. 
The area to be analysed shall include the Monte Rosa 
east face as well.
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Appendix

This supplement offers a supplementary analysis 
of temperature time series data (Appendix 1) for 
the location of Belvedere Glacier. The supplementa-
ry data and analysis facilitate comprehension of the 
long-term trends pertinent to the article’s primary 
focus: the intricate, spatially heterogeneous patterns 
of glacier elevation change resulting from debris cov-
er, avalanches, surge-type events, supraglacial melt-
water, and glacial lake outburst floods in the context 
of global warming.

The data were obtained from the E-OBS dataset, 
which was generated as part of the EU-FP6 UERRA 

project (http://www.uerra.eu), and from the Coper-
nicus Climate Change Service. The initial 0.1-degree 
grid data for daily mean temperature were aggre-
gated to yield annual mean temperature data. 
A Mann-Kendall test (Kendall 1957) was conduct-
ed to identify any potential trends in temperature. 
The test yielded a p-value of 5.75 × 10−14, indicating 
a statistically significant increasing trend. Further-
more, the break dates algorithm, as developed by 
Zeileis et al. (2002), was used. The analysis identified 
a breakpoint in 1987 based on the annual mean tem-
perature time series.

Appendix 1 Annual mean temperature time-series for Belvedere Glacier with breakpoint analysis.
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ABSTRACT
Glacier retreat is a key indicator of climate change, with significant implications for geomorphological hazards and ecosystem stabil-
ity. This article focuses on the surface evolution of the Belvedere Glacier from 1951 to 2023. Using high-resolution orthophotos and 
manual mapping, we tracked changes in the glacier’s area and shape over time. The results show three significant phases of change: 
the separation of the Nordend Glacier from the Belvedere Glacier (1951–1991), the partial separation of the central accumulation 
basin from the debris-covered tongue (2006–2015), and the separation of the Locce Nord Glacier (2018–2021). These changes, 
combined with a surge event from 1999 to 2002, have significantly altered the glacier’s dynamics and accelerated its retreat. 
Manual mapping was accurate in areas with scarce debris cover but faced challenges in debris-covered areas due to limited image 
resolution, snow cover, and debris characteristics. Despite these difficulties, we observed that the glacier remained stable until the 
late 1990s, when it began a rapid retreat. This recent retreat is consistent with rates observed in the early 20th century. The study 
highlights the importance of surface mapping to quantify the areal loss and to understand broader changes in glacier structure and 
mass flow that drive its retreat. Our results provide key data for future studies and highlight the need for continued monitoring of 
Alpine glaciers in the context of accelerating climate change.
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1. Introduction

Glacier studies are crucial in the context of climate 
change, as glaciers serve as sensitive indicators of 
regional and global environmental transformations 
(Hock and Huss 2021). The accelerated retreat of gla-
ciers worldwide is among the most visible and impact-
ful consequences of rising global temperatures, with 
significant implications for water resources, sea-level 
rise, ecosystems services in glacierized and proglacial 
systems, geoheritage and tourism activities (Gara-
vaglia et al. 2010; D’Agata et al. 2020; Paul et al. 2020; 
Azzoni et al. 2023; IPCC 2023; Bollati et al. 2023; Fice-
tola et al. 2024). Climate-driven glacier retreat reduc-
es glaciers size and triggers several geomorphological 
hazards like glacier collapse, Glacial Lake Outburst 
Floods (GLOFs), and debris flow (Racoviteanu et al. 
2022). As glaciers melt and retreat, meltwater accu-
mulates in depressions, forming proglacial lakes (Viani 
et al. 2020). Unstable moraines or ice often dam these 
lakes, increasing the risk of outburst floods when nat-
ural barriers fail and release water downstream (Car-
rivick and Tweed 2016). Several GLOFs have devastat-
ed communities and infrastructure in regions such as 
the Himalayas, Andes, and European Alps (Haeberli 
et al. 2017). Rising temperatures and glaciers thinning 
heighten the risk of ice and rock avalanches (see e.g. 
Kropacek et al. 2021). Glacier instability, steep terrain, 
and melting permafrost drive large-scale collapses, 
such as the 2002 Kolka Glacier collapse in the Cau-
casus Mountains (Huggel et al. 2005). Thus, climate 
change impacts glaciers through both gradual retreat 
and sudden, catastrophic events, posing serious risks 
to landscapes and human settlements. Long-term 
monitoring of glaciers using remote sensing methods 

provides essential information to track changes in gla-
cier area, volume, and mass balance, and helps to pro-
duce climate models and adaptation strategies (Zekol-
lari et al. 2020; Sommer et al. 2021). This monitoring 
is essential also for debris-covered glaciers, which 
present a series of unique and complex challenges to 
those investigating climate-glacier dynamics and their 
role in downstream impacts (Huo et al. 2021).

Mapping debris-covered glaciers is difficult due to 
their lack of clear surface features. Indeed, unlike clean 
ice glaciers, debris-covered glacier surface is similar 
with surrounding landscape, complicating bound-
ary identification (Bolch et al. 2007). Layers of rock 
fragments and fine sediments cover these glaciers, 
obscuring ice margins and internal structures. This 
debris complicates manual mapping with tradition-
al methods (Bolch et al. 2008). Additionally, factors 
such as debris thickness, surface slope, and seasonal 
variations affect mapping accuracy (Bhardwaj et al. 
2014). Recent advancements in remote sensing, like 
combining satellite multispectral imagery with Digital 
Elevation Models (DEMs), have greatly improved the 
ability to map debris-covered glaciers automatically 
(Racoviteanu et al. 2022). This approach detects gla-
cier boundaries more accurately under debris cover 
(Mitkari et al. 2022). Machine learning algorithms 
also enhance mapping precision, as shown in the 
Hunza Basin study by Khan et al. (2020). Deep learn-
ing convolutional neural networks (LeCun et al. 2015) 
now outperform traditional machine learning, espe-
cially in spatially complex tasks like glacier boundary 
mapping (Xie et al. 2020). SAR interferometry coher-
ence has also proven effective in accurately mapping 
ablation areas (Lippl et al. 2018; Ahmad and Fugaz-
za 2023). Despite these innovative semi-automated 

Fig. 1 Belvedere Glacier 
location map.  
The background image refers 
to the 2018 aerial orthophoto 
(0.3 m resolution) available  
on the Piemonte Region Web 
GIS. The glacier perimeter  
(in orange) was produced 
by the authors based on the 
same orthophoto. The debris-
cover tongue is indicated by 
the white arrow.
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methods, orthophoto analysis and manual mapping 
remain highly accurate for small-scale analysis. These 
methods provide a reliable temporal record for track-
ing changes in glacier extent and debris cover over 
time (Azzoni et al. 2018).

The Belvedere Glacier, on the eastern slope of Mon-
te Rosa in the Italian Alps, represents a unique case 
in the Alpine region. Classified as a debris-covered 
glacier, it exemplifies hazards linked to deglaciation. 
Rockfalls, icefalls, GLOFs, glacier surges, and debris 
flows have marked its history reported in several stud-
ies conducted over the past 50 years as reviewed by 
Kropáček et al. (2024) in this issue. To better under-
stand the evolution of this significant glacier, this study 
analyses the Belvedere Glacier evolution by manually 
identifying glacier boundaries using high-resolution 
orthophotos from 1951 to 2023. In detail this study 
aims to track changes in the glacier’s area and to exam-
ine glacier-related hazards in a broader context. It also 
explores the role of paraglacial processes (sensu Bal-
lantyne 2002), which are featuring the deglaciation 
stage due to global warming.

1.1 Study area

The Belvedere Glacier lies on the eastern slope of 
Monte Rosa (4634 m a.s.l.), a prominent peak in the 
western Italian Alps along the Italian-Swiss border. 
As one of the largest debris-covered glaciers in the 
Alps, covers 4.51 km² (Mortara et al. 2009; Smiraglia 
et al. 2015). The debris-covered tongue extends from 
approximately 2250 m a.s.l. to its lowest point at 
around 1800 m a.s.l., where it divides into two distinct 
lobes. This tongue covers an area of 1.8 km², measur-
ing 3 km in length and reaching a maximum width of 
about 0.5 km. In 1999–2002, the glacier underwent 
a surge-type event (Kääb et al. 2004), whose effects 
are still recorded in the dynamics of lateral moraines 
(Bollati et al. 2024, in this issue). Numerous studies 
have focused on the Belvedere Glacier in recent years. 
For a detailed list, please refer to the review by Kro-
páček et al. (2024).

2. Material and methods

High-resolution orthophotos served as the main 
source of information for the Belvedere Glacier area. 
In order to delineate the glacier boundaries and calcu-
late the areas, historical greyscale, and recent colour 
orthophotos were analysed, as shown in Tab. 1. The 
orthophotos are derived from high-resolution aerial 
photographs and are characterised by low or no cloud 
cover. They were mostly acquired at the end of sum-
mer when the glaciers have minimal snow cover, mak-
ing their boundaries clearer and easier to detect. The 
orthophotos were used as a base layer in QGIS Desk-
top 3.36 for detecting and mapping glacier boundar-
ies, enabling surface area calculations.

Tab. 1 Details of the images used for the mapping of the Belvedere 
Glacier.

Year Type Source Resolution (m)

1951 orthophoto IGM 0.5

1991 orthophoto Piedmont Region – WMS 1.0

1994 orthophoto MASE – WMS 1.0

2000 orthophoto MASE – WMS 0.5

2006 orthophoto MASE – WMS 0.5

2015 orthophoto AGEA – WMS 0.5

2018 orthophoto AGEA – WMS 0.3

2021 orthophoto AGEA – WMS 0.2

2023 orthophoto UAV flight (authors) 0.1

Notes: IGM: Italian Military Geographic Institute, MASE: Ministry of 
Environment and Energy Security, AGEA: National Agency for Agriculture; 
WMS: Web Map Service. Detailed information about 1951 orthophoto 
processing and 2023 UAV survey are available on Brodský et al. (2024). 

To identify the glacier boundaries across different 
years, we performed manual mapping based on the 
interpretation of the glacier boundaries. Mapping 
proved to be easier in debris-free areas but posed 
challenges on the debris-covered ablation tongue. To 
ensure accurate and consistent mapping, enhancing 
the understanding of glacier changes over time, we 
applied specific guidelines:

Following clear geomorphological features: we 
identified and traced stable, visible glacier contours, 
such as ridge or moraines, and used distinctive signs 
like crevasses, edges, and color or texture changes to 
trace the glacier’s structure.

Avoiding seasonal snow: we distinguished between 
permanent glacier ice and seasonal or temporary 
snow cover to maintain mapping precision. 

Simplifying lines where appropriate: we avoided 
adding unnecessary details. Simpler lines are often 
more effective for representing the actual glacier 
boundaries, especially if minor details do not affect 
the overall representation.

Digitizing consistently at an appropriate zoom lev-
el: we chose a zoom level that allowed clear visualiza-
tion of necessary details without excessive precision, 
which could lead to overlay complex traces.

Accounting for shadows and terrain: shadows and 
natural terrain features were considered, as they 
can alter the perception of glacier boundaries. We 
used images taken in optimal lighting to minimize 
misinterpretation.

Using multiple layers for comparison: by over-
laying images from different periods or seasons we 
compared changes over time, even if lower resolu-
tion. This helps verify mapping accuracy and distin-
guish permanent areas from those subject to seasonal 
variations.

Operator experience was crucial for interpreting 
surface features accurately, as verified by comparing 
the 2023 drone image mapping with field observa-
tions from the same year. Orthophotos, available only 
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in RGB format and accessed via WMS, limited our 
ability to apply automatic or semi-automatic mapping 
methods, such as band combinations and filters, sug-
gested by Paul et al. (2017). To enhance data accuracy, 
we conducted multiple digitization experiments fol-
lowing Paul et al. (2017). For each year, we digitized 
the boundaries three times independently and calcu-
lated the mean area and standard deviation. Accuracy 
was expressed as the percentage ratio between the 
standard deviation and the mean glacier area for each 
year. We excluded 1951 and 2023 from error assess-
ment due to incomplete orthophoto coverage of the 
glacier area.

In addition to mapping glacier boundaries from 
orthophotos, we analyzed frontal variations measured 
over the past century and published in the Bulletins of 
the Glaciological Committee and later Open Access in 
the journal Geografia Fisica e Dinamica Quaternaria 
(https://www.gfdq.glaciologia.it/index.php/GFDQ). 
These in situ measurements provide precise records 
of frontal changes, allowing for direct comparison 
with variations derived from orthophoto analysis.

3. Results

Tab. 2 shows the surface area evolution of the Bel-
vedere Glacier from 1951 to 2023, with incomplete 
data for 1951 and 2023 due to the lack of complete 
orthophotos. For the other years (1991, 1994, 2000, 
2006, 2015, 2018, and 2021), four manual mapping 
attempts were made to evaluate the accuracy of this 
method (Paul et al. 2017). The 2021 data represents 
the aggregate surface area of the Belvedere Glacier 
and the Locce Glacier to preserve comparability with 
the previous years. The results show that the mapped 
areas slightly vary between the attempts made for 
that year. For example, in 2006, the standard deviation 
is significantly higher (0.259 km²) than in the other 
years, indicating greater variability in the attempts.

Regarding the method’s accuracy, the calculated 
percentage error varies between years. For example, 

the error in 2018 is as low as 1.0%, indicating high 
precision in mapping that year, while in 2006, the 
error reaches over 4.1%, reflecting greater variabili-
ty and thus reduced precision. This variation in error 
suggests that the manual mapping method performs 
with higher accuracy in some years than others, 
potentially influenced by factors such as image qual-
ity, seasonal snow cover, and shadow effects. Overall, 
the accuracy of the method averages between 1-4%, 
which aligns with acceptable standards for manual 
glacier boundary mapping in long-term studies (Paul 
et al. 2017), though it underscores the importance of 
multiple mapping attempts to minimize errors.

Fig. 2 illustrates the changing surface area of the 
Belvedere Glacier between 1991 and 2021, consider-
ing only the years with a complete mapping (i.e., 1991, 
1994, 2000, 2006, 2015, 2018, 2021), revealing two 
distinct phases in its evolution. The first phase, span-
ning from 1991 until approximately 2000, indicates 
a relatively stable glacier surface area, even exhibiting 
a slight increase. This subtle growth may be linked to 
the early stages of the surge event whose acme was 
observed in 2001–2002, a phenomenon wherein 
a glacier experiences rapid advance due to the build-
up and subsequent release of subglacial meltwater 

Tab. 2 Surface area measurements (in km²) of the Belvedere Glacier from 1951 to 2023, based on manual mapping attempts and related 
Standard Deviation (SD) and Accuracy. Only partial data are available for 1951 and 2023 due to the lack of complete orthophotos.  
The 2021 data represents the aggregate surface area of the Belvedere Glacier and the Locce Glacier.

Year Surface (km2) Surface (km2)
Attempt 2

Surface (km2)
Attempt 3

Surface (km2)
Attempt 4

Surface (km2)
Mean SD (km2) Accuracy

1951 2.691*

1991 6.537 6.708 6.676 6.652 6.643 0.074 1.1%

1994 6.551 6.291 6,662 6.642 6.536 0.171 2.6%

2000 6.552 6.783 6.742 6.422 6.625 0.169 2.6%

2006 6.285 6.495 5.975 6.545 6.325 0.259 4.1%

2015 5.234 5.444 5.075 5.480 5.308 0.190 3.6%

2018 5.090 5.181 5.201 5.197 5.168 0.052 1.0%

2021 4.861 4.709 4.681 5.091 4.836 0.188 3.9%

2023 1.091*

Fig. 2 The evolution of the surface area of the Belvedere Glacier from 
1991 to 2021 is reported. Error bars represent the standard deviation 
for each year based on four manual mapping attempts (Tab. 2).
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or internal ice dynamics. This period of stability, and 
slight expansion, could reflect also conditions favour-
able to glacier thickening, such as sustained winter 
snowfall or cooler summer temperatures, which 
would have counterbalanced typical ablation (i.e., ice 
loss) rates.

The second phase, which begins post-2000 (after 
the surge exhaustion, 2002–2003) and extends to 
2021, shows a marked shift to an extreme negative 
trend in the glacier’s surface area (Fig. 2). This sharp 
decline from about 6.5 km2 down to below 5.5 km2 
after 2013 year indicates accelerated ice loss, likely 
intensified by rapid retreat following surge events 
that reduce support from lateral moraines. Addi-
tionally, increased warming trends contribute to this 
process. The continued surface area reduction aligns 
with regional observations of glacier mass loss driv-
en by rising temperatures, which increase melt rates, 

reduce glacier thickness, and can fragment the glacier 
structure.

The analysis of orthophotos highlights the evolu-
tion of the front position of the two lobes from 1951 
to 2023, as shown in Figure 3. The north-western lobe 
shows a significant retreat from 1951 to 1991. From 
1991 to 2015, glacier front variation decreases (about 
25 m). During this period, the 2006 front is notably 
more advanced than in 1991, 1994, and 2001, with the 
latter two being almost identical. This suggests that 
effects of the 1999–2002 surge are visible even four 
years later. The substantial ice mass transfer to lower 
elevations led to pronounced retreat in the following 
years, especially from 2015 to 2021, where some areas 
retreated by 200 meters within six years.

In contrast, the south-eastern lobe displays less 
dynamic movement (Fig. 3). Frontal changes are small-
er (160 m versus more than 400 m in 1951–2023-time 

Fig. 3 The position of the front of the 
two lobes of the Belvedere Glacier 
during the period 1951–2023. The 
orthophoto in the background is from 
2015 (WMS by AGEA; Tab. 1).

Fig. 4 Annual frontal variation of the 
Belvedere Glacier (north-western Lobe) 
in the period 1985–2022. Source: Annual 
Glaciological Survey of Italian Glaciers 
reported in the “Bollettino del Comitato 
Glaciologico Italiano” (Baroni et al. 2022).
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span), revealing three distinct phases. The first phase 
is a significant retreat from 1951 to 1991. The second 
phase, from 1991 to 2010, shows relative stability and 
includes the surge event, which remains visible. The 
third phase, marked by a notable retreat, spans 2015 
to 2021, with the front position remaining largely sta-
ble. This reduced glacial activity in the south-eastern 
lobe has contributed to greater frontal stability in this 
part of the glacier.

Data from the Bulletin of the Italian Glaciological 
Committee from 1985 to 2021 (Baroni et al. 2022) 
enable a detailed analysis of changes in the glacier’s 
frontal position. These annual data specifically track 
the north-western lobe of the glacier. Figure 4 shows 
several notable trends. From 1985 to 2000, the gla-
cier front remained relatively stable, with a slow pro-
gression (+10 m) followed by slight retreat (−35 m). 
This pattern aligns with the behaviour of Alpine gla-
ciers, where a rapid but strong positive glacial pulse 
concluded in the late 1980s (Diolaiuti et al. 2003). 
Between 2000 and 2006, the glacier advanced by 
over 50 meters due to a surge. After three years of 
stability following the surge, the glacier front began 
a prolonged and intense retreat, peaking in 2017 
with a 43-meter reduction. The latest data on fron-
tal variation (2022) show a retreat of 14.5 meters, 
close to the 17.8 meter retreat reported by Ioli et al. 
(2024).

To extend the record of glacier front variation and 
compare measured data with observations from the 
1951 orthophoto, we also considered data from the 
Report of the glaciological survey of 1985 (Armando 
et al. 1986), which provides cumulative glacier var-
iation data since 1922 (Fig. 5). Although the tempo-
ral resolution is lower (only four data points over 63 
years), this period reveals a significant glacier retreat 
from the start of measurements until the mid-1970s, 
when colder conditions led to front stability. Data 
from 1957 align with observations from the ortho-
photo. The graph slope indicates that the retreat rate 
over the past decade matches rates recorded in the 
early 1900s.

4. Discussion

To better define the evolution of the Belvedere Glacier, 
we analysed the rate of glacier surface change. Fig. 6 
shows this rate from 1991 to 2021, with each bar 
representing the rate of glacier surface area change 
between consecutive measurements. We calculated 
this rate as the difference in surface area divided by 
the years elapsed. Error bars indicate uncertainty, 
based on the standard deviation of manual mapping 
attempts (Tab. 2).

The graph reveals a consistent decreasing trend 
of surface area reduction, particularly in the latter 
half of the interval. In the first two periods, the gla-
cier remains nearly stable, showing no significant 
area changes. Around 2000, despite the surge event, 
a clear increase in the rate of area reduction emerg-
es, intensifying in more recent periods. The negative 
peak between 2007 and 2015 likely reflects the surge, 
which transported a large ice mass to lower eleva-
tions where it then melted rapidly. Unfortunately, the 
orthophoto timing doesn’t allow for exact mapping of 
the surge’s advance. A detailed analysis of the surge 
dynamics lies beyond this study’s scope and has been 
covered in previous works (e.g., Mortara et al. 2009), 
including analyses using satellite imagery (Landsat 
data; Haeberli et al. 2002).

Mapping debris-covered glaciers presents con-
siderable challenges and uncertainties (Paul et al. 
2017). In this study, we applied manual mapping and 
assessed the accuracy of this approach through four 
mapping attempts. Results show accuracy rates rang-
ing from 1.0% in 2018 to 4.1% in 2006.

Several factors influence this variability: image 
resolution, snow cover, and the timing of orthophoto 
acquisition. The highest accuracy (1.0%) was achieved 
in 2018 with high-resolution orthophotos (0.3 m/pix-
el) and no snow cover, allowing for simpler and more 
precise mapping. The 2021 orthophoto, though offer-
ing the highest resolution (0.2 m/pixel), produced an 
accuracy of 3.6% due to snow cover over accumulation 
basins. In contrast, the 1991 orthophoto, despite lower 

Fig. 5 Frontal variation of the Belvedere Glacier 
from 1922 to 2021.
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resolution (1.0 m/pixel) and being black and white, 
achieved excellent accuracy due to minimal snow cover.

The 2006 orthophoto represents a unique case, 
showing the lowest accuracy (4.1%). Although the 
resolution was good (0.5 m/pixel) with minimal 
snow cover, overexposure reduced perimeter accura-
cy. Using WMS data (Tab. 1) prevented adjustments 
to exposure, which could have improved data quality.

The glacier perimeter mapping and multitemporal 
orthophoto analysis enabled quantification of areal 
variation and front position evolution. This approach 
also revealed general dynamics in the morphology of 
the Belvedere Glacier and its interactions with tribu-
tary glaciers, significantly impacting the recent evo-
lution of the glacier tongue. Three key phases were 
identified between 1951 and 2023:
– The rupture of the connection between the Nordend 

Glacier and the Belvedere Glacier between 1951 
and 1991.

– The partial interruption of the connection between 
the central accumulation basin of the Belvedere 
and the debris-covered tongue between 2006 and 
2015.

– The rupture of the connection between the Locce 
Nord accumulation basin and the Belvedere Glacier 
between 2018 and 2021.
The glacier’s retreat led to a significant event 

impacting the evolution of the Belvedere Glacier’s 
ablation tongue. The separation of the Nordend Gla-
cier from the Belvedere Glacier, visible in the compar-
ison between the 1951 orthophoto (Fig. 7A) and the 
1991 orthophoto (Fig. 7B), severed the connection to 
an important accumulation basin for the Belvedere 
Glacier. The Nordend Glacier covered approximately 
0.63 km² in 1957 and 0.57 km² in 2010, maintaining 
a maximum elevation above 3500 meters a.s.l. (Smira-
glia et al. 2015). Until the 1950s, it provided a signif-
icant mass input to the debris-covered tongue of the 
Belvedere Glacier.

Two other changes in the glacier morpholo-
gy have had a significant impact on the evolution 
of the ablation tongue (Fig. 8). The central part of 
the accumulation basin was connected to the main 
debris-covered tongue by two large icefalls, which 
gradually decreased in size over time. Between 
2010 (Fig. 8a) and 2015 (Fig. 8b), one of these two 
connecting icefalls was severed, directing the entire 
glacial flow through the main icefall. The last and 
most significant change in the glacier shape was the 
separation of Locce Nord Glacier from the Belvedere 
Glacier, which occurred between 2018 (Fig. 8C) and 
2021 (Fig. 8D). Field observations confirmed this sep-
aration. In 2021, Tab. 2 reports a total glacier area of 
4.86 km², the result of combining the Belvedere and 
the Locce glaciers that had already separated. This 
is incorrect from a glaciological perspective: indeed 
the Locce Glacier (0.98 km²) should be considered as 
a glacial body, dynamically separated from the Belve-
dere Glacier (3.88 km²). This type of fragmentation 
observed on the Belvedere Glacier is a typical situa-
tion for many Alpine glaciers in the current context of 
climate change (Smiraglia et al. 2015).

The effects of these two separations are evident in 
the glacier’s evolution and will become increasingly 

Fig. 6 Bar chart showing the surface change rate of the Belvedere 
Glacier from 1991 to 2021, with error bars representing the 
uncertainty in manual mapping attempts. Labels above each bar 
indicate the calculated surface change rate in km²/year.

Fig. 7 Comparison between 1951 (a) and 1991 (b), where the interruption of the connection between the Nordend Glacier and the Belvedere 
Glacier is clearly evident.
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pronounced. The absence of glacial flow from the 
Locce Glacier, which ceased only a few years ago, 
will further impact the main glacier tongue. Reduced 
mass transfer leads to localized surface lowering and 
a decrease in downglacier surface gradient. This, in 
turn, lowers driving stress and glacier velocity, caus-
ing the lower ablation zones to become increasing-
ly stagnant (Benn et al. 2012; Nuimura et al. 2017). 
As downwasting progresses in the future, formerly 
efficient supraglacial and englacial drainage net-
works will break up, and supraglacial lakes will 
probably form in surface depressions. Ablation rates 
around these lakes are typically one or two orders of 

magnitude higher than sub-debris melt rates, mean-
ing that extensive lake formation accelerates overall 
ice loss. This process drastically alters surface topog-
raphy and debris cover, leading to a rapid decline in 
glacier volume.

5. Conclusions

The analysis of the Belvedere Glacier highlights the 
critical role of surface mapping, not only for obtain-
ing numerical data but also in assessing glacier 
morphological evolution. Changes observed in the 

Fig. 8 Fragmentation of the central accumulation basin of the Belvedere Glacier occurred between 2006 (A) and 2015 (B),  
and the detachment of the Locce Glacier from the main body of the Belvedere Glacier occurred between 2018 (C) and 2021 (D).
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glacier surface and frontal dynamics provide valuable 
insights into the broader processes governing ice flow 
and retreat. Between 1951 and 2023, significant mor-
phological transformations occurred, notably the dis-
connection of tributary glaciers (Nordend and Locce), 
which greatly impacted the glacier’s mass flow and 
retreat dynamics.

The mapping approach used in this study, com-
bining orthophotos analysis and manual delineation 
of glacier boundaries, demonstrated both the chal-
lenges and benefits of studying debris-covered gla-
ciers. Although the manual mapping method showed 
acceptable accuracy, the debris cover presented com-
plexities, especially in areas where thick debris layers 
obscured ice boundaries. Despite these challenges, 
the results presented a clear picture of the glacier’s 
evolution, showing periods of stability and retreat, 
with a surge event at the beginning of the 2000s, tem-
porarily affecting glacier dynamics.

The study confirms that the recent retreat rate mir-
rors patterns observed in the early 20th century, indi-
cating a return to high rates of ice loss. The discon-
nection of the tongue from two accumulation basins 
have accelerated retreat and downwasting processes, 
which could lead to a completely new dynamic for the 
glacier, not observed in the past century.

In conclusion, mapping of glacier surfaces, espe-
cially for debris-covered glaciers like the Belvedere, is 
essential for tracking areal changes and understand-
ing the evolving dynamics of ice flow, mass balance 
and the associated geomorphological hazards, espe-
cially link with paraglacial-type processes featuring 
deglaciation stages. As glaciers continue to respond 
to climate change, ongoing monitoring and high-res-
olution mapping will be crucial for predicting future 
trends and mitigating risks.

Data availability

The orthophotos used in this work are available 
through the WMS service of the Ministry of Envi-
ronment and Energy Security (https://gn.mase.gov 
.it/portale/servizio-di-consultazione-wms) and the 
Piedmont Region (https://www.geoportale.piemonte 
.it). The 1951 and 2023 orthophotos and the gla-
cier outlines are available on Zenodo (Brodsky et al. 
2024b; Azzoni et al. 2024).
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ABSTRACT
Understanding of the formation and evolution of supraglacial lakes in high mountain regions is crucial for accurately assessing their 
impact on glacier behaviour, hydrology, and potential hazards such as outburst floods. This article examines the annual spatio-tem-
poral evolution of supraglacial lakes on the Belvedere Glacier between 2000 and 2023. Very high-resolution aerial photography and 
high-resolution satellite imagery were used to identify supraglacial lakes as small as 37 m2 and narrow bands of ice-marginal lakes. 
The mapping revealed that the well-known Lake Effimero is stable in its position but unstable in size, with variations from 428 m2 to 
99.7 × 103 m2. These changes are potentially due to snowmelt or glacier dynamics. In 2002, the area of Effimero was at its largest 
extent observed during the study period. The first appearance of the Lake Effimero was revelated by the Landsat imagery on 27 May 
2001, which differed from the findings of other studies. New lakes were observed to form in a manner independent of Effimero 
formation, exhibiting a consistent annual occurrence with nearly linear area growth up to 9.7 × 103 m2 in 2023. The formation of 
the lakes is shown to be influenced by their morphological characteristics.
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1. Introduction

Spatio-temporal dynamics of supraglacial lakes 
(SGLs) have become a prominent research topic in the 
context of glacier downwasting (Miles et al. 2022) and 
glacial lake outburst floods (GLOFs) (e.g. Kropáček 
et al. 2015; Bollati et al. 2023). The evolution of SGLs 
due to climate warming can result in the transition to 
proglacial lakes, which present a significant threat to 
downstream areas. One such example is the Imja Lake 
in the Eastern Himalayas, where several SGLs were 
gradually transformed into a proglacial lake between 
1976 and 1984 (e.g. Somos-Valenzuela et al. 2014).

Only a few studies analysed the spatio-tempo-
ral dynamics of supraglacial lakes. Wendleder et al. 
(2018) highlight the seasonal formation and evolu-
tion of supraglacial lakes on the Baltoro Glacier using 
multi-sensor time series data. They found that lakes 
generally form in early summer due to increased 
meltwater and precipitation, reaching peak levels 
before gradually draining towards the end of the 
summer. Watson et al. (2016) detect and analyse 
annual dynamics of SGLs in the Khumbu region. A net 
increase in the lake area was observed for six of nine 
studied glaciers between 2000 and 2015. Zeller et al. 
(2024) noted that lake stability varies widely in the 
Khumbu region, with some lakes being ephemeral 
and others persisting over multiple seasons or years.

A review by Baťka (2016) provides a summary 
of the factors involved in the formation and distri-
bution of SGLs. Among the various factors, the first 
most significant is likely the impermeable glacier 
surface, which is determined by the density and frac-
turing of the ice. The critical value is reported to vary 
between 0.8 and 0.83 g/cm³ (Barnola et al. 1991) and  
0.780–0.855 g/cm³ (Gregory et al. 2014). Another 
factor related to permeability is the occurrence of 
crevasses and their frequency.

A second factor is the availability of water. The 
highest position of the zero isotherm during the melt 
season defines the upper maximum level of SGLs 
occurrence (Benn et al. 2012; Sakai 2012). To con-
sider the influence of debris cover, it is necessary to 
acknowledge that a thick cover prevents ice melting, 
and that the lower boundary of occurrence may be 
shifted to higher altitudes (Miles et al. 2017). SGLs 
exert an influence on the melting rates of glaciers. 
For instance, according to Miles et al. (2018; 2020), 
lakes may be responsible for 1/8 of the total ice loss 
observed in the Langtang Valley, Nepal. Furthermore, 
the debris covered Gangotri Glacier experienced twice 
as much thinning between 2000 and 2015 compared 
to neighbouring clean glaciers, due to the high density 
of ice cliffs and SGLs (Bhambri et al. 2023). 

The third factor is the position of the lake in relation 
to the longitudinal valley profile. Most SGLs are formed 
on surface glacier tongues with gradients below 2° 
(Salerno et al. 2012; Reynolds 2000). However, higher 
values (up to 10°) are possible for smaller lakes (see 

Baťka 2016) or lakes which tend to be transient due to 
the opening and closing of crevasses (Reynolds 2000). 
The mechanism of SGL appearance can be an obstruc-
tion of englacial and subglacial conduits (Richardson 
and Reynolds 2000). The material causing the obstruc-
tion can source for instance from debris cover.

The remote sensing-based monitoring of SGLs is 
a commonly employed method for determining the 
location, area, depth, and volume of lakes. A multitude 
of studies have demonstrated the high accuracy of 
SGL detection and tracking (Box and Ski 2007; Liang 
et al. 2012; Dirscherl et al. 2020). The limitations of 
optical data are typically related to spatial resolution 
in relation to the size of SGLs and cloud frequency 
in mountainous regions. Recently, studies have been 
published that also utilise SAR imagery (Schröder 
et al. 2020; Wendleder et al. 2021) to enhance tem-
poral resolution during periods of dense cloud cover. 
Nevertheless, a direct comparison of the accuracy of 
SAR detection with that of optical data has yet to be 
conducted. One limitation of SAR is that the backscat-
ter decreases in summer due to ice melt, which may 
negatively affect the separability of ice and water bod-
ies. Additionally, the aforementioned studies are typi-
cally applied to Greenland, where the size of the SGLs 
is considerably larger, which is conducive to SAR data 
processing (Pope et al. 2016).

In the context of hazard assessment of glacial lakes, 
the volume of the lake is a crucial input parameter 
(Cook and Quincey 2015). The most reliable and, at 
the same time, most costly information on volume is 
based on bathymetry measurements by shipboard 
echo sounding (Gao 2009). A number of empirical 
formulas based on area-volume scaling have been 
proposed to provide an approximate estimate of the 
volume of SGLs (Cook and Quincey 2015; Watson 
et al. 2018). The estimation of volume can be also 
based on optical data and a physical model (Pope et al. 
2016; Williamson et al. 2017). However, the method is 
limited to glaciers without debris cover, as the pres-
ence of suspended particles has a negative effect on 
the retrieval procedure (Brodský et al. 2022) and can 
effectively prevent the estimation of the lake depth.

SGLs are studied in many regions around the world; 
however, there are very few studies that describe this 
type of lake in the Alps. Very few cases of SGLs are 
reported by Viani et al. (2016), who identified them 
only on debris-covered glaciers in the Western Alps 
(Miage, Belvedere, and Schiantala Glacier), and they 
do not exceed 2% of the total number of glacial lakes. 
Buckel et al. (2018) investigated the Austrian glacial 
lakes, but no details are presented on SGLs. More 
recently, Ma et al. (2021) mapped all glacial lakes in 
the Alps using Google Earth Engine (GEE), revealing 
that during the period considered (2000–2019), SGLs 
experienced a 47% increase in area. Certainly, much 
more common in the Alps are glacier-marginal lakes, 
which often pose significant hazards (Diolaiuti et al. 
2006).
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Lake Effimero on the Belvedere Glacier is one of 
the most interesting SGL in terms of origin, evolution, 
and threat to the downstream area. During its brief 
lifespan, a comprehensive civil defence operation was 
initiated, encompassing pumping and the preparation 
of evacuation plans, geophysical and limnological 
measurements, and the mobilisation of the research 
community. The formation of Lake Effimero (Lago 
Effimero in Italian) was associated with a surge-like 
event that occurred primarily between 2001 and 
2002 (Kääb et al. 2005). A 20 m deep ice depression 
had already formed at the lake’s later location in the 
period 1995–1999 (Truffer et al. 2021). The depres-
sion was filled with clear meltwater in summer 2001 
(Mortara and Mercalli 2002; Haeberli et al. 2002). 
During the melt season of 2002, the lake was filled 
with an abundance of meltwater from snow and ice 
due to a heat wave. As the lake level rose at a rate of 
1 m per day (Truffer et al. 2021), it became evident 
that it constituted a significant risk to the down-
stream settlements and infrastructure. The area of 
the Effimero was initially estimated by Haeberli et al. 
(2002) to be 2,500 m2 in 2001 based on ASTER satel-
lite image acquired on 24 August 2001 and a “special 
airphoto” (most likely acquired on 11 October 2001). 
Another measurement using Differential Global Posi-
tioning System (DGPS) was carried out by Tamburini 
and Mortara (2005). They reported a lake area of over 
150,000 m2 on 8 July 2002, just a few days after the 
maximum lake level was reached on 26/27 June 2002 
(Tamburini and Mortara 2005).

 A sudden outburst occurred between 18 and 20 
June 2003, resulting in the development of natural 

englacial and partially supraglacial outflow channels, 
which released 2.3 × 10⁶ m³ of water. Despite the 
large amount of released water, no serious damage 
occurred downstream due to already installed pro-
tection (Tamburini and Mortara 2005). Therefore, 
a better understanding of the interaction between 
SGL-forming factors and glacier dynamics is of utmost 
importance. 

The objective of this study is to analyse the spa-
tio-temporal evolution of SGLs on Belvedere Glacier 
from 2000 to 2023, with a particular focus on the evo-
lution of Effimero Lake. A time series of twenty-four 
years of high-resolution and very high-resolution 
imagery is analysed. The study also aims to deter-
mine whether the dynamic supraglacial lake forma-
tion observed between 2016 and 2023 is a relic of 
Effimero Lake.

2. Study area 

Belvedere Glacier (Fig. 1) is situated on the eastern 
face of Monte Rosa (4634 m a.s.l.), a prominent peak 
in the Western Italian Alps, situated on the border 
between Italy and Switzerland. Fig. 2 illustrates the 
supraglacial lakes as depicted by ground-based and 
unmanned aerial vehicle (UAV) photographs. The gla-
cier is situated in the Anzasca Valley in the Piemon-
te region of Italy, less than two kilometres from the 
front rises the hamlet of Pecetto in the municipali-
ty of Macugnaga. Although the population of Pecet-
to is relatively small, the area is home to numerous 
hotels and service buildings for the existing ski area, 

Fig. 1 Overview of the study area. Belvedere Glacier boundaries (from 2021 data) are reported in light blue. The positions of three SGLs are 
represented (EL = Effimero Lake; 1 = supraglacial lake 1; 2 = supraglacial lake 2). The location of Macugnaga settlement is reported in North 
Eastern sector of the images. Background: 2018 orthophoto (Geoportale Piemonte 2024).
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which occupy the area between the glacier and the 
settlements.

3. Data sources 

In order to analyse the inter-annual dynamics of the 
SGLs between 2000 and 2023, optical imagery with 
different sensors was utilised (Tab. 1). The objective 
was to obtain as many very high and high-resolu-
tion images (around 1 m and 20 m, respectively) as 

possible within the sequence. Images devoid of cloud 
cover were selected, with a particular focus on the ear-
ly summer season. Furthermore, the maximum area 
of the lakes was also considered. The aforementioned 
rules were applied to the RGB aerial images sourced 
from the local agencies and multispectral images 
retrieved from the RapidEye, and PlanetScope archives. 
Furthermore, SPOT (Satellite Pour l’Observation de 
la Terre) images were modified to fill temporal gaps. 

The resulting dataset, which encompasses the 
entire observation period from 2000 to 2023, is 

Fig. 2 Terrestrial photographs of the SGL from the north-east from 11 August 2021 (a), 10 August 2022 (b), 3 August 2023 (c), and UAV image 
from 3 August 2023 (d).

Tab. 1 Temporal and sensor coverage of the imagery used in this study.

Sensor Spectral Bands Spati al 
resoluti on (m) Date

SPOT 4 RGB, NIR 20.0 2000/07/28, 2006/09/01

AEO orthophoto RGB 0.4 2001/10/01, 2002/07/19

SPOT 5 PAN 20.0 2003/08/03

SPOT 5 RGB, NIR 20.0 2004/08/01, 2005/07/20, 2009/09/1

SPOT 2 B, R, NIR 20.0 2007/07/22, 2008/07/15

RapidEye RGB, RE, NIR 5.0 2010/07/03, 2011/07/03, 2012/09/05, 2013/08/20, 2014/09/13, 2015/07/04, 2016/06/20

PlanetScope RGB, NIR 3.0 2017/06/07, 2018/06/14, 2019/06/30, 2020/06/22, 2021/06/06, 2022/05/12, 2023/05/26

Note: AEO = aerial earth observati on images; RGB = red, green, and blue; NIR = near-infrared; PAN = panchromati c; B = blue; R = red; RE = Red-Edge bands
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heterogeneous in nature. It comprises two aerial 
orthophotos, seven RapidEye images, seven Planet-
Scope images (Planet Labs PBC, 2018), and six SPOT 
images. Furthermore, auxiliary data were used for 
visual interpretation guidance consisting of glacier 
outlines (Azzoni et al. 2024, in this issue) and an ele-
vation model with a hill shade product (Geoportale 
Piemonte 2024).

4. Methods

The three principal stages of the data analysis process 
were the data preparation, the SGLs classification, 
and the GIS (Geographic Information System) analy-
sis – the spatio-temporal SGLs evolution experiment, 
and visualisation. The data preparation stage entailed 
the co-registration of images from 2012, 2014, and 
2015, as well as the orthorectification of RGB aerial 
images from 2001 and 2002. The co-registration was 
conducted using a first-order affine transformation 
in the ArcGIS Pro environment (version 3.2.0.), with 
the use of manually identified control points between 
the targeted image and the image from the year 2011. 
The 2009 AEO (Orthophoto from Piemonte Geoportal 
2024) with a resolution of 0.4 m was used as a ref-
erence. Images from 2001 and 2002 were subjected 
to orthorectification in the Agisoft environment (ver-
sion 1.7.5) utilising aerial survey photographs and 
manually selected ground control points (GCP).

The SGLs on the Belvedere Glacier were visually 
interpreted and digitised manually on twenty-four 
occasions (Tab. 1). This technique was selected for 
a number of reasons. Firstly, the number of lakes 
to be classified is limited. Secondly, the input imag-
es are highly heterogeneous in the sense of spectral 
(sensors) resolution, but also spatial and acquisition 
dates during the melt season. Thirdly, the automated 
model would require a minimal amount of training 
data, which could roughly equal the number of moni-
tored years. A computer-assisted photointerpretation 
(CAPI) process was conducted in a timely manner, 
based on general land cover classification rules (e.g. 
Büttner and Kosztra 2017). Given the varying spatial 
resolution of the input images, it was not possible to 
set a minimal mapping unit. The smallest identified 
and digitised pond had a surface area of 37 m2. The 
lake boundaries were delineated to encompass only 
the water area, excluding the visible ice cliffs (Fig. 2) 
and potential ice islands, given that it was not possi-
ble to ascertain from the images whether these are 
merely floating ice floes (Fig. 2) or complex glacier 
ice structures. The impact of seasonal fluctuations 
was not considered, as only one image per year was 
analysed.

In the case of the 2003 panchromatic image, the 
position and shape of the lake had already been 
checked in the years before and after this year. In this 
case, however, since 2002 was identified as the peak 

area of Lake Effimero, only 2004 was found to be use-
ful for understanding the spatio-temporal context of 
the image. Subsequently, temporal dependency logic 
was employed to verify the evolution of the manually 
edited lakes’ boundaries. This entailed an examina-
tion of the sequence preceding and following the year 
when the edits were made. In other words, the clas-
sification procedure was not temporally independ-
ent. Temporal dependence in image analysis refers 
to the necessity of utilising multiple images acquired 
over time to comprehend the changes and dynamics 
observed in the appearance of the lake as it moves 
on the glacier at a speed comparable to that of the 
glacier itself, while also undergoing a change in size. 
This dependence on temporal information is of para-
mount importance for the monitoring and analysis of 
this dynamic phenomenon. See for instance Lhermitte 
et al. (2011) providing a quantitative evaluation of the 
time series similarity measures for the change detec-
tion ecosystem dynamics. The spatial pattern, size, 
and position of the SLGs are all subject to change over 
time. The methodological verification process was 
then applied to the entire time series, which enabled 
us to gain insight into the evolution of the lakes over 
the past twenty-four years. The reported areas repre-
sent the intersection of the two edited polygons.

Furthermore, the Jaccard score (NOAA 2024), also 
known as the Jaccard similarity coefficient, a statis-
tic used for quantifying the similarity and diversity of 
sample sets, was employed to assess the accuracy of 
the SGLs editing.

𝐽𝐽(𝐴𝐴, 𝐵𝐵) =  |𝐴𝐴∩𝐵𝐵|
|𝐴𝐴∪𝐵𝐵|

where the sets of edited polygons of the SGLs, desig-
nated as A and B as produced by different indepen-
dent interpreters, respectively, are the subject of this 
study. The Jaccard score is a measure of similarity for 
the pairwise comparison of two spatial segments. 
Furthermore, it is assumed that the pixel size of the 
edited polygons is uncertain by 0.5 pixels. To account 
for the uncertainty associated with the spatial reso-
lution of the images, the buffer zone was calculated 
to be 0.5 pixels in size. The validated SGL polygons 
were subjected to GIS analysis in the spatio-temporal 
SGL evolution experiment. The experiment includ-
ed several standard vector/raster analyses to assess 
the density of SGLs over the monitored period, their 
changing spatial positions over time, their area and 
slope within the glacier system. 

Lakes classification in this study: 
Effimero Lake is a notable SGL that formed on the 

upper part of the ablation area of the Belvedere 
Glacier. The name “Effimero” translates to “ephem-
eral” in Italian, reflecting the transient nature of 
the lake, which can form and disappear within 
a single melt season.
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Supraglacial lakes at sites 1 and 2 are those that 
consistently appear on the Belvedere Glacier 
between the Nordend Glacier entrance position 
and the lateral moraine breach near the Zamboni 
Zappa hut since 2012.

Other small supraglacial lakes are smaller lakes 
that abruptly appear around the two main distinct 
SGL locations, with an area ranging from 37 to  
500 m2.

Ice-marginal lakes (IML) are defined as bodies of 
water that form adjacent to a glacier. These lakes 
are distinct from the SGLs, which form on the sur-
face of glaciers, and the subglacial lakes, which 
form beneath glaciers.

Additionally, a DEM-derived Topographic Wetness 
Index (TWI) (Boehner et al. 2002; Boehner and Selige 
2006) was calculated to gain insight into the potential 
areas of lake formation. The TWI was derived utilising 
the SAGA GIS tool, namely the Topographic Wetness 
Index (One Step) (Conrad et al. 2015), to assess the 
topographic inclination for supraglacial water accu-
mulation. The 1951, 2009, and 2023 digital surface 
models (DSM) were used to run the TWI and lon-
gitudinal profile analysis. The 2009 DSM from the 
Piemonte Geoportale (2024) was used in the study, 
while the 1951 and 2023 DSMs were processed in the 
study by Brodský et al. (2024, in this issue). A longi-
tudinal profile of the glacier was constructed for the 
three specified periods. The accompanying slopes 
were calculated based on the convex hull of the ele-
vation profile (i.e., the surface shape with the small-
est convex envelope) due to the high variability of the 
slopes in the original DSM spatial sampling, as well as 
in the 5 m resolution.

Furthermore, the volume of the supraglacial lake 
site 1 was quantified in situ on 2 August 2023. A hand-
held sonar LX-i from MarCum Technologies was used 
in conjunction with GPS measurements, which were 
made using a GPSMAP device from Garmin. The 
sonar enables one-handed measurements through 
the boat’s hull or directly in the water adjacent to it, 

with a maximum reach of 91 m and an accuracy of 
±0.9 m (MarCum Technologies technical documen-
tation). The measurement beam is defined by a cone 
angle of 12°. A total of 33 depth measurements were 
taken from the deck of a small inflatable canoe. Sub-
sequently, the individual readings from each device 
were integrated in the post-processing phase. The cal-
culated depth was then compared with volume esti-
mates derived from empirical area-volume formula 
developed for SGLs by Watson et al. (2018), based on 
Cook and Quincey (2015), but using a larger dataset 
on lakes:

V = 0.1535 × A1.39,

where V is the volume and A is the area of the lake. 

5. Results

Although the spectral, spatial, and radiometric reso-
lution of the acquired 24 images varies considerably, 
it was possible to detect and map the lakes, as they 
are mostly spectrally distinct from their surrounding 
glacier surface. The only challenge for the CAPI was 
posed by the panchromatic image that was avail-
able in 2003. In the spatio-temporal SGLs evolution 
experiment, a quantitative analysis was conducted to 
assess the consistency of the lake boundaries, which 
had been edited by two independent interpreters. The 
twenty-three-year validation is presented in Fig. 3. 
The Jaccard score, as defined by the equation 1, indi-
cates a high degree of consistency in the cross-com-
parison of the two independent interpreters. The 
local database of spatio-temporal SGL evolution is 
then used in the subsequent quantitative analysis. 

The evolution of the lake between 2000 and 
2023 demonstrates the high variability of the SGLs 
(Fig. 4). The largest SGL is Effimero, which reached 
a maximum size of 15.6 × 103 m2 at an elevation of 
2107 m a.s.l. after the 2001 surge event. In 2002, 
the lake reached its maximum size of 99.7 × 103 m2.  

Fig. 3 Validation Jaccard’s 
scores of the SGLs 
delineation.
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In 2003, the same supraglacial depression was refil-
led with water, but it reached a much smaller area 
of 7.7 × 103 m2 compared to the previous year.

In 2012 lakes sites 1 and 2 appeared and steadi-
ly grew, reaching their maximum area of 9718 m2 in 
2023. Furthermore, ice marginal lakes are particular-
ly prevalent along the right margin of the central part 
of the glacier. The dimensions of IML exhibit a con-
siderable range, spanning from 349 to 9.7 × 103 m2. 
Fig. 4 presents the number and size of occurrences of 
lakes in the multi-annual stack of all edited vectors. It 
is evident that there are two fundamental locations 
(1 and 2) predisposed for SGLs formation.

The temporal evolution of the position of Effime-
ro Lake and supraglacial lake sites 1 and 2 from 
2001–2023 and 2012–2023, respectively, is illustrat-
ed in a series of vectors representing annual maxi-
mum extent (Fig. 5 and Fig. 6). The SGLs are depicted 
as redrawn polygons, which indicate their movement 
with the glacier. The temporal evolution of SGLs 
encompasses a series of stages, from their formation 
to potential drainage or disappearance. The seasonal 
changes are not captured in this study, as only year-
ly data are used. Nevertheless, the analysis demon-
strates the evolution of SGL and IML over a period of 
23 years.

Fig. 4 Number of appearances of SGL in the annual ti me series 
of the mapped SGLs for the period 2000–2023 (stack of vectors), 
Background: orthophoto 2009 (Geoportale Piedmont 2009).

Fig. 5 The evoluti on of Lake Effi  mero between 2001 and 2023 is grouped into 4-year periods. For clarity, they are shown 
in separate sub-images. Background: orthophoto 2002 (orthorecti fi ed by the authors, data: CGR S.p.A.).
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Lake Effimero exhibited a displacement of approx-
imately 400 m over a period of 22 years. The suprag-
lacial lakes at sites 1 and 2 exhibited a displacement 
of approximately 300 m over a period of 11 years. 
The study captures the formation and initial stages 
of both the Effimero and supraglacial lakes 1 and 2. 
The location of Effimero Lake appearance is clearly 
disconnected from the new formations at site 1 and 2 
(Fig. 4) and the new SGLs formed between 2016 and 
2023 are no relics of Effimero Lake. 

The spatio-temporal evolution of the lakes is pre-
sented in Fig. 7, divided according to the classification 
introduced in the methods section. The area of Effime-
ro 2002 (99.7 × 103 m2) represents the largest extent 
observed during the study period. The area of Effime-
ro exhibited a high degree of fluctuation. It appears 
to have disappeared by 2015, but then the basin of 

Effimero was refilled with water, particularly at the 
beginning of the summer season (June). This refilling 
occurred again in 2016, 2017, 2022 and 2023. There 
was no water in the Effimero between 2018 and 2020 
(Fig. 5).

In addition to the analysis of the spatio-temporal 
dynamics of the supraglacial lakes in a set of static 
maps (and animation in the appendix), we plot the lon-
gitudinal profile of the digital surface models (DSMs) 
from 1951, 2009 and 2023 DSMs to identify potential 
locations of SGLs, see Fig. 9 for the position of the pro-
file and Fig. 10 the plotted elevation data. 

The upper part of the longitudinal profile offers 
suitable positions for the development of the SGLs 
(distance 2000–3000 m), which exhibits an inclination 
of 0.6° in 2009 and 3.0° in 2023 (Fig. 10), while 4.2° in 
1951. This part also exhibits considerable variability 

Fig. 6 Evoluti on of Supraglacial lakes site 1 and 2 in the period 2012–2023. Lake outlines per year in two 6-years periods over 2023 
PlanetScope image (False colours combinati on: NIR, Red, Green). Image © 2023 Planet Labs PBC.

Fig. 7 Belvedere’s SGLs area evoluti on, in m2, in the period 
2000–2023 per locati on.

Fig. 8 Supraglacial lake site 1 and 2 temporal evoluti on in the period 
2012–2023 and 95% confi dence and predicti on intervals of the 
linear model.
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in slope inclination. The central portion (distance  
1000–2000 m) and the lower portion (0–1000 m) of 
the glacier, where no SGLs can be observed, the incli-
nation amounts around 6° and 10°, respectively, which 
is not well suitable for the lakes formation. 

The potential locations of SGLs on Belvedere Gla-
cier are then examined using the TWI (Fig. 11). The 
formation of SGL is contingent upon the presence of 
suitable climatic and topographic conditions, which 
are particularly prevalent in specific regions of gla-
ciers. The TWI illustrates the potential for water 
accumulation zones and their spatial variations due to 
morphometric features. To facilitate a comparison of 
the evolution of the glacier’s morphometric features, 
the series of relative TWI values has been adjusted for 
the years 1951, 2009 and 2023. The high TWI values 
in the 2009 and 2023 TWI maps (approximately 20) 
correspond to the position of Effimero Lake, the lake 
sites 1 and 2 and the IMLs in the south-eastern glacier 
margin (Fig. 11).

The initial appearance of Lake Effimero is now 
dated to 27 May 2001 based on a sequence of Land-
sat 7 imagery captured between spring and autumn 
of 2001 (Fig. 12). It is evident that the lake area was 
significantly larger in the second half of June than in 
September or October. The intra-annual sequence of 
images indicates that the lake was formed during the 
May 2001 melt season. The first three images (27 May, 
5 June and 12 June) demonstrate the presence of 
melting snow up to the residual snow observed on 
21 June 2021.

Furthermore, the depth of the lake at site 1 was 
measured in situ with a bathymetric instrument to 
compare the volume of new lake formation with 
Effimero 2002. Of the 33 depth measurements, only 
ten had a valid GPS position; while the GPS position 
remained unchanged for the remaining points, that 
was not observed during the campaign. This phenom-
enon occured primarily in points situated near the 
shoreline. It is postulated that this may have been due 
to reflections of the GPS signal on the steep shorelines, 
which in some instances were formed by vertical ice 
cliffs several metres in height. The ten valid points 
could not be used to interpolate the bathymetry of 

Fig. 9 Map of Belvedere glacier with longitudinal profile, 
background: hill shade 2009 DSM, glacier boundary  
(Azzoni et al. 2024, in this issue).

Fig. 10 Longitudinal profile and mean slope within the convex hull segments (horizontal lines) of Belvedere Glacier in 1951, 2009, 2023  
(input data Brodsky et al. 2024 – in review). 
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Fig. 12 Supraglacial lake formati on in the Effi  mero Lake locati on in the year 2001. The snow appears in magenta 
colour and the lake in black in the false-colour synthesis. Image source: Landsat 7, Bands: NIR-SWIR-RED 
(Near-InfraRed, Short-Wave InfraRed, Red).

Fig. 11 Topographic 
Wetness Index 
variati on among 
the years 1951, 2009 
and 2023. 
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the entire lake, as they are concentrated around the 
centre, leaving the remainder without depth infor-
mation. Consequently, all 33 depth measurements 
were employed to calculate the mean depth, which 
was multiplied by the lake area derived from the 
2023 orthophoto, to provide an estimate of the lake 
volume.

The lake area was quantified by vectorising the 
lake shore in the 2023 orthoimage. As the lake area 
was calculated using very-high-resolution data, the 
error in calculating the volume is not considered. The 
mean lake depth is 9.8 m. As the lake depths do not 
follow a normal distribution, the volume error was 
derived using the Monte Carlo method, as described 
by Watson et al. (2018). A Monte Carlo simulation 
of 1,000 lake depth scenarios yielded a standard 
error of the mean depth of 1.4 m. The error in vol-
ume was then calculated by multiplying the area by 
the error in depth, resulting in a volume estimate of  
50.6 ± 7.2 × 10³ m³. For comparison, the volume 
of the supraglacial lake was estimated using the 
empirical formula (Watson et al. 2018; Cook and 
Quincey 2015). The resulting volume was found to be  
22.3 × 10³ m³, which is less than half of the volume 
calculated based on the depth measurements. This 
suggests that the lake is considerably deeper than is 
typical for SGLs. 

5. Discussion

The spatio-temporal evolution of supraglacial lakes 
on Belvedere Glacier is studied on an annual basis for 
the period 2000 to 2023. This is achieved primarily 
through the utilisation of very high and high-reso-
lution satellite and AEO imagery. The high spatial 
resolution allows the detection of lakes as small as 
37 m2, small strips of ice-marginal lakes with widths 
of 1–2 m, the delineation of lake boundaries in high 
detail, and the investigation of the spatio-temporal 
evolution of the lakes. Analyses of this nature are not 
feasible with pure Landsat images, which have a pix-
el size of 30 m (a minimal mapping unit of 3600 m2, 
assuming that four pixels are required to map an 
object of a lake). Kaushik et al. (2022), Hu et al. 
(2024), Ma et al. (2021), and Sharma et al. (2024) 
employed automated mapping and inventory of gla-
cial lakes across the globe using high-resolution imag-
es, such as Landsat. The spatial resolution of Landsat 
represents a limit to the minimal mapping unit. How-
ever, the principal advantage of such data sets is their 
multi-decadal temporal coverage, which offers con-
siderable potential for linking the detected changes 
to climate-induced glacier variations.

The quantitative results of the mapping validation 
indicate that there were no significant discrepancies 
between the two interpreters in their visual interpre-
tation and manual editing of the lake boundary. The 
mean Jaccard score was 0.83, with a minimum of 0.75 

and a maximum score of 0.92. Given the disparate 
nature of the sensors in the study, the spectral res-
olution varies considerably, encompassing panchro-
matic, multispectral, and true-colour RGB images, it 
was proved that the spectral resolution does not pres-
ent a significant obstacle to the identification of the 
supraglacial lakes.

The secondary objective of the quantitative anal-
ysis was to provide a foundation for future evalu-
ations of automated algorithms, specifically deep 
learning segmentation with Convolutional Neural 
Networks (CNN). The Jaccard score metric is a com-
monly used metric for the comparison of two or more 
image segmentations. The Jaccard score achieved in 
our study can be compared to the study by Wu et al. 
(2018). They evaluated the semantic segmenta-
tion of very-high-resolution remote sensing images 
using a fully convolutional network with an adap-
tive threshold for the number of land cover classes, 
including standing water. The Jaccard scores for the 
water varied between 0.71 and 0.83. In a study by Liu 
et al. (2022), a dense block was introduced into a con-
volutional neural network (CNN) architecture for the 
purpose of water body segmentation. The results 
exhibited a range of values between 0.72 and 0.76. 
Consequently, even minor discrepancies between 
two spatial delineations are penalised in the score, in 
contrast to the approach employed in classical remote 
sensing, where overall accuracy or F1-score is calcu-
lated based on e.g. random or stratified samples.

The annual evolution of supraglacial lakes on the 
Belvedere Glacier was studied, providing insights into 
their dynamics, possible formations, and implications 
for glacial processes. The first discovery of Effimero 
Lake on Belvedere Glacier was made by scientists 
engaged in monitoring the glacier. In 2002, Haeber-
li et al. employed ASTER satellite imagery and aerial 
photography to discern the emergence of a sizable 
supraglacial lake. This observation was made in the 
autumn of 2001. Fischer et al. (2006) propose that 
the formation of Lake Effimero was the consequence 
of elevated englacial water pressure or other pro-
cesses associated with surge-like movement. The 
first appearance of the lake was dated by Fischer 
et al. (2006) to September 2001. However, our study 
proved that the first appearance of Lake Effimero 
occurred on 27 May 2001. 

Also, the initial area of the Effimero Lake estimated 
by Haeberli et al. (2002) amounted to 2500 m2 in the 
year 2001 and increased to 150,000 m2 in June 2002 
(Tamburini and Mortara 2005). Our results indicate 
that the maximum area of Effimero Lake fluctuated 
between 15,661 m2 in October 2001, 99,700 m2 in 
July 2002, and 7734 m2 in August 2003, based on AEO 
orthophotos and SPOT 5 imagery. The highest level of 
the Effimero area was recorded in 2002. 

The area of the SGLs at sites 1 and 2 fluctuate 
due to the availability of surface meltwater as also 
observed for SGLs in the Himalayan and Karakoram 



Interannual spatio-temporal evolution of the supraglacial lakes 225

region (Wendleder et al. 2021; Zeller et al. 2024). 
However, both sites are characterised by an almost 
linear increase. 

The location of the lakes is situated in the area of 
the highest glacier velocity (approximately 20 m yr−1), 
as presented in Ioli et al. (2022), which was measured 
between 2015 and 2020. It is challenging to assess the 
glacier velocity flow at the location of Lake Effimero, 
as it is situated at the periphery of the data presented 
in Ioli et al. (2022). 

However, the shift in position of Effimero Lake 
with approximately 400 m over a period of 22 years 
is less pronounced than that observed at Lake site 1 
and 2 which amounted to 300 m over a period of 
11 years. Thus, it can be assumed that the position of 
the Effimero Lake is more stable due to its location in 
a flatter area of the glacier, as evidenced by the slope 
profile (Fig. 10). This can be attributed to the lower 
slope angle (< 3°) in the upper part of the glacier. This 
is consistent with the findings of Reynolds (2000), 
who suggested that lakes can occur in slopes up to 
10°. Salerno et al. (2012) established a threshold for 
the glacier tongue gradient of less than 2°.

The spatio-temporal analysis of the images also 
serves to reinforce the distinctive process of the Bel-
vedere Glacier in relation to the presence and dynam-
ics of SGLs. The documented cases of SGLs in the Alps 
are extremely rare (Viani et al. 2016), and none of 
them exhibit the scientific significance or relevance 
to risk prevention that those on the Belvedere Glacier 
do. The Belvedere Glacier is further distinguished by 
its status as one of the few debris-covered glaciers 
in the Alps, along with the Miage Glacier. However, 
detailed descriptions of the evolution of SGLs on the 
Miage Glacier are lacking, except for the ice-contact 
lake (Diolaiuti et al. 2006). Consequently, the dynam-
ics of the supraglacial lakes on the Belvedere Glacier 
are more akin to those observed on large debris-cov-
ered glaciers in the Karakoram and Himalaya regions. 
The increase in supraglacial debris cover resulting 
from glacier collapse (Azzoni et al. 2018), coupled 
with the rise in the number of glacial lakes sensu latu, 
may lead to a future increase in supraglacial lakes on 
other Alpine glacier systems. This trend may have sig-
nificant implications for risk management, especially 
as the lakes on the Belvedere Glacier are in avalanche 
and rockfall prone areas.

The present study shows annual observations of 
SGLs. While these observations provide valuable data, 
they are not without limitations. The annual obser-
vations may fail to identify seasonal critical changes, 
which could result in the generation of incomplete 
insights into the dynamics of the lakes (Zeller et al. 
2024), such as rapid drainage or refilling events. The 
increase in temporal resolution can be addressed by 
utilising a full time series of Landsat, SPOT, and Senti-
nel-2, PlanetScope imagery. Such comprehensive time 
series could be employed to investigate the relation-
ship between lake evolution and inter-annual climate 

variability, as well as the processes of formation and 
behaviour from one year to the next as conducted 
for the Khumbu Himal (Zeller et al. 2024) or Baltoro 
Glacier (Wendleder et al. 2021). Furthermore, the uti-
lisation of full time series would permit the analysis 
of melting processes, the potential integration with 
hydrological data and glaciological models, and the 
generation of new insights. Furthermore, risk man-
agement, in particular regarding potential GLOFs such 
as in 2003 (Tamburini and Mortara 2005), necessi-
tates continuous and more frequent monitoring.

Nevertheless, an analysis of the full time series 
would result in a loss of spatial detail, from the  
0.5 and 3.0 m analysis currently used to a spatial res-
olution of 10 and 30 m. Consequently, the analysis 
would fail to encompass 107 out of 126 lakes (85%). 
This loss would represent 26% of the lakes total area. 
Such a request presents a challenge in the analysis of 
high temporal resolution and integrated multi-source 
data. One may consider multimodal deep learning 
models (e.g., Benedetti et al. 2018) or spectral unmix-
ing models (Racovitenau et al. 2021). The objective of 
this study was to analyse the interannual spatio-tem-
poral evolution, utilising the highest spatial resolution 
of the input images to the greatest extent possible. 
This study presents, for the first time, the long-term 
spatial evolution of the supraglacial lakes on the Bel-
vedere Glacier. To date, only a few studies have pre-
sented data on the lakes in a context spanning one or 
two years. 

In addition to the spatio-temporal monitoring of 
the SGL dynamics, the depth of the lake at location 1 
was measured in the summer of 2023 in order to cal-
culate the volume of the lake. The calculated volume 
of the new formation based on bathymetric meas-
urements in August 2023 was 50.6 ± 7.2 × 10³ m³, 
while the Watson et al. (2018) formula yielded  
22.3 × 10³ m³, representing an underestimate of 
56 %. In contrast, Lake Effimero reached its maximum 
extent of 99.7 × 10³ m³ (our result) and volume of  
3 × 10⁶ m³ (Tamburini and Mortara 2003) at the end 
of June 2002. The corresponding volume resulting 
from the empirical formula of Watson et al. (2018) 
is 1.2 × 10⁶ m³, which represents a similar under-
estimate of 60%. This indicates that both lakes have 
a comparable area to volume ratio, although both 
emerge from different origins. Ranzi et al. (2004) 
constructed a model of Lake Effimero, which they 
commenced on 1 April 2003 and continued until 
its sudden emptying on 18 June 2003. The vol-
ume of the lake was estimated to be approximately  
2.7 × 10⁶ m³. The sudden release of water was attrib-
uted to the formation of a subglacial channel system 
on the north side of the lake. For the period between 
1 April and 30 June 2002, the simulated cumulative 
inflow is 3.4 × 10⁶ m³, a value that is also consistent 
with the estimates of the civil protection authorities, 
who at that time initiated the artificial emptying of 
the lake through pumping stations.



226 Lukáš Brodský et al.

6. Conclusion and future work

Understanding the formation and evolution of SGLs 
in high mountain regions is critical for assessing their 
impact on glacier behaviour, hydrology, and poten-
tial hazards such as GLOFs. This study examines the 
spatio-temporal evolution of SGLs on Belvedere Gla-
cier on an annual basis for the period 2000 to 2023 
using very-high-resolution AEO and satellite imagery, 
amended with several SPOT images. Such a dataset 
allowed the detection and monitoring of small SGLs 
and strips of ice-marginal lakes, their temporal evolu-
tion, their formation, and expansion

The spatio-temporal mapping of the lakes showed 
that Effimero can be assumed more stable in its the 
position but unstable in size, with anomalies possi-
bly due to snowmelt or glacier changes (avalanches). 
The link to the snowmelt mechanism shall be demon-
strated in a future study using time series of satellite 
imagery together with a climatic dataset. 

The newly formed lakes at sites 1 and 2 are smaller, 
flow faster with the glacier, are more stable in their 
annual occurrence, and increase steadily (almost lin-
early) in size. They were formed independently of 
Effimero, as shown by the sequence of longitudinal 
profiles and the sequence of boundary mapping. The 
main factor in the formation of the lakes is the mor-
phological feature documented by the TWI maps. The 
intra-annual variability of the lakes remains undis-
covered in the study. Both Effimero and Lakes 1 and 
2 correspond to the theoretically expected locations 
supported by the TWI maps, although the slope values 
are slightly higher in 2023. 

Overall, the inter-annual evolution of supragla-
cial lakes on Belvedere Glacier highlights the impor-
tance of ongoing research and monitoring to better 
understand these processes and their implications. 
In future work, manual editing of lake boundaries 
shall be replaced by automatic semantic segmenta-
tion after image radiometric harmonisation using full 
time series of remote sensing imagery to also capture 
intra-annual snow variations and snowmelt rates. 
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ABSTRACT
The equilibrium line altitude (ELA) is an immediate indicator of the mass balance of glaciers. The evolution of the ELA of four major 
glaciers in the Monte Rosa (European Alps) massif was investigated in this study. We used Sentinel-2 satellite images to derive the 
end-of-summer snowline altitude (SLA) as an approximation of ELA considering the fluctuations in the snowline at the end of the 
ablation season (from August to mid-October in 2016–2023). SLA was estimated as a percentile of the histogram of the DEM of each 
glacier with the applied snow-mask, based on the normalised difference snow index (NDSI). ELA was determined as the maximum 
snowline elevation reached in the season. We found the mean ELA for the studied period as 3560, 3230, 3430 and 3570 m above 
the sea level for Gornergletscher, Belvedere Glacier, Grenzgletscher, and Lys Glacier respectively. These differences are likely due to 
the variation in slope orientation and amount of snow accumulation. An increase in ELA was found for all the glaciers in the studied 
period amounting to 22.7, 8.3, 33.1 and 27.0 m/y respectively. The pattern of temporal behaviour was similar for all the glaciers, 
although we expected a different behaviour of the Belvedere Glacier, which is characterized by various local effects, such as frequent 
avalanching and rough topography.

KEYWORDS
snowline; equilibrium line altitude; Monte Rosa massif; mountain glaciers; cryosphere

Received: 23 February 2024
Accepted: 10 October 2024
Published online: 27 November 2024



230 Jan Kropáček, Pragya Mehrishi

1. Introduction

In recent decades, mountain glaciers have been sig-
nificantly losing volume on a global scale (e.g. Hugon-
net et al. 2021; Brun et al. 2017; Neckel et al. 2014). 
One of the effective ways to quantify the response of 
glaciers to the changing climate is equilibrium line 
altitude (ELA) as it is a direct, undelayed response 
(Zemp et al. 2007; Žebre et al. 2021) compared to the 
retreat of terminus which provides a delayed signal, 
especially in the case of debris-covered glaciers such 
as Belvedere (Zemp et al. 2007). ELA is widely used 
in paleoclimatic reconstructions (Benn and Lehmkuhl 
2000; Kerschner and Ivy-Ochs 2008; Spagnolo et al. 
2019; Lukas and Bradwell 2010). In general, an equi-
librium line is a position on the glacier in which the 
ablation is equal to the accumulation over a period of 
one year (Benn and Lehmkuhl 2000).

Its position is climate-driven, especially by tem-
perature and precipitation (Benn and Lehmkuhl 
2000). The interannual changes in ELA are mostly 
influenced by the summer temperature and anoma-
lies in winter accumulation (Rabatel et al. 2013; Six 
and Vincent 2014). Monitoring of fluctuations in ELA 
over a long period can be thus used as an indicator of 
the regional-scale impact of climate change (Racovi-
teanu et al. 2019).

ELA in the Alps has undergone significant changes 
since the Little Ice Age (LIA). The mean vertical shift 
of ELA in the Swiss Alps since the LIA (in the period 
1890–1973) was +90 m (Maisch 2000), which cor-
responds to its mean rise of 0.6 m/y. An increase in 
ELA in the western Alps by about 170 m in the peri-
od 1984–2010 was reported by Rabatel et al. (2013) 
based on remote sensing measurements on 43 gla-
ciers, which is on average, 6.5 m/y. Based on a mod-
elling effort relying on an approximation of the P/T 
relationship by a quadratic function, an increase in 
the ELA of the Alps by 114 m in the period 1971–2000 
was determined by Žebre et al. (2021) which corre-
sponds to an average rise of 3.8 m/y.

However, ELA is also influenced by local factors 
such as snow accumulation on convex surfaces, wind 
accumulation, topographic shading and debris cover 
(Benn and Lehmkuhl 2000). Furthermore, the posi-
tion and evolution of ELA of an individual glacier 
are modulated by shading, avalanching and snow-
drift (Securo et al. 2024). To reflect these effects, the 
term ‘effective ELA’ is used for single glaciers while 
the ‘environmental ELA’ is the ELA cleaned off of the 
local effects. Environmental ELA is defined as the 
regional altitude of zero mass balance averaged over 
a long period and can be used to characterise a region 
(Žebre et al. 2021). Effective ELA on a small glacier 
can be shifted hundreds of metres lower compared to 
the regional environmental ELA (Securo et al. 2024). 
Snow line rises in years of high snow accumulation or 
little snow melt, and can reach the topmost parts of 
glaciers in the years with exceptionally hot summers 

(Østrem 1975) as it happened at Monte Rosa for 
instance in summer 2023 (Bloomberg 2023). 

The distribution of snow on glaciers attracted 
attention at the early stages of glacier research. The 
idea that snow accumulation equals ablation at the 
firn line dates to the 19th century and has evolved into 
the modern concept of the equilibrium line altitude 
(ELA) in glaciology (Zeller 1893; Hoinkes 1970). Early 
methods for estimating the firn line laid the ground-
work for understanding glacier dynamics, with pio-
neers like Richter (1885) and Brückner (1886) pro-
posing accumulation-area ratios that are still relevant 
today (Meier 1962; Gross et al. 1977; Braithwaite and 
Raper 2009). Relationships between precipitation, 
temperature, and ELA have been established (Ahl-
mann 1924; Loewe 1971; Braithwaite 1985; Pellite-
ro et al. 2015), enabling the estimation of ELA with 
known meteorological parameters. With the advent of 
satellite data, methods for computing glacier volume 
changes and ELA shifts have advanced (Echelmeyer 
et al. 1996; Berthier et al. 2004; Gardelle et al. 2012; 
Rabatel et al. 2005, 2008, 2012a).

The ELA can be approximated by end-of-summer 
snow line altitude (SLA), facilitating long-term recon-
structions (Lliboutry 1965; Rabatel et al. 2005; Barca-
za et al. 2009). SLA can be identified on remote sens-
ing images as the lower limit of last winter’s snow 
(Østrem 1975). The end-of-summer SLA and can be 
derived from multispectral satellite images in com-
bination with a digital elevation model (DEM) with 
a high accuracy compared to ground measurements 
and it can also be derived on the glaciers with no 
ground data (Rabatel et al. 2005).

The major challenges are to distinguish between 
snow cover, exposed ice and clouds to convert the 
often curvy and insular snow limit to a single eleva-
tion and to account for the changing glacier surface 
elevation while using a DEM. Various approaches 
have been developed in recent decades but no stan-
dardised solution has been accepted yet (Racoviteanu 
et al. 2019).

Rabatel (2005, 2008, 2012) identified snow line 
manually in an RGB synthesis and advocated using the 
central part of the glacier for the estimation of ELA 
to avoid the effects of shadowing, additional snow 
inputs by avalanches and snow drift. Rastner et al. 
(2019) used Otsu thresholding of Landsat’s near-in-
frared band for snow on glacier mapping and bins in 
the histogram of altitude with >50% of snow cover as 
an estimate of SLA. Racoviteanu et al. (2019) devel-
oped an automated approach based on band ratios 
using Landsat imagery and SRTM DEM. Loibl et al. 
(2022) mapped ELA from Landsat data for the entire 
High Asia for the period 1986–2021 using three spec-
tral indices including the NDSI and median of the two 
lowest altitude range percentiles of the snow-covered 
part of the glaciers.

The methods of ELA derivation including distrib-
uted mass balance modelling and remote sensing, 
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allow for comprehensive studies of the climate-gla-
cier relationship at various spatial scales (Demuth 
and Pietroniro 1999; Mathieu et al. 2009; Rabatel 
et al. 2013). Glaciers of Monte Rosa massif represent 
various settings in terms of orientation, longitudinal 
profile, type of feeding mechanisms and ice thermal 
state. Thus, they provide an opportunity to study the 
glacier-climate interactions at a detailed scale.

The objective of this study is to derive the recent 
changes in the ELA of four glaciers in the Monte Rosa 
massif. A further objective is to compare the trends of 
ELA for the four glaciers and to understand whether 
the Belvedere glacier has anomalous behaviour due to 
its distinctly different properties.

2. Study area

Monte Rosa is a highly glaciated mountain massif in 
the Western (Pennine) Alps. Its glaciation has been 
studied by scientists and explorers since the end 
of the 18th century. Monte Rosa massif formed as 
a nappe, is composed of high-pressure metamorphic 
gneiss (Froitzheim 2001). Its summits exceed 4000 m 
a.s.l. and the ice plateaus at Colle Gnifetti and Colle de 
Lys were used for the drilling of ice cores which prob-
ably cover the longest records in the Alps (Smiraglia 
et al. 2000).

There are four major glaciers at the Monte Rosa 
massif (Fig. 1). Gornergletscher is oriented towards 
the west and drains to the Matter Valley in Valais Can-
ton, Switzerland. According to the Randolph Glacier 
Inventory (RGI) (RGI 7.0 Consortium 2023), it encom-
passes several glaciers, from which some have already 
detached such as Theodulgletscher, Breithornglet-
scher and Schwärzegletscher. As we are interested in 
the variation of ELA in the area, we treated detached 
glaciers separately (Fig. 1). The main trunk is actual-
ly formed by Grenzgletscher from which Gornerglet-
scher has detached recently (Rettig et al. 2023). An 
ephemeral lake developed at the place of the former 
confluence of the glaciers in the spring of 2022 (Pan-
dey and Kropáček 2023). Gornergletscher was one of 
the focused glaciers by a mass balance study based 
on time-lapse photography by Huss et al. (2013). 
Grenzgletscher is a polythermal glacier with typical 
persistent meltwater streams, in which the cold ice is 
located along the central flowline (Ryser et al. 2013). 
The former tributary glaciers including Gornerglet-
scher are dominated by temperate ice. Before 2011, 
Gorner Lake periodically appeared at the ice margin 
on the confluence of Gornergletscher and Grenzglet-
scher and drained sub-glacially later in the season 
(Huss et al. 2007).

Lys Glacier is located on the Italian side of the 
massif; it is oriented to the south and drains towards 
Gressoney Valley. This is probably the most moni-
tored glacier in the Italian Alps. It has been retreating 
in the last decades, leaving behind a proglacial lake 

(Diolaiuti et al. 2016). The retreat was alternated by 
a short period of advance between 1976 and 1985. 
The accumulation of persistent organic pollutants and 
pesticides has been intensively studied on the glacier 
(Villa et al. 2006; Rizzi et al. 2019). Lastly, Belvedere 
Glacier is a heavily debris-covered glacier and to large 
extent avalanche-fed with an elevated bed (Diolaiuti 
et al. 2016). It experienced a surge-like flow accel-
eration in the period 2001–2002 (Kääb et al. 2004; 
Truffer et al. 2021). The terminus of Belvedere is 
bi-lobate which reaches below the tree line. Several 
other smaller glaciers drain the massif for instance 
Piode, Nordend, Sesia and Nord delle Locce, but they 
are not part of this study (Fig. 1).

The massif hosts several interesting glacial lakes 
such as Locce Lake which appeared at the terminus 
of Nord delle Locce Glacier in the 1940s. It was the 
source of three glacier lake outburst floods in 1970, 
1978 and 1979. A supraglacial lake called Effime-
ro appeared in connection to the surge-like event in 
2001–2002 in a depression on Belvedere Glacier at 
the transition between its steep and flatter part of the 
glacier.

The area features a harsh climate. Winter is rel-
atively dry whereas there is more precipitation in 
Spring and Summer with minimum and maximum 
precipitation in February and May respectively. One 
of the summits of Monte Rosa (Punta Gnifetti) hosts 
the highest weather station in Europe located at 
Margherita Hut (4560 m a.s.l., the mean annual tem-
perature −12.4 °C) which started operation in 1904. 
During heat waves, the temperature can exceed 0 °C 
for instance at the end of June 2019.

Fig. 1 The studied glaciers in the Monte Rosa massif represent 
various environmental settings. The contours with an interval  
of 250 m were derived from the Copernicus Digital Elevation Model 
with a 30 m cell size. The background map is based on Open Street 
Map (OSM) data. The coordinate system is UTM zone 32 North 
(EPGS 32632).
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3. Methods

For the detection of SLA, we used Sentinel-2 data 
for the whole period of operation 2015–2023. Senti-
nel-2 is a constellation of two identical satellites Sen-
tinel-2A and Sentinel-2B, launched in frames of the 
Copernicus programme of the European Commission 
(Drusch et al. 2012). Sentinel-2A was launched in 
2015 and Sentinel-2B in 2017 which resulted in rath-
er sparse data availability for the first two years of 
the operation. The year 2015 was omitted as only one 
relevant image was found.

The satellites carry the Multispectral Instrument 
(MSI) which is a broad-band optical sensor with 
13 spectral bands in visible, near-infrared and short-
wave infrared ranges of spectrum. The instrument 
operates with resolutions of 10, 20 and 60 metres. The 
constellation of the two satellites has a high tempo-
ral resolution with a revisit period of five days on the 
equator. The latitude of 45.9° overlap of neighbouring 
swaths covering the study area results in a revisit of 
three days which is unfortunately largely reduced by 
frontal and orographic cloudiness.

Tab. 1 List of Sentinel-2 images used in the analysis.

Date Count Dates

2016  4 03-Aug, 13-Aug, 23-Aug, 09-Sep

2017  9
05-Aug, 15-Aug, 25-Aug, 07-Sep, 20-Sep, 20-Aug, 
23-Aug, 12-Sep, 22-Sep

2018 10
20-Aug, 30-Aug, 19-Sep, 22-Sep, 29-Sep, 12-Oct, 
28-Aug, 04-Sep, 24-Sep, 27-Sep

2019  5 25-Aug, 17-Sep, 30-Aug, 09-Sep, 12-Sep

2020  8
01-Sep, 18-Sep, 28-Sep, 08-Oct, 27-Aug, 03-Sep, 
13-Sep, 16-Sep

2021  7
06-Sep, 13-Sep, 06-Oct, 13-Oct, 29-Aug, 01-Sep, 
11-Sep

2022  4 11-Sep, 18-Sep, 24-Aug, 16-Sep

2023 12
07-Aug, 24-Aug, 06-Sep, 26-Sep, 03-Oct, 12-Aug, 
19-Aug, 22-Aug, 11-Sep, 01-Oct, 08-Oct, 11-Oct

The further processing steps are shown in Fig. 2. 
We obtained Sentinel-2 images from Copernicus 
Browser and applied the filter of maximum cloud-
iness < 30%. As only the data for the end of abla-
tion season are relevant for ELA estimation using 
end-of-summer snowline, Sentinel-2 images for the 
period of 1 August to 15 October from 2016 to 2023 
were used. In the next step, the images were visual-
ly screened and the ones with extensive snow cover 
were removed from the selection (Tab. 1). To ensure 
consistency in ELA estimates, atmospheric correction 
was applied to the L1C product using Sen2Cor (Main-
Knorn et al. 2017). The resulting L2A product differs 
from the one available via Copernicus Browser which 
contains the atmospheric corrections as well as cor-
rections for topography. The topographic corrections 
which are efficient in moderate terrain, introduced 
some artefacts to the images in steep terrain, espe-
cially in the shadows. Examples of such artefacts are 
shown in (Fig. 3).

Randolph Glacier Inventory (RGI) version 7, which 
is a global shapefile of glacier borders, was used for 
the delineation of glaciers in this study (RGI 7.0 Con-
sortium 2023). The RGI glacier outlines were used 
for Belvedere and Lys glaciers while some modifica-
tions were made in the case of Gornergletscher as 

Fig. 2 Flow chart of ELA estimation based on Sentinel-2 image, 
Copernicus DEM and glacier outlines.

Fig. 3 Artefacts introduced by the topographic corrections in the L2A version of Sentinel-2 image showing the summit part of Monte Rosa and 
Belvedere glacier (b) compared to the same image processed without topographic corrections as applied in this study (a). The artefacts in the 
areas of shadows are marked by arrows. The image was acquired on 11 October 2023.

a) b)
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described in the section Study area. This way more 
homogeneous areas were obtained for snowline map-
ping in terms of slope and orientation. 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =
𝐵𝐵𝐵𝐵3(𝐺𝐺𝐺𝐺) − 𝐵𝐵𝐵𝐵11(𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆𝑁𝑁𝑁𝑁𝑆𝑆𝑆𝑆) 

𝐵𝐵𝐵𝐵3 +  𝐵𝐵𝐵𝐵11
 

The Normalised Difference Snow Index (NDSI) 
(Valovcin 1976; Hall and Riggs 2010) with threshold 
0.7 was used for mapping snow cover on the glaciers. 
This appeared to be effective for the distinction of 
snow from clouds. The images were checked again for 
cloud cover, as the cloudiness of higher altitudes can 
differ from the cloudiness given for the whole image 
and the threshold for maximum cloud percentage was 
applied only to the glacier area. The masks of opaque 
and cirrus clouds available in the used S2A product 
were used in this step. To derive the SLA, we used an 
approach based on thresholding of the histogram. For 
each glacier, a histogram of the DEM, under a mask 
resulting as a combination of snow mask based on 
the NDSI and glacier mask, was calculated. Then, the 
SLA for each image was calculated as the 3rd percen-
tile of the histogram (Fig. 4). This reduced the impact 
of the outlying values in the histogram which could 
induce a bias in the results. The outlying values can 
be attributed to the noise or leftover snow caused by 
topography. The minimum value of the histogram of 
2500 m a.s.l. was introduced to avoid the influence of 
blank ice on the lower part of Grenzgletscher. In the 
next step, histograms of snow on the glacier were plot-
ted together with histograms of clouds on the glacier. 
Then the histograms were manually checked for the 
influence of clouds, especially in the zone of minimal 
altitude corresponding to the snow line. In the next 
step, ELA was determined as the maximum SLA in the 
period of 1 August to 15 October for each year.

To validate the automatized extraction of ELA, man-
ual delineation of SLA was done for the Grenzgletscher 

and Belvedere glaciers. The same dates of L2A images 
were used for the purpose and the bands were visual-
ised as false colour RGB composite employing bands 
8, 4 and 3 which enhanced the visibility of the snow 
line. Three points were identified along the snow line 
in places with good distinction of the snow-ice transi-
tion avoiding snow patches, trying to cover the whole 
width of the glacier. The elevation of the points was 
extracted from Copernicus DEM and the mean was 
calculated.

The weather parameters were obtained from the 
E-OBS dataset and Passo Del Monte Moro station, 
located 11 km from the main summit of Monte Rosa 
and 5 km from Belvedere Glacier to the north-east. 
E-OBS is an ensemble gridded dataset of 0.1-degree 
resolution (Cornes et al. 2018). The European Climate 
Assessment & Dataset project maintains and updates 
the dataset. The daily mean, minimum and maximum 
temperature and daily precipitation were extract-
ed for the study area and used for plotting them to 
understand the scenario during our studied period. 
The same parameters were also extracted and plotted 
from the data from the Passo del Monte Moro Station 
operated by the Agenzia regionale per la protezione 
ambientale Piemonte for the same period.

4. Results

The processing of Sentinel-2 images resulted in a time 
series of SLA values for the four glaciers. The changes 
in SLA at the end of the ablation season in the peri-
od 2016–2023 are shown in Fig. 5. The relatively 
monotonous evolution of intra-annual values of SLA 
are interrupted by sudden fluctuations towards low 
altitudes. These fluctuations are due to the snowfall 
events. The four glaciers have a similar pattern of 
temporal variation in SLA. This is indeed due to their 

Fig. 4 Derived snow line (marked in red) on Grenzgletscher shown on Sentinel-2 image from 6 September 2021 as a contour 3350 m a.s.l. (a),  
on snow mask using NDSI threshold of 0.7 (b) and a histogram of Copernicus DEM under the mask of snow on glacier with SLA marked in red (c).

a) b) c)
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vicinity and related similarities in climate conditions 
in terms of temperature and precipitation.

The time series for Belvedere Glacier has the least 
number of observations as many values were discard-
ed due to the cloudiness which often gathers along 
the main ridge of Monte Rosa’s summits. Due to the 
steepness of the east face, the snow line can be easily 
covered either by a cloud or its shadow. An example of 
such an image affected by sparse cloudiness is shown 
in Fig. 6. Lys and Gornergletscher are surprisingly 
similar considering they are separated by the main 
ridge of the Pennine Alps which acts as a major cli-
mate divide.

The selection of maxima in the SLA time series for 
each year and glacier resulted in an estimate of the 
ELA of the glacier in the period 2016–2023 (Tab. 2). 
The ELA for all four glaciers showed an increasing 
trend (Fig. 7 and Tab. 2). Lys Glacier has the highest 
mean ELA of 3571 m a.s.l. which is indeed due to the 
southern orientation. It has a high trend in ELA which 
is 27 m/y for the studied period.

The lowest mean ELA was determined for Belve-
dere Glacier. It is at 3230 m a.s.l. which is 340 m lower 
compared to Lys Glacier. The ELA of Belvedere passes 
high in the east face of the Monte Rosa and follows 
the lower edge of the Signal Glacier which is a large 

Fig. 5 Snow line elevations 
derived for the four studied 
glaciers for the end of the 
ablation period (August to 
mid-October) in the period 
2016–2023. Note that all 
the y-axes have the same 
range of values.

Fig. 6 A typical situation of cloud 
shadow (marked by an arrow)  
on Belvedere Glacier as shown  
on a false-colour Sentinel-2 image, 
with RGB displaying B11-B8-B4 
(SWIR-NIR-R), from 24 August 2023. 
Clouds are in white, snow and ice  
in cyan and blue respectively, and  
the debris cover in purple colour.
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hanging glacier with a connection to the main flow of 
Belvedere. This altitude is influenced by a synergy of 
many local factors such as slope leading to avalanch-
ing, concavity and shadowing. An accumulation of 
snow drifted from the NW can also be an important 
influencing factor here. Belvedere Glacier has the low-
est trend in ELA reaching only 8.3 m/y.

Although both Gornergletscher and Grenzgletscher 
have a western orientation and are on the north from 
the main ridge of the Pennine Alps, fluctuations of 
their ELAs differ. For Grenzgletscher a shift to a higher 
altitude occurred in 2018 and 2019, as it can be seen 
in Fig. 7, whereas ELA of Gornergletscher was almost 
stable between 2017 and 2018 and decreased in 2019 
similarly to Belvedere Glacier (Fig. 7). The higher ELA of 
Grenzgletscher compared to Gornergletscher might be 
due to the shadowing effect of Lyskamm which is a high 
ridge between Gornergletscher and Lys Glacier or due 
to a higher accumulation caused by wind drift.

5. Discussion

Our results reveal a large variation of ELA both in 
time and space. This points to the fact that the gener-
al deglaciation, under the influence of climate change, 
is modified by very local morphological and climatic 
conditions. The mean ELAs for the four glaciers span 
the range 3230–3570 m a.s.l., with the lowest and 
highest values standing for Belvedere Glacier and 
Lys Glacier respectively. This elevation span of 340 m 
reveals a large variation in ELA over a relatively short 
distance. For the Himalaya-Karakoram region, Raco-
viteanu et al. (2019) report a gradient in ELA of 8 m 

per 1 km in the Hunza area with a strong gradient in 
precipitation while the ELA gradient in Trishuli area 
was 13 m per 1 km on the transition of dry Tibetan 
Plateau. This points out a strong influence of precipi-
tation on ELA in general. The variation of ELA at Mon-
te Rosa, however, represents the influence of local 
conditions complying with the concept of effective 
ELA rather than an overall spatial trend. Similarly, for 
the nearby Allalingletscher and Schwarzberggletscher 
the difference in ELA of 200 m was reported by Huss 
et al. (2015). A higher amount of winter accumulation 
due to the closeness to the main weather divide was 
proposed to explain the difference. A larger difference 
of even 420 m was reported between Allalingletscher 
and Claridengletscher by the same authors, this 
time however, the distance between the glaciers was 
120 km. Variations in ELA in the order of hundreds of 
metres over a trajectory crossing the major climate 
divides could be seen in the results by Racoviteanu 
et al. (2019) as well. The relation of these differenc-
es to local terrain and climate variations is consistent 
with findings of Rabatel et al. (2013).

Both the SLA fluctuations and ELA and its trend 
of Belvedere Glacier were surprisingly similar to 
the three other glaciers. Larger differences might 
have been expected considering the very different 
properties of Belvedere Glacier compared with the 
other three glaciers considering the possible shift 
of ELA for a debris-covered glacier for hundreds of 
metres reported by Securo et al. (2024) for a small 
debris-covered glacier in the Dolomites in the eastern 
Alps.

The fluctuations of ELA can partially be explained 
by the climate variables shown in Fig. 8. The general 

Tab. 2 Values of ELA (m a.s.l.) for the period 2016–2023 for the four studied glaciers and the increase in the ELA per year derived by linear 
regression.

Glacier 2016 2017 2018 2019 2020 2021 2022 2023 mean Trend in ELA (m/y)

Gornergletscher 3280 3370 3360 3280 3300 3300 3490 3490 3360 22.7

Belvedere 3210 3240 3260 3150 3210 3200 3320 3270 3230  8.3

Grenzgletscher 3310 3330 3490 3480 3330 3350 3510 3660 3430 33.1

Lys 3470 3550 3560 3550 3550 3520 3580 3790 3570 27.0

Fig. 7 Changes in ELA for the four studied glaciers and the linear trends showing the increase in ELA for all of them (left). The manually derived 
ELA from Sentinel-2 images for Belvedere Glacier and Grenzgletscher are compared to the automatically derived ones (right).
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increase in ELA corresponds to the increase in the 
mean summer temperature from both E-OBS and 
station data which is in accordance with the find-
ings of Davaze et al (2020) for the Alps in the period 
2000–2016. In our studied period, Europe was affect-
ed by summer heatwaves in 2018, 2019, 2022, and 
2023 (Lhotka and Kyselý 2024). However, the heat-
wave years 2018 and 2019 coincide with an increase 
in ELA only for Grenzgletscher while the heatwave 
years 2022 and 2023 are well reflected in ELA as 
a clear increase for all four glaciers. Apart from 2021 
the heatwave are not clearly reflected in monthly 
temperatures from both the EOBS and the station. 
The overall decreasing trend in solid precipitation 
corresponds to the increase in ELA in the studied 
period. This precipitation decrease is probably the 
reason behind the high rates of ELA increase which 
exceed the rates found by other authors for the Alps 
(see below). A more detailed analysis of the influence 
of precipitation on ELA is hindered by inconsistency 
between the data from the station and from EOBS. 
The mean trends of ELA for the four glaciers exceed 
the results of previous studies. The value of increase 
of 6.5 m/y derived by Rabatel et al. (2013) for the 
Western Alps in the period 1984–2010 using remote 
sensing is close to the one that we derived for the 
Belvedere Glacier (8.3 m/y) but it is about four times 
less than for the other three glaciers studied here. The 
average increase of the environmental ELA in the Alps 
in the period 1971–2000 determined by Žebre et al. 
(2021) by a modelling effort, based on climate model 
simulations, is even less (3.8 m/y).

The positive trend for all four glaciers is mainly 
due to the high ELA values in 2022 and 2023 (Fig. 7) 

which corresponds to the temperature increase which 
is unfortunately not fully covered by the climate data 
(Fig. 8). Clearly, the trends largely influenced by a sin-
gle climate fluctuation cannot represent a general 
tendency connected to climate but rather show the 
sensitivity of ELA to climate drivers.

The high temporal acquisition frequency of the 
Sentinel-2 constellation leads indeed to a better avail-
ability of cloud-free scenes at the end of the ablation 
season compared to the studies using historical Land-
sat data, for which a systematic shift of ELA due to 
data availability was reported by Rastner et al. (2019) 
which, however, did not affect glacier-specific differ-
ences. Still, there are large differences in availability 
of cloud-free Sentinel-2 data in different years, as it 
can be seen in Fig. 5. For instance, the lack of Septem-
ber images in 2016 might have led to a bias in ELA 
estimation.

The validation based on manual snowline detection 
for Belvedere and Grenzgletscher resulted in a good 
agreement with the automatic approach (Fig. 7). Large 
differences were found only in 2018 for Grenzglet-
scher and 2019 for Belvedere Glacier which was due 
to an enormous patchiness of the snow limits. 

6. Conclusions

The ELA was derived for the four major glaciers of 
the Monte Rosa massif for the last eight years from 
Sentinel-2 data using a multitemporal approach and 
percentile of elevation of the snow-covered part of 
the glaciers. In conclusion, the analysis of equilibrium 
line altitude (ELA) trends over the past eight years for 

Fig. 8 The mean annual and mean summer temperature, total annual precipitation, and snow precipitation (precipitation with daily mean 
temp < 0 °C in the period October–June) in the area based on weather station Passo del Monte Moro (2820 m a.s.l., installed in 1988 and 
operated by Agenzia Regionale per la Protezione Ambientale) and on E-OBS ensemble gridded dataset (0.1-degree resolution).
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the major glaciers of the Monte Rosa massif reveals 
consistent increasing trends with slight variations 
across the glaciers. However, attributing these ELA 
changes solely to climate change cannot be concluded, 
given the relatively short duration of the study peri-
od. Instead, these variations may be linked to climate 
oscillations, highlighting the importance of consider-
ing natural climate variability in interpreting glacier 
dynamics.

The trend and temporal pattern for Belvedere gla-
cier was surprisingly similar to the other three keeping 
in mind the avalanching, steep slope inclination and 
challenging morphology of the slope with shadows 
and variations in illumination. Despite the challenges 
posed by the complex terrain and varying illumination 
conditions, the trend for the Belvedere glacier could be 
discerned without problems, underscoring the robust-
ness of the methodology employed.

In moving forward, continued monitoring of ELA 
trends, coupled with longer-term observational 
records and complementary data sources, will be 
essential for disentangling the complex interplay of 
climate variability and anthropogenic climate change 
in shaping glacier dynamics.
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ABSTRACT
Historical images dispersed in various archives can be instrumental in documenting processes connected to glacier changes in 
mountains. A series of more than 29 engravings and photographs of the Monte Rosa east face have been found covering the period 
since 1789. Some images were produced by a combination of photography and engraving, a common approach before practical 
techniques for printing halftone images were introduced. Using a repeat photography approach, the present study documents the 
changes in the extent and debris cover of the Belvedere Glacier. Based on visual comparison of images, it appears that the debris 
cover of the lower part of the glacier developed mainly during the period of the 1860s–1880s. Furthermore, the image series doc-
uments the evolution of the terminus both in terms of elevation and shape, as well as a breach in lateral moraine which could be 
dated back to the end of the 19th century, well before the reported glacier lake outburst flood in 1904.
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1. Introduction

Historical landscape drawings, paintings, and pho-
tographs of high mountain environments make up 
a visual record and provide valuable information, 
especially for the reconstruction of glacier changes 
(Steiner et al. 2008; Zumbühl and Nussbaumer 2018; 
Nüsser and Schmidt 2021a). Using various techniques 
over the last centuries, such pictorial materials were 
created for various purposes including landscape 
visualization and cartographic representation, as well 
as for promoting tourism and aspirations in visual 
arts.

While scientific attention focused on high moun-
tains, especially the European Alps, towards the end 
of the 18th century, graphical techniques allowed 
reproduction by printing using established tech-
niques such as copper plates and aquatint or lithogra-
phy invented in 1798 (Hopkinson 2017). These early 
landscape images of the Alps were produced along 
with a growing interest in the geology and physics of 
glaciers among European geoscientists. The evolution 
of photography and photomechanical printing tech-
niques in the second half of the 19th century over-
lapped with the first efforts to map glaciers in terms 
of their extent and their changes in the period follow-
ing the Little Ice Age (LIA). These early scientific stud-
ies inaugurated a “glacier fever” and growing interest 
in glaciers began to spread worldwide (Nüsser and 
Baghel 2014).

The first sketch maps with a distinct focus on gla-
ciers were compiled by Louis Agassiz, Johann von 
Charpentier, and James David Forbes in the west-
ern Alps (Hattersley-Smith 1966). Detailed glacier 
maps were produced by the brothers Adolf and Her-
mann Schlagintweit for different regions in the Alps 
(Schlagintweit and Schlagintweit 1850, 1854) and 
by Friedrich Simony for the Dachstein Massif in the 
eastern Alps in the 1840s (Vukovic and Fischer 2022). 
In the second half of the 19th century, Sebastian and 
Richard Finsterwalder introduced systematic and 
more accurate surveying of glaciers using terrestrial 
photogrammetry for topographical and glaciological 
mapping purposes (Finsterwalder 1897; Brunner and 
Welsch 2002). Historical glacier photographs allowed 
for bi- and multitemporal comparisons with replicates 
taken from viewpoints identical to the earlier ones, 
using repeat photography as a method for detailed 
change detection (Kull 2005; Nüsser 2001). Espe-
cially panoramic images taken from exposed view-
points form a valuable basis for replication. Repeat 
photography provides longer temporal coverage than 
aerial photographs and satellite images (Trimble 
2008). Furthermore, the method can be instrumen-
tal in debunking environmental myths and can point 
out the complexity of processes often described in 
an oversimplified or biased manner (Nüsser 2000; 
Nyssen 2009; Kropáček 2019). The contemporary or 
replicate photograph can also be replaced by an image 

simulated in a 3D viewer of very high-resolution sat-
ellite data available in Google Earth. Especially in cas-
es of difficult accessibility of the camera point due to 
various reasons, including political or administrative 
restrictions, as well as difficult terrain, bad weather 
conditions, or frequent cloudiness, this is a valuable 
option (Kropáček 2019).

In the specific context of glacier research, multi-
temporal repeat photography has been used to docu-
ment changes in the Nanga Parbat Massif (northwest-
ern Himalaya) since the 1930s (Schmidt and Nüsser 
2009; Nüsser and Schmidt 2021a,b), Bara Shigri 
Glacier in the Western Himalayas (Chand et al. 2017) 
since the 1860s and in the Khumbu region (Central 
Himalaya) since the 1950s (Byers 2007). For the 
European Alps, studies were conducted to visualize 
the impact of climate change on glacier retreat (Zängl 
and Hamberger 2004) and to investigate glacier fluc-
tuations in the western Alps during the 19th century 
(Zumbühl et al. 2008). For the case of Belvedere, Kääb 
et al. (2004) repeated a set of photographs from the 
1980s and 1990s to document the deglaciation of the 
east face of Monte Rosa, the volume changes of the 
lower part of Belvedere Glacier during the surge-type 
event in 2001–2002 and associated changes of Effime-
ro Lake, which was formed and drained in connection 
to this event. Hundreds of repeat photographs of 
retreating glaciers were acquired in high mountains 
of four continents in the framework of a project called 
‘On the Trail of the Glaciers’ for research and popu-
larization purposes (https://onthetrailoftheglaciers 
.com/). 

This article aims to meet three objectives.
1. To review techniques used to produce images of 

glaciated high mountain environments.
2. To recover largely neglected visual materials 

depicting the Belvedere Glacier and the east face 
of Monte Rosa.

3. To assess the potential of historical graphics and 
photographs for investigating a glacier under four 
focal themes (the extent of glaciation, the extent of 
debris cover, the evolution of the terminus, the evo-
lution of a breach of the lateral moraine).

2. Basic characteristics of Belvedere Glacier

The heavily debris-covered Belvedere Glacier (for-
merly referred to as Macugnaga Glacier) (Fig. 1), locat-
ed in the Valle Anzasca in the Piedmont, Italy, is one of 
the rare surge-type glaciers in the Alps (Truffer et al. 
2021). The glacier covers an area of about 4.53 km2 
according to the New Italian Glacier Inventory (Smi-
raglia and Diolaiuti 2015) and is largely fed by snow 
and ice avalanches from the Monte Rosa east face, 
being the most prominent rock face in the Alps. The 
two lobes of Belvedere reach below the tree line to 
approximately 1840 m a.s.l., divided by a larch forest 
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(Larix decidua). In many aspects, such as debris cov-
erage, snout position below the tree line, and biloba-
tism, Belvedere Glacier is similar to Miage Glacier in 
the Mont Blanc Massif (Stefaniak et al. 2021; Bollati 
et al. 2013).

The historical phases of glacier advance and retreat 
in the Monte Rosa Massif were outlined by Monterin 
(1922). There were two advancing phases towards 
the end of the LIA, one ending in 1826 and the second 
between 1842 and 1859, interleaved by a retreating 
phase. Two more advancing phases occurred in the 
second half of the 19th century (1878–1893) and 
the first half of the 20th century (1912–1922). In the 
case of Belvedere Glacier, the later advance appeared 
to be larger than in the phase 1878–1893 as is evi-
dent by the crossing of the 1880s moraines, howev-
er, the moraines from the phase 1842–1859 were not 
reached (Monterin 1926). Further advancing periods 
can be figured out from the records of the Italian Gla-
ciological Committee and for instance from the study 
by Diolaiuti et al. (2003). There was an advance at the 
end of the 1960s and some minor advances in the peri-
od 1986–2000 which were followed by an advance 
connected to the surge-type event in 2001–2002.  
This was followed by a strong retreat. The measure-
ments for the period 1974–1985 which was the time 
of the general advance of Alpine glaciers are unfortu-
nately missing. Since the LIA, the glacier has retreated 
by more than 800 m (WGMS 2024).

The upper catchment of the Belvedere Glacier 
has been the source of numerous natural hazards 
including glacial lake outburst floods (GLOF) and 

enormous rock and ice avalanches over the last dec-
ades. A series of three GLOFs originating from the 
Locce Lake, dammed by the terminal moraine of the 
former tributary North delle Locce Glacier occurred 
in 1970, 1978, and 1979 (Kääb et al. 2004). These 
floods further incised a breach in the lateral moraine 
(near the seasonal settlement Alpe Pedriola), which 
was formed during an earlier outburst flood in 1904 
(Mazza 1998). The short-lived Effimero Lake was 
formed in 2002 and 2003 due to a surge-like event 
in 2001–2002 (Haeberli et al. 2002; Kääb et al. 2004). 
The lake reached a volume of 3 × 106 m3 and its lev-
el had to be lowered by pumping in 2002 to prevent 
an outburst (Tamburini and Mortara 2005). However, 
a non-destructive outburst flood occurred from this 
lake in 2003. 

Caused by the massive ice loss, various rock and 
ice avalanches of different sizes have been document-
ed. For example, one rock avalanche (1.2 × 106 m3) 
considered to be among the largest rock avalanches 
in the Alps detached from the Monte Rosa east face 
at an elevation of 3580–3820 m a.s.l. in August 2005 
(Tamburini et al. 2013; Fischer et al. 2013). Another 
large slope failure occurred in September 2010 in the 
upper basin of Northern Locce Glacier, which reached 
a volume of 0.1 × 106 m3 (Fischer et al. 2013; Paranun-
zio et al. 2016).

3. Materials and methods

The search for useful images was started in Google 
browser using the following keywords: ‘Monte Rosa’, 
‘Belvedere glacier’, ‘Macugnaga glacier’ to specify the 
location and ‘engraving’, ‘aquatint’, ‘old photography’, 
‘Daguerreotype’, ‘photo-xylograph’ etc. for the tech-
nique. Various language variants were tried which 
appeared to be useful, for instance, the search using 
the term ‘Mont Rose’ resulted in further discovery 
of historical material. The search revealed several 
archives, which were used for further investigations.

The following archives were searched online or con-
tacted directly:
1. Documentation Center CAISiDoc of the Italian 

Alpine Club (CAI) in Torino, Italy
2. Archive of Eidgenössische Technische Hochschule 

(ETH) in Zurich, Switzerland
3. Fondazione Vittorio Sella in Biella, Italy
4. Archive of the University of Lausanne, Switzerland
5. Bavarian State Library (BSB) in Munich, Germany

Websites of various auction houses and vendors of 
antique prints and drawings such as Pettinaroli and 
Abebooks were explored in the next step. Amongst 
the further explored sources, the Web page of the 
mountaineering club CAI Varallo, Italy can be named.

The images were relocated using Google Earth. An 
accurate overlap of closer and further topographical 

Fig. 1 Map of the eastern part of the Monte Rosa Massif showing 
the approximate positions of the viewpoints from which most  
of the images of the east face were taken: A: a point above Alpe 
Jazzi, B: Alpe Pedriola, C: Punta Battisti, D: Macugnaga, E: slope 
below Monte Moro and F: Monte Moro Pass.
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features was aimed at. In some cases, the correction 
of wrongly given viewpoints could be done. Further-
more, based on the relocation, it was revealed that 
some images were taken from airplanes. The identi-
fied viewpoints were used for the preparation of sim-
ulation images considering the same view azimuth 
and elevation angle. Images from approximately the 
same viewpoints were collated into bi- or multitem-
poral collections and used for visual image interpre-
tation based on experiences from repeat photography. 
In addition, some historical photographs were repeat-
ed during a field survey in August 2021 and July 2024.

Images showing the glacier terminus were used to 
estimate its elevational position to get an insight into 
the glacier’s response to climate fluctuations. They 
were compared with images in Google Earth simulat-
ing the view from the same vantage point. To facili-
tate the elevation reading, contours with a spacing of 
50 m were superimposed over the simulated images. 
The contours were generated from a digital elevation 
model (DEM) based on airborne laser scanning tech-
nique. The model with a grid spacing of 5 m, acquired 
in 2009–2011 and referred to as DEM 5, was received 
from Geoportale Piemonte, which is a map portal of 
the region. The expected accuracy of the elevation 
reading was on the order of tens of meters, which led 
us to the selection of contour interval of 50 m.

4. Image record of the Monte Rosa east face

Due to its prominence, Monte Rosa is visible from 
long distances both from the Po plain and exposed 
viewpoints from the north. It has a long record of 
visual materials, many of which have been produced 
by scientists, artists, and mountain photographers 
from various European countries.

4.1 Engravings

The east side of Monte Rosa has already been visited 
by pioneers, scientists, and explorers at the end of the 
18th century, including Horace Bénédict de Saussure, 
who travelled to Monte Rosa accompanied by his son 
Theodore in 1787. They crossed the Belvedere Glacier 
during their ascent of Pizzo Bianco, from where they 
carried out a trigonometric measurement of the ele-
vation of Monte Rosa. Theodore authored the sketch, 
which was elaborated into the probably first engrav-
ing showing the Monte Rosa east face (de Saussure 
1779–1796; de Saussure et al. 1989). However, this 
image does not show the glacier snout, and most of 
the east face is covered by a ridge due to the distant 
viewpoint.

Another early image of Monte Rosa east face is 
titled Ansicht des Monte Rosa von Macugnaga aus, in 
the book published by the Austrian army officer Franz 
Ludwig von Welden (Fig. 10 a) who was in charge of 
the topographical survey of Piedmonte in 1821 (von 

Welden and Welden 1824). Some illustrations in the 
book – probably also the Monte Rosa east face – were 
drawn using the camera lucida technique, as given on 
some of the image frames. This technique was invent-
ed in the early 19th century and is based on a prism 
attached to the drawing pan onto which the landscape 
of interest is projected and can be sketched.

Another painting of the Monte Rosa east face from 
1829 was produced by G. Lory using aquatint, a tech-
nique that allows the reproduction of grey tones and 
colours and was introduced in the second half of the 
18th century (Tab. 1). A steel engraving showing 
a view of Monte Rosa and the Belvedere Glacier from 
Macugnaga was published by J. T. Willmore in 1845 
(Fig. 2). It is not known whether a mechanic-optical 
tool was used to ensure an accurate geometry of these 
two images.

In 1851, A. Schlagintweit visited the Monte Rosa 
Massif to investigate the physical geography and geol-
ogy of the area. In this context, they produced rich 
material including a topographical map and a land-
scape panorama of the Belvedere Glacier (A.  Schlag-
intweit and H. Schlagintweit 1854) (Fig. 7).

4.2 Transition between engraving and photography

Shortly after the invention of photography in the 
mid-19th century, it gradually became an established 
method of documentation in mountain research (Mil-
ner 1946). However, the use of photographs in printed 
media remained limited due to the lack of a suitable 
reproduction method for halftone images (Bridson 
1987). Therefore, photographs were used as a base 
for traditional methods of image reproduction rath-
er than direct printing. In the case of photo-xylogra-
phy, for example, the image was manually engraved 
on a cross-grain wooden block using the photograph 
as a template (Levin 1980). As this technique is par-
tially a manual process, the quality of the representa-
tion depends on the attitude and style of the engraver. 

Fig. 2 Engraving by J. T. Willmore from 1845 shows the tongue of the 
Belvedere Glacier reaching far down into the valley at the beginning 
of the last advancing phase during the LIA (viewpoint D in Fig. 1).



244 Jan Kropáček, Marcus Nüsser, Susanne Schmidt

One of the first photo-xylographs of Monte Rosa was 
produced by V. Duruy in 1884 based on a photograph 
by M. E. Lamy, published in ‘The New Universal Geog-
raphy’ by Reclus (1876–1894) (Fig. 3). Only seven 
years later, another photo-xylograph of the Belvedere 
Glacier was authored by Edward Whymper (1891), 
a British explorer, illustrator, and the first who sum-
mited the Matterhorn in 1869.

The halftone reproduction process of photogra-
phy was not introduced until the early 1880s with 
the invention of photolithography, which was capa-
ble of rather grainy reproductions (Sealy 2016). 
Another image of Monte Rosa east face taken from 
the Monte Moro Pass in 1860 is authored by Étienne 
Eugène Cicéri, a French painter and engraver. This 
image, denoted as a ‘lithograph’, is, in reality, a pho-
tolithograph. It is a part of Cicéri’s album La Suisse et 
la Savoie based on photographs by Frédéric Martens 
taken between 1859 and 1865 (Savale 1994). 

A decisive move towards a high quality in halftone 
reproduction was the introduction of a commercially 
viable form of photogravure, invented by Karel Klíč 
in 1878 (Mustalish 1997). This technique, in which 
a copper plate was etched after its sensitive gelatine 
coating was exposed and then partially chemically 
removed, allowed the detailed reproduction of pho-
tographs in halftone.

4.3 Photography

From a glaciological point of view, the advent of pho-
tography represents a major step towards objec-
tifying reality. Photographs can be taken as most 
accurate materials in terms of shapes and tonal vari-
ations of ice fields, glaciers, debris and snow cover, 
rocks and vegetation. The beginning of mountain 
photography can be dated to the decade following 
the invention of the daguerreotype in 1839, the first 
practical, albeit technically demanding, photographic 
process (Jacobson 2015). One of the first photographs 

showing a glacier-covered mountain in the Alps was 
a daguerreotype of the Matterhorn, just 17 km west 
of Monte Rosa, taken in August 1849 by John Hobbs 
on behalf of the British scientist, writer and art crit-
ic John Ruskin, who himself had taken a series of 
daguerreotypes in the Alps in the 1840s (von Brevern 
2009). Further early photographs of the Alps taken 
by Camille Bernabé and Gustave Dardel in 1849 and 
1850 can be seen in the Collection de 28 daguerréo-
types représentant les plus anciennes reproductions 
héliographiques des Alpes in the online archive Viati-
mages hosted by the University of Lausanne, Switzer-
land (Viatimages 2024).

In the 1850s, the daguerreotype gave way to the 
wet collodion process, in which glass plates were coat-
ed with a sensitive emulsion in a dark tent immediate-
ly before exposure. The invention of gelatine emulsion 
dry plate process in the 1880s brought an increased 
portability and simplification of mountain photogra-
phy (Osterman 2013). Adopting the techniques, Bis-
son brothers from Paris took panoramas from the 
summit of Mont Blanc using 44 × 54 cm plates and 
equipment carried by 25 porters and guides (Milner 
1946). They also took a number of high-quality pho-
tographs of mountain sceneries including glaciers in 
the Savoyan Alps during the expedition by Napole-
on III in 1860, celebrating the annexation of the area 
by France (Frangne 2010). Some of their photographs 
such as the panoramas of the Glacier du Géant, the 
Aiguilles de Chamonix, and of Mont Blanc were used 
by the French geologist and orographer Daniel Doll-
fus-Ausset (Frangne 2010).

The first photograph of Monte Rosa east face was 
probably taken by the French photographer Aimé 
Civiale (Tab. 1) from Monte Moro Pass between 1859 
and 1868, however, the exact date is unknown. This 
was a part of his monumental effort in which he took 
more than 40 full panoramas (360 degrees) from 
medium-altitude summits in the Alps in the period 
1859–1868. One of these panoramas was taken from 
Bella Tola (3023 m a.s.l.) close to Sierre in Switzer-
land, approximately 37 km from Monte Rosa. The 
complete panorama was covered by 14 overlapping 
photographs each exposure taking between twelve 
and fifteen minutes. He used the technique of dry wax 
paper negatives and he travelled with 250 kg of pho-
tographic equipment. His aim was to produce valua-
ble photographs for geologists and physical geogra-
phers, rather than commercial or personal memoirs 
(Civiale 1882; von Brevern 2009).

The second photograph of Monte Rosa’s east face 
from Monte Moro was taken between 1870 and 1880 
by Eugène Lamy, the owner of a well-established pho-
tographic studio in Paris. This was followed by a pho-
tograph taken by the French alpinist Gabriel Loppé, 
a member of the British Camera Club. He began to 
devote himself to photography in the 1880s when his 
career as a painter of the Alps was already fully devel-
oped. Furthermore, Monte Rosa did not escape the 

Fig. 3 Photo-xylograph of the Monte Rosa east face from 1884 by 
Duruy as an example of a mixed technique, in which the photograph 
is used as a template for manual engraving (viewpoint F).
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Tab. 1 List of images of the Monte Rosa east face. The positions of viewpoints are shown in Fig. 1 and are marked by letters as follows:  
A: viewpoint above Alpe Jazzi, B: Alpe Pedriola, C: summit of Punta Battisti, and D: Monte Moro Pass. The images which are oblique aerial 
photographs are marked by “AP” followed by the closest viewpoint in brackets. The names of the engravers, if known, are given after the 
slash. Some of the sources are given as abbreviations: M&T 2009 – Mortara and Tamburini (2009); BnF – Bibliothèque nationale de France; 
BSB – Bayerische Staatsbibliothek; JMFP – John Mitchell Fine Paintings, London; MPV – Museo del Paesaggio Verbania; ÖNB – Österreichische 
Nationalbibliothek; PPR – Period Paper or Robarts – University of Toronto; CAISiDoc – Sistema Documentario dei beni culturali del Club Alpino 
Italiano; ETH – Eidgenössische Technische Hochschule Zürich.

Id Autor Date Type Colour/BW Viewpoint Figure Source Viewpoint

1 Saussure, 
Theodore 1789 engraving BW/colour D – Viatimages Macugnaga

2 Escher, Hans 
Konrad 1797 coloured ink 

drawing coloured D – M&T 2009 Macugnaga

3 Welden, Franz 
Ludwig 1824 engraving BW D 10 ÖNB Pecetto Supperiore

4 Birmann, Samuel 1825 drawing coloured A – M&T 2009 Alpe Jazzi

5 Lory, Gabriel/
Falkeisen 1829 acquatint coloured E 11 Pettinaroli Macugnaga – Passo 

MM

6 Buhlmann, Johann 
Rudolf 1835 engraving coloured E – M&T 2009 Macugnaga – Passo 

MM

7 Cuvillier, A. 1840 litograph coloured E 11 Pettinaroli Macugnaga – MM 
Pass

8 Willmore, J.T. 1845 steel engraving BW D  2 Pettinaroli Macugnaga

9 Schlagintweit, A./
Loeillot, W. 1851 lithograph colored A  7 BSB Alpe Jazzi

10 Civiale, Aimé/
Chardon, C. 1859–1868 photogravure BW F  4 BnF Monte Moro Pass

11 Martens/Ciceri, 
Eugenne 1862 photolitograph coloured F – Pettinaroli Monte Moro Pass

12 Rüdisühli, Jakob 
Lorenz 1870 acquatint BW F – AbeBooks Monte Moro Pass

13 Lamy, Eugene 1870–1880 photography BX F – CAISiDoc Monte Moro Pass

14 Lamy, M.E./Duruy, 
Victor 1884 photoxylograph BW F  3 PPR Monte Moro Pass

15 Ashton, Federico 1887 oil on canvas colour D 10 MPV Macugnaga

16 Loppé, Gabriel 1880s photography BW A  6 JMFP above Alpe Jazzi

17 Carnagbi/Doyen 1889 litography BW C 13 Pettinaroli below Punta Battisti

18 Whymper, Edward 1891 xylography coloured F – Pettinaroli Monte Moro Pass

19 Zandonati, A. 1893 photograph BW D 10 CAISiDoc Macugnaga

20 Sella, Vittorio 1895 photograph BW F  5 Fondazione 
Sella Monte Moro Pass

21 McLeish, Donald before 1913 photograph BW F – Media 
Storehouse Monte Moro Pass

22 Mittelholzer, 
Walter 1919 photograph BW AP (C)  8 BSB airplane

23 Monterin, 
Umberto 1920 photograph BW C – M&T 2009 west from Punta 

Battisti

24 unknown 1923 postcard BW F  4 – Monte Moro Pass

25 Sella, Vittorio 1930s photograph BW F – Fondazione 
Sella Monte Moro Pass

26 Hielscher, Kurt 1930s photograph BW B – ETH archive Alpe Pedriola

27 Fantin, Mario 1953 photograph BW AP (C)  8 CAISiDoc airplane?

28 Fantin, Mario 1950–1960 photograph BW AP (E)  9 CAISiDoc airplane, close to  
P. Battisti

29 Vespa, Marco 2007 photograph colour F  5 Wikipedia Monte Moro Pass
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attention of the prominent mountain photographer 
Vittorio Sella, who was born in Biella, at a distance of 
45 km south of Monte Rosa. During his career, he pho-
tographed glaciers and mountains in the Alps, Cau-
casus, and Karakoram often from high and exposed 
viewpoints. He took photographs of Monte Rosa east 
face from Monte Moro Pass in 1895 and the 1930s. 
Donald McLeish, a British reportage photographer 
took a snapshot of the classical view from Monte Moro 
Pass, which was published in a book by Gibbs (1910).

In 1919, Walter Mittelholzer, a Swiss aviation pio-
neer, took probably the first aerial photograph of the 
Monte Rosa Massif (Garimoldi 2005). Other high-qual-
ity photographs of the east face were taken by the 
Italian mountaineer and photographer Mario Fantin 
in 1953. He was a founder of the documentation cen-
tre of mountaineering CISDAE (Centro italiano studio 
e documentazione alpinismo extraeuropeo) in 1967, 
now located in Torino, Italy.

5. Results

The results are presented in four focal themes: the 
extent of glacier-covered area, the extent of debris 
cover, the evolution of the terminus, and the evolution 
of a breach of the lateral moraine.

5.1 Focal theme 1: Extent of glacier-covered area  
of the Monte Rosa east face

For the first photograph of the Monte Rosa east face 
by Aimé Civiale only a rough date of acquisition 

between 1859 and 1868 is known, which represents 
the second decade after the LIA (Fig. 4 a). It can be 
assumed that the image was taken during mid-sum-
mer as the mountain slopes and rock cliffs are snow-
free and the shadows indicate high solar elevation. 
The photograph also shows that Nordend Glacier was 
still connected to the Belvedere Glacier and the Pic-
colo Fillar Glacier was still reaching its LIA terminal 
moraine. The second image is a postcard from 1923, 
taken by an unknown photographer about 60 years 
after Civiale (Fig. 4 b). It shows the ice extent after 
the phase of advance of glaciers during the time of 
the First World War (Monterin 1926), when glacio-
logical measurements ceased. The second image has 
a different foreground, but the view of the Monte 
Rosa east face with heavy crevassed ice in the low-
er part is almost identical to the first one. The pic-
ture was probably taken in September as the shad-
ows are longer and the seasonal snow cover is still 
minimal. The connection between Nordend and Bel-
vedere glaciers lacks texture and remains unclear. 
The ice extent is similar in both pictures and the 
largest differences are caused by seasonal snow  
cover. 

The third example of the Monte Rosa east face is 
taken by Vittorio Sella from a viewpoint at Monte 
Moro Pass in the 1930s (Fig. 5 a). A drastic retreat 
and volume loss of the hanging glaciers can be detect-
ed as well as an increase of debris cover in the tran-
sition zone between the hanging glaciers and the 
Belvedere Glacier. These changes are evident also 
in the comparison of the 1880 and 2017 images  
(Fig. 6).

Fig. 4 Photograph by A. Civiale reproduced by photogravure from 1859–1868 (a) and a postcard from 1923 (b) taken from almost the same 
spot at Monte Moro Pass (2850 m a.s.l., viewpoint F).

a) b)1859–1868 1923
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5.2 Focal theme 2: Extent of debris cover

Historical photographs as well as paintings are use-
ful to analyse gradual changes of debris cover on 
glaciers.

The 1845 steel engraving by J. T. Willmore (Fig. 2) 
shows a clean-ice glacier tongue. Likewise, in the 
painting and explanatory sheet by A. Schlagint-
weit from 1851 (Schlagintweit and Schlagintweit 
1854), the Belvedere Glacier appears to be debris-
free (Fig. 7). Also their topographical sketch map of 
the glacier (published in Atlas zu den neuen Unter-
suchungen über die physicalische Geographie und die 
Geologie der Alpen 1854) indicates that the tongue 
was only partly debris-covered along the margins, 
medial moraines and at the lower terminus. A slight 
increase of debris cover can be seen in A. Civiale’s 
photograph (Fig. 4 a), where only the central glacier 
line appears to be debris-free. Accordingly, the glacier 
was described as debris-covered at least close to the 
two terminal lobes by the priest and geologist A. Stop-
pani who visited the glacier in 1870 and 1876 (Mor-
tara et al. 2009). The increase of debris cover can also 
be traced in the photographs from the end of the 19th 
century (Fig. 4–6), a process that continues until the 

Fig. 6 A heliogravure based on the photograph by G. Loppé from the 1880s (a) and a simulated image in Google Earth (viewpoint E).  
The image by G. Loppé is courtesy of John Mitchell Fine Paintings, London.

Fig. 7 The lithograph based on a historical drawing of Belvedere 
Glacier by A. Schlagintweit published in 1854 (a) with the original 
caption: Ansicht des Monte Rosa und des Macugnagagletschers 
(Schlagintweit and Schlagintweit 1854). The recent photograph  
was taken by M. Nüsser on 12 August 2021 (b).

Fig. 5 An almost identical view as Fig. 4 (viewpoint F) taken by V. Sella in the 1930s (photo detail) and by M. Vespa on 9 September 2007 
(photo detail). 

a) b) 20071930s

a) b)

a)

b)

1854

2021

1880 2017
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present day (Fig. 7 b). This multitemporal image com-
parison suggests that the debris cover of the glacier 
tongue gradually developed after the LIA.

An upward shift of the upper limit of debris cover 
and an increase of the debris cover thickness become 
obvious when comparing the oblique aerial photo-
graphs taken by W. Mittelholzer in 1919 and M. Fantin 
in 1953 (Fig. 8). Another pair of photographs taken 
by M. Fantin in 1953 and M. Nüsser in 2021 (Fig. 9) 
shows the debris on the lower part of the east face. 
The picture from 2021 indicates significantly more 
snow and rock avalanche tracks, which means that 
more debris has recently been transported onto the 
glacier than 70 years before.

5.3 Focal theme 3: Evolution of the terminus

The evolution of the terminus can be traced on several 
historical images. The engraving by F. Welden in 1824 
(Fig. 10 a) based on the ‘camera lucida’ technique 
shows a realistic geometry which becomes evident 
by a comparison with contemporary a photograph 
(Fig. 10 b). Some features such as trees and the glacier 

outlet are not shown at realistic scales but rather in 
a schematic style. The orographic right lobe of the ter-
minus, which probably developed due to a breach of 
the lateral moraine, is present in the image but absent 
on the map in Welden’s book, likely due to general-
ization. Welden’s image suggests that the right lobe 
developed before 1824. Another image from a simi-
lar viewpoint with a high geometrical accuracy is an 
oil painting by the Milanese painter Federico Ash-
ton from 1887 (Fig. 10 c). It features highly realistic 
shapes of the glaciers Nordend and Piccolo Fillar. The 
glacier outlet of the left lobe is located in a higher 
position than in Welden’s image. A triangular area on 
the slope between the two lobes is free of trees which 
is also shown in the photograph taken by A. Zandonati 
in 1893 (Fig. 10 d). The triangular area is very simi-
lar in size and shape, which is further evidence of the 
high fidelity of Ashton’s painting.

The absence of forest in this triangular area can be 
attributed to the outburst flood in 1868 described by 
A. Stoppani. This is supported by the account of the 
pastor of Macugnaga who eye-witnessed the event. He 
mentioned that about a hundred large larches had been 

Fig. 8 Comparison of oblique aerial photographs taken by W. Mittelholzer in 1919 (a), and by M. Fantin from 1953 (b), and a simulated image 
in Google Earth (c). The relocation of the viewpoint indicates that the photograph by M. Fantin was also taken from an airplane.

Fig. 9 Comparison of a photograph of Monte Rosa east face taken by M. Fantin (aerial photograph in 1953) (a) and a photograph taken  
by M. Nüsser from the Punta Battisti (viewpoint C) at 2754 m a.s.l. on 11 August 2021 (b).

a) b) c)19531919 2017

a) b)1953 2021
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Fig. 10 Engraving from the book by Welden from 1824 showing the Monte Rosa east face from a viewpoint close to the hamlet of Pecetto 
Superiore (viewpoint D), a part of Macugnaga (a), the same view as a simulated image in Google Earth (b), subset from the oil painting by 
Federico Ashton from 1887 (c), and a photograph taken by A. Zandonati in 1893 (d).

Fig. 11 Two strikingly similar images show the terminus from viewpoint E towards the end of the LIA. An aquatint titled “Mont Rosa”  
by G. Lory was published in 1829 (a) and a lithography by A. Cuviller: “Le Mont Rose – Vue de la Valle de Macugnana” from 1840 (b). 

a) 1824

c) 1887 d) 1893

b) 2017

a) b)

1829 1840
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swept by a burst of the lateral moraine in this location 
following a blockage of the outflow from the glacier 
outlet for several hours (Mortara and Tamburini 2009). 

The evolution of the terminus can also be traced in 
two landscape paintings from viewpoint E located on 
the slope between Macugnaga and Monte Moro Pass 
from 1829 and 1840. The first painting by G. Lory 
shows the glacier between the two last advancing 
phases of the LIA (Fig. 11 a), while the second paint-
ing by A. Cuviller corresponds to the beginning of the 
last advancing phase of the LIA (Fig. 11 b). Comparing 
the geometry and ice-related features of the moun-
tains in the background and the glacier terminus indi-
cates a high degree of realism.

While on the 1840 image, two clearly separated 
lobes can be recognised (Fig. 11 b), the 1829 image 
shows a whitish triangle similarly to the photograph 
taken by A. Zandonati in 1893 (Fig. 10 d). Apart from 
the outburst flood in 1868, this slope was affected by 
the extension of a third ice lobe during glacier fluctua-
tions in 1896 and the 1920s (Mortara and Tamburini 
2009). The third lobe is also present in a map from the 
1920s (Monterin 1922) and did not exist anymore at 
least since the 1950s (Fig. 8 b). The 1829 image sug-
gests the third lobe might have existed already during 

the LIA long before the advancing period 1878–1893 
which can also be detected in the painting by S. Birmann 
from 1835 (Tab. 1) (Mortara and Tamburini 2009).

The elevation changes of the left lobe terminus 
(Fig. 12) are well in line with the general pattern of 
glacier advances/retreats as outlined by Monterin 
(1922), which in turn reflect the climate fluctuations 
since the last phase of LIA. The low terminus elevation 
in the images by Welden (1824), Birman (1825), and 
Lori (1826) corresponds to one of the glacier advance 
periods in the Monte Rosa Massif reaching a max-
imum in 1826 (Monterin 1922). The oscillation in 
the terminus elevation for 50 m between 1824–1825 
and 1825–1826 likely does not reflect the real chang-
es in elevation but rather the accuracy of the meth-
od. Another glacier advance phase at the very end of 
LIA is captured in the images by Cuviller (1840) and 
Willmore (1845) with the lowest terminus elevation 
reaching 1400 m a.s.l.

Both the images by Ashton (1887) and Zandona-
ti (1893) were taken during the glacier advancing 
phase 1878–1893, while the photograph by Monterin 
(1921) falls into the following glacier advance period 
in 1912–1921 (Monterin 1926). In 1918 the increase 
of the glacier mass even reached the crests of the lat-
eral moraines as reported by Porro and Somigliana 
(1919). The image by Fantin (1953) was taken during 
the retreating period of Belvedere Glacier (Diolaiuti 
et al. 2003). Except for the 1835 image by Buhlmann, 
all images until the 1920s correspond to glacier 
advance periods. Buhlmann’s image is responsible for 
the peak on the curve between two glacier advance 
periods during LIA, while the peak caused by Ashton’s 
image is due to the lack of images covering the adja-
cent glacier retreat periods.

5.4 Focal theme 4: The evolution of a breach  
of the lateral moraine at Alpe Pedriola

The lithography from 1889 by Doyen (Fig. 13) shows 
a small breach in the right lateral moraine of the 

Fig. 12 Elevation changes of the terminus derived from the images. 
For the dates of the images, see the text and Tab. 1. The light blue 
stripes represent the periods of glacier advance for Belvedere after 
Monterin (1922). Orange dots represent field measurements of 
terminus elevation.

Fig. 13 The east face of Monte Rosa as seen from the pasture hut of Alpe Pedriola (viewpoint E) shows a breach of the lateral moraine on the 
lithography by Doyen based on a photograph by Carnagbi from 1889 (a) and a photograph by M. Nüsser from 31 July 2024 (b). The breach is 
below on the right.

a) 1889 b) 2024
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Belvedere Glacier. This breach was caused by the 
1904 GLOF, in which the flood wave first followed 
the inner side of the lateral moraine, then breached 
it, and flowed along the ablation valley at the outer 
side of the moraine. The breach was further incised by 
a series of GLOFs originating from Locce Lake in 1970, 
1978, and 1979. The small incision on the Doyean’s 
lithography evidences that the breach is much older 
than 1904 than presumed.

6. Discussion

A large collection of multitemporal visual material, 
including engravings, paintings, and photographs, 
documents changes of Belvedere Glacier and the Mon-
te Rosa east face over the last two centuries. This his-
torical material provides evidence on glacier changes 
since the end of the LIA. The images also provide valu-
able evidence of the changes in debris cover and doc-
ument the evolution of the terminus area shaped by 
a rather complex interplay of ice retreats and advanc-
es, formation of the third lobe and GLOF events.

In the presented study, we attempted to assemble 
and evaluate a long visual record of landscape chang-
es based on images created for various purposes. For 
such studies, the growing availability of historical 
landscape images, in particular via online access to 
various archives, is highly beneficial (Kropáček et al. 
2019). The presented and discussed images were pro-
duced by various techniques. The oldest engravings 
and paintings have accurate geometrical frameworks 
suggesting the utilization of graphical tools such as 
camera lucida as in the case of Welden’s image. The 
accuracy of the painting by F. Ashton reveals a more 
realistic approach in landscape painting, common 
for the second half of the 19th century. The common 
denominator of the images, which were acquired 
independently of each other are the vantage points 
which are restricted to a few locations, often in the 
vicinity to exposed viewpoints with relatively easy 
access. Surprisingly none of the images shows Belve-
dere Glacier from the bifurcation point of the lobes – 
the Belvedere viewpoint.

The image record proved useful for documenta-
tion of the evolution of particular features, such as 
the breach of the left lateral moraine and left terminal 
lobe. Furthermore, the images allowed us to compile 
the elevations of its termini similarly as exemplified 
for instance by Zumbühl and Nussbaumer (2018) for 
the Lower Grindelwald Glacier and the Mer de Glace. 
The accuracy of the elevations can be compared to 
two historical ground measurements. The first meas-
ured elevation of the terminus position can be found 
in a map by the Schlagintweit brothers from 1851 
as 1612 m (4960 feet). This can be compared with 
altitudes based on the engravings by Willmore from 
1845 and Cuviller from 1840, which are 1550 and 
1400 m a.s.l., thus showing differences of 62 m and 

212 m, respectively. While the first difference can be 
explained by the expected error of the method, the 
second difference probably indicates an exaggeration 
of glacier extent in the image by Willmore.

The terminus elevation of 1700 m a.s.l. estimated 
from the photograph by Monterin from 1921 can be 
compared with the altitude of 1751 m a.s.l. measured 
by Porro and Somigliana in 1918 (Monterin 1922). 
The difference of 51 m could be explained by the 
inaccuracy in historical image interpretation. Howev-
er, for this period (1918–1921) glacier advance was 
reported leading to the terminus elevation decrease 
of 53 m (Monterin 1922), which almost exactly corre-
sponds to the difference. These comparisons and the 
experience with the work with the images lead us to 
the accuracy estimation of the approach to be around 
50 m, while higher accuracy can be expected in the 
case of photographs compared to engravings.

In general, comparisons of photographs need to 
consider differences in illumination, shadows and 
snow cover (Nüsser 2001). Especially in our case 
study, the exact extent of ice on steep slopes of the 
Monte Rosa east face is biased by seasonal snow cov-
er. It appeared, that graphical techniques and photo-
graphs cannot be strictly separated as in some mate-
rials, these techniques were combined (Zumbühl et al. 
2018), which may explain some inconsistencies.

7. Conclusions

Based on an extensive search in various archives, we 
found 29 historical images of Monte Rosa’s east face 
and the Belvedere Glacier. They provide a valuable 
visual record dating back to the end of the 18th centu-
ry, greatly extending the observation period covered 
by aerial photography and satellite imagery. As the 
viewpoints of the images are restricted to a few spots, 
we could build bi- and multitemporal series of repeat 
images. The historical images could be complemented 
by contemporary photographs or by simulated imag-
es prepared in Google Earth. These visual records 
allowed us to investigate the glacier changes since 
the LIA. We could document the evolution of debris 
cover, changes at the terminus, and the appearance of 
the breach of the right lateral moraine further shaped 
by a series of outburst floods. From the images by 
A. Schlagintweit (1854), A. Civiale (1859–1868), and 
G. Loppé (the 1880s) it appeared that the debris cov-
er of the lower part of the glacier developed mainly 
between the 1860s and 1880s, in the period following 
the LIA. 

The analysis of the terminal part of Belvedere Gla-
cier showed that the slope between the two termi-
nal lobes was affected by the ice movement already 
towards the end of the LIA and a third lobe likely 
already existed, similarly to 1896 and the 1920s, as 
seen in the aquatint by G. Lory (1829). Seven graph-
ics and three photographs were used to analyse the 



252 Jan Kropáček, Marcus Nüsser, Susanne Schmidt

changes in the terminus elevation. Although most 
of these images fall by coincidence in periods of gla-
cier advance, they document well the general glacier 
retreat since the end of the LIA. Furthermore, the 
photolithograph by Doyen/Carnagbi evidenced that 
the breach of the lateral moraine used by the floods in 
1904 and the 1970s existed long before 1904 as pre-
viously assumed. All the listed materials not only doc-
ument the glacier changes and related processes of 
the study site but also reflect the evolution of graph-
ical techniques used by mountain explorers over the 
last two centuries.
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ABSTRACT
The debris-covered Belvedere Glacier is an iconic place for investigating glacier dynamics and geomorphological processes typical 
of high mountain environments. Moreover, being located in an area highly suited to tourism, glacial and geomorphological hazards 
can evolve into risk scenarios. Particular attention has been paid during this research to the surge-type event that occurred at the 
beginning of the 21st century, and to the recent sliding of a lateral moraine nearby the chairlift station. Tree sampling was per-
formed (19 trees on the lateral moraine; 10 undisturbed trees), and the results were compared with morphometric measurements 
on orthophotos of different years. Besides sampling trunks, the six available exposed roots (13 samples) from a tree located along 
the sliding niche were sampled to identify the exposure time. Morphometric measurements of the touristic trail dislocation indicate 
a sliding rate of 1.87 m/y – 1.98 m/y (2018–2023), while the regression rate of the sliding niche is 1.70 m/y (2021–2023). The age 
of trees along the trench is variable (14–49 years), as is the signal of compression wood, enhancing differentially the passage of the 
surge wave and the subsequent glacier downwasting. The beginning of root exposure occurred between 2017 and 2019, before 
the effective evidence of large fractures in the ground. Moreover, the roots show traumatic resin ducts in the period between 2020 
and 2022, confirming the tree disturbance. In conclusion, the investigated events are recorded differentially in the sampled trees, 
especially in roots, anticipating the actual commencement of ground failure. A multidisciplinary approach, including remote sensing, 
field survey, and dendrogeomorphological analysis is essential to define the dynamics of complex systems.
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1. Introduction

The debris-covered Belvedere Glacier, located on the 
eastern side of Monte Rosa (Western Italian Alps) 
(Fig. 1a), is an iconic area in the European Alps. 
Together with the Miage Glacier, another peculiar 
debris-covered glacier located in the Mont Blanc 
Massif (Italian side) (Bollati et al. 2015), it represents 
one of the most deeply studied glacial areas in the 
Italian Alps. The glacier has an extensive debris cov-
erage, which is not so common in the European Alps, 
and a very peculiar morphology, similar to the Miage 
Glacier, with the glacial snout divided into two lobes. 
It presents a complex response to climate change, 
marked by altered surface ablation rates and spa-
tial patterns of mass loss, as generally observed in 
debris-covered glaciers in other mountain ranges 
(e.g., Benn et al. 2012). Since debris coverage can 
reduce the ablation rate when it exceeds a critical 
thickness (e.g., Nakawo et al. 1999; Fyffe et al. 2014; 
Mehta et al. 2023), the Belvedere Glacier maintains 
its front at relatively low elevations (approximately 
1800–1900 m a.s.l.), below the tree line. On the con-
trary, Belvedere tributary glaciers, not covered by 
debris, are undergoing a fast retreat in line with the 
overall trend in the European (Paul et al. 2020) and 
Italian Alps (Smiraglia and Diolaiuti 2015). Even if 
this trend may vary depending on the glacier types, 
since valley glaciers are found to be less sensitive to 
air temperature and precipitation (Serandrei-Barbe-
ro et al. 2022), this trend is leading to the separation 
of Belvedere from the tributary glaciers.

Despite the snout of the Belvedere Glacier remain-
ing at relatively low elevations, constant in-situ mon-
itoring (Mortara et al. 2023) and recent photogram-
metric studies provide evidence of downwasting, 
gradual glacier retreat, and morphological modifi-
cations (Ioli et al. 2023; Brodský et al. 2024, in this 
issue).

The scientific interest derives from the different 
kind of processes (glacial, gravity-, and water-related) 
potentially generating hazards in the area (Mortara 
et al. 2017). For instance, the Glacier Lake Outburst 
Floods (GLOFs) from Lake Locce (1970, 1978, and 
the most recent one in 1979; Mortara and Tamburini 
2009; Kääb et al. 2004) posed serious issues, since 
they affected localities in the municipality of Macug-
naga (i.e., the destruction of the lower chairlift station 
and the sudden increase of solid and liquid discharges 
along the Anza River). As a response to these events, 
several investigations and interventions to mitigate 
the risk scenarios were planned in the area (VAW 
1983, 1985). Considering the 21st century in more 
detail, the most relevant geomorphological process-
es related to the Belvedere Glacier and its surround-
ing areas, interfering in some way with the glacier 
dynamic and also generating hazards downvalley, 
were: a surge-type event, characterized by glacier 
changes between 1999 and 2003, and reaching the 

acme between 2000–2002 (Mazza 2003; Kääb et al. 
2004); the formation and evolution of an ephemeral 
lake (Lake Effimero; Fig. 1a) whose GLOF is a poten-
tial threat to Macugnaga village; significant rock falls 
and avalanches (2005, 2007) sometimes also accom-
panied by ice (Fig. 1a); the Castelfranco debris flow 
that recently hit the glacier area in August 2023 
(Fig. 1a); and, finally, the continuous sliding of lateral 
moraines (Fig. 1a).

Most of these processes may be classified as par-
aglacial-type processes i.e., according to Church 
& Ryder (1972) “… non-glacial processes that are 
directly conditioned by glaciation”. They refer both to 
“proglacial processes, and to those occurring around 
and within the margins of a former glacier that are 
the direct result of the former presence of ice”. Bal-
lantyne (2002) classified a series of paraglacial-type 
processes, among which there is the debuttressing of 
lateral rocky and debris slopes along glacial valleys, 
favoring rock falls and avalanches, and landsliding in 
general. The latter is a process continuously affect-
ing the Belvedere area (Mortara et al. 2023), espe-
cially since the end of the Little Ice Age (14th centu-
ry CE – 1850–1860 CE; Ivy-Ochs et al. 2009), but it 
became more significant after the sudden exhaustion 
of the 2000–2002 surge-type event, as the support 
offered by the huge ice volume disappeared quite  
rapidly.

Since the snout of the Belvedere Glacier is locat-
ed below the tree line, the moraines bordering the 
central-lower part of the glacier, including the one 
undergoing sliding, are colonized by broadleaves and 
coniferous trees of different species. Among them, 
larches (Larix decidua Mill.) are pioneer species also 
colonizing unstable surfaces and constituting an early 
step in the renewal of the ecological series.

In the literature, dendrochronological analyses, 
based on tree rings, have been performed on larch 
and coniferous species in high altitude environments 
to detect climatic signals (e.g., Leonelli et al. 2016), or 
to reconstruct geomorphological disturbances in dif-
ferent geomorphological contexts, such as landslides 
(e.g., Fantucci 1997; Guida et al. 2008; Tichavský et al. 
2019), debris flows (e.g., Garavaglia et al. 2009; Bol-
lati et al. 2018), or snow avalanches (Garavaglia and 
Pelfini 2011; Bollati et al. 2018; Favillier et al. 2023), 
as well as in glacial contexts for detecting glacier fluc-
tuations, mass balance, surface instability (e.g., Pelfini 
1999; Richter et al. 2004; Leonelli et al 2008; Leonelli 
and Pelfini 2013), and also proglacial stream activity 
(e.g., Pelfini et al. 2007; Garavagliaet al. 2010).

Several morphological (micro and macro) indica-
tors in tree rings (i.e., growth anomalies, compres-
sion wood, eccentricity index, traumatic resin ducts; 
Pelfini et al. 2007; Stoffel and Bollschweiler 2007) 
are used to reconstruct such dynamics. Their reliabil-
ity may vary accordingly; for instance, to the type of 
process and to morphological features of the sites (de 
Bouchard d’ Aubeterre et al. 2019). Moreover, when 
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tree roots are exposed along erosion surface, they 
may also be used to date the sediment removal and 
to calculate average erosion rates (e.g., Stoffel et al. 
2013; Bollati et al. 2016).

Concerning dendroglaciological analyses in the 
Italian Alps in more detail, and firstly considering the 
case of a debris-free glacier, Pelfini (1999) detailed 
the advance of the Grande di Verra Glacier (Aosta 
Valley, Italian Alps) as far as the Little Ice Age (14th 
century CE – 1850–1860 CE; Ivy-Ochs et al. 2009), 
as well as the retreat phases, through the analysis of 

tree ring width anomalies. On the other hand, the gla-
cial dynamic of a debris-covered glacier is even more 
particular. The position of the debris-covered glacier 
snout remains quite constant despite the mass trans-
ferring through kinematic waves crossing the gla-
cier as far as the snout, the crevasses or the ice cliffs, 
where the mass wasting is greatest. In the case of the 
Miage glacier (Aosta Valley, Italian Alps), for instance, 
there is a proper forest growing on the glacier debris 
coverage, and the analyses of tree rings enabled the 
passage of a kinematic wave in 1980s to be detected, 

Fig.  1 The head of the Belvedere Glacier hydrographic basin on a Google Earth 3D image with the white square indicating the study area and 
referring to Fig. 1b, c, and the path of the most significant geomorphic processes affecting the area (a); the tree sampling distribution on the 
orthophotos, created in 2023 using a drone flight (b), and an image of a trench related to moraine sliding (c).
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differentially on its two lobes (i.e., 5-years delay; Pelf-
ini et al. 2007; 2012).

In both these cases, the data extracted from the 
tree cores provided information at an annual resolu-
tion, which may be further discussed in comparison 
with data from remote sensing analyses (e.g., veloc-
ity of the glacier flow, surface topographic change), 
based on aerial images and digital elevation models 
with different space and time resolution (e.g., Azzoni 
et al. 2023).

In this work, the aim was to analyze in detail the 
response of the lateral moraine of the Belvedere 
Glacier nearby the chairlift station to the pressure it 
underwent during the surge-type event, to the ongo-
ing relaxation due to glacier downwasting (e.g., par-
aglacial debuttressing, sensu Ballantyne 2002), and 
to water runoff affecting the moraine’s inner flank. To 
achieve this, the traditional tree ring indicators and 
dendrogeomorphological investigations were used 
and compared with field observations, and morpho-
metric data from remote sensing analyses.

2. Study area

The Belvedere Glacier is one of the most famous 
debris-covered glaciers in the European Alps, 
renowned for its debris coverage and its location 
just below the base of the east side of Monte Rosa, 
the highest European alpine wall. It is located at the 
head of the Anzasca Valley (Western Italian Alps), 
on the border with Switzerland (Fig. 1). The debris 
coverage is fed by ice and snow avalanches, and rock 
falls, frequently originating from the eastern face of 
Monte Rosa (Giordan et al. 2022). The Belvedere Gla-
cier is hence featured by an elevated sediment cover-
age (i.e., Monterin 1923, Mazza 1998; Haeberli et al. 
2002). The forest surrounding, but also connected 
with the glacier environment, is formed by Europe-
an larch (Larix decidua Mill.), Norway spruce (Picea 
abies Karst), and other alpine species such as birch 
(Betula pendula) and green alder (Alnus alnobetula) 
in wetter areas. Above the climatic tree line, located 
at 2215 m a.s.l. (Tampucci et al. 2017), open environ-
ments prevail, characterized by extensive rocky sur-
faces, screes, moraines, and remnants of acidic sub-
strates from glaciers where alpine scrub or scrubland 
comprise primarily of green alder, and rhododendron 
(Rhododendron ferrugineum). The vegetation grow-
ing on the Belvedere Glacier is distinct, as exists in 
a colder environment compared to the surroundings. 
It hosts unique assemblages of cold-adapted plant 
species, which remain unaffected by glaciological 
variations within debris-covered glaciers (Tampucci 
et al. 2017). This characteristic makes it a potential 
warm-stage refuge for cold-adapted species (Caccian-
iga et al. 2011). Compared to similar environments 
(i.e., the Miage Glacier, Pelfini et al. 2007; 2012), the 

vegetation and trees on its surface have considerably 
younger ages, up to 5–6 years old.

Vegetation has to cohabit within a highly dynam-
ic environment. Indeed, despite the seemingly stable 
position of its front, composed of two distinct lobes 
(left and right in this work; see Fig. 1), the Belvedere 
Glacier is undergoing dramatic changes, particular-
ly in terms of glacier thickness (e.g., Ioli et al. 2021; 
De Gaetani et al. 2021; Ioli et al. 2023; Mortara et al. 
2023).

Moreover, after the separation from of the Nordend 
Glacier and the Nord Locce Glacier, the Belvedere Gla-
cier is now solely fed by the very steep Monte Rosa 
Glacier. However, this connection may also be com-
promised in the near future due to global warming if 
glacier retreat continues.

Several authors have estimated the losses and 
gains of Belvedere ice volumes since the middle of the 
20th century using topographic maps, digital eleva-
tion models, and punctual measurements through ice 
stakes. Tab. 1 provides a summary of the main results 
in the literature of the ice volume variations, and the 
ice flow velocities are also included.

An important event that occurred in the study area, 
attracting the attention of several scientists, was the 
surge-type event (i.e., kinematic wave), that, consid-
ering all the possible evidences, was observed in the 
1999–2003 timeframe (Kääb et al. 2004). Details are 
provided in section 2.1. De Gaetani et al. (2021) cal-
culated an acceleration of ice thickness (and volume) 
reduction during the period between 2001 and 2009, 
during and after the end of this surge-type event based 
on five surveys conducted on the glacier between 
1977 and 2019. In particular, during the 2009–2019 
the volume loss propagated towards the glacier snout, 
which began in 2001 from higher elevations. In total, 
a loss of 54 million m3 of ice was calculated by the 
authors during the 1977–2019 time interval.

When, then, the moraine under investigation began 
to collapse (2015–2020), Ioli et al. (2021) measured 
an ice loss rate of between 2 and 3.5 million m3/y,  
lower than the values calculated immediately after 
the surge, but detecting an active downwasting 
nevertheless.

Mortara et al. (2023) calculated the punctual abla-
tion between 2010 and 2023 testifying to a variable 
annual surface lowering of between 270 and 430 cm 
with maximum values in 2015. They also recorded 
a decrease in velocity during the 1987–2023 time 
interval, interpreted as the slowing down of the ice 
mass transfer from the accumulation to ablation zone 
favoring the glacier snout retreat. Again, in terms of 
velocity, Ioli et al. (2021) found variable values in the 
different areas of the glacier. In normal periods, the 
data in the literature report a velocity of between 
2 and 43 m/y, while during the surge-type event it 
reached values of 100–200 m/y (Tab. 1; Kääb et al. 
2005; Ioli et al. 2021).
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After the surge-type event a total retreat of the gla-
cier snout of 300-m was measured by Mortara et al. 
(2023). The glacier snout morphological modifica-
tions were also measured by Ioli et al. (2023) through 
an innovative photogrammetric technique, indicating 
an average glacier retreat rate of 2.7 m in one month 
(July–August 2022), and an ice volume loss of approx-
imately 14 × 103 m3.

In this historical framework of the Belvedere Gla-
cier, two events are considered for the present study, 
both affecting the area below the tree line, in a period 
overlapping with the tree chronologies: the surge-
type event between 2000 and 2002, and the moraine 
collapse at the chairlift station and near the Miravalle 
hut and in subsequent years, highlighted by ground 
failures in 2019. These events are described in detail 
in the following sections.

2.1 The surge-type event

The surge-type event with first evidences in 1999, 
reached the acme during the summer of the year 
2000 till the late spring of 2002, exhausting in 2003 
(Mazza 2003; Kääb et al. 2004). The deep morpho-
logical changes affecting the glacier made this event 
quite unique in the European Alps. The three main 
features of this event, described by Mortara et al. 
(2023), are: i) the increase in superficial velocity, ii) 
the intense crevassing of the glacier tongue, and iii) 
the local increase in the volume and thickness (up to 
20 m; Kääb et al. 2004). This allowed the ice to over-
whelm the Little Ice Age moraines, especially on the 
right side, near the Zamboni-Zappa hut, and filling the 
breach in the moraine generated during the previous 
Lake Locce GLOFs (Mortara and Tamburini 2009). 
During the surge-type event, indeed, a glacial mass 
transformation and transfer occurred: the glacier 
terminus moved downvalley for 40 m. The measured 

velocity was 100–200 m/y (Kääb et al. 2005) com-
pared to the normal 20–30 m/y (Mortara and Tam-
burini 2009). According to Haeberli et al. (2002), in 
the summer of 2000, the Monte Rosa glacier flowing 
into the Belvedere accelerated its flow, as testified 
by several crevasses, and induced compression and 
deformation on the Belvedere ice mass. Evident new 
moraines are now the past witnesses of this surge-
type event, especially along the right moraine, and 
the right side of the left lobe, downvalley in regard to 
the lobe separation. Haeberli et al. (2002) underlined 
how this process may have triggered potential haz-
ards for the infrastructure in the area, and also down-
valley, if pressurized water came out, for instance 
from an ephemeral lake formed during the surge-type 
event. For this reason, it was observed and monitored 
in detail to set specific rescue strategies with the local 
authorities (VAW 1983, 1985).

After the event, the dramatic ice downwasting 
induced a generalized instability along the lateral 
moraines, leading to their subsequent degradation, 
and collapse and hazards related to the surge-type 
event have continued some years after the end of the 
event.

2.2 Sliding of the lateral moraine at the Miravalle hut

After the exhaustion of the surge-type event, the Little 
Ice Age degradation of the lateral moraines, for the 
paraglacial debuttressing and water runoff on the 
inner flank of the moraine no longer covered by ice, 
induced sliding and genesis of pseudo-badlands mor-
phology (Curry and Ballantyne 1999; Klimeš et al. 
2016; Bollati et al. 2017).

The greater effects of the decrease in ice thickness 
after the surge-type event were recorded along the 
up-valley portion of the right lateral moraine (Mortara 
et al. 2023). Along the other moraines, the instability 

Tab. 1 Summary of the main measurements of ice volume and surface velocity variations present in literature.

Time interval Author Volume (million m3) Rate (million m3/y) Note

1957–1991 Diolaiuti et al. (2003) +22.7 0.69

1983–1985 Roethlisberger et al. (1985) +1.50

1977–1991

De Gaetani et al. (2021)

+10.06 +0.72

1991–2001 +10.61 +1.06 Before surge

1977–2001 +20.66 +0.72 Before surge

2001–2009 −47.78 −5.97 During surge and after

2009–2019 −27.16 −2.72 Before the moraine collapse

1977–2019 −54.28

2015–2020 Ioli et al. (2021) 2.0–3.5 Before and during the moraine collapse

Time interval Author Surface velocity (m/y) Note

1995–1999
Kääb et al. (2005)

32–43

2001 100–200

2015–2020
Ioli et al. (2021)

17–22 Central portion

2015–2020 2–7 Accumulation zone and glacier snout
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is also still ongoing, which is matter of concern due 
to the tourist and alpinist trails along the moraines 
(Tamburini et al. 2019; Mortara et al. 2023). For 
instance, in the summer of 2023, the local authorities 
attempted to reconstruct the trail to Zamboni-Zappa 
hut through intense excavation on the moraine and 
regularization of the glacier surface of the right gla-
cier lobe. The aim was to create a larger path also 
usable by excavators. However, this track underwent 
rapid degradation (within two months), especially on 
the unstable portion descending the inner flank of the 
left moraine of the right lobe and crossing the glacier.

Nearby the chairlift station, used by skiers in win-
ter and mountaineers in summer, the right moraine 
of the left lobe, the object of interest for this study 
(see Fig. 1), has being affected by large fractures 
since 2019. This process is decreasing the trail sta-
bility along the moraine ridge, which is not walkable 

anymore and has been moved to the external flank 
of the moraine. In addition, the Meteo Live VCO web-
cam, located at the lobe divide, undergoing destabili-
zation, eventually fell in May 2024, as a consequence 
of heavy rains probably combined with snow melting 
(see Fig. 2). During the second half of July 2019, when 
the fracture was detected, Tamburini et al. (2019) cal-
culated a glacier surface lowering of approximately 
46 cm (4.6 cm/day). During the period between 2015 
and 2020, the rate of ice volume loss was estimated 
to be 2.0–3.5 million m3/year (Ioli et al. 2021). The 
investigated moraine is located in sector S3, one of the 
three sectors identified by Ioli et al. (2023). This low 
relief sector is particularly stressed: the glacier splits 
in two different lobes, the authors detect a velocity 
of approximately 2–7 m/y, and the crevassed area up 
valley from the glacier division features a very high 
variability of surface velocity.

Fig. 2 Examples of trees in the unstable 
portion of the right moraine of the left lobe 
of the Belvedere Glacier (a), and a view of the 
sliding moraine from the opposite side of the 
glacier, as well as from the Meteo Live VCO 
webcam, lost in May 2024.
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As the collapsing moraine is at a lower elevation 
than the tree line, it is colonized by coniferous and 
broadleaves species, as described in detail previous-
ly. Fig. 2a and 2b provide examples of trees along the 
sliding niche, which are investigated in this study 
as potential data loggers for tracking sliding move-
ments. The aim is to detect the reliability of trees 
in understanding, with annual resolution, when the 
movement effectively began and whether it corre-
sponded to the opening of the fracture in 2019. Fig. 2 
shows the sliding moraine from the opposite side 
of the glacier (c) and the extensional trench visible 
from the Meteo Live VCO webcam, unfortunately now 
lost (d). The trench is also well visible in Figure 1 (c), 
and on the orthophoto from the Unmanned Aerial 
Vehicle (UAV) flights performed in August 2023  
(Fig. 1b).

3. Material and methods

3.1 Geomorphological mapping and morphometric 
measurements

Mapping of geomorphological features was per-
formed in detail nearby the sliding moraine, to sur-
vey the main geomorphic signs of the sliding. The 
mapping was included in the ongoing broader geo-
morphological mapping activity covering the entire 
Belvedere Glacier area. The landforms were classified 
according to their genetic processes (e.g., gravity, gla-
cial) and particular attention was paid to morphody-
namic conditions because of their potential relation 
to hazard scenarios (Bollati et al. 2024). In addition, 
landforms deriving from human activity were also 
mapped. The manmade elements, such as the remod-
eled surfaces, the chairlift infrastructure, and the old 

tourist trail along the moraine ridge, leaving evident 
signs on the landscape, were also considered. 

Morphometric measurements were performed 
to quantify the sliding and the retreat of the niche 
(Fig. 3). The tourist trail not involved in the sliding 
(T1), and the one that ran along the moraine ridge, and 
that was lost (T2), were useful for estimating the sur-
face displacement. Two different features were meas-
ured to quantitatively assess the displacement using 
the orthophotos from 2018 (the last year before the 
appearance of the field evidence, AGEA orthophoto,  
average resolution 0.30 m) 2021 (AGEA orthopho-
to, average resolution 0.30 m), and 2023 (year of the 
drone survey in the area, 0.05 m):

– Sliding of the moraine ridge using two features: 
i) tourist trail displacement calculated as the distance 
between the location of trail T2a on the 2018 ortho-
photo, T2b on the 2021 orthophoto, and T2c on the 
2023 orthophoto (Fig. 3); ii) difference between the 
distance between trail T1, which was not affected by 
instability (Fig. 3), and the tree canopy on the moraine 
ridge before (2018 orthophoto) and during the slid-
ing (2021 and 2023 orthophotos). The linearity of ele-
ments used for measurement in the i-method provided 
more accurate data with an error related to the reso-
lution of the image (variable between 0.05–0.3 m, i.e.,  
orthophoto resolution). In the second case (ii-meth-
od), the measurements were based on tree canopies 
growing on the moraine ridge, and their detection on 
the orthophotos from 2018 and 2021 was quite chal-
lenging. A greater specimen or particular clusters of 
trees were considered, since they were more easily 
detectable on the images. Nevertheless, these meas-
urements are considered not in an absolute sense but 
as a confirmation of the i-measurements.

– Regression of the sliding niche: calculated as the 
distance between the position of the sliding niche 

Fig. 3 Displacement 
measurements along  
the sliding moraine. The trail and 
the moraine ridge displacement 
are indicated (different colored 
arrows), as well as the regression 
of the sliding niche (orange 
dashed line) considering the 
orthophoto from 2018 2021 by 
AGEA; and 2023 resulting from 
the UAV flight performed in 
August 2023. The latter is also 
the background of the image.
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on the 2021 orthophoto and the 2023 orthophoto 
(Fig. 3).

In addition to the displacement, average rates of 
sliding and retreat were calculated for the different 
time intervals. Two rates were calculated: one consid-
ering the year of the last orthophoto available before 
the sliding (2018), and another considering the year 
of ground fracture observation (2019) reported in the 
literature (Mortara et al. 2023).

3.2 Dendrogeomorphological analyses

Field sampling was performed in 2021 and 2022 
(Fig. 4b, c) in order to collect samples from trees and 
exposed roots mostly stressed by the processes of 
sliding. Fig. 1 (b) shows the location of the sampled 
trees for dendrogeomorphological analyses. It should 
be noted that some tree positions taken with the GPS 
represent a cluster of trees due to GPS error (approx-
imately 3 m).

Samples from tree trunks were taken using 
a Pressler increment borer. The cores extracted from 
the trunks were collected in most cases at the stan-
dard height of the trunk of 1.30 m (chest height), but 
because the sample locations were quite unstable, 
and in some cases very hard to access, the samples 
were sometimes taken nearby the base of the trunk, 
also to obtain the longest chronology as possible. Nev-
ertheless, the aim of the analysis was not to date the 
germination of the trees or the surface stabilization 
and relative colonization by trees; hence, the mini-
mum age of trees was only considered, and no cor-
rections were made based on the sampling height. 
In total 19 trees growing along the lateral moraine 
(48 cores) in the newly formed trench, and 10 trees 
(20 cores) in an undisturbed area were sampled for 
a total of 68 cores analyzed. The tree chronologies and 
ring features of reference trees were compared with 
those of disturbed trees to detect the possible differ-
ences in relation to active geomorphic processes.

Moreover, disks were cut from the available six 
exposed roots (13 samples) from one of the trees 
(No. 6) located along the sliding niche, to determine 
when the effective exposure began. The changes in 
the tree root micromorphology, from the production 
of root-type wood to trunk-type wood, were used to 
detect the exposure year. Root exposure is also use-
ful for estimating the average erosion rate over the 
exposure period. This may be calculated as the ratio 
between the thickness of the removed sediment and 
the time interval since the exposure (e.g., Hupp and 
Carey 1991 Pelfini and Santilli 2006; Stoffel et al. 
2013; Bollati et al. 2016). A significant uncertainty 
may be introduced during this calculation (Bodo-
que et al. 2015), especially in complex contexts of 
an exposure of this type. Hence, in this specific case, 
we decided not to measure the erosion rate through 
the removed sediment thickness, but to focus on 
the different years of exposure obtained from roots, 

comparing them with the calculated values through 
morphometric techniques using orthophotos (see 
Section 3.1).

After preparing the tree cores and root disks, the 
ring widths were measured (accuracy of 0.01 mm) 
using the LINTAB and TSAP systems (Rinn 1996) and 
image analysis using WinDENDRO software (Régent 
Instruments Inc. 2001). The cross dating of the den-
drochronological series was performed visually with 
TSAP, considering the Gleichlӓufigkeit (GLK), the 
Cross Date Index (CDI) and the Generalized Level of 
Significance (GLS) coefficients, to establish the date of 
each individual annual ring. GLK (Eckstein and Bauch 
1969) compares the similarity between two growth 
curves based on the concordance and discordance of 
curves’ tendency, while GSL, depicts the significance 
of the GLK value, and CDI represents the synthesis 
of the similarity tests (GLK, GSL) conducted between 
the curves (Schmidt 1987). The detrending of the 
tree growth curves for the autocorrelation remov-
al was performed with the Arstan software (Cook 
1985), and after this phase, the cross-dating was 
checked again. The growth disturbances in the tree 
cores were finally analyzed (i.e., compression wood, 
growth anomalies, traumatic resin ducts). Since con-
sideration of the percentage of trees affected by dis-
turbance is influenced by the number of trees present 
in a specific year, according to the age of the trees, 
the time frame considered for the analysis began 
in 1997, i.e., when at least 50% of the trees were  
present.

The following disturbance indicators were selected 
for the analysis:

i) Growth anomaly index (e.g., Pelfini et al. 2007; 
Bollati et al. 2016): it is useful for analyzing abrupt 
growth changes (i.e., release and suppression) and it is 
based on the yearly percentage growth variation with 
respect to the mean of the four previous years. The 
growth anomaly index was calculated after detrend-
ing and autocorrelation removal. For the plotting, spe-
cific threshold values for growth suppression in trees 
(Negative Anomaly Index – NAI), potentially related 
to suffering, were then considered, with thresholds of 
40% and 70% for negative anomalies (as adopted by 
Pelfini et al. 2007), while specific thresholds for pos-
itive growth anomalies were not distinguished. The 
NAIs were calculated for both disturbed and refer-
ence trees to determine which NAIs may be related to 
the local conditions of geomorphic disturbance or to 
a more general disturbance according to the consid-
ered species. In NAI investigation, it is important to 
consider in particular the climate effect. The growth of 
European larix above 1400 m a.s.l. is driven positively 
by high summer temperatures, warm autumn tem-
peratures, and abundant July precipitation, also con-
sidering favorable microclimatic conditions (Saulnier 
et al. 2019). If the anomalies are common between 
trees in disturbed and reference clusters, the anom-
aly may be related to unfavorable climate conditions 
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or other regional impacts (e.g., insect attack; Vejpu-
stková and Jaroslav 2006). The NAI, especially the 
positive values, were also considered for raw growth 
curves of roots since after exposure a growth release 
is usually found (Pelfini and Santilli 2006; Bollati et al. 
2016). For the growth anomaly calculation, the analy-
sis extends from 1997 to 2021, since 2022 was not in 
all the cases a complete ring.

ii) Compression wood (CW) (Timell 1986): it is 
a particular, denser kind of wood, being a response to 
mechanical stress. The space–time distribution of CW 
among the trees along the trench and sliding moraine 
ridge, and sliding niche, was assessed through the 
occurrence on the tree cores. Also, a compression-type 
wood may appear in roots after exposure (Pelfini and 
Santilli 2006). For the compression wood analysis, as 
opposed to the NAI analysis, which ended in 2021, the 
year 2022 was also considered, even if not completed, 

as the CW could be visually detected and it may indi-
cate the continuation of the disturbance.

iii) Traumatic resin ducts (TRDs) (e.g., Bollschwei-
ler et al. 2008): these appear as a continuous row of 
resin ducts in earlywood or latewood, and they are 
considered indicators of the tree undergoing trauma. 
TRDs, often associated to scars, may show when the 
plant needs a greater support of resin, during very 
intense stress, and they may also appear in roots 
(Cruickshank et al. 2006). The disturbance may be 
caused by geomorphic events (e.g., debris flows or 
snow avalanches, Bollschweiler et al. 2008) but also 
by fires and insect attacks (Cruickshank et al. 2006).

The investigation of tree ring anomalies focused 
on finding a possible relation to the main glaciologi-
cal events (surge-type event and moraine sliding) that 
occurred in the timeframe when the moraine tree and 
root chronologies overlap.

Fig.  4 Geomorphological map showing the location of the sampled trees on the right lateral moraine of the left lobe (a), and the trench in the 
timeframe 2021 (b) – 2022 (c).
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4. Results and discussion

4.1 Geomorphological mapping and morphometric 
measurements

Fig. 4 (c) shows the geomorphological map with 
the sampled trees located in the area of the sliding 
moraine. The moraine ridge has moved towards the 
glacier debris-covered surface, favoring the opening 
of a trench. Moreover, the sliding niche is undergo-
ing regressive erosion. The intensity of erosion is not 
homogeneous along the niche (Fig. 3). Tab. 2 shows 
the values measured for the time interval between 
2018 and 2023 with the error estimated according to 
the orthophoto resolution. The considered timeframe 
begins one year before the fracture opening during 
the field survey in 2019 (2018, available orthophoto) 
reported in the literature (Mortara et al. 2023).

The average displacement rates related to the slid-
ing of the moraine are comparable, within the error 
related to orthophoto resolution, both using the trail 
displacement (1.98 m/y, since 2018, or 2.47 m/y, since 
2019; Tab. 2) and the tree canopies growing along 
the sliding moraine ridge (1.87 m/y, since 2018, or  
2.34 m/y; Tab. 2). The average values for the time 
interval between 2021 and 2023 (1.78 m/y for the 
trail; 1.96 m/y for the moraine ridge; Tab. 1) are also 
comparable, within the error related to orthophoto 
resolution, with the sliding niche retreat rate in the 
same period (1.70 m/y; Tab. 1). During the analyzed 
time interval comparing the available orthophotos 
(2018–2023) the rates are quite constant. However, if 
we consider the year in which ground fracturing was 
surveyed on the field (i.e. 2019) for the rate calculation, 
a slowing-down of the sliding from the period between 
2019 and 2021 (3.17 m/y for the trail; 2.72 m/y for 

Tab. 2 Values of displacement and the related rates affecting the moraine sliding area. The (*) rates are calculated considering the year  
of displacement (2019) in relation to ground evidence (Mortara et al. 2023).

Process Indicator 2018–2021 (m) (± 0.3 m) 2021–2023 (m) (± 0.3 m) 2018–2023 (m) (± 0.3 m)

Sl
id

in
g

Trail displacement

2.96 4.27 7.22

5.18 1.66 6.84

8.68 4.17 12.85

7.36 3.44 10.79

7.52 4.22 11.74

Average 6.34 3.55 9.89

Rate 2.11 (3.17*) 1.78 1.98 (2.47*)

Moraine ridge displacement

5.24 5.3 10.54

5.60 5.32 10.92

5.88 3.92 9.8

5.17 4.35 9.52

5.96 2.52 8.47

6.48 2.11 8.58

3.70 3.92 7.62

Average 5.43 3.92 9.35

Rate 1.81 (2.72*) 1.96 1.87 (2.34*)

Re
gr

es
si

ve
 e

ro
si

on

Sliding niche displacement

 5.41  

 5.25  

 2.55  

 3.46  

 3.5  

 2.75  

 7.92  

 2.97  

 3.83  

 1.04  

 4.03  

 2.26  

 1.05  

 1.51  

Average  3.40  

Rate  1.70  
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the moraine ridge) to the period between 2021 and 
2023 (1.78 m/y for the trail; 1.96 m/y for the moraine 
ridge) may be hypothesized. These data are discussed 
in relation to the tree and, especially, root information.

4.2 Dendrogeomorphological analyses

Tree cores
Fig. 5 shows the hillshade built from the 2023 DSM 
(Digital Surface Model), which highlights the presence 
of the trench. In the background, the minimum age of 
sampled trees is plotted. The oldest trees were pres-
ent at least from the middle of the 1970s. These data 
agree with the orthophotos reconstruction (Fig. 6) 
where the trees were absent in 1951 and began to 
appear in 1989, when three trees had already germi-
nated (Nos. 1, 5, and 6). In the 1990s, seven addition-
al trees were present at least (Nos. 2, 14–19), while 
other nine tree ages indicated their presence from the 
2000s (Nos. 3, 4, 7–9, 10, 12, and 13). The youngest 
are trees No. 8 and 11, less than 20 years old. The dis-
tribution of age is hence quite random in the moraine 
area, despite the fact that oldest trees (Nos. 1, 5, and 6)  
are located along the current erosion scarp.

Supplementary File A includes the evolution of the 
area through orthophotos since 1951, with the current 
position of trees plotted, and specific symbols to show 
their germination through time (i.e., minimum age).

The analysis of tree ring width anomalies (NAI) 
and of the CW in tree cores is summarized in Fig. 6, 

where the percentage of trees affected by NAI (for 
reference chronology and sliding moraine trees) and 
compression wood (only for the sliding moraine) are 
depicted, also indicating the number of trees growing 
in each year on the moraine area. The figure shows 
the timing of the most important glacial events inter-
fering with the moraine, i.e., the surge-type event (the 
wider timeframe in which evidence is indicated in the 
literature; 1999–2003; Kääb et al. 2004) and the slid-
ing (considering the field evidence from 2019; Mor-
tara et al. 2023). In the first case, the moraine trees 
show a more intense NAI compared to the reference 
chronology, not so much during the event itself, but 
immediately after, in the years between 2003 and 
2004 (30% of the trees with NAI < −40%). Even if 
two years of disturbance may be few to be considered 
a reliable response to a disturbing event, potential-
ly this anomaly may be put in relation to the ground 
destabilization following the glacier downwasting. 
Indeed, the surge may have potentially affected the 
trees both during the event by the push provoked by 
the glacier overwhelming the moraine, or after the 
event, under debuttressing conditions. The reference 
chronology, on the other side, shows a more intense 
NAI only in 2004 (approximately 55% of the trees 
with NAI < −40%). Anyway, the less intense NAI in 
2004 in the sliding moraine trees may be related to 
the NAI calculation itself, which considered the aver-
age of the previous four years. Since the NAI began 
in 2003, the disturbance may have been smoothed. 

Fig. 5 Distribution of the minimum 
ages of sampled trees plotted 
on the 2023 Hillshade – Digital 
Surface Model from the UAV 
flight performed in August 2023 
(resolution 0.05 m) (Brodský et al. 
2024, in this issue), showing the 
trench in the sliding moraine.
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Considering the meteorological conditions 2004 was 
not an extreme year neither in terms of temperature, 
nor drought conditions, hence they could not be con-
sidered as a potential influencer on tree ring growth. 
Later on, at the beginning of the sliding in 2019, 
the NAI does not prove to be a discriminant indica-
tor between the reference chronology and sliding  
trees.

Concerning CW, the temporal distribution in rela-
tion to the number of trees is reported in Figure 6, 
and the spatio-temporal distribution of the compres-
sion wood for the timeframe 1997–2022 is present-
ed in Supplementary File B. Compression wood is 
clearly present in the moraine tree rings since 2001, 
slightly after the beginning of the surge-type event. 
The increase during and after the surge is evident, 
and in some years particularly intensifying, prob-
ably due to the general relaxation of the inner flank 
of the moraine parallel to the glacier downwasting. 
Other information retrieved is the absence of specific 
spatial sub-clusters of trees featured by CW at differ-
ent moments or with different intensities. Consider-
ing the sliding period from 2018 to 2019, different 
behavior may be expected between the trees on the 
niche, above the erosion scarp, and those located on 
the landslide body, as detected in other cases (e.g., 

Bollati et al. 2016). In this case, no significant distinc-
tion occurs, as the disturbance is distributed in the 
area quite homogeneously. Concerning climate and its 
direct relation with the sliding, and hence its indirect 
relation with tree growth, heavy and/or prolonged 
rains, as well as snow melting during very snowy 
years, may trigger sliding and water-runoff (Man-
coni and Giordan 2015). The CW peak recorded in 
2009 may be related to the greater quantity of snow 
available until the late spring of 2009 and the intense 
related snow melting, destabilizing the moraine. The 
moraine flank relaxation finally evolved in 2019 in the 
form of ground fracturing and sliding (Mortara et al. 
2023). In 2018, in particular, a slight peak is visible 
one year before the ground fracturing (Fig. 7; Supple-
mentary File B). It is worth considering that some of 
the trees have maintained a relatively stable position, 
moving together with the moraine. This may have 
caused the apparent decrease in CW during the last 
period, with the trees being in a new and relative sta-
ble position during the sliding. As a final observation, 
no significant occurrences of TRDs were found in the 
tree cores, indicating that during the surge period, 
the glacier probably did not mechanically impact the 
trees on this moraine as occurred on other moraines 
(Mortara and Tamburini 2009).

Fig. 6 Negative anomaly index 
(NAI) for the reference (first 
graph) and sliding (second 
graph) tree chronologies, and 
compression wood for sliding 
trees (third graph). The data 
are plotted since 1997, when 
at least 50% of the trees were 
present.
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Root exposure
Along the detachment niche, despite some trees still 
being located in precarious positions, only one tree 
(No. 6 in fig. 5) showed roots suitable for sampling. 

The main aim of the analysis was to detect the 
exposure year. Fig. 7 shows the root sections togeth-
er with their position in the sampling field of tree  
No. 6.

The roots are concordant in showing an abrupt 
release in ring width in these last seven years, also 
testified by the NAI (white stars). Despite the field 
evidence of trenching along the moraine in 2019, one 
root shows an abrupt release in 2017 (root No. 1.2, 
Fig. 7), with the majority of roots showing an evi-
dent growth release in the period between 2018 and 
2019 (e.g., Nos. 1 and 4), with a total positive growth 
anomaly (100% of the roots) in 2019, continuing, 
even if less intensely, to-date. This may be put in rela-
tion also with the peak of compression wood in the 
trunk cores in 2018 (Fig. 6). In two cases (root Nos. 2, 
and 4), a small peak in the 1990s was also identified, 
and in one of them (root No. 2) also in the second 
half of the 2000s, with an evident peak in 2009. As 
mentioned before 2009 was a year with an intense 
snow melting, potentially favoring local superficial 
denudation. Finally, very clear TRDs in the period 
between 2020 and 2021 in almost all the roots tes-
tify to disturbance.

4.3 Integration of geomorphic feature survey, 
morphometric measurements,  
and dendrogeomorphological data 

According to De Gaetani et al. (2021), the period when 
the downwasting occurred in the glacier snout area, 
including the investigated moraine, is between 2009 
and 2019. Nevertheless, the trees (trunk and roots) 
indicate instability conditions that, even if with dif-
ferent degree of intensity and spatio-temporal distri-
bution, are uninterrupted since the surge-type event 
(2000–2002) to-date. Considering the dendrogeo-
morphological data of the roots and trunk cores, and 
the year 2018 as the first year with dendrogeomor-
phological signs of ground destabilization along the 
moraine, the average displacement rates of the trail 
calculated through morphometric techniques for the 
time interval between 2018 and 2023 seem to be the 
most realistic: 1.87–1.98 m/y (Tab. 2).

This would exclude the hypothesized slow-down 
of rates beginning in 2019 and previously discussed 
in Section 4.1. In this case, the temporal trend using 
2018 for the trail (2.11 m/y to 1.78 m/y; Tab. 2), and 
for the moraine ridge (1.81 m/y to 1.96 m/y; Tab. 2) 
is discordant. Unfortunately, due to the continuous 
vegetation coverage and the unfavorable shadows, the 
orthophoto from 2018 could not be used to confirm 
these data.

Fig. 7 Tree No. 6 and its 
sampled roots (1 to 6). Disks 
from some of the root samples 
indicating the main features 
(exposure year, traumatic resin 
ducts) as identified under the 
microscope. The graph below 
plots the NAI resulting for 
the timeframe between 2010 
and 2021 with the white stars 
indicating the growth release in 
relation to the moraine sliding.
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The results from the tree analyses, field surveys, 
and morphometric measurements, if combined, may 
provide a more reliable time constraint, and conse-
quently, movement rates to geomorphic processes. 
The limitation of remote sensing may be the time 
interval between the release of orthophoto or satellite 
images and their resolution, the presence of vegeta-
tion coverage or illumination and shadows, masking 
the geomorphic evidence (e.g., ground fracturing), 
while trees provide a yearly/seasonal time reso-
lution. The remote sensing limitation, has recently 
been solved by the widespread use of UAV technolo-
gy, allowing for very high-resolution acquisitions on 
demand within very short time intervals according to 
the type of events affecting an area, with the most ade-
quate light conditions. The limitation of field surveys 
may be related to underground conditions that may 
not always produce sudden morphological effects at 
the topographic surface, but they may do earlier on 
trees and root systems. In this case, trees may reveal 
something already occurring below the surface (the 
roots are in the ground), while surface effects are 
not yet visible. However, in this specific case, the lim-
it of dendrogeomorphology rely in the not-always 
clear signal in terms of NAI and CW, and, mainly, in 
the number of trees available for coring (trunks and 
roots). Concerning roots, specifically, since the data 
come in this case from only one tree specimen, the 
data obtained through the root exposure, even if very 
useful at punctual scale, could not be considered rep-
resentative of the erosive regression along the whole 
detachment niche, as testified by the different values 
obtained along it from the morphometric measure-
ments (Tab. 2).

5. Concluding remarks

Since a portion of the Belvedere Glacier is located 
below the tree line, it serves as a compelling study 
case for investigating glacier dynamics through a mul-
tidisciplinary approach, including morphometry, geo-
morphological survey and mapping, and dendrogeo-
morphological analyses. Besides the debris coverage 
providing a form of ecologic support role towards 
organisms, as highlighted in the literature, the glacial 
dynamic affects the vegetation growing on glacial dep-
ositional landforms such as the lateral moraine. This 
study has enabled the detection of signals in tree rings 
(growth anomalies, compression wood) and root 
rings (growth release and traumatic resin ducts), even 
if it was not always easy to disentangle. Nevertheless, 
information about the timing of glacial and geomor-
phological events affecting the right moraine of the 
left lobe of the glacier has been retrieved and dis-
cussed. The oldest trees were present at least from the 
middle of the1970s, and, considering the surge-type 
event, they record the peak of disturbance in terms 
of NAI in the period between 2003 and 2004, slightly 

after the acme of the surge-type event. Compression 
wood indicates disturbance since 2001, slightly after 
the beginning of the surge-type event, and prosecut-
ing also in the following years, even if diminishing. 
The trench opening in the ground, surveyed in the lit-
erature in 2019, is preceded by a slight peak in com-
pression wood already present in 2018. These data 
are also confirmed by the roots that show in one case 
an abrupt release in 2017, with the majority of growth 
release in the period between 2018 and 2019, con-
tinuing, even if less intensely, to-date. Moreover, roots 
show in these last years a disturbance in the form 
of very evident TRDs. Finally, the average displace-
ment rates along the moraine calculated for the time 
interval between 2018 and 2023 are 1.87–1.98 m/y,  
while the regression rate of the sliding niche was also 
calculated to be 1.70 m/y (2021–2023).

To conclude, considering the limits of all the tech-
niques applied, the integration of different techniques 
and a multidisciplinary approach are essential for 
delineating the dynamic features of a complex geo-
morphological and glaciological context like the Bel-
vedere Glacier environment. Discussing these dynam-
ics is relevant not only for the glacier site but it may 
provide information for managing hazard scenarios 
also affecting downvalley areas.
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ABSTRACT
The Schmidt hammer is a cost-effective tool for both relative- and absolute-age dating of rocks (the latter in connection with pre-
viously absolutely dated surfaces). Its application in high-mountain environments is particularly favoured due to the abundance of 
dating material and the small size of the dating tool compared to other options. The use of the Schmidt hammer on rock types with 
macroscopic crystals is not recommended due to the varying weathering rates of different minerals. However, in harsh alpine con-
ditions, there is often no other choice. We applied the Schmidt hammer in the relative dating of boulders in the Belvedere Glacier 
valley (Italian Alps) with orthogneiss and paragneiss being the dominant rock types (both consisting of macroscopic minerals). For 
the first time in the Schmidt hammer-related studies, we prepared a chart for the objective inclination correction of the data. The 
correction for aspect was also performed. The results suggest the successful applicability of the Schmidt hammer even under  
the unfavourable circumstances.
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1. Introduction

The Schmidt hammer was originally developed for 
non-destructive testing of the strength of concrete by 
the Swiss engineer, Ernst Schmidt, whose goal was to 
measure the deterioration rate of concrete structures 
over time (Schmidt 1950). It consists of a spring-load-
ed piston and a plunger, which is pressed against the 
surface. Thereby, the piston is released and its impact 
onto the plunger transfers the energy to the material 
(Aydin 2015). A certain part of the energy is trans-
formed into heat, sound, and surface deformation, the 
rest is recovered forcing the piston to rebound (Goudie  
2006). The amount of recovered energy depends on 
the hardness of the material and is measured as a per-
centage of the maximum stretch length of the spring 
before release, the so-called R value (Aydin 2015).

The potential of this new instrument for envi-
ronmental science was first exploited by Yaalon and 
Singer (1974) and Day and Goudie (1977) in the 
assessment of rock hardness. Matthews and Shakesby 
(1984) and Betts and Latta (2000) conducted pivotal 
studies of the use of the Schmidt hammer in relative- 
and numerical-age dating, respectively. The new tech-
nique steadily gained attention and found its applica-
tion in the dating of various geomorphological events 
and landforms (fully summarised by Matthews and 
Winkler 2022): bedrock and moraine ridges formed 
during the Late Pleistocene deglaciation and Young-
er Dryas (Longhi et al. 2024; Longhi and Guglielmin 
2020; Tomkins et al. 2018, 2016; Engel et al. 2011), 
paraglacial rockfalls and alluvial fans (McEwen et al. 
2020; Scotti et al. 2017), rock glaciers and other peri-
glacial landforms (Marr et al. 2022; Nesje et al. 2021), 
coastal landscapes (Sjöberg and Broadbent 1991), flu-
vial terraces (Stahl et al. 2013), and slope movements 
in tropical and temperate environments (Burda et al. 
2018; Klimeš et al. 2009). The strong supremacy of 
glacial or permafrost environment-related research 
has an obvious reason, i.e., the abundance of dating 
material.

Contrary to the above, the studies of the weather-
ing itself that use the Schmidt hammer show larger 
diversity, as reviewed by Goudie (2006). The possi-
ble applications include karstic forms (Haryono and 
Day 2004), tafoni and shore platforms (Stephenson 
and Kirk 2000; Matsukura and Matsuoka 1996), 
development of inselbergs (Pye et al. 1986), weather-
ing-based rock classification (Karpuz and Paşameh-
metoğlu 1997), temporal changes of weathering rates 
(White et al. 1998; Sjöberg and Broadbent 1991), and 
the relation between aspect and weathering rates 
(Waragai 1999).

Application of the Schmidt hammer for numer-
ical-age dating requires a set of pre-dated con-
trol points for the calculation of calibration curves 
between the R value and absolute age. Common-
ly, a few control points are dated using terrestrial 
cosmogenic nuclide dating. The bulk of the surface 

exposure-ages are then determined with calibrated 
R values as the high cost of the nuclide technique pre-
vents its more extensive application (Matthews and 
Winkler 2022). When only relative ages are needed, 
the considerably cheaper Schmidt hammer proves 
to be a robust dating tool (Shakesby 2006). The con-
straints of the technique include its sensitiveness to 
moisture content, and influence of surface texture, as 
well as rock inhomogeneity, on the results (Goudie 
2006). However, the study of high mountain environ-
ments often offers only macroscopically inhomogene-
ous rocks, such as orthogneiss. Should they be a priori 
precluded from Schmidt hammer studies or is there 
any potential for reliable relative data?

Our aim was to apply the Schmidt hammer for rel-
ative age dating of orthogneiss and paragneiss boul-
ders in the Belvedere Glacier valley (the Italian Alps). 
The inspected blocks of complex glacial and perigla-
cial origin span temporally from rather fresh suprag-
lacial samples to more weathered ones partly buried 
in the flat sedimentary plain neighbouring the glacier. 
We created a systematic chart for the inclination cor-
rections, the first one ever published and based on the 
findings by Basu and Aydin (2004). Lastly, we exam-
ine the plausibility of the results and discuss them in 
a broader geomorphological context. 

2. Study area

The Belvedere Glacier is a valley glacier located at the 
foot of the northeastern (i.e., Italian) face of the well-
known Monte Rosa (4634 m a.s.l.). It is fed by fre-
quent snow and ice avalanches from the surrounding 
steep hanging glaciers. The altitudinal range of the 
debris-covered tongue reaches approximately 400 m 
stretching from about 1800 to 2200 m a.s.l. (Fig. 1). 
The glacier occupies the orographic left (western) 
part of a broader valley carved during the Pleisto-
cene glaciations with its left lateral moraine par-
tially leaning against a valley side. The right lateral 
moraine neighbours a moraine-dammed lake named 
Lago delle Locce in the uppermost section, oversights 
an almost flat plain littered with boulders in the cen-
tral part (Fig. 5), and in the lower section steeply 
descends into a gorge of the stream that drains the 
eastern portion of the catchment. The valley runs in 
a north-south direction and turns to the northeast 
near the head of the gorge. It takes another 45° turn 
towards the east some 650 metres downstream, at 
the point where the Belvedere Glaciers splits into two 
lobes. Both lobes terminate well above the mountain-
ous village of Macugnaga.

The valley is significantly shaped by snow and ice 
avalanches that feed the glacier and often deposit fresh 
rock debris on its surface. Fresh taluses on the valley 
sides suggest the activity of rockfalls related to the 
structural changes of steep rock faces caused by thaw-
ing permafrost. Moraine lobes accumulated during 
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the Little Ice Age witnessed steady glacier retreat dur-
ing the last century with the occasional formation of 
several moraine-dammed lakes. The largest one, the 
Lago delle Locce, was the source of a significant gla-
cial flood event in 1978, and therefore was an object 
of remedial works in the 1980s (Haeberli and Epifani 
1986). The Belvedere Glacier experienced an unex-
pected surge event in 2001–2003 (Kääb et al. 2004), 
whereafter it underwent a continuous downwasting. 
The glacial flood and surge events formed several 
overspills of the right lateral moraine and a significant 
V-shaped breach with outwash accumulations at the 
head of the gorge. The debuttressing of the moraine 
slopes caused by the lowering of the Belvedere Glacier 
surface is demonstrated by numerous small slides 
and the fresh surface of the inner moraine slopes.

The geology of the Monte Rosa east face is char-
acterized by layers of two different lithologies: 
orthogneiss and paragneiss. The two lithologies 
stem from the crystalline of the Penninic Monte Rosa 
nappe. The composition of orthogneiss varies consid-
erably throughout the Monte Rosa east face but the 
predominant constituent minerals are always quartz, 
K-feldspar, plagioclase, muscovite and biotite. Parag-
neiss contains either biotite or muscovite as a main 
part, often combined as well, and garnet, quartz and 
feldspar as a minor part. The paragneiss shows a pro-
nounced parallel texture (schistosity) with varying 
formation from schist to gneiss (Fisher et al. 2006).

3. Methods

3.1 Data collection

The readings were gathered during three cloudy 
but dry days in August 2022 (9th–11th) and 2023 
(1st–2nd). A standard Proceq N-type Schmidt ham-
mer (Proceq SA N-34) was operated by three alter-
nating researchers generally following standard 
recommendations (e.g., Aydin 2015; Day and Goudie 
1977). Each measurement was made perpendicular 
to the surface while avoiding sharp edges, cracks, fis-
sures, weathering rinds, and visibly exfoliating slabs. 
In several cases, exfoliating flakes hidden under the 
boulder surface were indicated after impact by a typ-
ical sound resembling a machine gun. The locations 
with the least microtopography were selected, the 
task being hindered by the heterogeneous nature of 
the orthogneiss. Preferably, the surfaces covered in 
lichens were avoided despite the difficulty of the task 
as these thrive in the cold humid climate of the Belve-
dere Glacier valley.

The mineralogical structure of the boulder surface 
was largely obscured by the severe effects of weather-
ing. Therefore, a bias may have arisen from repeated 
measurements of harder (or softer) minerals of the 
heterogeneous orthogneiss. To compensate for this, 
three measurements, all of which were taken from 
locations typically a few centimetres apart from each 
other, were averaged. This means that each reading is 
an average rock hardness value of a small area on the 
boulder’s surface. The neighbouring readings were 
usually distanced at least 10 centimetres. The record 
of each reading contains the boulder-related informa-
tion (location, position, rock type, size) and the aspect 
and inclination of the small area from which it was 
taken (Tab. 1).

3.2 Correction for the impact angle

As the Schmidt hammer measures the rebound of the 
piston after the impact, gravity may facilitate (impact 
on overhanging surfaces) or hinder (impact on slop-
ing or flat surfaces) the rebound. The largest and zero 
effect of gravity is recorded after impacts in the verti-
cal and horizontal direction, respectively. The original 
correction chart for the impact angle was designed by 
the manufacturer for measurements of concrete hard-
ness and was corrected by Basu and Aydin (2004) for 
field rock hardness measurements. However, both the 
manufacturer and the later study only provide a cor-
rection graph plotting the original against the correct-
ed values without precise equations. The corrections 
are therefore made through visual interpretation 
(Fig. 2).

The corrections are calculated relatively to the hori-
zontal impact. The two lower curves in the graph for 
negative impact angles −45° and −90° represent the 
situation when gravity “helps” the piston to rebound 

Fig. 1 Location of the sampled boulders within the Belvedere Glacier 
valley; boulders on the surface in violet; partly buried boulders in 
white; boulders in moraine in orange; supraglacial boulders in blue.
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after the impact from below (overhanging surfaces). 
The recorded values are therefore higher than in the 
case of a horizontal impact and must be lowered back 
afterwards. The dependence of correction size on the 
original impact angle is obviously non-linear, which 
furthermore hinders the application of impact-angle 
corrections. In order to ensure homogeneous correc-
tions for strictly integer R values, a set of thresholds 
was created for each recorded impact angle (Tab. 2).

3.3 Correction for aspect

The north-south orientation of the Belvedere Gla-
cier valley controls the orographic wind direction. 
The combination of prevailing north or south winds 
predisposes higher weathering rates on the boulder 
sides facing the respective directions. The particular 
settings of most boulders did not allow for readings 
from all eight aspects, and often not even the basic 
four directions. Altogether, the boulder sides facing Fig. 2 Correction chart for inclination (Basu and Aydin 2004).

Tab. 1 Characteristics of the sampled boulders; please note that the coloured categories of position are the same as in Fig. 1 and are retained 
in the following figures.

Boulder Latitude
(N)

Longitude
(E) Position Rock type Size

(m)
Readings

(n)

No.  1 45°56′49.76″ 7°55′15.61″ on the surface orthogneiss 10 × 15 × 15 50

No.  2 45°56′49.90″ 7°55′14.30″ on the surface orthogneiss 10 × 15 × 10 49

No.  3 45°56′48.21″ 7°55′13.40″ moraine orthogneiss 3 × 5 × 5 30

No.  4 45°56′59.36″ 7°54′58.62″ on the surface orthogneiss 15 × 25 × 30 38

No.  5 45°56′59.21″ 7°55′00.00″ partly buried orthogneiss 15 × 43 × 26 63

No.  6 45°57′03.68″ 7°55′00.62″ on the surface orthogneiss 13 × 16 × 10 40

No.  7 45°57′01.07″ 7°55′05.74″ partly buried orthogneiss 10 × 11 × 11 49

No.  8 45°57′06.61″ 7°55′13.51″ on the surface orthogneiss 2.5 × 4.5 × 4 41

No.  9 45°57′05.14″ 7°55′04.45″ partly buried orthogneiss 8 × 13 × 7 51

No. 10 45°57′06.84″ 7°55′02.74″ partly buried orthogneiss 12 × 10 × 8 50

No. 11 45°57′06.22″ 7°55′02.23″ partly buried orthogneiss 7 × 13 × 6 45

No. 12 45°57′12.74″ 7°54′55.98″ moraine orthogneiss 2 × 6 × 4 40

No. 13 45°57′15.34″ 7°55′06.25″ on the surface orthogneiss 12 × 18 × 12 42

No. 14 45°57′10.55″ 7°55′07.25″ on the surface orthogneiss 11 × 12 × 11 46

No. 15 45°57′29.76″ 7°54′53.24″ moraine paragneiss 4 × 6 × 4 41

No. 16 45°57′30.29″ 7°54′53.93″ moraine paragneiss 3 × 4 × 2.5 41

No. 17 45°57′32.36″ 7°54′57.36″ moraine paragneiss 6 × 3 × 3 47

No. 18 45°57′33.93″ 7°54′59.67″ moraine paragneiss 4 × 2 × 2 41

No. 19 45°57′49.20″ 7°55′13.53″ supraglacial paragneiss 6 × 3 × 1.5 40

No. 20 45°57′49.03″ 7°55′11.92″ supraglacial orthogneiss 4 × 4 × 2 41

No. 21 45°57′49.31″ 7°54′51.68″ moraine paragneiss 9 × 6 × 3 33

No. 22 45°57′50.26″ 7°54′52.07″ moraine paragneiss 10 × 8 × 6 31

No. 23 45°57′14.14″ 7°55′03.08″ on the surface orthogneiss 3 × 2 × 1 35

No. 24 45°57′11.48″ 7°55′05.72″ partly buried orthogneiss 2 × 1 × 2 30
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the easterly directions were inspected most often. 
A combination of the above stated results in a poten-
tial aspect bias for most of the inspected boulders. To 
correct for the aspect, the deviation from the boul-
der average was calculated for each reading. Subse-
quently, the mean deviations for all eight aspects were 
obtained and these eight values served as the aspect 
corrections.

4. Results

Altogether, 1015 readings were collected from 
24 boulders in two field campaigns (boulders No. 
1–20 in 2022, and 21–24 in 2023). The number of 
readings per boulder ranged from 30 to 63, being 
randomly distributed among the accessible sides of 
each boulder. The boulders were split into four cat-
egories based on their location as seemed fit for the 
geomorphological interpretation. Fourteen boulders 
were located on the valley floor outside the moraine 
ridges, either partly buried within the plain or on its 
surface. Two blocks rested directly on the glacier sur-
face (right lateral lobe), and eight were part of the lat-
eral moraines of the Locce Glacier and the Belvedere 

Glacier (Fig. 1 and Fig. 3, Tab. 1). The two supraglacial 
and eight morainic boulders were presumed not to be 
rock avalanche-sourced and were included for com-
parison with the two first groups.

4.1 Uncorrected data

The average R values for each boulder calculated from 
the raw data are shown in Fig. 4A. The values span 
between 34 and 58, the vast majority of boulders fit-
ting into the interval 40–55. The two boulders with 
extreme average R values were the only two located 
on the glacier surface. The second largest inhomo-
geneity of R values is among the morainic boulders 
(41–56.1), while the boulders positioned on the sur-
face of the plain and those partly buried have con-
siderably higher levels of homogeneity in R values 
(45.2–53.8 and 42.8–46.7, respectively).

The boulders partly buried within the plain tend to 
have lower R values than the boulders on the plain’s 
surface. As lower R values mean a relatively older age, 
these data suggest two stages of boulder deposition. 
The obvious source of large boulders is the surround-
ing high rockwalls of the Monte Rosa massif. In pro-
longed periods of positive mass balance, the surface 

Fig. 3 Examples of boulders from all positi onal categories; A – boulder No. 2 located on surface; B – partly buried boulder No. 7; C – morainic 
boulder No. 17; D – supraglacial boulder No. 19.
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of the Belvedere Glacier used to be well above current 
lateral moraine ridges. The rockfalls originating in 
the steep mountain faces could simply run over the 
glacier tongue and terminate between its right lateral 
moraine and the valley slopes. 

4.2 Data corrected for inclinati on

The objective correction for the inclination of the 
boulder face created based on Basu and Aydin (2004) 
is presented in Tab. 2. The intervals for both the R val-
ues and impact angle are approximate; nonetheless, 
they are applied on the dataset. The raw data were 
divided into groups based on the inclination of the 
boulder face. For each group of inclinations (rows), 
the original R values define the correction that is 
found in the head of the respective column.

The correction for the surface inclination (Fig. 4B) 
slightly increased most of the average boulder R val-
ues (overall average change +1.1 per boulder) with 
only few exceptions (boulders No. 8, 14, and 16). The 
original scatter of values in the boulder positional 
categories, as well as the difference between part-
ly buried boulders and those on the plain’s surface 
were preserved. The generally positive compensation 
ensues from the absence of large overhanging surfac-
es that require negative compensations.

4.3 Data corrected for aspect

The very high scatter of R values in the morainic 
boulders and the two located directly on the glacier 
surface resulted in their exclusion from the final cor-
rection step, i.e., the compensation for the surface 

Fig. 4 Average R values of the sampled boulders; A – raw data; B – comparison of data before (hollow circles) and aft er the correcti on for 
inclinati on (fi lled circles); C – data before and aft er the correcti on for aspect (hollow and fi lled circles, respecti vely); D – calculated correcti ons 
for each aspect; colours in A–C correspond to the previous fi gures, colours in D correspond to Fig. 6.

Tab. 2 The inclinati on correcti on table; each cell gives the interval of R values corresponding to the respecti ve combinati on of the impact 
angle and ensuing correcti on value.

Impact angle Correcti ons Impact angle Correcti ons

4+ 3+ 2+ 1+ 0+ 0− 1− 2− 3− 4− 5−

0–10° 32– 33–52 53+ x x 100° 61+ 60− x x x x

20–30° x 29–44 45+ x x 110° x 40+ 39− x x x

40–50° x 34− 35+ x x 120° x 65+ 35–64 34− x x

55–60° x 27− 28–54 55+ x 135° x x 55+ 32–54 31− x

70–75° x x 25–45 46+ x 150° x x x 47+ 33–46 32−

80° x x x 54− 55+ 160° x x x 51+ 36–50 35−
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orientation. In addition, the prevailing wind direc-
tions may very well be obscured by the complex histo-
ry of these boulders due to previous glacier transport 
and the unknown duration of their aspect to weath-
ering. Therefore, only the boulders from the plain (on 
the surface and partly buried) were considered in the 
analysis of the orientation-related differences in R val-
ues. As there were only orthogneiss boulders in this 
subset, the aspect analysis should not be biased by 
lithology differences.

The most weathered boulder surfaces were ori-
ented towards the south and northwest, whereas 
the most sheltered faces were oriented towards the 
northeast (resulting in positive and negative correc-
tions, respectively, in Fig. 4D). However, there proved 
to be no distinct pattern, which would correspond to 
the north-south valley orientation.

Despite the uneven distribution of readings among 
the eight basic aspects, the corrections only slightly 
altered the average boulder R values (Fig. 4C). The 
calculated average change per boulder was negligible 
(+0.03).

5. Discussion

5.1 Geomorphological interpretation

Schmidt hammer readings from gneiss show higher 
dispersion due to the macroscopic properties of this 
rock type (Goudie 2006). The boulders of the Belve-
dere Glacier valley give average R values similar to 
the results listed by Goudie (2006) as the occasional 
impacts of crystals of stronger and weaker mineral 
disappeared in the most of the average data. The dif-
ferentiation among the four boulder position catego-
ries showed to be very important. The boulders locat-
ed directly on the glacier surface and on the lateral 
moraine ridges had a higher diversity in their average 
R values. This confirms their more complex history 
compared to the rock avalanche-sourced boulders 
of the surface of the plain due to the dynamicity of 

the supraglacial debris cover, and the activity of the 
proximal moraine sides. Both processes commonly 
allow for the appearance of rather fresh boulder sur-
faces with unknown previous evolution. Apparently, 
despite the neighbouring location of the boulders on 
the right glacier lobe (both No. 19 and 20), they must 
have experienced very different factors, one being 
strongly weathered and one still very fresh. The dif-
ference in lithology may be a contributing factor as 
well (No. 19 paragneiss whereas No. 20 orthogneiss). 
There were less differences among the boulders 
positioned on moraines, as the moraines were sta-
ble for tens of years before the onset of slope insta-
bilities that unravelled the interior of the moraine  
ridges.

Higher homogeneity of average R values among the 
boulders positioned on the surface and partly buried 
as opposed to the supraglacial and morainic blocks 
supports a common origin of the two former groups. 
Rock avalanches from the surrounding high rockwalls 
represent the most probable source. Further differ-
entiation between the boulders positioned on the 
surface of the plain (Fig. 5) and those partly buried 
(both groups consist strictly of orthogneiss boulders) 
should follow a simple rule. The boulders positioned 
on the surface should be younger and therefore give 
generally higher R values. This proved to be true for 
all boulders except one (No. 14, Fig. 4C), which would 
fit perfectly into the other positional category. Such 
misinterpretation is possible, as the only indication 
is the angle of the boulder sides at the surface. Even 
though its sides are apparently rounded at ground 
level, the central portion of boulder No. 14 may be 
protruding downwards into the plain.

The lithological disparity between orthogneiss and 
paragneiss are known to ensue in different weather-
ing rates reflected in the R values (Longhi et al. 2024). 
This may be a contributing factor for the discrepancy 
between the two supraglacial boulders (No. 19 and 
No. 20) as suggested before. The same potential bias 
is inherent in most of the correction stages. However, 
the geomorphological interpretation regarding the 

Fig. 5 The flat plain littered exclusively with orthogneiss boulders of varying deposition age (view towards the terminal moraine of the Locce 
Glacier where the Locce Lake is present); IDs of several block indicated.
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source of the boulders of the plain was not affected as 
they were all orthogneiss boulders.

5.2 Signifi cance of Correcti ons

The correction table (Tab. 2) created based on the 
findings by Basu and Aydin (2004) proved to be 
a suitable alternative to the classical graphical rep-
resentation of the correction for the impact angle. As 
the majority of the readings were taken from surfaces 
inclined by about 90° and lower, the overall positive 
compensation was correctly in place. The correction 
may be viewed as redundant since it meant no signif-
icant change in the average R values, but this is not 
the case. It is unlikely for the boulders partly buried 
in the plain to have overhanging faces, as opposed to 
those positioned on the surface. Indeed, the corrected 
values for all the partly buried boulders were higher 
than the uncorrected values (meaning average incli-
nation angles lower than 90°). However, some of the 
boulders on the surface (boulders No. 4 and 13) had 
a negative change due to the correction for the impact 
angle.

Similarly, the correction for the aspect did not 
bring significant changes. It seems that the uneven 
distribution of the accessible boulder faces among 
the basic directions was not uneven enough to cause 
a meaningful bias. The principle of similar represen-
tation of all aspects may not be as important as we 
thought, but then again, this is only one location with 
a specific orographic setting.

5.3 Aspect analysis

The south-north orographic setting of the upper por-
tion of the Belvedere Glacier valley should ensue in 
the prevalence of northern and southern winds. This 
means that the boulder sides facing north and south 
should be more weathered as they experience higher 
changes in temperature and humidity. As the south-
ern sides are shielded by the Monte Rosa massif, the 
most weathered boulder faces should be those orient-
ed towards the north. On the other hand, the boulder 
sides facing west and east should be less weathered.

The highest positive compensation of boulder sides 
oriented towards the northwest and south (1.81 and 
1.56, respectively) confirms this hypothesis. However, 
the lowest weathered sides facing north-east (nega-
tive compensation of −1.59) undermines it, as do the 
data from the western and eastern boulder sides. The 
faces oriented towards the west were significantly 
more weathered than the opposite sides, even though 
the compensations differ less (0.57 for the west and 
−0.69 for the east). In addition, the boulder sides 
facing north showed an average level of weathering 
(a compensation of only 0.31).

The data preclude even the back-up hypothesis 
of the level of weathering gradually decreasing from 
one aspect to the opposite one. Nevertheless, there 

still may be a logical explanation. The plain with the 
boulders is significantly closer to the eastern flank of 
the valley as the western half of the valley is occupied 
by the glacier tongue and both lateral moraines. The 
boulder sides facing east should therefore be more 
sheltered than the faces oriented towards the west. 
This is corroborated by less weathered northeastern 
and eastern boulder sides.

The lowest number of readings suitable for the 
aspect analysis was obtained from the boulder sides 
facing south and southwest (both n < 40 in Fig. 6). 
Consequently, the average R values for each of these 
aspects were calculated based on the readings from 
three boulders. It is therefore possible that only more 
(or less) weathered faces may have been used. The 
resulting inaccuracy may be large. Nevertheless, this 
could not serve as an explanation to the conspicuous 
differences between the northwestern and north-
eastern aspects. Systematic misjudgement of aspects 
involving all the boulders may have been introduced 
as well. However, considering the high number of 
readings (each reading being an average of three val-
ues), such a systematic bias is not probable, and it 
should still leave the pattern of aspects intact, albeit 
distorted, and that is not the case.

6. Conclusions

The Schmidt hammer was applied to achieve the rel-
ative age dating of boulders in the Belvedere Glacier 
valley. A mixed set of 24 orthogneiss and paragneiss 
boulders of complex glacial and periglacial origin was 
sampled and split into four groups based on their loca-
tion (boulders on the glacier, on the moraine, on the 
surface of the plain, and those partly buried within the 
plain). The raw data were corrected for the inclination 
angle and aspect. The results suggest an unpredict-
able history of the boulders located on the moraine 
and glacier surface. These exhibit large differences in 

Fig. 6 Number of readings per aspect showing both all readings 
and those used for the aspect correcti on (unframed and framed 
columns, respecti vely).
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average R values between boulders of the same group. 
The majority of sampled blocks (58.3%) were located 
on the plain and their higher homogeneity of R val-
ues supports their common origin in rock avalanches 
from the surrounding rockwalls. The boulders partly 
buried within the plain are generally more weathered 
than those positioned on the surface (with compara-
ble lithology) and are therefore older. There is only 
one exception in the case of boulder No. 14, which 
may have been misplaced in the wrong group (its 
base may be much lower in the centre than observed 
at the sides).

The corrections refined the data in a sense as the 
original overlap between the two groups of boulders 
of the plain was larger. No dramatic change in the 
results occurred but the sign of the correction usual-
ly varied boulder to boulder, so it proved to be rele-
vant. For the first time, a table of objective inclination 
corrections was created based on Basu and Aydin 
(2004). It proved very useful as reading the correc-
tion from the scaling chart of limited size had been 
odious. The final analysis of aspect-related weath-
ering differences showed no clear pattern. The most 
weathered seem to be boulder sides facing south and 
northwest, while the least weathered are the boul-
der faces oriented towards the northeast. The pos-
sible explanations include shielding by high relief 
and the potential bias introduced by the low number 
of boulders with sides of certain aspects (south and 
northwest).

The Schmidt hammer proved to be useful even in 
an environment with a complex geomorphological 
history and unsuitable rock types with macroscopic 
crystals. The precision of the results may probably 
increase with a larger set of sampled boulders. How-
ever, the Schmidt hammer technique is known to be 
sensitive to the moisture content of the rock surface. 
The high mountain environment offers only a limited 
period of dry conditions before the weather deterio-
rates. A potential next step may be a combination of 
a higher number of sampled boulders and several sur-
faces with known absolute dating, even though this 
may prove to be costly. The absolute dating would be 
especially useful for geomorphological mapping.
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1. Introduction

Glacial lake outburst flood (GLOF) is the term used 
for the sudden release of water from any type of gla-
cial lake (dammed most commonly by ice, bedrock, or 
moraine), regardless of its cause (Clague and Evans 
2000; Iturrizaga 2011). Many of these glacial lakes are 
dammed by unconsolidated glacial deposits forming 
unstable dams, whose destruction and subsequent 
GLOF can be triggered by a variety of mechanisms. It 
may involve, for example, the sudden entry of a large 
volume of material into the lake (such as landslides, 
rockfalls, or avalanches), the inflow of a large volume 
of water from a higher-altitude lake (Richardson and 
Reynolds 2000; Liu et al. 2013), or intense rainfall 
leading to dam degradation and lake overtopping 
(Worni et al. 2012). This paper examines how chang-
ing climatic conditions affect the frequency of GLOFs.

In the past, GLOFs have claimed thousands of 
lives in single incidents and caused severe damage to 
infrastructure. Because of their far-reaching destruc-
tive potential, they pose a significant hazard in many 
high-altitude areas around the world (Vuichard and 
Zimmermann 1987; Chowdhury et al. 2021). Vilímek 
et al. (2014) state that due to continuous deglacia-
tion (glacier retreat), GLOFs will pose a more serious 
problem in the future. Due to the rapidly changing 
natural environment, the formation of new lakes in 
dynamic high mountain environments will continue 
(Emmer et al. 2016b; Chowdhury et al. 2022). Since 
a complete understanding of the process is crucial 
for hazard assessment, emphasis should be placed on 
the description of all basic parameters of the sudden 
water release from the lakes. In this regard, a global 
database of GLOFs may help to provide a better insight 
into the issue and help prevent further disasters.

Catastrophic events of sudden releases of water 
from glacial lakes have been reported in many regions 
across continents (Sattar et al. 2021) and tend to be 
monitored by regional or global databases. In order 
to best describe the behaviour of GLOFs in relation to 
climatic conditions, data describing local air tempera-
tures (NASA 2020) and precipitation totals (Meteo-
blue 2023) were processed in this work. Furthermore, 
relevant data available in the global database of GLOFs 
(Veh et al. 2022) were processed. Since such a data-
base seeks to analyse all known GLOFs, the GLOFs in 
this paper are divided into several groups based on 
their occurrence (Chapter 2). The main objective of 
this paper was to characterise the behaviour of GLOFs 
in each of the studied regions and analyse climate-re-
lated triggering factors. Furthermore, differences or 
similarities between the regions were identified.

2. Analysed database of GLOFs

The analysed GLOFs database records glacial floods 
across continents (Veh et al. 2022). Besides the global 

database, there are regional databases that focus on 
areas with a higher incidence of GLOFs. Such data-
bases often contain detailed information character-
ising each known glacial flood, allowing the user to 
develop an understanding of the behaviour of GLOFs 
in a particular location. For example, the one created 
by Emmer et al. (2022) focusing on historical GLOFs 
in the tropical Andes may be considered as a region-
al database, where 160 GLOFs from the Little Ice Age 
to the present are analysed. It is also worth mention-
ing the regional database recording historical GLOFs 
in the territory of High Mountain Asia, which docu-
ments 697 GLOFs that occurred between 1833 and 
2022 (ICIMOD 2022). Information from regional data-
bases carries the potential to create a unified global 
database, which is the aim of many researchers striv-
ing to establish a comprehensive and accessible data 
resource. The authors of the constructed and anal-
ysed databases are also worth mentioning (Veh et al. 
2022). Other researchers also dedicate themselves to 
creating such informational environments (Emmer 
et al. 2016a), or specialize in building specific glob-
al databases, such as the one focused on monitoring 
GLOFs from moraine-dammed lakes (Harrison et al. 
2018).

The data in the analysed database (Veh et al. 2022) 
were publicly available online as of 10 June 2021 
(version 1.0). However, the database is continuously 
enriched with new data and therefore regular updates 
are made. In this paper, the database version 2.0., cre-
ated on 1 March 2022, is analysed. This version is cur-
rently out of date. By updating the database to version 
3.0 (17 November 2022), it was enriched with new 
parameters describing GLOFs including those record-
ed in Greenland. After the update to version 3.0, the 
database contained a total of 3151 GLOFs occurring 
between the years of 850 and 2022 (Lützow et al. 
2023). The latest update to version 4.0 took place 
on 4 March 2024, and the database then contained 
records of 4664 GLOFs.

Within the analysed global database, all GLOFs 
entries include associated characteristic metadata. 
The database contains 51 parameters that are detect-
ed for each GLOF (Veh et al. 2022). The basic parame-
ters, with the least amount of missing data, are main-
ly region, major RGI region, mountain range region, 
country, glacier, RGI glacier ID, RGI glacier area, lake 
name, lake type, longitude, latitude, river, date, and 
outburst mechanism. For the purpose of analysis, only 
the selected parameters shown in Fig. 1 were used in 
this paper.

The authors constantly add to the database and 
enrich it with data describing GLOFs. Data from 
769 different sources have been used to enrich the 
database (Lützow et al. 2023), including analyses of 
flow gauges, satellite and aerial imagery, stratigra-
phy, tree rings, reports from local authorities, news 
media, workshop reports, social media accounts, and 
unpublished papers (Veh et al. 2022). All information 
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collected in the database relates to historical GLOFs. 
In the paper, these GLOFs are divided into the fol-
lowing regions based on their occurrence: Alaska 
(the Kenai Mountains, the Chugach Mountains, the 
Wrangell Mountains, the Saint Elias Mountains and 
the northern part of the Coast Mountains), West-
ern Canada and USA (the southern part of the Coast 
Mountains, the northern part of the Rocky Mountains, 
the Cascade Mountains and the Sierra Nevada Moun-
tains), Central Andes (territory of the states of Peru 
and Bolivia), Southern Andes (territory of the states 
of Chile and Argentina), Iceland, Scandinavia (terri-
tory of the states of Norway and Sweden), Alps, Cau-
casus, Tian Shan, Central Asia I (west) (Hindu Kush, 
Karakoram, western and central Himalayas west of 
the Gandak River), Central Asia II (east) (eastern and 
central Himalayas east of the Gandak River, the south-
eastern part of the Tibetan Plateau and the Hengduan 
Mountains).

The database contains a large amount of data on 
past GLOFs, through which it is possible to get at least 
a basic idea of their behaviour and thereby determine 
their likely subsequent development. Such a useful 
database should be continuously updated with new 
data and parameters that allow for a more accurate 
characterisation of GLOFs. A disadvantage of the 
database is the small amount of information record-
ed on the causes of GLOFs. A more comprehensive 
analysis of these triggers would significantly enhance 
our understanding of GLOF behaviour and improve 
risk prediction. The unavailability of such informa-
tion in the database may be explained by the fact that 
there are many triggering mechanisms that can often 
only be detected by direct observation of the lake at 
the time of glacial flood formation (Singh et al. 2011). 
However, despite these limitations, there is sufficient 
data for each region to define glacial lake behaviour 
in the region with greater precision through  
analysis.

3. Methods

In this paper, regions with recorded occurrences of 
GLOFs were analysed (Chapter 2). This study anal-
yses 2939 GLOFs from 707 glacial lakes occurring 
between 850 and 2022 within these regions. To char-
acterise each GLOF, suitable parameters describing 
each event were selected from the database (Veh 
et al. 2022) (Fig. 1). One of these parameters is the 
‘major RGI region’, which provides information about 
the geographic area where the GLOF occurred. Anoth-
er parameter is ‘lake type’, which carries information 
about the type of material damming the glacial lake. In 
addition to the geographical coordinates of the anal-
ysed glacial lake’s occurrence, it was subsequently 
possible, using the ‘date’, ‘min. date’, and ‘max. date’ 
parameters, to obtain information about the precise 
or approximate year and month when the GLOF event 
occurred. Furthermore, using the ‘outburst mecha-
nism’ parameter, it was possible to determine wheth-
er the lake dam was somehow compromised in con-
nection with a massive water discharge or if it simply 
overflowed.

In order to identify the relationship between the 
occurrence of GLOFs and climatic conditions, data on 
temperature, precipitation and glacial lake elevation 
were collected in the study regions in addition to the 
parameters already mentioned. Due to the lack of data 
in the database, the elevation of each lake was collect-
ed using the Google Earth web application (Google 
2022). Lake elevation data helped select a climate 
model that best represents the study area.

Furthermore, using NASA (2020), the average air 
temperature at 2 meters above the ground was deter-
mined, which was measured by a station located in the 
analysed region (Fig. 2). The values were calculated as 
the average of the measured temperatures for each 
year in the period of interest (1900–2019), with each 
average divided into 10-year intervals in the form of 

Fig. 1 Parameters taken from the GLOFs 
database (Veh et al. 2022).
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1900–1909, 1910–1919, and 2010–2019. Since tem-
perature data in specific areas were obtained for the 
purpose of comparing them with GLOF development, 
data on events from 1899 and earlier were not ana-
lysed. This is due to the larger amount of missing 
data, without which the selected region cannot be 
objectively assessed in terms of glacial flood frequen-
cy. Although data for 2020–2022 are available in the 
database, it is very likely that there will be a larg-
er amount of missing data on GLOFs in this dataset 
that have not yet been included in the database. For 
this reason, the relationship between GLOF occur-
rence and temperature trends is not established for 
2020–2022.

To compare the dependence of GLOFs on total pre-
cipitation and temperatures for individual months, 
climate models available from Meteoblue 2022 were 
used (Fig. 3). Data were extracted from climate dia-
grams, representing average total precipitation and 

daily maximum and minimum temperatures for indi-
vidual months between 1985 and 2022. A climate 
diagram was selected for each analysed geograph-
ical area based on the following two criteria: firstly, 
there must be a higher number of recorded GLOFs in 
the vicinity of the location, and secondly, the location 
must fall within an elevation range where the fre-
quency of GLOFs is highest.

Using the acquired data of the above-mentioned 
parameters, several graphical outputs were gener-
ated. Tab. 1 presents the changes in GLOF frequency 
from 1900 to 2019. The table also includes regional 
warming rates and data showing the relationship 
between local air temperatures (NASA 2020) and 
global air temperatures (EPI 2015; NOAA 2022). The 
‘Trend in the number of GLOFs’ parameter indicates 
if there is an increasing (+) or decreasing (−) trend in 
GLOF occurrences over time. In the case of an uneven 
occurrence, the GLOF frequency is marked with +/−. 

Fig. 2 Stati ons measuring air temperature 
between 1900 and 2019 (NASA 2020).

Fig. 3 Climate model of the Cordillera Blanca at 4568 m a.s.l. used for the analysis, Central Andes (Meteoblue 2022).

Average temperatures and total precipitati on
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This trend is evident from the dates of glacial floods 
recorded in the GLOFs database. The ‘Measure-
ment start’ parameter indicates the year continuous 
2-meter air temperature data began for each analy-
sis area. For more than half of the analysed regions, 
these data have been recorded by stations since 1900. 
The least available continuous air temperature data 
are in the Central Andes region, where measurements 
by the station have been recorded only since 1950. 
The ‘Warming [°C]’ parameter shows the difference 
in average air temperature measured by stations in 
the analysed regions over a certain period of time. 
The value is expressed as the difference between the 
averaged air temperature over the decade when the 
measurements started (‘Measurement start’) and the 
averaged air temperature over the years 2010–2019. 
The ‘Pearson correlation coefficient’ analysis is used 
to show the relationship between local (i.e., station 
data) and global temperature changes.

Tab. 2 compares the dependence of GLOF occur-
rences on temperature and precipitation throughout 
the year. Data on air temperature and total precipita-
tion for individual months in each region are extracted 
from climate model diagrams (Meteoblue 2022) that 
accurately depict the specific region. The value for 
the ‘Air temperature correlation coefficient’ parame-
ter indicates the relationship between the frequency 
of GLOFs and the average maximum air temperature 
for each month of the year using Pearson’s correlation 
coefficient. The value for the ‘Precipitation correla-
tion coefficient’ parameter indicates the relationship 
between the frequency of GLOFs and the total precip-
itation for each month of the year also using Pearson’s 
correlation coefficient. The ‘Annual maximum air tem-
perature [°C]’ parameter shows the average month-
ly temperature maximum during the year. Based on 
the values given for this parameter, it is possible to 
determine whether only snow precipitation or also 

Tab. 1 Changes in air temperatures and frequencies of GLOFs between 1900 and 2019 in the monitored regions (EPI 2015; NOAA 2022;  
Veh et al. 2022).

Analysed region Trend in the number  
of GLOFs Measurement start Warming [°C] Pearson correlation 

coefficient

Alaska + 1920 1.61 0.90

Western Canada and USA − 1900 0.85 0.78

Central Andes + 1950 1.33 0.83

Southern Andes + 1930 0.98 0.94

Iceland + 1900 1.05 0.61

Scandinavia + 1900 1.42 0.79

Alps + 1900 2.49 0.98

Caucasus +/− 1940 2.12 0.87

Tian Shan − 1900 1.78 0.75

Central Asia I (west) + 1900 1.38 0.71

Central Asia II (east) + 1900 1.85 0.98

New Zealand +/− 1910 1.17 0.76

Globally + 1900 1.05 1.00

Tab. 2 Dependence of GLOF occurrence on temperature and precipitation (Meteoblue 2022; Veh et al. 2022).

Analysed region Air temperature 
correlation coefficient

Precipitation correlation 
coefficient

Annual maximum air 
temperature [°C]

Range of annual air 
temperature [°C]

Alaska 0.82 0.38  −2 to +15 17

Western Canada and USA 0.77 −0.50  −5 to +15 20

Central Andes −0.32 (−0.16) 0.34 (0.65)  +8 to +10  2

Southern Andes 0.88 0.36  −2 to +4  6

Iceland 0.83 −0.51  −2 to +11 13

Scandinavia 0.85 −0.48  −6 to +13 19

Alps 0.85 0.72  −7 to +11 18

Caucasus 0.63 0.09  −12 to +10 22

Tian Shan 0.75 0.67  −12 to +9 21

Central Asia I (west) 0.93 0.77  −13 to +11 24

Central Asia II (east) 0.82 0.93  −2 to +12 14

New Zealand 0.66 0.30  −1 to +11 12
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rain precipitation occurs during the year at the alti-
tude where GLOFs predominantly occur. The ‘Range 
of annual air temperature [°C]’ parameter gives the 
range of the average maximum air temperature over 
the year.

Fig. 7 shows the total number of GLOFs recorded 
in each month. Global analysis requires considering 
opposite seasonal temperatures in the hemispheres. 
To compare regions in different hemispheres, months 
are represented by Roman numerals I–XII. For the 
regions on the Northern Hemisphere, I–XII corre-
sponds to January–December, while for the regions 
on the Southern Hemisphere (Central Andes, South-
ern Andes, New Zealand), I–XII corresponds to July–
June. Along with the total number of GLOFs, the graph 
includes curves for 1900 and 2019. These curves 
show how much warmer each month is than the 
annual global mean air temperature (NASA 2022).

4. Results

4.1 Changes in the frequency of GLOFs over the 
observed period 1900–2019

In all the analysed regions, the occurrence rate of 
GLOFs changes over time (Tab. 1). The results pre-
sented in the table show that for almost all regions 
the number of GLOFs increases progressively. Excep-
tions include the Western Canada and USA, and Tian 
Shan regions, where GLOF occurrences are decreas-
ing. This decrease may be due to the complete disap-
pearance of glaciers (Zoback and Grollimund 2001), 
which stops the supply of meltwater to glacial lakes 
(Singh et al. 2011). Another reason may be the rein-
forcing of dams by humans, which may lead to the 
prevention of water spilling out of potentially danger-
ous lakes. Extensive dam reinforcement, particularly 
in Western Canada and the USA (Fig. 4), may have 
significantly reduced GLOF occurrences. An uneven 
occurrence of GLOFs was observed in the Caucasus 
and New Zealand regions between 1900 and 2019. In 

both of these regions, glacial floods occur only rare-
ly (17 cases of GLOFs were recorded in the database 
for each region) and no trend in possible increases or 
decreases in their frequency can be observed due to 
the small amount of data. The overall comparison of 
all analysed regions globally indicates an increasing 
frequency of GLOFs.

Within the start of measurement parameter, five 
regions had the start of continuous air temperature 
data measurement after 1900. Because warming was 
not calculated here as the difference between the 
decades 1900–1909 and 2010–2019, these regions 
cannot be reliably compared with regions where data 
are available from 1900 onwards.

Globally, there has been a warming of 1.05 °C
between the decades 1900–1909 and 2010–2019. 
In all the analysed regions, there is a warming trend 
during the observed time period, with only three of 
them having a warming value in the table less than the 
mentioned 1.05 °C. For the South Andes region, 
the warming value is 0.98 °C. However, this value 
results from the temperature difference between the 
decades 1930–1939 and 2010–2019, so it is likely 
that the warming is faster here than the global trend. 
The fastest warming is recorded in the Alps, where 
it warmed by 2.49 °C over the time period. A similar 
increase may occur in the Caucasus region, where it 
warmed by 2.12 °C between the decades 1940–1949 
and 2010–2019.

The results for the correlation coefficient indicate 
that the relationship between the change in air tem-
perature and global temperature varies in different 
regions. The smallest value of the correlation coef-
ficient was measured in Iceland, where there was 
a continuous cooling between 1950 and 1989, con-
trary to the global temperature. In contrast, a very 
high correlation coefficient value was measured in 
the Alps and Central Asia II (east) regions. In all the 
regions, Pearson’s correlation coefficient is no less 
than 0.6. Therefore, it may be assumed that due to 
ongoing global warming, there will also be warming 
in all the monitored areas.

Fig. 4 Number of GLOFs in individual 
decades, and changes in average 
temperature in the Western Canada and USA 
region (NASA 2020; Veh et al. 2022).
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4.2 Dependency of GLOF occurrences 
on temperature and precipitati on throughout 
the year

In most regions, the resulting positive value of the air 
temperature correlation coefficient is high, and the 
increasing number of GLOFs correlates with rising air 
temperature (Tab. 2). The Caucasus and New Zealand 
regions show a lower value of the air temperature 
correlation coefficient compared to the other regions. 
It is likely that the correlation inaccurately represents 
the true degree of dependence due to the small num-
ber of GLOFs recorded. Since the correlation is high 
in all the regions that have an annual air temperature 
range greater than or equal to 6 °C, a higher correla-
tion may be expected in the Caucasus and New Zea-
land regions.

The lowest dependence on the quantity of GLOFs 
with air temperature is observed in the Central Andes 
region, where the correlation value is also the only 
negative one. This area is located closest to the equa-
tor, and the annual range of the average maximum air 
temperature is only 2 °C (Fig. 3). The almost constant 
air temperature throughout the year has a negligible 
impact on the distribution of GLOFs during the year. 
An earthquake occurred in the area in May 1970 (Lli-
boutry et al. 1977), which triggered five GLOFs (Fig. 5). 
In Tab. 2, the values in parentheses provides the cor-
relation value without considering these five cases. 
Similarly, the values in parentheses for the precipita-
tion correlation coefficient parameter is affected.

Unlike the previous parameter, the value of the 
Precipitation correlation coefficient is highly variable. 
For regions where GLOFs occur mainly in the warmest 
part of the year, negative values of the Precipitation 
correlation coefficient indicate the highest precip-
itation mainly in the cooler part of the year. On the 
other hand, positive values of this correlation coeffi-
cient indicate a predominance of precipitation in the 
warmer season.

In regions where the frequency of GLOFs is condi-
tioned by air temperature and precipitation occurs 

predominantly in the warmer part of the year (mean-
ing both correlation coefficients have positive and 
high values), there are likely to be numerous land-
slides that may contribute to glacial flooding. The 
combination of high temperatures and intense pre-
cipitation is the cause of landslide formation (Emmer 
et al. 2014). Areas with favourable conditions for 
landslide formation include the Alps, Tian Shan, Cen-
tral Asia I (west), and Central Asia II (east).

The region where mass movements significantly 
contribute to the occurrence of GLOFs is the Central 
Andes (Emmer et al. 2014), located closest to the equa-
tor. Due to the consistently positive average daily tem-
perature maximum in elevations where GLOFs pre-
dominantly occur (Fig. 3), the distribution of the GLOF 
frequency throughout the year is primarily influenced 
by precipitation. The dependence on precipitation is 
confirmed by the value of the precipitation correlation 
coefficient. If the five GLOFs that were caused by earth-
quakes, which were created by an earthquake in May 
1970 (Fig. 5), are not included in the correlation, the 
correlation of the frequency of GLOFs with precipita-
tion is 0.65. For instance, the GLOF that occurred on 19 
March 2013 was caused by a landslide into Lake Pal-
cacocha in Cordillera Blanca. This landslide was most 
likely triggered by the saturation of moraine mate-
rial due to intense rainfall (Klimeš et al. 2016). The 
landslide created a wave over 8 meters high, which 
overcame two concrete dams (Ojeda 1974) built as 
a countermeasure in response to the catastrophic 
GLOF that took place on 13 December 1941 (Lliboutry 
et al. 1977; Zapata 2002).

Since slope movements are a major contributor 
to GLOFs in the Central Andes (Emmer et al. 2014), 
where GLOFs occur mainly from moraine-dammed 
lakes (Fig. 6), a similar trend can be observed in the 
Central Asia II (east) region, where the incidence of 
moraine-dammed lakes is also high. In contrast, in 
the Alps, Tian Shan, and Central Asia I (west) regions, 
potential slope movements contribute less to the 
formation of GLOFs. This is due to the predominant 
number of GLOFs formed from glacial-dammed lakes. 

Fig. 5 Number of GLOFs by month 
in the Central Andes region.
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In this type of lakes, glacial dam breaching occurs 
repeatedly. Such events can occur, for example, as 
a result of cyclic increases in hydrostatic pressure 
capable of disrupting the integrity of the dam (Whal-
ley 1971; Anderson et al. 2003).

The annual range of the mean maximum air tem-
perature is lowest in the Central Andes and South 
Andes regions. However, the correlation value 
between the frequency of GLOFs and air tempera-
ture is significantly different in these areas. The high 
correlation in the Southern Andes results from the 
fact that air temperatures in certain parts of the year 
remain below freezing throughout the day. Therefore, 
during the cold part of the year, the potential causes 
of GLOFs are muted. In the warmer part of the year 
with positive daytime temperatures, the likelihood 
of GLOFs increases significantly. This may be due to, 
for example, increased slope instability (Emmer et al. 
2014) or melting ice and snow increasing the likeli-
hood of GLOFs due to glacial lake water filling (Jain 
et al. 2012). Conversely, in the Central Andes, average 
daily maximum temperatures are positive throughout 
the year, while daily minimums are negative (Fig. 3). 
The repeated alternation of positive and negative 
temperatures promotes frost weathering in the region 

(Draebing and Krautblatter 2019), making the slopes 
more susceptible to the occurrence of potential slope 
movements. Due to relatively constant temperatures 
throughout the year, GLOFs are initiated during peri-
ods of intense precipitation.

4.3 Frequency of recorded GLOFs in individual 
months

The results presented in Fig. 7 confirm the depen-
dence of GLOF occurrences on air temperature. The 
majority of GLOFs occur mainly in the warm half of 
the year (between the IV. and IX. month), where the 
regions of Alaska, Iceland, Alps, and Tian Shan pre-
dominantly contribute to their quantity. Converse-
ly, the fewest cases occur in the cold half of the year 
(between the X. and III. month), where Iceland has 
the greatest share in the overall number of recorded 
GLOFs. Iceland’s high GLOF frequency is mainly driv-
en by year-round volcanic activity (Björnsson 1992).

Global air temperature curves indicate an increase 
of over 1 °C from 1900 to 2019. Due to the correla-
tion between the number of GLOFs and temperature, 
it is likely that ongoing warming will lead to more fre-
quent GLOFs.

Fig. 6 Lake Palcacocha in the Cordillera Blanca (Peru) is an example of moraine-dammed lake (Photo by V. Vilímek).
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5. Discussion

This paper aimed to analyse and compare individual 
regions based on data available in the GLOFs database 
(Veh et al. 2022). The discussion focuses on factors 
contributing to the increased inaccuracies in the pro-
cessed data, the benefits of the database itself, and the 
possibilities leading to the reduction in the number of 
new glacial lake outburst floods.

5.1 Factors aff ecti ng the accuracy of the GLOFs 
database analysis

An analysis of the GLOFs database revealed patterns 
in GLOF behaviour across various regions. The result-
ing reliability of the data is different for each of the 
analysed regions, as each region is affected by differ-
ent factors that increase their inaccuracy.

Such factors include the inconsistent classification 
of parameters describing GLOFs across regions. For 
example, occurrences of GLOFs originating from lakes 
with a combined type of dam are only listed in the 
database for the Central Andes. However, it is likely 
that failures of combined dams also occurred in other 
areas, where such cases may have been classified as 
failures of moraine dams or bedrock dams.

The accuracy of the resulting analysis is also deter-
mined by the availability of data in each examined 
area. The availability of historical data tends to be 
lower in areas that were settled relatively late. The 
availability of data is also influenced by the amount of 
conducted research on GLOFs in the analysed areas. 
For example, the development of GLOFs in the Alps 
can be traced in the database since the 15th centu-
ry, while in the Tian Shan Mountain range, the first 
recorded GLOFs date back to the early 20th century. 
Due to the uneven level of data availability, the anal-
ysis of the GLOFs database (Veh et al. 2022) does 
not fully accurately portray the rate of increase or 
decrease of GLOFs in each area. 

The accuracy of the analysis is also affected by the 
overall frequency of recorded GLOFs, where lower 
numbers reduce the likelihood of reliably characteris-
ing individual areas. For example, in the Caucasus and 
New Zealand regions, the small amount of data makes 
it impossible to know whether there is an increasing 
or decreasing trend in the occurrence of new GLOFs.

Another factor affecting the resulting reliabili-
ty of data in different regions is the use of different 
research methods. For instance, field research pro-
vides detailed data, such as determining the elevation 
of a lake (Baťka et al. 2020). To determine the eleva-
tion of the lakes, the software Google Earth (Google 
2022) was used in this paper. The lower quality of the 
Google Earth digital elevation model (DEM) does not 
guarantee accurate elevation data. Therefore, field 
research could be used to measure the exact eleva-
tion of glacial lakes (Baťka et al. 2020). In contrast, 
combining various remote sensing data, like Syn-
thetic Aperture Radar (SAR), Digital Elevation Model 
(DEM), and optical images, provides a broader view 
for analysing GLOF processes at a large scale (Yang 
et al. 2023).

Even with a maximum emphasis on recording indi-
vidual data, it is not possible for the resulting analysis 
to fully capture the behaviour of GLOFs within and 
between areas. The accuracy of the resulting analysis 
is influenced by the factors mentioned above as well 
as many other influences operating at the regional or 
global level. These include, for example, various cli-
matic phenomena and anomalies (Huggel et al. 2020; 
Gao et al. 2024).

Results that would more accurately represent the 
behaviour of GLOFs may be achieved for each area by, 
for example, long-term data collection, the complete-
ness of data describing the events that took place, or 
a uniform classification of the parameters describ-
ing GLOFs. At the same time, it would be possible to 
increase the accuracy and extend the possibilities of 
the resulting analysis by identifying new parameters 

Fig. 7 Monthly Distributi on 
of recorded GLOFs and Air 
Temperature (NASA 2022; 
Veh et al. 2022).
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that are not or barely present in the database. Such 
parameters may include, for example, the causes of 
GLOFs, whose more detailed research may help to bet-
ter understand the issues related to their behaviour.

An increase in the accuracy of future analyses may 
also be achieved by comparing parameters in the 
analysed database with parameters in other possible 
regional or global databases recording past GLOFs. 
By comparing the parameters with each other, it 
would be possible to search for possible inaccuracies 
between the given data and at the same time it would 
be possible to find new parameters that are not listed 
in the GLOFs database (Veh et al. 2022).

The advantage of the database is the possibility of 
long-term and detailed recording of individual data 
describing GLOFs. To better understand the behaviour 
of GLOFs, the database should include parameters 
related to potential changes that may occur at the 
lake. Among such parameters are particularly: lake 
water level, lake volume, moraine stability, move-
ment and dynamic of glacier supplying water to the 
lake, and local climatic conditions. Subsequent analy-
ses of such a database may be particularly beneficial 
for monitoring the development of GLOFs in various 
regions where they may pose certain risks.

The disadvantage of the analysis of the GLOFs 
database itself, apart from the above mentioned fac-
tors affecting its accuracy, is the inability to compare 
absolute values with each other due to the unequal 
size of the studied regions. For better comparability, it 
is necessary to compare the analysed data in relative 
terms among the examined regions.

5.2 Implementation of possible countermeasures

The results of the analysis of the GLOFs database (Veh 
et al. 2022) suggest a worldwide increasing trend of 
new cases of GLOFs. Since potential floods can threat-
en local populations and infrastructure, implement-
ing appropriate countermeasures can reduce the 
occurrence of new GLOFs.

In the Cordillera Blanca, there has been extensive 
construction of various types of countermeasures to 
prevent (or mitigate) flooding at dangerous glacial 
lakes (Emmer et al. 2016). The construction was ini-
tiated in the 1940s (Broggi 1942) as a response to cat-
astrophic GLOFs (e.g., Lake Palcacocha on 13 Decem-
ber 1941; Klimeš et al. 2016). Countermeasures in the 
Cordillera Blanca include Open cuts, Artificial dams, 
Tunnels and their combinations (Emmer et al. 2016).

Open cuts involve creating a channel through the 
moraine dam. This technique aims to lower and/or fix 
the lake level, thereby managing the volume of water 
stored in the lake. Lake Arhueycocha is an example 
of a lake where this approach has been implemented 
(Emmer et al. 2016).

Artificial dams are typically constructed with con-
crete or stone walls with earthen fill, often exceeding 
10 meters in height. These more substantial structures 

are implemented solely in moraine-dammed lakes of 
the Cordillera Blanca, frequently used in combination 
with open cuts for enhanced risk mitigation (Emmer 
et al. 2016). Lake Palcacocha (Fig. 6) serves as an 
example of this approach (Ojeda 1974). Reinforcing 
dams at potentially hazardous lakes is a proven effec-
tive measure. Dam reinforcement is evident in the 
Western Canada and USA region, where there was 
a significant decline in the number of GLOFs in the 
1990s (Fig. 4).

Tunnels represent another approach for managing 
glacial lake levels. They can be used to either lower 
the water level (increasing the dam’s freeboard, the 
buffer zone between water and the dam crest) or 
maintain the current level. However, constructing tun-
nels in remote, high-altitude regions exceeding 4,500 
meters above sea level presents significant technolog-
ical and financial challenges. This is reflected in the 
limited number of tunnels implemented in the Cor-
dillera Blanca glacial lakes, with only five documented 
cases (e.g., Lake Parón) (Emmer et al. 2016).

Similar countermeasures may be appropriate to 
implement in other areas where, according to the 
analysis of the GLOFs database (Veh et al. 2022), 
there is a significant increase in GLOFs. To effectively 
minimize the potential for GLOF events, it is essen-
tial to prioritize the development and implementa-
tion of early warning systems, enhance community 
preparedness programs, and actively pursue climate 
change mitigation strategies. As each potential GLOF 
poses a different level of danger, the potential risks 
for each glacial lake need to be properly assessed. 
Based on the hazard classification of individual lakes, 
the subsequent introduction of possible countermea-
sures should primarily focus on the locations present-
ing the greatest risk.

6. Conclusion

Based on data available in the GLOFs database (Veh 
et al. 2022), a total of 2939 GLOFs were analysed, with 
most occurring after the end of the 19th century. The 
mentioned GLOFs originate from 707 glacial lakes, 
which were divided into several regions based on 
their location (Chapter 2).

In all analysed regions, there has been a warming 
trend between 1900 and 2019. The slowest warm-
ing occurred in the Western Canada and USA region, 
while the most significant warming was observed 
in the Alps. In addition to the temperature increase, 
most regions also show a continuously rising trend 
in the occurrence of new GLOFs. The opposite trend 
is observed in the Tian Shan Mountains and Western 
Canada and USA, where the downward trend is prob-
ably caused by the reinforcing of dams at potentially 
dangerous lakes. The future trend in the frequency 
of GLOFs in the Caucasus and New Zealand regions 
is unknown. This is primarily because there is a very 
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limited amount of available data, making it unreliable 
to determine future developments accurately.

During the year, the highest occurrence of GLOFs 
is observed mainly in the summer months, when 
increased melting has the largest share in the forma-
tion of GLOFs. In areas with glacial-dammed lakes, 
glacial flooding is primarily caused by positive tem-
peratures causing ice and snow to melt, which can 
subsequently fill glacial lakes with water. Conversely, 
in regions dominated by moraine-dammed and bed-
rock-dammed lakes, precipitation heavily influences 
GLOFs frequency, which is most pronounced in the 
Central Andes. In such areas, GLOFs during dry peri-
ods are rare and are more commonly associated with 
rainy seasons when precipitation can lead to numer-
ous landslides (Emmer et al. 2014). Climate is not the 
only factor influencing GLOFs. In Iceland, for example, 
volcanism is a major factor in the year-round occur-
rence of GLOFs, especially of the jökulhlaup type 
(a type of glacial flood connected with subglacial lakes 
in the neovolcanic zones (Björnsson 1988)). Another 
factor may be the earthquake that caused five glacial 
floods in the Central Andes in 1970.

As climate change accelerates glacial melt, the 
threat of GLOFs is rising dramatically. To prevent 
future occurrences of GLOFs, it is essential to under-
stand their behaviour and response to changing cli-
matic conditions. This knowledge will make it pos-
sible to identify hazardous areas and subsequently 
prevent the occurrence of glacial floods. To minimize 
the potential for future GLOF events, prioritizing the 
reinforcement of dams at potentially hazardous lakes 
is crucial. This strategy should be a top priority in 
regions like the Alps and Central Asia, where GLOFs 
are experiencing a rapid increase. Furthermore, ongo-
ing monitoring and research efforts are essential for 
developing a proactive response to the rapid changes 
in climate conditions.

The GLOFs database serves as a critical tool for 
understanding and mitigating the risks associated 
with these natural disasters. However, to enhance its 
comprehensiveness and accuracy, there is an urgent 
need for international cooperation and data sharing, 
particularly on factors like historical events, ongoing 
monitoring data, and detailed lake characteristics. 
Additionally, integrating local community knowledge 
and experiences is essential for effective risk assess-
ment and mitigation planning.
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