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significant positive temperature anomaly on the 
quarterly scale, and they can be ascribed to the rapid 
and/or in depth thaw of the permafrost active layer. 
According to our findings, we can expect that in the 
Bessanese glacierized basin, as in similar high 
mountain areas, climate change will cause an increase 
of slope instability in the future. To fasten knowledge 
deepening, we highlight the need for a growth of a 
network of high elevation experimental sites at the 
basin scale, and the definition of shared 
methodological and measurement standards, that 
would allow a more rapid and effective comparison of 
data. 
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Introduction  

Rockfalls are one of the most common 
instability processes in high mountain slopes. They 
represent a relevant and topical issue, both for the 
risks they pose to high mountain structures, 
infrastructures, and frequentation (Ravanel et al. 
2013; Macciotta et al. 2017; Mourey et al. 2019), 
and for their potential role as terrestrial indicators 
of climate change (Huggel et al. 2012; Paranunzio 
et al. 2016; Gallach et al. 2018; Hock et al. 2019).  

For both aspects, it is crucial to assess the role 
of climatic parameters in the occurrence of 
rockfalls. Climatic parameters can act both as 
preparatory and triggering factors (Collins and 
Stock 2016; Di Matteo et al. 2017; McColl and 
Draebing, 2019; Pratt et al. 2019), while morpho-
topographic and litho-stratigraphic settings 
influence the proneness of slopes to failure 
(Matasci et al. 2018). 

The cryosphere has a key control on high 
elevation rock slope dynamics (Hasler et al. 2011; 
Haeberli and Whiteman 2015) through a variety of 
processes, often driven by phase changes of water 
(Draebing and Krautblatter 2019). For this reason, 
in high mountain, air temperature and rock 
temperature play a crucial role in slope dynamics: 
therefore, climate change, especially climate 
warming, is thought to have a significant impact on 
slope stability (Gariano and Guzzetti 2016; Patton 
et al. 2019).  

Climate-related processes that can prepare 
mountain slopes for a slide act on timescales of 
years to millennia. In high mountains, rockfalls are 
an important consequence of paraglacial rock slope 
adjustment (Ballantyne 2002). A progressive rock 
strength degradation can result from: i) stress 
change in slopes and rock weathering following 
glacier recession (McColl and Davies 2012; Deline 
et al. 2015; Purdie et al. 2015; Vehling et al. 2016); 
ii) rock damage due to glacier fluctuations 
(Grämiger et al. 2018); iii) frost weathering (Thapa 
et al. 2017) and thermo-mechanical stresses due to 
temperature fluctuations, inducing crack opening 
or widening (Draebing and Krautblatter 2019); iv) 
permafrost degradation (Fischer et al. 2012; 
Krautblatter et al. 2013); v) diurnal and seasonal 
freeze/thaw cycles (Matsuoka et al. 1998; Regmi 
and Watanabe 2009; Nagai et al. 2013; Jia et al. 
2015) and, more in general, cycles of thermal 
expansion/contraction (Collins and Stock 2016). 
Several studies have pointed out the crucial role of 
snow cover in controlling ground temperature and, 
consequently, thermal processes taking place in 
rock slopes (Haberkorn et al. 2015; Magnin et al. 
2015; Draebing et al. 2017). Rock and debris 
moisture content also is crucial for the 
effectiveness of cryogenic processes (Sass 2005). 

Climate-driven triggers act on timescales of 
hours to months. Rainfall events can cause a build-
up of hydrostatic water pressure within rock 
fractures, and a consequent reduction of frictional 
strength: high intensity rainfalls are particularly 
effective in activating rockfalls (Krautblatter and 
Moser 2009; Matsuoka 2019). However, in high 
mountain, thermal processes appear to prevail in 
initiating rockfalls (McColl and Draebing 2019). In 
this regard, hydrostatic water pressure increase 
following rapid snowmelt in late spring and early 
summer (Stoffel et al. 2005; Draebing et al. 2014), 
and seasonal active-layer thaw in mid-summer and 
autumn (Gruber et al. 2004a) are noteworthy. 
When a clear trigger is missing, it is reasonable to 
assume that one or more of the aforementioned 
preparatory processes also acted as trigger 
(Kellerer-Pirklbauer et al. 2012; Phillips et al. 2017). 

The growing interest for unrevealing the 
relationships between climate change and slope 
instability, driven by the increasing frequentation 
and use of high altitude territories (especially in the 
European Alps) and by the pace of climate change, 
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has led to an exponential growth of studies in the 
last 20 years. A formidable amount of observations, 
data, models, and hypotheses on climate-related 
processes leading to slope deformation and failure 
has been produced. Two main approaches are 
generally followed: i) the analytical study (through 
field monitoring, laboratory tests, modelling) of the 
physical processes contributing to rock 
deformation and/or weathering and worsening of 
rock-mechanical properties (e.g.; Guglielmin et al. 
2014; Phillips et al. 2016; Magnin et al. 2017; 
Weber et al. 2017; Mamot et al. 2018); ii) a back 
analysis of the meteorological and climatic 
conditions associated with the occurrence of slope 
instability (e.g. Allen and Huggel 2013; D’Amato et 
al. 2016; Nigrelli et al. 2018a; Paranunzio et al. 
2019; Schlögel et al. 2020).  

Despite the remarkable efforts and the 
significant advances, uncertainties remain as to 
how climatic parameters control rockfall 
occurrence and therefore on the actual impacts of 
ongoing and expected climate change on rock slope 
instability (Huggel et al. 2012), in particular, 
considering the complexity of processes 
contributing to slope stability/instability and the 
interactions with the specific morpho-
topographical and litho-structural conditions of the 
study areas (Phillips et al. 2017; Messenzehl et al. 
2017; Zangerl et al. 2019). Specifically, the question 
remains whether the climate change has actually 
caused, and/or may in the future, an increase, or 
change, of rockfall hazard in high mountains, even 
though several evidences point in this direction 
(Ravanel and Deline 2011; Fischer et al. 2012). 

In order to deepen the knowledge on the 
relationship between climate change and natural 
instability processes that occur at high-elevation 
sites, monitoring activities and research carried out 
in climate observatories and high-elevation 
instrumented sites are thus crucial. In the Italian 
Alps, specific research is being carried out in the 
last decade in the framework of international 
projects, even if mostly focusing on monitoring of 
permafrost or individual slope instabilities 
(Ravanel et al. 2018; Mair et al. 2011), or they are 
completed activities (Occhiena et al. 2012).  

In this context, we aim to contribute to the 
growing topic of the nexus between climate change 
and slope instability at the basin scale. To our 
knowledge, the Bessanese glacial basin is to date 

the only site in the Italian Alps which is specifically 
equipped, monitored and investigated for this 
purpose at the basin scale and not only at the scale 
of the single slope process.  

For this purpose, in this paper we propose and 
discuss an integrated approach that combines 
geomorphological data with historical and 
instrumental ones. The method is also oriented 
toward establishing full data traceability and 
measurement uncertainty analysis, to promote 
more comparability with other and future works. 
This approach allows to analyze the high-resolution 
data collected in recent years (multiannual scale) 
on rockfall events, and on the associated climatic 
conditions and near-surface rock temperatures, in 
the broader context of local climate change 
(multidecadal scale) and of local, climate-driven, 
geomorphological dynamics (century scale).  

1    Study Area  

The study area is located in the Bessanese 
glacial basin (Graian Alps, North Western Italy; 
Figure 1). It has an extent of about 5 km2, an 
elevation range from 2586 to 3620 m a.s.l., and 
corresponds to the hanging basin modelled by the 
local Pleistocene glacier.  

The glacial basin is carved in the Oceanic Units 
of the Western and Ligurian Alps, especially in the 
Gastaldi Greenstones Zone. Calcschists and 
Metabasites are the prevailing lithotypes (Piana et 
al. 2017). Calcschists are found mainly in the 
eastern part of the study area, while Metabasites 
form the “Uja di Bessanese” ridge. In the southern 
part of the basin, an isolated outcrop of 
Serpentinites is found.  

From a geomorphological point of view, the 
study area is overlooked by the “Uja di Bessanese” 
Peak (3620 m a.s.l.), with an up to 1000 m high 
rock wall that borders the glacial basin to the west. 
This rock wall, facing east-northeast, is cut by 
several incisions that channel block- and rock-falls, 
causing the formation of debris fans at the 
incisions’ outlet, in the southern part of the ridge. 
At the foot of the rock wall, the landscape is 
dominated by the Bessanese Glacier and by the 
neighbouring rock glacier named “Crot del 
Ciaussinet”. The huge left lateral moraine (length = 
about 770 m, max elevation = 2900 m a.s.l., min 
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presence of sporadic permafrost in correspondence 
to the AWS. 

The Bessanese glacial basin has been chosen to 
become, since 2016, an open-air laboratory for 
studying the relationships between climate forcing 
and geomorphological dynamics, especially slope 
instabilities, in a context of climate warming. This 
choice was due to the variety of geomorphological 
elements and processes that can be found in this 
relatively small area. Moreover, a high altitude 
AWS with a 30-year record is available, and a 
strategic structure for the logistics and for 
communication and dissemination purposes, the 
Gastaldi Hut, is present. This open-air laboratory is 
ideal for collecting data, developing and testing 
new methodological approaches, and comparing 
different tools and technologies, with an 
interdisciplinary imprint. 

2    Materials and Methods  

A cross-temporal and integrated approach has 
been adopted for this study (Figure 2). 
Geomorphological investigations, covering a 
multidecadal/century time interval, and an 
analysis of the local climate (last 30 years) have 
been carried out. The objective is to provide a 
broader context for the interpretation of the high-
resolution data collected in recent years in the 

Bessanese experimental basin on rockfall events, 
climatic conditions associated to their occurrence, 
and near-surface rock temperatures. 

Geology has not been specifically considered in 
this study, since it controls location, type and size 
of instability processes, rather than their timing 
and frequency (Fischer et al. 2012), which are the 
main focus here. 

2.1 Geomorphological analysis 

The geomorphological analysis has been aimed 
to the identification of: i) past rockfall occurrences, 
their timing, location and characteristics of source 
and accumulation areas; ii) the main 
geomorphological elements of the study area and of 
their evolution at the multidecadal/century scale, 
with a focus on glacier thickness change, as a 
preparatory factor of slope instability (Deline et al. 
2015). 

2.1.1 Rockfall events identification 

In order to retrieve rockfall events occurred in 
the study area, the following sources have been 
considered: i) reports of the annual CGI 
glaciological surveys (CGI 2020): 52 annual reports 
are available for the study area, covering the period 
1928-2018 with some interruptions, especially 
during the 1940s and the 1980s; ii) multitemporal 
aerial photos and orthophotos: orthophotos 

 
Figure 2 Workflow of the cross-temporal approach adopted in this study. 
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relating to 6 different times in the period 1988-
2012 are available on the Italian National 
Geoportal, aerial photos relating to 5 different 
times in the period 1954-2004 have been taken by 
the Italian Military Geographic Institute, and aerial 
photos relating to 18 different times in the period 
1945-2009 can be viewed on the French National 
Geoportal; iii) landslide inventories: the IFFI 
(2020) and SIFRaP (2017), respectively the 
national and regional landslide inventories, have 
been consulted; iv) historical archives of IRPI-CNR; 
v) news on the web. Since 2016, with the start of 
activities in the Bessanese experimental basin, 
direct information has come from the reports of the 
Gastaldi Hut keeper, from field investigations and 
from 360° webcam images (see Section 2.3). 

2.1.2 Estimate of the Bessanese Glacier 
thickness change 

Two digital elevation models (DEMs) are 
available for the study area, made approximately 
20 years apart. The oldest one was acquired in the 
1985-1994 period and has a resolution of 50 m and 
a vertical uncertainty of ±10 m, while the most 
recent one was derived from a LiDAR 
aerophotogrammetric flight realized in the period 
2009-2011 and has a resolution of 5 m and a 
vertical uncertainty of ±0.60 m (Belotti et al. 2013). 
The comparison, in a GIS environment, of the two 
DEMs allowed to assess elevation changes occurred 
in the study area and, specifically, to estimate the 
change in surface elevation of the Bessanese 
Glacier, with an uncertainty of about ±10 m, due to 
DEMs vertical uncertainty (Wang and Kääb 2015). 

The reports of the annual CGI glaciological 
surveys (CGI 2020) allowed to validate elevation 
change data resulting from the difference of DEMs. 
In fact, starting from the 1990s, Franco Rogliardo, 
the local operator of CGI, has been measuring the 
annual elevation change of the Bessanese Glacier 
surface at two benchmarks. One reference mark is 
located in the lower part of the accumulation zone 
of the glacier, on a rock outcrop at 2950 m a.s.l. A 
second benchmark is located at 2877 m a.s.l., 
where the western lobe of the glacier heads south, 
confined by the imposing LIA lateral moraine.  

2.2 Climatic analyses 

Local climatic analyses have been carried out 

to: i) characterize the study area and identify 
climate trends; ii) detect eventual climatic 
anomalies associated with rockfall occurrences. 

The climatic data used for this purpose come 
from the “Rifugio Gastaldi” AWS (owner ARPA 
Piemonte). The AWS is located at 2659 m a.s.l. and 
is active since 1988. The AWS measures air 
temperature, relative humidity, wind speed and 
direction, rainfall amounts, snow depth (since 
1990), total incident and reflected solar radiation 
(since 2018). 

Daily minimum, maximum and mean air 
temperature data acquired by the AWS were used 
for climatic trend analysis on monthly, seasonal, 
and annual basis (observation period 1989-2019). 
For this purpose, the non-parametric Mann-
Kendall test was used, by means of dedicated 
software (Štěpánek 2006). The Mann-Kendall test 
is a rank-based, non-parametric test for verifying 
trend significance and is largely used to assess the 
significance of trends in hydro-meteorological time 
series. The advantage of this test is that it is 
distribution-free and does not assume any special 
form for the distribution function of the data, 
including censored and missing data (Sneyers 1990; 
Nigrelli et al. 2015).  

Trend analyses were performed on the 
following parameters: mean (Tmean), maximum 
(Tmax) and minimum (Tmin) air temperature, 
extreme minimum (extreme Tmin) and maximum 
(extreme Tmax) air temperature. Trend analyses 
were also carried out on the following parameters, 
defined according to WMO (2009) indications: 
number of frost-free (FFD, Tmin > 0°C), frost (FD, 
Tmin ≤ 0°C), icing (ID, Tmax ≤ 0°C) days. 

Precisely dated rockfall events have been 
investigated from a climate perspective by applying 
the statistical-based method described in 
Paranunzio et al. (2019). The method is based on 
an empirical distribution function to determine 
whether one or more climate variables V have 
assumed anomalous values prior to the occurrence 
of a slope failure event. The cumulative probability 
P(V) has been estimated in a non-parametric way 
as P(V) = i/n+1, if V>V(i). The variable V is 
assumed to be a significant triggering factor at the 
α level when P(V) ≤ α/2 (negative anomaly) or P(V) 
≥ 1− α/2 (positive anomaly). The significance level 
α is set to 0.2, thus a 10% test on each of the 
distribution tails is performed. In the end, the 
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September 2016, a rockfall detached from one of 
the cuts in the Bessanese rock wall and generated a 
well visible cloud of dust. On August 27, 2017 at 
10:55 (CEST), a rock mass collapsed from the NE 
ridge of the Uja di Bessanese and deposited on the 
surface of the Bessanese Glacier, about  250 m 
upstream of the glacier front. Probably the largest 
event documented in the study area occurred on 
July 6, 2019 at 16:00 (CEST), when a large (several 
thousands m3) rock mass detached from the NW 
face of “Cresta del Fort”: the foot of the slope was 
still covered with snow and thus the accumulation 
was clearly identifiable. On July 17, 2019 at 23:00 
(CEST) a rock spur detached from the base of the 
NE ridge of the Uja di Bessanese, about in the same 
location where the 2003 and 2017 events occurred: 
the rockfall produced a loud noise, which lasted 
several minutes, and was heard distinctly at the 
Gastaldi Hut. On August 23, 2019 at 12:51 (CEST) a 
rockfall detached from the top of the NE rockwall 
of Rocca Affinau. A cloud of dust is clearly visible 
on the photos taken by the Gastaldi Hut keeper. 
The volume of the collapsed mass must have been 
small, since a survey carried out a few days later 
did not allow to clearly identifying the detachment 
and accumulation areas. In addition, the report of 
the glaciological campaign carried out on August 

29-30, 2018 (Baroni et al. 2019) mentions “signs of 
instability in the rock cut next to Punta 
Rosenkrantz (the same where the September 2016 
rockfall occurred), with small, sporadic falls of 
rock”. 

Finally, on the landslide inventory maps of the 
IFFI and SIFRaP projects, three areas defined as 
“prone to recurring rockfalls” have been identified: 
these areas are located immediately below the LIA 
limit of the eastern lobe of the Bessanese Glacier, 
but no information is available about their timing 
(green dotted lines in Figure 3). Searches on the 
web and in the historical archives of the CNR-IRPI 
and the analysis of the webcam images did not 
provide information on additional instability 
events. 

3.2 Ice thickness variation of the Bessanese 
Glacier 

In recent decades, the Bessanese Glacier 
suffered a substantial mass loss (Figure 5a and 5b). 
Thanks to two temporally distanced DEMs it was 
possible to quantify the elevation change of the 
glacier surface with an uncertainty of ±10 m 
(Figure 5c). The mean surface elevation lowering 
can be estimated in about 20 m in the period 

1990s-2011. The highest 
ice losses occurred in the 
lowest part of the western 
lobe, where the glacier 
surface lowered of about 
35 m, and in most of the 
accumulation area, where 
the surface elevation 
change was about 20-30 m. 
On the contrary, losses in 
the order of 10-20 m are 
found along the western 
margin of the 
accumulation area of the 
glacier, likely because of 
snow avalanche feeding 
from the Bessanese NE 
face. Even lower values can 
be found in the portion of 
the glacier located 
immediately below the 
2010 front limit: this area 
is steeper than the rest of 

Figure 5 a) Bessanese Glacier in 1981 (photo D. Marangoni, CGI archive); b) 
Bessanese Glacier in 2015 (photo M. Chiarle): the asterics * indicate the 
corresponding points in the two photos; c) glacier areal and surface elevation 
changes in the period 1990s-2010 (basemap 2010 orthophoto, reference system 
WGS84 / UTM 32N, source GEOportale Piemonte 2020). 


