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1. Introduction 

1.1. Motivation and aims  

“Cryosphere” comes from the Greek “krios”, meaning cold, and is defined as the portions of 

Earth's surface where water is in solid form. It is composed by snow cover, glaciers, ice sheets, 

ice caps, ice shelves, frozen lakes and rivers (freshwater ice), sea ice, icebergs, permafrost and 

frozen ground (Barry & Gan, 2011) (Fig. 1).  

 

The cryosphere covers a mean total area of 68 million km2 (ranging between 78 million in the 

northern winter and 58 million in the northern summer), about the 13% of the Earth’s surface 

(Ohmura, 2014) and ice stores about 75% of the world’s freshwater (Kotwicki, 2009). 

Figure 1 Components of the cryosphere and their spatial and temporal scales. Source: IPCC 
(2006). 
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In the last decades, climate change has impacted the cryosphere, whose components are 

sensitive to air temperatures and precipitation changes, with mass loss from glaciers and ice 

sheets, reduction in snow cover and Arctic sea ice extent and thickness, and increased 

permafrost temperature (IPCC, 2019). The changes experienced by the cryospheric 

components take place at different spatial scales, from sub-meters to thousands of 

kilometers, and different temporal scales, from daily to millennial or longer (Fig. 1).   

Due to the importance of the cryosphere in Earth’s system and its sensitivity to climate 

change, it is of primary importance the monitoring of the state and evolution of its 

components, that requires investigations on a wide range of spatial and temporal scales.  

The aim of this thesis was to use different remote sensing techniques to investigate and 

monitor two important cryospheric components, snow cover and glaciers, with a particular 

focus on the supraglacial debris for these latter. We used mainly close-range remote sensing 

techniques, as timelapse photography, ground-based thermal imaging, ground-based 

photography, UAV imaging, but also satellite remote sensing, in some cases integrated with 

field measurements and observations, in order to be able to investigate snow cover and 

glaciers at a high spatial and/or temporal resolution. The research was carried out both in 

polar (Antarctic) and in high-mountain (Alpine) areas. Four case studies are presented in the 

thesis, the first regarding snow cover in Antarctica, the other three regarding glaciers in the 

Alps. 

The term “remote sensing” can be defined as the “acquisition of physical data of an object 

without touch or contact” (Lintz & Simonett, 1976) or “the practice of deriving information 

about the Earth’s land and water surfaces using images acquired from an overhead 

perspective, using electromagnetic radiation in one or more regions of the electromagnetic 

spectrum, reflected or emitted from the Earth’s surface” (Campbell & Wynne, 2011). So 
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remote sensing refers to obtaining information about objects of areas by using 

electromagnetic radiation, emitted or reflected, without being in direct contact with the 

object or area. Remote sensing can be classified based on the platform on which the sensor 

that acquires data is mounted. While a definition of satellite remote sensing is easy, as it refers 

to sensors mounted on satellites, for close-range remote sensing, it is difficult to find a 

straightforward definition although the term is widely used. Breithaupt & Matthews, (2001) 

used “close-range” to refer to a distance between the sensor and the object lower than 300 

m. On one side, satellite remote sensing offers the advantages to cover large areas and gives 

the possibility to monitor remote areas that are difficult to reach, as the high-mountain and 

polar areas usually are, on the other side close-range remote sensing techniques can provide 

high spatial and temporal resolutions that are beyond the capabilities of satellite borne 

methods, although limited to more restricted areas. The close-range and satellite remote 

sensing techniques used in this thesis and their application are:   

• In the case study (1) we used time lapse photography to investigate the small-

scale spatial and temporal variability of snow cover at Signy Island (maritime 

Antarctica). High-resolution orthophoto and digital elevation models from UAV were 

also used to map land cover and obtain topographic parameters; 

• In the case study (2) we used ground-based thermal imaging (or thermography) 

to analyse surface temperature distribution and estimate supraglacial debris thickness 

at high-spatial resolution on a small alpine glacier (Gran Zebrù glacier, Ortles-Cevedale 

group, Italy). The results were then compared to that obtained from ASTER data;  

• In the case study (3) the evolution of the sparse debris cover during the melting 

season at two small Alpine glaciers (Gran Zebrù and Sforzellina, Ortles-Cevedale group, 

Italy) and its impact on glacier albedo, ablation and surface temperatures were 
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investigated. To do so ground-based (handheld) photography and thermal imaging 

were used, but also field measurements.  

• In the case study (4) we used satellite images from the recently launched 

PlanetScope constellation, offering daily data at high resolution, to monitor small 

glaciers located in different sectors of the Alps.  
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1.2. Snow cover and glaciers 

1.2.1. Snow cover in maritime Antarctica 

Snow cover is an important component of the global climate system, as it modifies energy and 

moisture fluxes between the ground surface and the atmosphere, and acts as a water store in 

hydrological systems (Brown and Robinson, 2005). Snow characteristics, such as its high 

albedo and emissivity (that tend to cool the snow surface), high absorptivity (that in contrast 

tends to warm the surface), and low thermal conductivity make it an effective insulator of the 

ground and terrestrial ecosystems below (Zhang, 2005).  

The spatial and temporal distribution of snow cover influences the biogeochemical conditions 

(moisture, temperature, chemistry) in the underlying soil, which in turn can determine the 

distribution of soil invertebrates and microbiota (Gooseff et al., 2003). It also affects 

vegetation (Callaghan et al., 2011) by influencing the temperature regime through its 

insulation qualities and also the availability of water and light (Kappen et al., 1995, Winkler et 

al., 2000), affecting the species distributions, growing season length and phenology (Borner 

et al., 2008). Snow cover also has a significant influence on permafrost distribution, 

temperatures and thickness (Zhang, 2005). A further important feature of snow cover lies in 

its spatial variability at the local scale, as accumulation, redistribution and ablation processes 

are affected by features such as microclimate, topography, and characteristics of vegetation 

(Neumann et al., 2006). 

In Antarctica, most of the studies focusing on snow cover have studied snow accumulation on 

Antarctic sea ice or on glaciers and ice sheets, while only few have studied snow cover in 

terrestrial habitats, mostly focusing only on the temporal or only on the spatial variability, or 

covering short periods.  
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The maritime Antarctica has been recognised as a key region for the assessment and 

monitoring of climate change and its impacts (Cannone et al., 2006), as this wetter region 

shows higher sensitivity to climate change than the cold and dry Continental Antarctic, due to 

its climatic and geographical characteristics (Smith, 1984).  

Temperatures measured in the maritime Antarctica (at Orcadas Station, Laurie Island, South 

Orkney Islands) showed an air warming in the 20th century, with an increase of +0.21°C per 

decade since 1904 (Turner et al., 2014), while more recent data show a cooling 0.2 °C 

comparing the decades 1996–2005 and 2006–2015 (Oliva et al., 2017).  

In a climate change framework, more detailed studies of snow cover spatial and temporal 

distribution in maritime Antarctica are required, to understand the climatic conditions and the 

surface characteristics that influence its variability but also to understand the impact of this 

variability on underlying ecosystems, soil processes and permafrost.  

 

 

 

 

 

 

 

 

 

 

 

 



 
 

7 
 

1.2.2. Alpine glaciers  

The European Alps host 4395 glaciers (larger than 0.01 km2) at present (2015), that cover a 

total area of 1805.9 km2, of which 49.4% is found in Switzerland, 20% in Austria, 18% in Italy 

and 12.6% in France (Paul et al., 2020). In the Alps small glaciers prevail, indeed 92% of the 

glaciers have an area smaller than 1 km2, while only 1.6% are larger than 5 km2 (Paul et al., 

2020).  

Alpine glaciers have been impacted by climate change. The Greater Alpine Region experienced 

a temperature increase of 1.2 °C in the 20th century, rising about twice as much as the global 

mean (Auer et al., 2007). Glaciers in the Alps have been retreating since the end of the Little 

Ice Age (e.g. Zemp, 2006) and are undergoing a rapid shrinkage and downwasting, with an 

area loss of ~39 ± 9 km² a−1 (~1.8% a−1), regionally variable ice thickness changes (−0.5 to 

−0.9 m a−1) and a mass loss of 1.3 ± 0.2 Gt a−1 between 2000 and 2014 (Sommer et al., 2020).  

The reconstructed environmental equilibrium-line altitudes (ELAs) across the European Alps 

showed a mean of 2980 m a.s.l. in the period 1901-1930, then between 1901−1930 and 

1971−2000 it rose by 1.6 m yr−1, being 3094 m a.s.l. in the period 1971−2000 and rising to 

3234 m a.s.l. in the last 30 years (1991-2020), rising by 254 m with respect to the period 1901-

1930 (Žebre et al., 2021). 

Simulations of the future evolution of glaciers in the Alps, based on different climate scenarios, 

indicate that by 2100 between -63% and -94% of the actual (2017) glacier volume and between 

-62% and -91% of the glacier area will be lost (Zekollari et al., 2019). The environmental ELA is 

projected to rise to 3288 m a.s.l., 3484 m a.s.l. or 3880 m a.s.l. under three different emission 

scenarios (Žebre et al., 2021). 

 The retreat of Alpine glaciers has important impacts on ecosystems (e.g. Cannone et al., 2008; 

Franzetti et al., 2020), on river runoff and thus on hydropower production (e.g. Patro et al., 
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2018; Schaefli et al., 2019; Puspitarini et al., 2020) and agriculture (e.g. Beniston et al., 2012), 

on natural hazards (e.g. Chiarle et al., 2007; Gobiet et al., 2014), but also on tourism (e.g. Ritter 

et al., 2012; Pröbstl-Haider et al., 2016).  

In this context, small glaciers are showing largest relative area decrease respect to the large 

glaciers (e.g. Linsbauer et al., 2021). For the Italian glaciers, Smiraglia et al. (2015) reported 

strongest area reduction for small glaciers (< 1 km2) in the period from 1959-1961 to 2005-

2011. Also, Carturan et al. (2013a) found a tendence to a greater relative area loss with 

decreasing initial size for the glaciers of the Ortles-Cevedale (Italian Alps) in the period 1987-

2009. In the Swiss Alps, Linsbauer et al. (2021), found an area decrease of -60% for glaciers 

<0.1 km2, -39% for glaciers 0.1-1 km2, -21% for glaciers 1-10 km2 and -13% for glaciers >10 km2 

in the period between 1973 and 2016. However, some studies found that very small glaciers 

in some sectors of the Alps seem resilient to climate warming, as reported by Carturan et al. 

(2013b), Colucci (2016), Colucci et al. (2021) and De Marco et al. (2020) in the Julian Alps 

(Eastern Italian Alps), and by Scotti et al. (2014) in the Orobie (Central Italian Alps), both being 

maritime areas (where mean annual precipitation is high), with glaciers showing higher 

sensitivity to winter precipitation than to summer temperature, but also by Scotti & Brardinoni 

(2018) in the Viola Valley (Central Italian Alps), suggesting a climate-glacier decoupling thanks 

to their location in sheltered sites surrounded by high and steep rock walls or in niches, with 

increased convexity and roughness, where wind drift accumulation is favoured but also 

avalanching. 

Therefore, in this thesis we decided to focus on small glaciers (case studies (2), (3) and (4)), 

that despite their relevance are the less studied, since Alpine glacier research focuses mainly 
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on medium and large 

glaciers (Huss & Fischer, 

2016). In particular in the 

case studies (2) and (3) we 

focus on small Alpine 

glaciers located in the 

Ortles-Cevedale group 

(Central Italian Alps, Italy), 

while in the case study (4) 

on glaciers located in 

different sectors of the 

Alpine chain (Fig. 2).  

 

 

 

 

 

 

 

Figure 2 Examples of some small Alpine glaciers studied in this thesis. From the top to the 
bottom: Gran Zebrù glacier (Ortles-Cevedale); Sforzellina glacier (Ortles-Cevedale); Pizzo Ferrè 
glacier (Tambò-Stella); Solda Orientale glacier (Ortles-Cevedale). 
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The Ortles-Cevedale group is the largest glacierized group of the Italian Alps, covering 76.8 

km2, about 3.5 % of the total Alpine glacier area and it comprises Forni glacier, the largest 

Italian valley glacier (~11 km2) (Carturan et al., 2013a). The highest peaks of the mountain 

group are Ortles (3905 m a.s.l.), Gran Zebrù (3851 m a.s.l.) and Cevedale (3769 m a.s.l.). The 

glaciers of the Ortles-

Cevedale group are 

undergoing rapid shrinkage 

(Fig. 3). An area reduction of 

about 40% was reported by 

D’Agata et al. (2014) for the 

period 1954-2007, while 

Carturan et al. (2013a) 

reported a reduction of 23% 

for the period 1987-2009. 

 

Figure 3 Example of the area reduction undergone by Gran Zebrù glacier (Ortles-Cevedale, 
Italy). At the top photograph from 1907 (A.Corti), at the bottom photograph from 2020. Gran 
Zebrù glacier is one of the glaciers studied in this thesis (case studies (2), (3) and (4)).  
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1.2.2.1. Supraglacial debris  

Similarly to other regions in the world, as in the Karakoram (Xie et al., 2020), Himalayas (Bolch 

et al., 2008; Jiang et al., 2018), Caucasus (Stokes et al., 2007) and Patagonia (Glasser et al., 

2016), an expansion of the supraglacial debris cover has been reported also in the Alps 

(Kellerer-Pirklbauer, 2008; Azzoni et al., 2018; Mölg et al., 2019). In Figure 3 is reported as 

example one of the glaciers studied in this thesis, where it is possible to see the expansion of 

the supraglacial debris cover between 2003 and 2015.  

 

Figure 3 Example of Sforzellina glacier, a small glacier of the Ortles-Cevedale, where it is 
possible to see the glacier retreat and the supraglacial debris expansion between the 
orthophoto of 2003 (A) and 2015 (B). Source: Geoportale Regione Lombardia. 

 

Supraglacial debris has not negligible impacts on glaciers. Østrem (1959) found higher ablation 

rates under thin debris (less than the ‘critical thickness’) compared to clean ice and decreasing 

ablation rates under thicker debris covers. The critical thickness is defined as the thickness at 

which the ablation rate for debris covered ice and debris free ice are equal (e.g. Mattson, 

1993). Thin debris increases the melt rate of the underlying ice due to the low albedo of the 

debris that increases the absorption of the solar radiation and to the rapid transmission of 

heat to the ice surface, while thicker debris decreases the melt rate as it acts as a barrier to 
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heat transfer (Clark et al., 1994). A range of critical thicknesses have been measured on 

different glaciers in the world, with values between 15 mm and 115 mm, decreasing at 

increasing latitude and elevation, but possibly also influenced by other factors and processes 

(e.g. meteorological conditions, debris lithology, etc.) (Reznichenko et al., 2010). More 

recently, other studies showed that a thin debris layer does not enhance glacier melt 

compared to clean ice, for example in New 

Zealand (Brook et al., 2013; Hagg et al., 2014) 

and in the Karakoram (Muhammad et al., 2020). 

The quantity, distribution and granulometry of 

debris on the glacier surfaces can be highly 

variable, from dust particles to boulders having 

a diameter of different meters and from a 

minimal presence to the complete cover of a 

glacier tongue (Paul et al., 2004). When debris 

covers at least 50% of the ablation zone, a 

glacier is defined as debris-covered glacier 

(Kirkbride, 2011). Some debris-covered glaciers 

are found in the Alps, for example Miage 

glacier, Venerocolo glacier and Solda 

Occidentale glacier (Fig. 4). 

Figure 4 Examples of debris-covered glaciers in the Alps. From the top to the bottom: Miage 
glacier (Mont Blanc Massif, Valle d’Aosta, Italy); Venerocolo glacier (Adamello group, 
Lombardia, Italy); Solda Occidentale glacier (Ortles-Cevedale group, Südtirol, Italy). 
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Due to the importance of the supraglacial debris cover in influencing glacier ablation, it is 

important to map not only the extension of the debris cover, but also its thickness. While 

mapping the extension of the supraglacial debris cover is a task that can be done using 

different remote sensing data, from satellite images, to high-resolution orthophoto or UAV 

images, mapping the debris thickness on glaciers remains an important issue.  

Another open issue in the research concerning supraglacial debris is related to the sparse 

debris. We talk about sparse debris (or dirty ice) when debris does not form a complete cover 

on the glacier surface. While the evolution and the effects of the complete debris cover on 

glaciers have been widely studied, the evolution and the effects of the sparse debris have been 

poorly investigated. Only a recent work by Fyffe et al. (2020) studied the influence of sparse 

debris on the ablation rates, finding that at moderate percentage of  debris cover(c. 30–80%), 

ablation has similar values and is enhanced (+3.7%) compared to clean ice (with 0-15% of 

debris), while when the debris becomes complete, there is a very abrupt decrease in ablation 

(by 61.6% compared to a partial debris cover).   
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1.3. Contribution to scientific papers 

The manuscripts that compose this thesis were published or are intended to be published on 

scientific journals:  

1) Tarca, G., Guglielmin, M., Convey, P., Worland, M. R., & Cannone, N. (2022). Small-scale 
spatial–temporal variability in snow cover and relationships with vegetation and climate in 
maritime Antarctica. Catena, 208, 105739. 

2) Tarca, G., & Guglielmin, M. (2022). Using ground-based thermography to analyse surface 
temperature distribution and estimate debris thickness on Gran Zebrù glacier (Ortles-
Cevedale, Italy). Cold Regions Science and Technology, 103487. 

3) Tarca, G., & Guglielmin, M. Evolution of the sparse debris cover during the ablation season 

at two small Alpine glaciers (Gran Zebrù and Sforzellina, Ortles-Cevedale group). Submitted to 

the journal Geomorphology.  

4) Tarca, G., Hoelzle, M., & Guglielmin, M. Using PlanetScope images to investigate the 

evolution of small glaciers in the Alps. Submitted to the journal Remote Sensing of 

Environment. 
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2.  Small-scale spatial–temporal variability in snow 

cover and relationships with vegetation and climate in 

maritime Antarctica 
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Appendix A. Supplementary material 

The following are the Supplementary data to this article: 
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Supplementary Fig. S2. 
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Supplementary Fig. S3. 
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3. Using ground-based thermography to analyse 
surface temperature distribution and estimate debris 
thickness on Gran Zebrù glacier (Ortles-Cevedale, Italy) 
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Abstract 

Despite the increase of the sparse debris on many glaciers in the world and his undoubtable 

impact on glacier ablation, both its evolution and its impact have been poorly investigated yet.  

In this study we evaluated the evolution of the sparse debris cover during the melting season 

at two small glaciers of the Ortles-Cevedale group (Central Italian Alps, Italy), the eastern 

tongue of Gran Zebrù glacier and Sforzellina glacier. We investigated the different effects of 

the sparse debris on albedo, on the glacier surface temperatures (using ground-based thermal 

imaging) and on ablation.  

The supraglacial debris cover increased three times more at Sforzellina glacier, both in terms 

of mass and percentage debris cover, with a mean debris coverage rate of 621 g/m2 per day 

and a percentage of 2.07% per day, than to Gran Zebrù glacier. As debris accumulates on the 

surface mainly by melt out of englacial debris, the debris coverage rates depend both on the 

ablation and on the englacial debris concentration, which was found to be higher at Sforzellina 

glacier (mean 10810 g/m3) respect to Gran Zebrù glacier (mean 6131 g/m3).  

Debris is mainly composed by clasts coarser than 25 mm at both glaciers (on average 91% at 

Gran Zebrù and 89% at Sforzellina), with subangular sedimentary rocks prevailing at Gran 

Zebrù and angular metamorphic rocks at Sforzellina glacier, suggesting a debris supply from 

the rockwalls surrounding the glaciers, with a longer englacial transport at Gran Zebrù.  

Albedo decreases at increasing percentage of debris covering the surface, linearly at 

Sforzellina and logarithmically at Gran Zebrù while surface temperatures are positively 

correlated with the mass of debris present on the glacier surface. The influence of the 

percentage of debris on the mean ablation rate is explained by a quadratic function, with the 

ablation rate increasing at increasing debris cover for moderate debris covers, due to the 
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decreasing albedo, and decreasing ablation rates with high percentages of debris cover 

(>80%), due to the insulation effect of clasts.  

 

Keywords: glaciers, supraglacial debris, sparse debris cover, albedo, surface temperature, 

ablation 

 

1. Introduction 

It is known that the presence of supraglacial debris influences glacier ablation.  Østrem (1959) 

found higher ablation rates under thin debris (less than the ‘critical thickness’) compared to 

clean ice and decreasing ablation rates under thicker debris covers. The critical thickness is 

defined as the thickness at which the ablation rate for debris covered ice and debris free ice 

are equal (e.g. Mattson, 1993). A range of critical thicknesses have been measured on different 

glaciers in the world, with values between 15 mm and 115 mm, decreasing at increasing 

latitude and elevation, but possibly also influenced by other factors and processes (e.g. 

meteorological conditions, debris lithology, etc.) (Reznichenko et al., 2010). Other studies 

showed that a thin debris layer does not enhance glacier melt compared to clean ice, for 

example in New Zealand (Brook et al., 2013; Hagg et al., 2014) and in the Karakoram 

(Muhammad et al., 2020). The evolution of the continuous debris cover extent on glaciers has 

been studied worldwide, showing a general expansion in the Alps (Kellerer-Pirklbauer, 2008; 

Azzoni et al., 2018; Mölg et al., 2019), Karakoram (Xie et al., 2020), Himalayas (Bolch et al., 

2008; Jiang et al., 2018), Caucasus (Stokes et al., 2007) and Patagonia (Glasser et al., 2016). 

Differently, the temporal evolution of the sparse debris cover on glaciers has been poorly 

analysed, with only few studies investigating it in detail (e.g. Kirkbride and Deline, 2013; Azzoni 
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et al., 2016; Fyffe et al., 2020). In particular, Fyffe et al. (2020) reported that at moderate 

percentage debris covers (c. 30–80%), ablation has similar values and is enhanced (+3.7%) 

compared to clean ice (with 0-15 % of debris), while when the debris becomes complete, there 

is a very abrupt decrease in ablation (by 61.6% compared to a partial debris cover).  Therefore, 

especially in a climate change framework the effect of dirty ice (glacier ice with sparse debris 

cover) on the ablation rate appears as a gap of knowledge to fill.  

The aim of this work is: a) to understand the evolution of the sparse debris cover during the 

melting season, b) to calculate the englacial debris concentration; c) to determine the debris 

sources; d) to investigate the effect of the sparse debris on albedo, on the glacier surface 

temperatures (using ground-based thermal imaging) and on ablation in different glacier 

conditions. 

To achieve these goals we chose two different glaciers of the same mountain group (Ortles-

Cevedale, Central Italian Alps, Italy), the eastern tongue of Gran Zebrù glacier and Sforzellina 

glacier, having a similar surface area but different characteristics: different aspect, different 

elevation, different length and different bedrock lithologies. 

 

2.  Study areas 

The research was performed at Gran Zebrù glacier and Sforzellina glacier, both situated in the 

Ortles-Cevedale group (Central Italian Alps, Italy) and about 14 km far from each other (Fig. 

1). The Ortles-Cevedale group is the largest glacierized mountain group of the Italian Alps and 

is undergoing rapid glacier shrinkage. An area reduction of about 40% was reported by D’Agata 

et al. (2014) for the period 1954-2007, while Carturan et al. (2013) reported a reduction of 

23% for the period 1987-2009, with an average geodetic mass budget rate of −0.69 ± 0.12 m 

w.e. a−1. The area is characterized by a continental Alpine climate (Soncini et al., 2017). Annual 
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precipitation is about 850 mm (40% falling from June to August) and the mean annual 

temperature is 3.3 °C (1980-2010) at Forni (about 2190 m a.s.l.) (Leonelli et al., 2017). At the 

Bormio weather station (1225 m a.s.l., ARPA Lombardia), situated respectively 16 km and 17 

km far from Gran Zebrù and Sforzellina glaciers, a temperature increase of 0.012 °C y− 1 was 

measured between 1924 and 2007, with an increased trend in the period 1981-2007 (0.038 

°C y− 1), while total precipitation did not seem to substantially change between 1926 and 2003 

(Salerno et al., 2014). 

Two small glaciers (covering an area < 1 km2) were chosen, as small glaciers account for more 

than 90% of the total number of glaciers in Italy (Diolaiuti et al., 2019). The glaciers have similar 

surface area but different aspect, elevation, length, supraglacial debris cover and bedrock 

lithologies. 
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Figure 1 A) and B) Location of of Gran Zebrù glacier (C) and Sforzellina glacier (D) in the Alps; 
C) position of the 9 quadrats selected on the Gran Zebrù glacier ablation area; D) position of 
the 9 quadrats selected on the Sforzellina glacier ablation area. Basemap of A and B is Esri 
World Imagery. Basemap of C is an UAV orthophoto from 2019, basemap of D is orthophoto 
AGEA 2015 (from Geoportale Regione Lombardia). 
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Gran Zebrù glacier is located in Cedec Valley (Fig. 1A) and has an area of 0.58 km2 (surveyed 

in 2016) (Paul et al., 2019). We worked on the eastern tongue of the glacier, that covers about 

0.22 km2. The glacier front is located at about 3080 m a.s.l. and has a south-east aspect. 

Sforzellina glacier is located in Gavia Valley (Fig. 1A) and covers a surface of 0.22 km2 (surveyed 

in 2016) (Paul et al., 2019). The glacier front is located at about 2850 m a.s.l. and has a north-

west aspect.  

Most of the glacier surface of Sforzellina glacier is covered by supraglacial debris (66.8% in 

2012), while the debris-covered area at Gran Zebrù glacier is lower (30.1% in 2012) (Azzoni et 

al., 2018). Considering the eastern tongue of Gran Zebrù glacier, where this work was carried 

out, the debris covered area is even smaller, representing 15% of the glacier surface (Tarca 

and Guglielmin, 2022). 

Regarding the bedrock, Gran Zebrù glacier is located in an area crossed by the tectonic Zebrù 

line, that divides the Campo Nappe (south) and the Ortler Nappe (north), the first composed 

mainly of micaschist and paragneiss, the second of dolomite and limestone (Montrasio et al., 

2012). While Sforzellina glacier is entirely located in the Campo Nappe and therefore 

characterized by micaschist, paragneiss and orthogneiss.  

 

3. Methods 

3.1. Meteorological data 

Daily mean temperatures and daily precipitation data from the Valfurva S. Caterina weather 

station (ARPA Lombardia - Servizio Meteorologico Regionale) between July and September of 

2019 and 2020  were analysed. The weather station is located at 1730 m a.s.l. and at a distance 

of about 9 km from Gran Zebrù glacier and about 8 km from Sforzellina glacier. Global 

radiation data were obtained from Valdisotto Oga S. Colombano weather station (ARPA 
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Lombardia - Servizio Meteorologico Regionale), located at 2300 m a.s.l and about 21 km from 

Gran Zebrù glacier and about 20 km from Sforzellina glacier. 

 

3.2. Field work 

The research started at both glaciers as soon as the ice was exposed at the glacier front. At 

Gran Zebrù the 

research started on 

10/08/2019 because 

a few days earlier 

only in one sector of 

the glacier, while 

most of the glacier 

was still covered by 

snow as showed in 

Fig. 2a (taken on 

09/08/2019). At 

Sforzellina it started 

on 30/07/2020, with 

similar conditions 

(Fig.2b). 

 

Figure 2 A) Photograph of the eastern tongue of Gran Zebrù glacier taken on 09/08/2019; B) 
Photograph of Sforzellina glacier taken on 30/07/2020. 
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To study the temporal evolution of the sparse debris cover on the glaciers we used a modified 

version of the method applied by Azzoni et al. (2016). We selected 1 m x 1 m sampling areas 

on the glacier surface (Fig. 1), with different amounts of debris. We chose to evaluate the 

debris evolution at 9 sites at each glacier (more than in Azzoni et al., 2016), to have a more 

robust statistic sample. At each site we acquired a digital image of the surface using a digital 

camera. We used a pyranometer to measure incoming and outgoing short-wave radiation at 

each site, to calculate albedo.  The radiation data were acquired every 10 seconds and at least 

3 measurements at each site were obtained. Then, to study the temporal evolution of debris, 

at least 2 cm of the glacier surface were removed, and the ice and debris were collected. The 

operation was repeated after about one month in the same quadrats, to calculate the debris 

coverage rate.  The sampling areas are coded from S1 to S9 at Gran Zebrù and from SF1 to SF9 

at Sforzellina. The suffix “A” refers to the beginning of the study period, “B” to the end.  

In addition to the method proposed by Azzoni et al. (2016), we used a FLIR e85 thermal camera 

to take one to four thermal images to cover the surface of each quadrat, at the beginning and 

at the end of the study period. The thermal camera used has a spectral range of 7.5 - 14.0 µm, 

an IR Resolution of 384 x 288 (110,592 pixels) and an accuracy of ±2°K. 

To identify the exact location of the quadrats, an ablation stake was drilled at one corner of 

each quadrat. At quadrats S2 and SF5 the ablation stakes used to identify the exact location 

were lost between the two measurements and therefore the work was completed at only 8 

quadrats at each glacier. Due to logistical issues, we were able to measure the ablation 

occurred during the entire study periods only at 3 stakes at Gran Zebrù and 4 stakes at 

Sforzellina glacier. Moreover, we obtained continuous ablation measurements at all the stakes 

at Sforzellina glacier for the period 30/07/2020 to 26/08/2020, that we will use as an example. 
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3.3. Samples analyses 

The samples composed by ice and debris collected from the quadrats were melted. The 

samples were sieved through 25 and 2 mm to separate the coarser and the sand fractions of 

debris that were than weighed. The remaining part of the samples was filtered using filter 

paper (17-30 µm) to separate meltwater from fine debris. Debris retained by the filter was 

dried and the particle size distribution was performed by sieving it, using a mechanical sieve 

shaker (Gregorich and Carter, 2007).   

In addition, we selected 10 random coarse clasts (>25 mm) for each sample to reconstruct the 

transport history of debris, evaluating the clasts roundness (degree of curvature of clast 

edges), classifying them as angular, sub-angular, sub-rounded or rounded (Benn and 

Ballantyne, 1994). Moreover, the lithology of each clast was determined visually. In case of 

stratified sedimentary rocks, 5% HCl was used to discriminate limestone from dolomite. 

 

3.4. Image analyses 

The photographs acquired for each sampling area were classified using the software imageJ 

(Schneider et al., 2012; Schindelin et al., 2015), in particular we used the Fiji distribution of 

ImageJ (Schindelin et al., 2012), to calculate the percentage of debris covering each area. 

Initially, the method proposed by Azzoni et al. (2016) for image classification was applied, 

using a threshold iteratively. Figure 3B shows that in our case the method works well for fine 

debris, that is correctly classified, but it is not able to classify coarser rock fragments that have 

light colours (e.g. limestones-dolostones). Therefore, we tested the Trainable Weka 

Segmentation (Arganda-Carreras et al., 2017)  Fiji plugin, a machine learning tool that can be 

used to produce pixel-based segmentations (Fig. 3C).  
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Figure 3 Example of classification of a quadrat with coarse debris: A) Original frame (S4A); B) 
Classification of debris selecting a threshold (red should represent debris); C) Segmented image 
using machine learning (red represents debris pixels, green represents ice pixels). 

 

Image segmentation is achieved using the FastRandomForest algorithm, a version of random 

forest, a supervised learning algorithm that uses an ensemble of decision trees for 

classification. The classifier needs to be trained by drawing regions of interest (ROI) for each 

class. To evaluate the accuracy of the two classifications, 30 random points were selected on 

four of the images that were classified using both methods.  

The overall accuracy was calculated as the ratio between the number of correctly classified 

points and the total number of points. The accuracy of the threshold method resulted to be 

85% on average, while the machine learning method reached the 94%. Therefore, we chose 

to classify all the other images using the machine learning method (Fig. 3C).  

The thermal images of each quadrat were analysed using the FLIR Tools+ Software to obtain 

the mean, maximum and minimum temperature of the glacier surface.  

 

3.5 Data analyses 

To understand the evolution of debris, we calculated the debris coverage rate as the ratio 

between the mass of debris accumulated at the glacier surface and the time frame (g m-2 per 

day) (Azzoni et al., 2016).  
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We also calculated the debris coverage rate in terms of changes in percentage of debris (% 

per day). 

We calculated the englacial debris concentration (g/m3) as the ratio between the mass of 

debris accumulated at the glacier surface during the study period and the volume of ice that 

melted in the same period (Kirkbride and Deline, 2013). The ice melted was measured at the 

ablation stakes 

 

4. Results 

4.1 Meteorological data 

The two years (2019 and 2020) experienced similar mean temperatures during the study 

periods: the mean temperature between July and September was 12.2 °C in 2019 and 12.1 °C 

in 2020. The thawing degree-days (TDD) were respectively 1123 and 1120 during these three 

months in 2019 and 2020. In the same period 53 days of precipitation occurred in 2019 and 

48 days in 2020, of which respectively 10 and 11 days with precipitation >10 mm/day. The 

mean global radiation at Valdisotto Oga S. Colombano was 206 W/m2 between July and 

September 2019 and 207 W/m2 in 2020. 

Since the meteorological conditions were similar during the two ablation seasons 2019 and 

2020, we can reasonably compare the results of the two experiments although they were 

carried out during two different years. 

 

4.2 Debris coverage and debris mass 

At Gran Zebrù glacier the percentage of debris retrieved from the images ranged between 9.6 

and 69.8 % in the different quadrats at the beginning of the study period, with a mean of 33.7 
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while and at the end of the study period for all of the quadrats, except one (S4), the percentage 

was lower than at the beginning, ranging between 2.7 and 43.4, with a mean of 18.7 % (Fig. 

4A, Table A.1). 

At Sforzellina glacier, the debris percentage at the beginning was higher than at Gran Zebrù 

ranging between 17.4 and 77.2 %, with a mean of 52.6 %, with an increase at every quadrat, 

reaching values between 18.7 and 97.3 % with a mean of 67.9 % at the end of the study period 

(Fig. 4B, Table A.1). 

The mass of debris samples collected on Gran Zebrù glacier was between 668 and 15610 g at 

the beginning, and between 160 and 16224 g at the end of the study period (Fig. 4C, Table 

A.1). The total mean mass at Gran Zebrù resulted 6350 g. At Sforzellina glacier the mass ranged 

from 1132 to 29334 g at the beginning and from 3337 to 47074 g at the end (Fig. 4D, Table 

A.1) and with a total mean mass of 17977 g.  
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Figure 4 Percentage of debris covering the quadrats at the beginning (A) and at the end of the 
study period (B) at Gran Zebrù glacier (a) and Sforzellina glacier (b). Mass of debris collected 
at the quadrats at the beginning (A) and at the end of the study period (B) at Gran Zebrù glacier 
(c) and Sforzellina glacier (d). 

 

4.3 Debris coverage rate  

Gran Zebrù glacier showed a mean debris coverage rate of 211 g/m2 per day, while Sforzellina 

glacier revealed an almost triple rate with a mean value of 621 g/m2(Table 1).  

Considering the single quadrats at both glacier the debris coverage rate didn’t show any 

appreciable spatial pattern (Fig. 5). 

The mean debris coverage rates in terms of percentage were respectively 0.64 and 2.07 % per 

day for the two glaciers (Table 1).  
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Figure 5 Debris coverage rate (g/m2 per day) at Gran Zebrù glacier (A) and Sforzellina glacier 
(B).  
 
Table 1 Debris coverage rate in terms of percentage (% per day) and mass (g/m2 per day) at 
the 16 quadrats at Gran Zebrù glacier and Sforzellina glacier, with mean and standard 
deviation (SD) values. 
 
 

 

 
 
 
 
 
 

Sample Rate 

(%/day) 

Rate 

(g /m2 day) 

SF1 1.66 1148 

SF2 2.24 1020 

SF3 0.92 81 

SF4 0.69 313 

SF6 1.60 360 

SF7 3.48 717 

SF8 3.74 701 

SF9 2.26 629 

Mean 2.07 621 

SD 1.10 360 

Sample Rate 

(%/day) 

Rate 

(g/m2 day) 

S1 0.07 209 

S3 0.08 122 

S4 1.10 199 

S5 0.42 6 

S6 0.29 23 

S7 0.87 393 

S8 0.69 203 

S9 1.61 601 

Mean 0.64 211 

SD 0.54 197 
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4.3 Debris characteristics and composition 

4.3.1 Granulometry 

From the grain size distribution resulted that most of debris was composed of gravel (>2 mm) 

(granules, pebbles, cobbles and boulders), composing between 96.56 and 99.93 % of the 

samples at Gran Zebrù and between 98.07 and 99.99 % at Sforzellina (Table 2). If we consider 

the fraction >25 mm it represented between the 74.58% and 98.57% at Gran Zebrù and 

between 69.81 and 98.57% at Sforzellina.   Sand represented between the 0.06 and 3.01 % at 

Gran Zebrù and between the 0.01 and 1.77 % at Sforzellina. The finest fraction, composed of 

clay and silt, represented the smallest fraction of the debris samples, having values from 0.02 

to 0.58 % at Gran Zebrù and from 0.001 to 0.15 % at Sforzellina (Table 2). 
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Table 2 Characteristics and composition of the debris samples at Gran Zebrù and Sforzellina 
glaciers. Mass of the debris samples and percentage of clay and silt, sand and gravel (after 
Wentworth, 1922). Also, minimum, maximum, total mean values, mean values at the 
beginning of the study period (A) and at the end (B) are reported. 

 Mass Clay & Silt Sand Gravel 

Sample (g) (%) (%) (%) 

S1A 668 0.58 3.01 96.65 

S3A 3498 0.02 0.11 99.87 

S4A 10778 0.02 0.06 99.93 

S5A 6278 0.07 0.28 99.65 

S6A 4529 0.02 0.13 99.84 

S7A 5287 0.08 0.28 99.65 

S8A 7361 0.27 0.67 99.06 

S9A 15610 0.02 0.10 99.79 

S1B 160 0.50 2.75 96.56 

S3B 602 0.10 0.71 99.12 

S4B 6238 0.04 0.18 99.77 

S5B 10208 0.03 0.14 99.82 

S6B 2467 0.09 0.99 98.92 

S7B 5492 0.03 0.23 99.73 

S8B 6203 0.17 0.65 99.17 

S9B 16224 0.02 0.11 99.86 

Min 160 0.02 0.06 96.56 

Max 16224 0.58 3.01 99.93 

Mean 6350 0.13 0.65 99.21 

Mean A 6751 0.14 0.58 99.30 

Mean B 5949 0.12 0.72 99.12 

SF1A 12395 0.01 0.03 99.96 

SF2A 29334 0.00 0.01 99.99 

SF3A 13501 0.00 0.01 99.99 

SF4A 1132 0.15 1.77 98.07 

SF6A 9491 0.01 0.42 99.57 

SF7A 5116 0.04 0.08 99.89 

SF8A 29079 0.01 0.05 99.93 

SF9A 13814 0.03 0.94 99.03 

SF1B 47074 0.00 0.15 99.84 

SF2B 41816 0.00 0.03 99.97 

SF3B 3337 0.01 0.19 99.80 

SF4B 8451 0.01 0.06 99.93 

SF6B 9723 0.01 0.18 99.81 

SF7B 19367 0.06 0.21 99.73 

SF8B 18223 0.04 0.09 99.87 

SF9B 25781 0.02 0.24 99.74 

Min 1132 0.00 0.01 98.07 

Max 47074 0.15 1.77 99.99 

Mean 17977 0.02 0.28 99.70 

Mean A 14233 0.03 0.41 99.55 

Mean B 21721 0.02 0.14 99.84 
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4.3.2 Lithology and roundness  

The coarser fraction (> 25 mm) of debris, representing 91% percent on average, on Gran Zebrù 

glacier was composed almost only of sedimentary rocks, namely dolomite (68%) and 

limestone (31%), with a small percentage (1%) of prasinite. On the other side, on Sforzellina 

glacier, only metamorphic rocks occurred with prevailing paragneiss (62%) and orthogneiss 

(35%), while marble was only a small fraction (3%). 

Clasts collected at Gran Zebrù glacier were mostly subangular (65%), but debris was also 

formed by subrounded (27%) and angular clasts (8%). Differently at Sforzellina glacier a major 

part of the clast were angular (75%), with a smaller fraction of subangular (25%), but no 

subrounded or rounded clast were found. We didn’t find any striated or flatiron rocks, at both 

sites. 

 

4.4 Albedo 

The albedo measured at each quadrat ranged between 0.08 and 0.31 at Gran Zebrù (S1A not 

available), with an average of 0.14 at the beginning of the study period and of 0.18 at the end. 

Considering the single quadrats, albedo increased always at the end of the study period, 

except at S8 where it was the same (Fig. 6, Table A.1). 

At Sforzellina albedo ranged between 0.07 and 0.21, being 0.13 at the beginning and 0.12 at 

the end of the study period. Regarding the single quadrats, at two of them there was an 

increase (SF1 and SF4), at two it was the same (SF2 and SF3), and at four of them (from SF6 to 

SF9) it decreased (Fig. 6, Table A.1).  
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Figure 6 Albedo values measured at the Gran Zebrù (a) and Sforzellina (b) quadrats at the 
beginning (A) and at the end of the study period (B). 
 

4.5 Surface temperatures 

At Gran Zebrù the mean surface temperature of the different quadrats ranged between -1.0 

and 1.4 °C, with an average of -0.2 °C (Table 3). At the end of the study period the overall mean 

surface temperature was slightly colder than at the beginning of the study period (-0.3 °C 

against -0.1 °C). The maximum temperature measured was 10.9 °C (at S8B) and the minimum 

-4.0 °C (at S9B).  

On the other hand, at Sforzellina glacier the mean surface temperature of the different 

quadrats ranged between -1.7 and 3.8 °C, with an average of 0.9 °C (Table 3). The overall mean 

temperature increased from 0.0 °C to 1.7 °C. The maximum temperature measured was 20.1 

°C (at SF7B), almost double than at Gran Zebrù while the minimum is similar (Table 3). 
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Table 3 Maximum, minimum and mean surface temperature (°C) of the glacier surface in the 
different quadrats and for comparison air temperature (°C) measured in the same quadrats. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.6 Ablation and englacial debris concentration 

Unfortunately, we obtained ablation measurements for the entire period of the study periods 

only at 3 stakes at Gran Zebrù and at 4 stakes at Sforzellina respectively (Table 4). At Gran 

Zebrù glacier the measured ablation rate ranged between 28 and 31 mm water equivalent 

Quadrat Max T 
(°C) 

Min T 
(°C) 

Mean T 
(°C) 

Air T 
(°C) 

S1A 1.4 -1.3 -1.0 13.0 

S3A 5.9 -2.2 -0.2 15.0 

S4A 8.4 0.0 1.4 15.0 
S5A 6.3 -1.7 -0.4 9.0 

S6A 6.0 -2.2 -0.5 14.0 

S7A 7.5 -2.0 -0.4 14.0 

S8A 2.3 -1.8 -0.7 14.0 
S9A 9.2 -2.0 0.3 14.0 

S1B 3.3 -2.5 0.2 12.0 

S3B 4.4 -1.1 -0.1 13.0 

S4B 4.7 -1.8 -0.6 13.0 
S5B 7.7 -1.5 0.2 12.0 

S6B 4.6 -2.5 -0.9 13.0 

S7B 4.5 -2.4 -0.6 13.0 

S8B 10.9 -1.7 0.3 12.0 

S9B 10.1 -4.0 -0.9 12.0 

SF1A 8.2 -3.3 0.0 14.0 

SF3A 8.7 -2.5 -0.4 14.0 

SF4A 2.7 -4.0 -1.7 18.0 
SF6A 14.6 -2.0 0.6 18.0 

SF7A 8.2 -2.0 -0.4 18.0 

SF8A 16.5 -3.1 1.8 14.0 

SF9A NA NA NA NA 

SF1B 9.3 0.8 2.8 6.0 

SF2B 9.4 0.3 3.8 6.0 

SF3B 7.5 -0.5 0.0 6.0 

SF4B 8.8 0.0 0.9 9.0 
SF6B 8.6 -0.3 1.0 9.0 

SF7B 20.1 -4.6 0.7 9.0 

SF8B 12.0 -1.5 1.5 9.0 

SF9B 8.8 0.5 2.6 6.0 
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(w.e.) per day, with a mean of 30, while at Sforzellina it ranged between 41 and 48 mm w.e. 

per day, with a mean value of 43 (Table 4), the 32% higher than at Gran Zebrù. 

Table 4 Total ablation during the study period (cm), duration of the study period (days), 
ablation rate (mm w.e. per day), concentration of englacial debris (g/m3), also mean values 
and standard deviation for each glacier are reported. GZ stands for Gran Zebrù, SF for 
Sforzellina. 

 

Quadrat Ablation 

(cm) 

Days Ablation 

rate 

(mm w.e. 

per day) 

Englacial 

debris 

concentratio

n (g/m3) 

S1 135 39 31 119 

S5 93 28 30 10976 

S8 85 27 28 7297 

Mean (GZ) 104  30 6131 

SD 27  1 5522 

     

SF4 122 27 41 6927 

SF6 145 27 48 6706 

SF7 126 27 42 15370 

SF8 128 27 43 14237 

Mean (SF) 130  43 10810 

SD 10  3 4635 

 

Knowing the melt that occurred during the study period it was possible to calculate the 

quantity of debris present in the ice, reported as englacial debris concentration (g/m3). We 

obtained englacial debris concentrations between 119 and 10976 g/m3 at Gran Zebrù and 

6706 and 15370 g/m3 at Sforzellina (Table 4, Figure 7). At Sforzellina the mean debris 
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concentration was almost double than at Gran Zebrù (respectively 10810 and 6131 g/m3) 

(Table 4, Figure 7). 

 

Figure 7 Englacial debris concentrations (g/m3) at Gran Zebrù glacier (A) and Sforzellina 
glacier (B). 

 

Considering the distance of each quadrat from the glacier front, we can see that debris 

concentration tends to increase towards the glacier front at both glaciers (Fig. 7). A negative 

linear correlation was found between the distance from the glacier front (m) and the englacial 

debris concentration (g/m3) at both glaciers (Fig. 8).  
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Figure 8 Scatterplot of distance from the glacier front (m) and englacial debris concentration 
(g/m3) at Gran Zebrù (GZ) (orange) and Sforzellina (SF) glacier (black). In the equations y is 
debris concentration (g/m3) and x the distance from the glacier front (m). 

 

 4.7 The effect of debris on albedo and on the surface temperature 

We found a significant negative linear correlation between albedo and the percentage of 

debris measured at Sforzellina glacier (R=-0.76, p=0.0006) (Fig. 9). Differently, for Gran Zebrù 

glacier the correlation between the two variables can’t be explained by a linear regression but 

it is best represented by a logarithmic function (R=-0.79, p=0.0005) (Fig.9). Considering only 

values lower than 30% of debris, there is a linear negative correlation with albedo, while at 

increasing debris percentage above 30%, the albedo doesn’t decrease linearly anymore, 

probably because it approaches the albedo of the rock. 
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Figure 9 Scatterplot of percentage of debris (%) and albedo at Gran Zebrù (GZ) (orange) and 
Sforzellina (SF) glacier (black). In the equations y is albedo and x is the percentage of debris 
(%). 

 

The linear positive correlation between the debris mass at each quadrat and the mean surface 

temperature measured using infrared thermography (R=0.84; p=7*10^-9) (Fig. 10) suggests 

that the debris exerts an important impact increasing the glacier surface temperature 

proportionally to the quantity of debris present at the glacier surface. 

 



 
 

68 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 Scatterplot of debris mass (g) and mean surface temperature (°C) at each quadrat at 
Gran Zebrù and Sforzellina glacier. 
 

4.8 Influence of supraglacial debris on ablation 

The supraglacial debris coverage rate not only is influenced by the glacier ablation but also 

viceversa. Here we consider only Sforzellina glacier as an example and, considering the period 

30/07/2020 to 26/08/2020, we found a quadratic relationship between the percentage of 

debris cover (at the end of the study period) and the mean ablation rate (mm w.e.) (Fig. 11a). 

Also, the relationship between albedo and ablation rate can be explained by a quadratic 

function (Fig. 11b). The ablation rate increases from 41 mm w.e.per day to 56 w.e. per day at 

increasing percentage debris cover between 19% and 68% (Fig. 11a), explained by the 

decrease of albedo at increasing debris cover (Fig. 11b). At higher percentage debris cover (> 

80%), the ablation rates tend to decrease at increasing debris cover, with the quadrats having 

the highest percentage of debris cover (SF7 and SF8) featuring similar ablation rates (42 and 

43 mm w.e. per day) of the quadrat having the lowest debris cover (SF4 with 41 mm w.e. per 

day) (Fig. 11a). The decrease of the ablation rates is due to the increasing fraction of the 
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surface covered by clasts that are thicker than the critical thickness, causing the insulation 

effect of debris overcoming the albedo effect.  

 

Figure 11 a) Scatterplot of percentage debris cover (%) and ablation rate (mm w.e. per day) at 
the 8 quadrats at Sforzellina glacier between 30/07/2020 and 26/08/2020. b) Scatterplot of 
albedo and ablation rate (mm w.e. per day) at the 8 quadrats at Sforzellina glacier between 
30/07/2020 and 26/08/2020. 

 

5. Discussion 

5.1 Debris coverage evolution and englacial debris concentration 

The debris coverage rate at Sforzellina glacier resulted to be much higher than at Gran Zebrù, 

both in terms of mass and percentage, with mean values almost three times higher in the 

former in terms of mass.  

To our best knowledge only few quantitative analyses regarding the sparse debris evolution 

on glaciers are reported in the literature, that can be compared to our results. Azzoni et al. 

(2016) reported a debris coverage rate of 6 g/m2 per day at Forni Glacier (Ortles-Cevedale 

group, Italy) during the ablation season of 2013, much lower than our results, but they 

evaluated the rate of increase of fine debris, while at our site both fine and coarse debris were 

present, and the latter had a major impact in terms of mass. Moreover, Forni glacier is also a 
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larger glacier than our sites, covering a much higher area (10.50 km2, surveyed in 2016, Paul 

et al., 2019), and the measurements were performed at lower altitude (about 2600-2700 m 

a.s.l.) although they are located in the same mountain group and not far from our sites (about 

7 Km far from Gran Zebrù and about 8 from Sforzellina).  

Considering the temporal evolution of the sparse debris cover, differently from us, Fyffe et al. 

(2020) reported no overall increase in the percentage debris cover in their investigated area 

of ~180 × 200 m of dirty ice at Miage Glacier (Mont Blanc group, Western Italian Alps, Italy), 

between 17 July and 22 August 2017. Also, in this case Miage glacier is a valley debris-covered 

glacier, covers an area of 10.10 km2 (surveyed in 2015, Paul et al., 2019) and the work was 

performed at much lower altitude (between 2453 and 2484 m a.s.l.). They observed that fine 

debris and coarser clasts that melt-out from crevasse traces were washed into hollows and 

streams channels, increasing the concentration there while the intervening ice became 

cleaner, not resulting in a uniform increase in debris cover. 

At our quadrats at Gran Zebrù and Sforzellina, we consider that the accumulation of debris on 

the surface has occurred mainly by melt out of englacial debris (primary dispersal according 

to Kirkbride and Deline, 2013) and not by secondary dispersal (gravitational processes that 

redistribute debris from features formed by differential ablation according to Kirkbride and 

Deline, 2013), since our sampling areas were not close to medial moraines with a continuous 

debris layer. Therefore, the debris coverage rates are surely influenced by the ablation rates. 

The ablation data measured at the stakes (Table 4) can be used to understand the influence 

of melt on the release of the englacial debris that accumulates on the surface of the glacier. 

For example, the total melt at S1 was 135 cm with a mass increase of debris of only 160 g, 

while at SF7 the melt was lower (126 cm) but the mass increase was of 19367 g (Table 4). Even 

on the same glacier the highest melt doesn’t correspond to the highest mass increase of the 
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supraglacial debris (e.g. S1 and S5). Therefore, the increase of the debris on the glacier surface 

doesn’t depend only on the quantity of ice that melts out but also on the quantity of debris 

contained in the ice. Moreover it is also influenced by the geometry of the glacier ice flow 

lines, as debris is advected through the glacier following englacial flowpaths (Anderson and 

Anderson, 2016). 

Thanks to the ablation data, we were able to obtain the englacial debris concentrations at 3 

sites at Gran Zebrù and at 4 sites at Sforzellina. The values obtained (Table 4) show that the 

concentration was almost double at Sforzellina respect to Gran Zebrù (respectively 10810 and 

6131 g/m3) and the values at each glacier were not homogeneous, confirming that the 

englacial debris concentration has a certain variability in a glacier. We also found increasing 

debris concentrations toward the glacier front at both glaciers, similarly to what described by 

Miles et al. (2021) at Khumbu glacier (Nepal), with 6.4 % of debris (in terms of volume) near 

the glacier front, while lower values (≤0.7 %) in the mean-to-upper ablation area. A spatial 

variability of englacial debris concentrations was reported also by Kirkbride and Deline (2013) 

at Glacier d’Estelette (Mont Blanc group, Western Italian Alps, Italy). They measured debris 

concentrations between 70 and 140 g/m3 for dispersed facies, and between 3000 and 332 900 

g/m3 for debris bands. Although our sampling areas can be classified as dispersed facies, as 

we did not observe debris bands emerging at the quadrats, only one quadrat at Gran Zebrù 

(S1) has an englacial concentration in the same range of the dispersed facies at Glacier 

d’Estelette, while all the other quadrats at Gran Zebrù and Sforzellina have concentrations 

that are in the same range of the debris bands values. 

Our data showed that the englacial debris concentration is higher at Sforzellina than at Gran 

Zebrù. Different factors could have induced this difference between the two glaciers. First, 

one factor influencing the englacial debris concentration is the sediment supply to the glacier. 
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Topography of the surrounding terrains, lithology and climate are considered the factors that 

control the debris supply to a glacier (i.e. Mayr and Hagg, 2019). At these two glaciers we can 

assume reasonably that debris is supplied mainly from the degradation of the rockwalls 

surrounding the glaciers (headwalls and sidewalls) by rockfalls and to a lesser extent by snow 

avalanches. Rockfalls were observed at both glaciers during the visits in the field, and at Gran 

Zebrù glacier where also a small debris flow occurred. As we didn’t find rounded clasts and 

striated clasts, we can assume that the debris did not suffer a basal transport. At Gran Zebrù 

rock debris is supplied to the glacier from the rockwalls and talus slopes having an area of 

222394 m2, extending up to 3653 m a.s.l., with a prevalent S and SW aspect and a mean slope 

of 42 degrees. The source areas are composed at 43% by sedimentary rocks and at 57% by 

metamorphic rocks. Differently, at Sforzellina glacier, debris is supplied by rockwalls and talus 

slopes having an area of 135427 m2, extending up to 3360 m a.s.l. (Corno dei Tre Signori peak), 

having a prevalent NW aspect, a mean slope of 49 degrees and mainly composed by 

metamorphic rocks. Despite the smaller extent of the rockwalls and talus at Sforzellina glacier 

rockfalls are probably favoured both by the steeper slopes, since their source areas are usually 

expected on slopes >40° (Knoflach et al., 2021) but also for its lower elevations, that could 

favour freeze-thaw cycles and thermal weathering (e.g. Draebing, 2021).  

The influence of the aspect of the debris source areas, can seem paradoxical because the 

north-facing slopes supply more debris, suggested also by the presence of a debris-covered 

glacier (Solda glacier/Suldenferner) at the base of the north face of Gran Zebrù, on the 

opposite side of the mountain respect to Gran Zebrù glacier. This contrasts with what reported 

for example, by Nagai et al. (2013) in the Bhutan Himalaya, observing that the southwest-

facing slopes supply the largest quantity of debris mantle there, since diurnal freeze–thaw 

cycles are more active there.  But it must be considered that their study area is located in a 
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different climatic environment, affected by the summer monsoon, and glaciers are located at 

elevations between 4000 m and 7500 m a.s.l.. 

This apparent paradox can be explained by the structural assessment of the rockwalls, with 

the presence of a large north-vergent fold having a WSW-ENE direction (large complex 

syncline of Gran Zebrù) (Montrasio et al., 2012). Moreover, on the Gran Zebrù north face snow 

tends to remain more  

than on the south face during the ablation season, providing meltwater that can infiltrate in 

the bedrock, causing rock weathering in case of freeze-thaw cycles. 

It must also be considered that the rockwalls at Gran Zebrù and Sforzellina glaciers are 

composed by different lithotypes, having different weathering rates. In particular, the 

metamorphic rocks, composing all the rockwalls surrounding Sforzellina glacier and the 

sidewalls at Gran Zebrù glacier appear more fractured than the sedimentary rocks that form 

the backwall at Gran Zebrù glacier (e.g. Fig. 2). Moreover, considering the entire Gran Zebrù 

south rockwall, 70% of its area supplies debris to the western tongue of the glacier, while only 

30% supplies debris to the eastern tongue, our study area.  As a consequence, the western 

tongue is more debris covered than the eastern one.  

Savi et al. (2021) investigated the potential controlling factors of mass movements in the 

upper Solda basin, located in the Ortles-Cevedale group and neighbouring to Cedec Valley, 

where Gran Zebrù glacier is located, showing that most detachments at high elevations take 

place along channel and avalanche tracks and in recently deglaciated areas. Also, they 

reported a significant decrease in slope stability since 2000s in their study area, especially in 

the areas near glaciers. This suggests a probable future increase of englacial debris 

concentrations and of the supraglacial debris cover of glaciers in this area. 
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Furthermore, the englacial debris concentration depends not only by the debris supply, but 

also on the contemporary net snow accumulation in the areas of the glacier where rockfalls 

occur (Kirkbride and Deline, 2013), that in our two cases is higher at Gran Zebrù as 

demonstrated indirectly by the maximum thickness of the glacier that exceed 60 m at Gran 

Zebrù (Forte et al., 2021) against 40-42 m at Sforzellina (Santin et al., under rev). 

 

5.2 Debris sources 

At both Gran Zebrù and Sforzellina debris was mostly composed by the coarser fraction (>2 

mm), while the finer fractions represented only a small percentage in terms of mass. The 

lithology of the debris reflects the lithology of the rockwalls surrounding the two glaciers as 

expected. In particular at Gran Zebrù the englacial debris of this area of the glacier (Fig. 1C) 

derives only from the backwall without any input from the sidewalls (metamorphic) while 

debris supplied by the metamorphic sidewalls accumulates at the base of the walls and forms 

the continuous debris cover of the eastern section of the glacier tongue (Fig. 1C). As said 

before, these two characteristics of debris suggest that it originates mainly from the rockwalls, 

from which it falls on the glacier, undergoes englacial transport and then melts out. In 

addition, debris contains a fraction of subrounded clasts, thus suggesting also a possible basal 

transport although the absence of typical shape of basal transport (e.g. flatiron) or striations 

in our debris samples indicate a quite short transport and the absence of a bedrock under the 

glacier harder than the sedimentary rocks composing debris. 
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 5.3. The effect of debris on albedo and on the surface temperature 

We found that albedo is inversely correlated with the percentage debris cover both at Gran 

Zebrù and Sforzellina glaciers, logarithmically at the first and linearly at the second. The 

decrease of albedo at increasing debris cover is expected, since all the materials composing 

supraglacial debris have lower albedo values than glacier ice (Brock et al., 2000). Brock et al. 

(2000) found that albedo is inversely correlated with the percentage debris cover at Haut 

Glacier d’Arolla (Valais, Switzerland), with values of albedo > 0.30 only with percentage debris 

cover < 5%. This is true also in our case, where only a single quadrat (S3B) showed an albedo 

> 0.30, with a value of 0.31 and 2.8 % of debris. Moreover, also Fyffe et al. (2020) found an 

inverse relationship between albedo and percentage debris cover at Miage glacier, but with a 

stronger relationship using a quadratic respect to a linear relationship. Azzoni et al. (2016) 

found a linear relation between the debris cover ratio and albedo natural logarithm values at 

Forni glacier, with an albedo range of 0.06-0.32 and percentages of debris from 1 to 63%. Our 

albedo data fall within the same range (0.07-0.21 at Sforzellina and 0.08-0.31 at Gran Zebrù) 

but are influenced in a different way by the percentage of debris. This suggests that the 

different characteristics of the debris (e.g. lithology, colour, grain size) and not only its quantity 

have an impact on the albedo of a glacier, as reported for example by Juen et al. (2013). 

The presence of the supraglacial debris also influences the surface temperatures of the glacier. 

We found that debris increases the glacier surface temperature proportionally to the quantity 

of debris present on the surface. We observed that the highest temperatures are reached on 

the surface of the biggest clasts, as for example showed in Figure 12, where in the thermal 

image of quadrat SF8B it is possible to see that coarse debris has surface temperatures higher 

than 0°C and the biggest rock fragments feature the highest temperatures. Therefore, like for 
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albedo, the surface temperature is surely influenced by the granulometry of debris and 

probably also by the characteristics of the rocks, other than the meteorological conditions.  

 

Figure 12 Thermal image and corresponding visible image of quadrat SF8B. Images taken on 
18/09/2019 at 13.24 local time. 
 

5.4 Influence of supraglacial debris on ablation 

We obtained a quadratic relationship between the percentage debris cover and the mean 

ablation rate at Sforzellina glacier, with an increase of ablation at increasing debris cover for 

moderate covers (<80 %) (Fig. 11a). When the cover becomes nearly complete (>80%) the 

ablation rate started to decline. This fact can be explained as suggested by Fyffe et al., (2020) 

in which the insulation effect of clasts thicker than the critical thickness overwhelms the 

reduced albedo of the debris cover.  In addition, they reported a constant ablation under 

moderate covers (~30-80%), while in the same range of coverage our data show a linear 

increase of the ablation rates at increasing debris cover (Fig. 11a). Fyffe et al., (2020) explained 

their constant ablation under moderate covers by a simultaneous increase of clast size with 

percentage of debris cover contrasting the role of albedo; differently in our case the linear 

increase of the ablation could be related to the constant clast size with the increase of debris 
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coverage. Unfortunately, we cannot demonstrate this hypothesis because we measure only 

the percentage of the clasts larger than 25 mm and not the singular diameters of the clasts.  

 

6. Conclusions 

Our study shows that the supraglacial debris is increasing rapidly at the two investigated 

glaciers of the Ortles-Cevedale group, Gran Zebrù glacier and Sforzellina glacier, both in terms 

of mass and percentage debris cover, with values respectively of 211 g/m2 per day and 0.64% 

per day and 621 g/m2 per day and a percentage of 2.07% per day. The big differences of rate 

between the two glaciers are mainly due to the quantity of debris contained in the ice and this 

content is due to the extension and the morphology of the surrounding terrains, their lithology 

and structural assessment and lastly also to climate. 

The englacial debris concentration is higher at Sforzellina Glacier also for the lower net 

accumulation balance. 

The characteristics of debris, composed mainly of coarse rock clasts, suggest a debris supply 

mainly from the surrounding rockwalls and an englacial transport in both the glaciers. The 

albedo decreases at increasing percentage of debris covering the glacier surface, linearly at 

Sforzellina and logarithmically at Gran Zebrù while the surface temperatures are influenced 

by the presence of debris, increasing linearly at increasing mass of debris present on the 

glacier surface. 

Finally, the relationship between the percentage of debris and the mean ablation rate is 

explained by a quadratic function, with the ablation rate increasing at increasing debris cover 

for moderate debris covers and decreasing ablation rates with high percentages of debris 

cover (>80%).  
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Appendix 

Table A.1 Percentage debris cover (%), debris mass (g) and albedo at each quadrat at the 
beginning (A) and at the end of the study period (B) 

Percent

age 

debris 

cover 

(%) 

A B 
 

Debri

s 

mass 

(g) 

A B 
 

Albe

do 

A B 

S1  34.0 2.7 
 

S1  668 160 
 

S1  NA 0.23 

S2  NA NA 
 

S2  NA NA 
 

S2  NA NA 

S3  11.0 2.8 
 

S3  3498 602 
 

S3  0.15 0.31 

S4  26.4 40.7 
 

S4  1077

8 

6238 
 

S4  0.08 0.14 

S5  33.2 11.6 
 

S5  6278 1020

8 

 
S5  0.14 0.16 

S6  9.6 7.4 
 

S6  4529 2467 
 

S6  0.23 0.25 

S7  32.3 22.5 
 

S7  5287 5492 
 

S7  0.10 0.11 

S8  53.6 18.7 
 

S8  7361 6203 
 

S8  0.12 0.12 

S9  69.8 43.4 
 

S9  1561

0 

1622

4 

 
S9  0.15 0.15 
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Mean 33.7 18.7 
 

Mean 6751 5949 
 

Mean 0.14 0.18 

           

SF1  48.1 67.9 
 

SF1  1239

5 

4707

4 

 
SF1  0.12 0.14 

SF2  70.9 91.7 
 

SF2  2933

4 

4181

6 

 
SF2  0.07 0.07 

SF3  33.0 37.8 
 

SF3  1350

1 

3337 
 

SF3  0.16 0.16 

SF4  17.4 18.7 
 

SF4  1132 8451 
 

SF4  0.13 0.18 

SF5  NA NA 
 

SF5  NA NA 
 

SF5  NA NA 

SF6  28.2 43.2 
 

SF6  9491 9723 
 

SF6  0.21 0.17 

SF7  69.2 94.1 
 

SF7  5116 1936

7 

 
SF7  0.18 0.08 

SF8  76.7 97.3 
 

SF8  2907

9 

1822

3 

 
SF8  0.10 0.07 

SF9  77.2 92.5 
 

SF9  1381

4 

2578

1 

 
SF9  0.09 0.08 

Mean 52.6 67.9 
 

Mean 1423

3 

2172

1 

 
Mean 0.13 0.12 
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Abstract 

Small glaciers prevail in the Alps and are more sensitive to climate change respect to large 

one, but despite that, they are less studied. In this study we assessed the potential of daily, 

high resolution (3 m pixel size) PlanetScope images for monitoring small Alpine glaciers. We 

compared the evolution of five small glaciers, located in different sectors of the Alps to 

investigate also the influence of the topographic and climatic variables on them. The 

investigated glaciers are: Bors (Piedmont, Italy), Seewjinen (Valais, Switzerland), Pizzo Ferrè 

(Lombardy, Italy), Gran Zebrù (Lombardy, Italy) and Solda Orientale (South Tirol, Italy). We 

mapped the glacier outline and Equilibrium Line Altitude (ELA) through PlanetScope images 

from the end of the ablation season for each year and each glacier. We found that the glaciers 

lost between 5 and 14% of their area between 2017 of 2021, with a mean area loss of -1.6% 

per year.  The strongest shrinkage is recorded in the smallest glacier (Pizzo Ferrè). PlanetScope 

images, with their high spatial and temporal resolution proved to be a valuable tool for small 

glaciers monitoring. They permitted to map small glaciers with small uncertainties (between 

1.1 and 2.5% of the glacier area), much lower than with medium resolution satellite data and 

to increase the availability of data. The northern exposed glaciers are located lower than the 

southern exposed and their ELA is found about 340 m lower on average, being significantly 

correlated with the potential solar radiation received by the glaciers. The ELA showed a 

variability in the different year, being probably influenced both by air temperatures and 

precipitation but also by other factors as wind drift, avalanching or cloud cover.  

 

Keywords: small glaciers, remote sensing, PlanetScope, Alps, climate 
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1. Introduction 

In the Alps small glaciers prevail, indeed 92% of the glaciers have an area smaller than 1 km2 

(Paul et al., 2020). Moreover, small glaciers are showing largest relative area decrease respect 

to the large glaciers (e.g. Linsbauer et al., 2021). However, despite the relevance of small 

glaciers, Alpine glacier research focuses mainly on medium and large glaciers (Huss & Fischer, 

2016).  

The PlanetScope satellite constellation is able to acquire images of the entire land surface of 

the Earth every day, at a spatial resolution of 3 m (Planet, 2021), offering the possibility to 

monitor glaciers at higher spatial and temporal resolution than other commonly used 

satellites (e.g. Landsat, Sentinel) and could therefore be suitable for small glaciers monitoring. 

PlanetScope satellites are relatively recent, since the first launch was in 2016, but they have 

been already used for different applications in glacier research. PlanetScope images have been 

used to map glaciers outlines, for example by Pudełko et al. (2018) on glaciers of 3-14 km2 

surface areas at King George Island (Antarctica), by Chand et al. (2020), for the Parvati glacier 

(24 km2) in Himalaya, or by Shaw et al. (2021) for glaciers of 3-26 km2 areas in the central 

Chilean Andes.  

PlanetScope images have been also used to map surface velocities of glaciers, for example by 

Millan et al., (2019) in the southern Alps of New Zealand, in the Andes and in the European 

Alps, and by Steiner et al. (2018) at Khurdopin glacier (Pakistan).  PlanetScope images have 

been used also to generate digital elevation models of glaciers, as Ghuffar (2018) or to detect 

elevation changes at successive times at the Khurdopin surging glacier (Pakistan) and to 

calculate the elevation difference caused by the glacier surge at Shisper glacier (Pakistan, Aati 

& Avouac, 2020)). PlanetScope images have also been used to study giant ice avalanches from 

two glaciers in Tibet by Kääb et al. (2018) and to map glacier lakes in the Hindu Kush, 
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Karakoram and Himalaya region by Qayyum et al. (2020). Although they have been used for a 

wide range of applications, at our knowledge PlanetScope images haven’t been used to 

monitor small glaciers (<1 km2). Therefore for these reasons the first aim of this work is to 

assess the potential of PlanetScope images for mapping small glaciers and monitoring their 

surface evolution, both at seasonal and interannual time scales. 

In addition here we want also to compare the evolution of the selected 5 different alpine small 

glaciers, all with a comparable size but different aspect and located in different climatic 

sectors of the Alps, to investigate the relation between their evolution and climatic and 

topographic variables. 

 

2. Study areas 

Five glaciers located in different sectors of the Alps were chosen, covering an area lower or 

slightly higher than 1 km2. The glaciers are, from west to east: Bors (Piedmont, Italy), 

Seewjinen (Valais, Switzerland), Pizzo Ferrè (Lombardy, Italy), Gran Zebrù (Lombardy, Italy) 

and Solda Orientale (South Tirol, Italy) (Fig. 1). Bors glacier and Seewjinen glacier belong to 

the Monte Rosa group, Pizzo Ferrè glacier to the Tambò-Stella group and Gran Zebrù glacier 

and Solda Orientale glacier to the Ortles-Cevedale group. Bors glacier covers an area of 0.645 

km2 (surveyed in 2017), Seewjinen 1.339 km2 (surveyed in 2015), Pizzo Ferrè 0.442 km2 

(surveyed in 2016), Gran Zebrù 0.579 km2 (surveyed in 2016) and Solda Orientale 0.829 km2 

(surveyed in 2016) (Paul et al. 2019). 
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Figure 1 Geographic location of the five glaciers investigated (red points): 1) Bors glacier; 2) 
Seewjinengletscher; 3) Pizzo Ferrè glacier; 4) Gran Zebrù glacier; 5) Solda orientale glacier. 
Yellow points represent the location of the automatic weather stations (AWS) used in the 
study. Basemap: Esri World Imagery. 

 

The climate of the Alps is characterized by a high complexity, caused by the interaction 

between the topography and the general circulation, and by the coexistence of four different 

climatological regimes: Mediterranean, Continental, Atlantic and Polar (Beniston, 2005). 

Mean annual precipitation in the Alps show a wide range of values, from about 400 to more 

than 3000 mm per year (Isotta et al., 2014). At the scale of the entire mountain range, the 

distribution of precipitation is characterized by a wet anomaly elongated along the northern 

rim of the Alps (about 600 km long), two major wet zones located south of the main crest (one 

over Lago Maggiore and one over the Julian Alps) and comparatively dry conditions at several 

inner-Alpine regions (Frei & Schär, 1998). The Greater Alpine Region experienced a 

temperature increase of 1.2 °C in the 20th century, rising about twice as much as the global 

mean (Auer et al., 2007). Glaciers in the Alps have been retreating since the end of the Little 
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Ice Age (e.g. Zemp, 2006) and are undergoing a rapid shrinkage and downwasting, with an 

area loss of ~39 ± 9 km² a−1 (~1.8% a−1), regionally variable ice thickness changes (−0.5 to 

−0.9 m a−1) and a mass loss of 1.3 ± 0.2 Gt a−1 between 2000 and 2014 (Sommer et al., 2020). 

 

3. Data and methods 

3.1. Data 

3.1.1. Meteorological data 

Table 1 List of the AWS used in this work for each glacier, sources of the data, elevation of the 
AWS (m a.s.l.), distance from the glacier (km) and data used (T is temperature, P is 
precipitation). 

 

Glacier AWS Source Elevation 
(m a.s.l.) 

Distance from 
the glacier (km) 

Data 
used 

Bors Alagna Miniere ARPA 
Piemonte 

1347 6 P 

 
Bocchetta delle Pisse ARPA 

Piemonte 
2410 3.5 T 

Seewjinen Passo del Moro ARPA 
Piemonte 

2820 2 T, P 

Pizzo Ferrè Madesimo Spluga ARPA 
Lombardia 

1915 5 T, P 

Gran Zebrù Santa Caterina 
Valfurva 

ARPA 
Lombardia 

1730 9 T, P 

Solda Orientale Solda Provincia 
autonoma 
di Bolzano 
- Alto 
Adige 

1905 4.5 P 

 
Solda Madriccio Provincia 

autonoma 
di Bolzano 
- Alto 
Adige 

2825 2.5 T 
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We used daily temperature and precipitation data recorded between 1 October 2016 and 30 

September 2021 at 7 AWS located nearby the glaciers, at distances between 2 and 9 km (Fig. 

1, Table 1).  

 

3.1.2. Digital elevation models 

We downloaded the available Digital Terrain Model (DTM) or Digital Surface Model (DSM) of 

the glaciers and their surroundings. For Gran Zebrù and Pizzo Ferrè glaciers a regional DTM 

with 5 m resolution from 2015 is available (source: Geoportale della Lombardia 

https://www.geoportale.regione.lombardia.it/ ), for Solda Glacier a DSM (DSM - Ghiacciai 

2016/2017) with 0.5 m resolution from 2016 (source: Geoportale Alto Adige 

http://geocatalogo.retecivica.bz.it/geokatalog/#! ), for Bors glacier a DTM with 5 m resolution 

(source: Geoportale Piemonte https://www.geoportale.piemonte.it/ ) and for 

Seewjinengletscher a DTM (swissALTI3D) with 2 m resolution from 2015 (source: Federal 

Office of Topography swisstopo https://www.swisstopo.admin.ch/ ). 

3.1.3. Satellite images 

PlanetScope 4-band (Blue: 455 - 515 nm, Green: 500 - 590 nm, Red: 590 - 670 nm, NIR: 780 - 

860 nm) images were used, the level 3B PlanetScope Ortho Scene Surface Reflectance data, 

that are orthorectified, geometrically-, radiometrically- and atmospherically- corrected 

(Planet, 2021). The images have a spatial resolution of 3 m and daily temporal resolution. The 

PlanetScope constellation is composed by more than 180 satellites, each satellite is a CubeSat 

3U form factor (10 cm by 10 cm by 30 cm).  Cloud free images from the ablation seasons 

between 2017 and 2021 were downloaded for each glacier, as the images were not available 

before.   

https://www.geoportale.regione.lombardia.it/
http://geocatalogo.retecivica.bz.it/geokatalog/
https://www.geoportale.piemonte.it/
https://www.swisstopo.admin.ch/
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3.2. Methods 

3.2.1. Meteorological data analysis 

Mean monthly and annual (hydrological year) air temperatures and the sum of monthly and 

annual total precipitation were calculated from the daily data. The temperatures measured at 

the AWS were extrapolated to the median elevation of the corresponding glacier, using a 

standard environmental lapse rate of -0.0065 °C m-1 (e.g. Immerzeel et al., 2014). 

 

3.2.3. Topographic parameters 

From each DEM/DSM we calculated slope (degrees), aspect (degrees) and potential solar 

radiation (Wh/m2) over one year (2021) using ArcGIS 10.6. Potential solar radiation is global 

radiation and includes both direct and diffuse radiation, and its calculation is based on the 

hemispherical viewshed algorithm (Rich, 1990; Rich et al., 1994; Fu & Rich, 2000, 2002). 

For each glacier the minimum, maximum, mean and median elevation (m a.s.l.), mean slope 

and mean potential solar radiation (Wh/m2) was retrieved. The general aspect of the glaciers 

was derived according to the main flow direction.  

 

 3.2.2. Mapping glacier outlines 

The glacier outlines of the five glaciers for each year (from 2017 to 2021) were manually 

delineated on the satellite images. For each year we chose a cloud-free image from the end 

of the ablation season, with the minimum seasonal snow (Paul et al., 2013), all the images 

were acquired between 23/08 and 30/09. To reduce inconsistencies, the outlines were 

digitized by the same surveyor and on the same type of data (Racoviteanu et al., 2009). In case 
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of debris-covered ice, we used very high-resolution images (e.g. Google Earth, aerial 

orthoimagery) to guide decision on boundaries delineation, as suggested by Paul et al. (2017). 

Moreover, at the two glaciers where the debris cover is more extended (Gran Zebrù and Solda 

Orientale glaciers), also field observations were performed (see Tarca and Guglielmin, 2022 

for the measurement protocol and for the former glacier data).   For each glacier we obtained 

the glacier area (km2) in the different years. To calculate area uncertainties, we considered an 

error of ±0.5 pixel (e.g. Ragettli et al., 2016). 

 

3.2.4. End-of-summer snow line altitude 

The end-of-summer snowlines were manually digitized for each year on the PlanetScope 

images. The lines were rasterized and the average elevation was extracted along each line 

from the digital elevation models (e.g. Racoviteanu et al., 2019). Since for mid-latitude 

mountain glaciers superimposed ice is considered negligible, the end-of-summer snow line 

altitude retrieved from remote sensing is an accurate approximation of the glacier Equilibrium 

Line Altitude (ELA, Rabatel et al., 2005), therefore we will therefore use the term ELA. The 

term ELA can be used for the environmental ELA, that is the regional altitude of zero mass 

balance, not considering the effects of shading, avalanching, snow drifting, glacier geometry 

and debris cover, while the effective ELA accounts for these effects (Anderson et al., 2018; 

Žebre et al., 2021). 
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 3.2.5. Satellite images classification 

For the glacier surface classification only two of the glaciers were chosen as example, namely 

Gran Zebrù glacier and Seewjinen glacier, the first representative of the Central Alps and 

southern-exposed, the second of the Western Alps and northern-exposed.  The classification 

of the glaciers surface was performed using a maximum likelihood supervised classification 

(e.g. Shukla et al., 2009) of the surface reflectance data with the software ArcMap 10.6. Three 

classes were mapped: snow, supraglacial debris and ice. In case of saturation of the visible 

bands (1, 2 or 3), we performed the classification on the band 4 if possible, usually not affected 

by the problem. For Seewjinen glacier, the upper area of the glacier which in many of the 

satellite images resulted in shadow was removed to avoid misclassification, as the classifier is 

not able to discriminate the different surface types covered by shadow.  

 

4. Results 

4.1. Meteorological data 

The temperatures extrapolated to the median elevation of the glaciers show mean 

temperatures between -2.1 and -5.9 °C at the different glaciers in the entire period (October 

2016 to September 2021) (Table 2), with the warmer temperatures (-2.1 and -2.3 °C) 

corresponding to the two glaciers with median elevations lower than 3000 m a.s.l. (Solda 

Orientale and Pizzo Ferrè glaciers), while lower temperatures (-4.6 to -5.9 °C) characterize the 

other three glaciers, having median elevations higher than 3000 m a.s.l..  

Considering the different hydrological years, the lowest mean annual temperature was 

recorded at all the glaciers in the 2020/2021 hydrological year, while the highest mean 

temperature was in the 2016/2017 hydrological year at the two glaciers located in the 



 
 

96 
 

Western Alps (Bors and Seewjinen glaciers) and in 2019/2020 at the three glaciers located in 

the Central Alps (Pizzo Ferrè, Gran Zebrù and Solda Orientale glaciers) (Fig. 2, Table 2). 

 

 

 

 

 

 

 

Figure 2 Mean annual (hydrological year) air temperatures extrapolated to the median glacier 
elevation of the glaciers for the period from October 2016 to September 2021. 

 

Table 2 Mean annual (hydrological year) air temperatures (°C) extrapolated to the median 
glacier elevation of the glaciers for the period from October 2016 to September 2021 and mean 
of the entire study period. 

 

 

 

 

 

 

 

Hydrological 

year 

Seewjinen Bors Pizzo 

Ferrè 

Gran 

Zebrù  

Solda 

Orientale 

2016/2017 -4.7 -4.1 -2.1 -5.8 -2.2 

2017/2018 -5.1 -4.5 -2.3 -5.9 -2.4 

2018/2019 -4.8 -4.1 -2.1 -5.7 -2.3 

2019/2020 -4.8 -4.4 -1.8 -5.5 -1.1 

2020/2021 -6.1 -5.8 -3.0 -6.6 -2.5 

      

Mean -5.1 -4.6 -2.3 -5.9 -2.1 
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The summer air temperature (from June to August, JJA) at the glaciers ranges between 2.3 °C 

(at Seewjinen glacier) and 6.0 °C (at Pizzo Ferrè) on average in the period 2017-2021. The 

coldest summer was 2021 at all the glaciers, except Gran Zebrù glacier where it was 2020, 

while the warmest was summer 2019 at all the glaciers (Fig. 3). 

 

Figure 3 Summer mean (JJA) air temperatures extrapolated to the median glacier elevation of 
the glaciers from 2017 to 2021. 

 

Precipitation measured at the closest available stations show that the highest precipitation 

occur in Alagna Miniere (average of 1288 mm), while the lowest at Passo del Moro (average 

of 760 mm) (Table 3). At the three glaciers in the Central Alps minimum precipitation occurred 

in the hydrological year 2017/2018, while maximum in the 2019/2020 (Fig. 4, Table 3). 

Differently, at the other two glaciers in the Western Alps precipitation follow different trends, 

with a maximum at both in the 2017/2018 hydrological year, while the minimum occurred in 

different years (Fig. 4, Table 3). 
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Figure 4 Annual (hydrological year) precipitation (mm) registered at the five AWS from October 
2016 to September 2021. 
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Table 3 Annual (hydrological year) precipitation (mm) registered at the five AWS from October 
2016 to September 2021 and mean annual value of the entire period.  

 

 

 

 

 

 

 

 

 

 

 

4.2. Topographic parameters 

Two of the glaciers have a southern exposition (Bors and Gran Zebrù glaciers), while three of 

them have a northern exposition (Seewjinen, Pizzo Ferrè and Solda glaciers) (Table 4). The 

glaciers have mean elevations ranging between 2834 m a.s.l. (Pizzo Ferrè glacier) and 3413 m 

a.s.l. (Bors glacier). The minimum elevation is reached at Solda glacier, where the glacier front 

reaches 2662 m a.s.l., while the maximum is reached at Bors glacier (3713 m a.s.l.). All the 

glaciers have similar mean aspects between 19 and 22 degrees, except Solda glacier that is 

slightly steeper (27 °) (Table 4). The potential annual solar radiation received by the glaciers 

ranges between 979998 (at Solda Orientale glacier) and 1707967 Wh/m2 (at Bors glacier).  

Hydrological 

year 

Santa 

Caterina 

Valfurva 

(Gran 

Zebrù) 

Alagna 

Miniere 

(Bors) 

Solda 

(Solda 

Orientale) 

Madesimo 

Spluga 

(Pizzo 

Ferrè) 

Passo del 

Moro 

(Seewjinen) 

2016/2017 907 1193 889 914 717 

2017/2018 723 1392 746 783 888 

2018/2019 912 1382 1069 1208 619 

2019/2020 1002 1380 1115 1468 759 

2020/2021 829 1094 844 1144 815 

      

Mean 875 1288 932 1104 760 
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 Table 4 Topographic parameters retrieved from the digital elevation models for each glacier. 

Aspect, mean slope (degrees), minimum, maximum, mean and median elevation (m a.s.l.) and 

potential annual solar radiation 2021 (Wh/m2) are reported.  

 

 

 

 

 

 

 

 

 

 

   
Elevation 
(m a.s.l.) 

 
 

 

 
Aspec
t 

Mean 
slope 
(deg) 

Min Max Mea
n 

Media
n 

Potential annual 
solar radiation 
2021 (Wh/m2) 

Bors  S 22 314
7 

371
3 

3413 3411 1707967 

Seewjinen N 19 276
8 

324
3 

3007 3011 1179822 

Pizzo Ferrè NE 21 267
1 

302
4 

2834 2831 1095892 

Gran Zebrù  SE 21 304
7 

342
0 

3202 3200 1392031 

Solda  N 27 266
2 

336
6 

2993 2985 979998 



 
 

101 
 

4.3. Glacier area 

 

Figure 5 Surface area covered by the glaciers from 2017 to 2021: a) Bors glacier; b) Seewjinen 
glacier; c) Pizzo Ferrè glacier; d) Gran Zebrù glacier; e) Solda orientale glacier. Basemap: Esri 
World Imagery. 
 

Glacier mapping on the Planetscope images allowed us to retrieve the surface area of the five 

glaciers for each year from 2017 to 2021 (Fig. 5, Fig. 6). All the glaciers underwent an area 
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retreat in the considered period, with reductions between 0.029 and 0.068 km2 (Table 5). In 

terms of percentage, three of them, Seewjinen, Gran Zebrù and Solda Orientale glaciers, 

showed an area decrease of 5%, Bors glacier of 8% and Pizzo Ferrè glacier of 14% of the initial 

area (Fig. 6, Table 5). The glacier that showed the strongest area reduction corresponds to the 

smallest one (0.445 km2 in 2017).  

 

Figure 6 Area decrease of the five glaciers between 2017 and 2021. 

Considering all the glaciers, the area decreased most in 2018 (-0.094 km2) while the lowest 

decrease occurred in 2020 (-0.045 km2). 
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Table 5 Glacier area (km2) of the five glaciers from 2017 to 2021, total area decrease (km2) and 
percentage of decrease (%). 

 

 

4.3. Equilibrium line altitude (ELA) 

The five glaciers showed different effective  ELAs in the study period (Fig. 7). On average, the 

lowest ELA was found at Pizzo Ferrè glacier (2955 m a.s.l.), while the highest at Bors glacier 

(3442 m a.s.l.), the other three glaciers had intermediate ELAs: 3040 m Seewjinen, 3096 m 

Solda Orientale and >3301 m Gran Zebrù.  At Gran Zebrù glacier in 2017 and 2018 almost no 

snow from the current year was present at the end of the ablation season, with only few 

sparse snow patches and therefore a snow line was not drawn(Fig. 7d). 

The annual ELAs showed a temporal variability in the different years. The highest ELA was 

found at almost every glacier in 2018, except at Bors in 2019 and the lowest was found in 2019 

at Pizzo Ferrè and Gran Zebrù, 2020 at Seewjinen and Solda and 2021 at Bors (Fig. 7e). The 

evolution of the ELA follows different trends at the glaciers, with similar patterns at Seewjinen 

and Pizzo Ferrè glaciers and at Gran Zebrù and Solda glaciers, while Bors glaciers differs from 

all the others (Fig. 7e). The maximum range of ELAs occurred at Solda Orientale glaciers, with 

Area km2 Bors  Seewjinen Pizzo Ferrè Gran Zebrù  Solda  

2017 0.738 ±0.009 1.349 ±0.015 

 

0.445 ±0.009 0.614 ±0.009 0.957 ±0.012 

2018 0.715 ±0.010 1.321 ±0.016 0.427 ±0.009 0.606 ±0.009 0.940 ±0.012 

2019 0.700 ±0.010 1.307 ±0.016 0.410 ±0.010 0.597 ±0.009 0.930 ±0.013 

2020 0.696 ±0.010 1.300 ±0.016 0.395 ±0.010 0.591 ±0.009 0.918 ±0.013 

2021 0.681 ±0.010 1.281 ±0.016 0.385 ±0.010 0.585 ±0.009 0.910 ±0.013 
 

   
  

Total area 

decrease (km2) 

0.056 0.068 0.061 0.029 0.047 

% decrease 8 5 14 5 5 
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a difference between the highest and lowest ELA (respectively in 2018 and 2020) of 232 m 

(Fig. 7e). Differently, at the other glaciers the interannual variability was always ≤100 m. 

 

Figure 7 Annual equilibrium line altitudes between 2017 and 2021 for: a) Bors glacier; b) 
Seewjinen glacier; c) Pizzo Ferrè glacier; d) Gran Zebrù glacier; e) Solda Orientale glacier; f) 

temporal variability of annual ELAs for the five glaciers. 
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4.4. Image classification 

Here we report the image classification results of the two glaciers (Gran Zebrù and Seewjinen 

glaciers) as preliminary results. Although PlanetScope images are daily, a limited number of 

images are usable, as images with cloud cover or other problems (as band saturation on snow 

areas) must be discarded. Only the images where ice/debris was exposed on the glaciers were 

classified, as in the previous and successive images the glaciers are 100% snow covered. A 

total number of 65 images were classificable for Gran Zebrù glacier and 60 for Seewjinen 

glacier.  

Ice/debris surfaces start being exposed earlier at Seewjinen glacier (between 04 June and 02 

July in the different years) than at Gran Zebrù glacier (between 26 June and 17 July). The 

ablation season usually ends at the end of September at both glaciers. Exceptions are 2017, 

when it ended earlier: on 29 August at Gran Zebrù and 7 September at Seewjinen and  later 

at Gran Zebrù in 2018, when it lasted until 26 October (Figure 8). After snow depletion starts, 

snow cover decreases and ice and debris surfaces increase, with different trends at the 

different glaciers and in the different years (Figure 8). One or more snowfall events usually 

occur during the ablation season at both glaciers. At Seewjinen glacier the snow covered area 

never decreased below 30%, while at Gran Zebrù it reached a minimum of 6% in September 

2018. 
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Figure 8 Evolution of the different surface types (snow, ice, debris) during the 2017-2021 
ablation seasons at Gran Zebrù (A) and Seewjinen (B) glaciers.  
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5. Discussion 

5.1. The use of PlanetScope satellite images for small glacier monitoring 

The PlanetScope images offer advantages both in terms of spatial and temporal resolution in 

glacier monitoring. Regarding glacier mapping, we calculated small uncertainties, between 1.1 

and 2.5% of the glacier area (Tab. 5). Since uncertainties in the glacier area are calculated 

considering possible errors of ±0.5 pixel, they would increase significantly using medium-

resolution images. Among the commonly used satellite imagery, Sentinel-2 has the highest 

spatial resolution of 10 m, while Landsat 8 of 30 m, ten times the pixel size of PlanetScope. So 

for example, if we calculate the uncertainties of the glacier areas using the pixel size of the 

Landsat, we would obtain uncertainties between 10% and 24%. 

 In Figure 9, as an 

example, it is possible to 

see the different spatial 

detail of a PlanetScope 

image (3 m resolution, 

Fig. 9a) and a Landsat 8 

image of the same 

glaciers (Fig. 9b)  on the 

same day (27/08/2019).  

 

Figure 9 Satellite images 
of Gran Zebrù glacier 
and Solda Orientale 
glacier acquired on 
27/08/2019: a) 
PlanetScope image; b) 
Landsat 8 image. 
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The advantages of high resolution images for small gaciers have been already demonstrated 

in literature, for example Fischer et al. (2014) showed that using medium-resolution satellite 

images can lead to a misclassification of more than 25% of the area of very small glaciers (<0.5 

km2), recommending the use of high-resolution images. 

Moreover using higher resolution images for glacier mapping also enhances the visibility of 

the debris-covered glacier parts and permits to obtain more accurate outlines (Paul et al., 

2017).  

Other than the high spatial resolution, the other main advantage of using PlanetScope images 

is the daily revisit time. The short revisit time increases the probability of obtaining data also 

in regions that are frequently cloud-covered. Indeed, when mapping glaciers outlines or the 

ELA, cloud-free images from the end of the ablation season and with minimum snow cover 

are needed, but when using other satellites with lower temporal resolution it is often not 

possible to obtain images from a specific period with these conditions (Paul et al., 2020). As 

the revisit time of Sentinel 2 is 5 days, and it’s 16 days for Landsat, the amount of available 

data is lower than for PlanetScope. Moreover,thanks to their daily availability,  PlanetScope 

images can be used to monitor the glacier surface at sub-seasonal time scales. 

Although Planet’s satellites are commercial, a limited and non-commercial access to data is 

offered through the Education and Research Program for research purposes. 

PlanetScope images have however some disadvantages. One is the absence of a SWIR band, 

not permitting the automated mapping of glaciers using band ratio methods. Another 

problem is pixels saturation occurring principally on snow areas, already reported by Ghuffar 

(2018) and Aati & Avouac, (2020). But the NIR band is usually not affected by this problem and 

could be used alone for some applications. In addition, the first PlanetScope satellites were 

launched in 2016 and so long timeseries of data are not yet available.  
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5.2. Glacier evolution and relation to topographic and meteorological parameters 

Considering the aspect of the glaciers, glaciers with a northern aspect showed on average a 

slightly higher area change (-8%) than southern-exposed glaciers (-6%). This is in agreement 

to what already reported by Linsbauer et al. (2021) in the Swiss Alps, explaining that smaller 

area changes are experienced by the south-facing glaciers due to the fact that they are located 

at higher elevations, they are less sensitive to temperature changes, as they are usually colder. 

Also in our case the southern-exposed glaciers are located at higher elevations with an 

average median elevation of 3306 m a.s.l., more than 350 m higher than the average of 

northern exposed glaciers, being 2942 m a.s.l. and with the average minimum elevation 

reached by southern exposed glaciers being 3097 m a.s.l., while 2700 m a.s.l. by northern 

exposed.  

Dividing the glaciers in size classes (0.10–0.5 km2, 0.5–1 km2, 1–2 km2) (introduced by Paul et 

al., 2004) there is a decrease of the percentage area change at increasing size class, with -

13.6% in the class 0.10–0.5 km2, -5.7% for 0.5–1 km2 and -5.0% for 1–2 km2. Considering the 

single glaciers, there’s a negative correlation between the initial area of 2017 and the 

percentage of area change, but not significant (r=-0.64, p>0.05), while no relationship was 

found between the area change and the mean slope of the glaciers. In our sample, Pizzo Ferrè 

glacier is the one that lost the larger relative area (-14%) and is both the smallest, covering an 

area of 0.445 km2 in 2017 and thus being considered a very small glacier (<0.5 km2), and the 

one having the lowest median elevation (2831 m a.s.l.). The tendency towards an increasing 

percentage area retreat with decreasing glacier size had already been reported in the Alps, for 

example by Carturan et al. (2013a), D’Agata et al. (2014), Smiraglia et al. (2015) and Linsbauer 

et al. (2021). Differently, the resilience of some very small glaciers was reported in some areas 

of the Alps, as in the Julian Alps (Eastern Italian Alps) (by Carturan et al.,2013b; Colucci, 2016; 
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Colucci et al., 2021 and De Marco et al.,2020) and in the Orobie (Central Italian Alps) (by Scotti 

et al., 2014), zones characterized by high mean annual precipitation. 

Regarding the relations with climate, also between the mean air temperature of the entire 

period and the percentage of area change there’s a positive but not significant correlation 

(r=0.68; p>0.05), with the glaciers located where higher temperatures occur losing more area 

than the others with lower temperatures. The non-significance of the correlation is probably 

related to the small number of glaciers considered. 

If we consider the two southern-exposed glaciers, Gran Zebrù and Bors glaciers, the first 

showed a lower area decrease, losing the 5% of the area respect to the 8% lost by the second. 

Despite that Gran Zebrù has a lower median elevation (ca. 200 m respect to Bors), its mean 

annual air temperatures is lower (Tab. 2). Moreover, other factors could concur to reduce the 

retreat of Gran Zebrù, as the presence of rockwalls surrounding the glacier shadowing it and 

reducing the radiation received and favouring accumulation by avalanching,  or the extensive 

supraglacial debris cover present on the western tongue. It is known that these factors 

(avalanches, shadow effects and debris cover) lead to accumulation and ablation anomalies 

on small glaciers (Capt et al., 2016). 

The total measured area changes of the five glaciers, showed an area loss of 6.3% of the initial 

area between 2017 and 2021, with a rate of decrease of about -1.6% per year, are in 

agreement with other studies carried out in the alpine region, although they refer to previous 

periods respect to the one investigated in this study.  For example, D’Agata et al. (2018) 

reported a mean area change of -1.6% per year between 1991 and 2007 for the glaciers of the 

Sondrio Province (Italy) (to which Pizzo Ferrè glacier and Gran Zebrù glacier belong). Knoll & 

Kerschner (2009) found an area change of -1.4% per year in South Tirol (Italy) and in particular 

of -1.1% in the Ortles Cevedale group (to which Solda Orientale glacier belong) in the period 
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1983-2006. Huss et al. (2012) found an area decrease of -1.7% from 1999 to 2008 for 36 

glaciers of the Swiss Alps. Paul et al. (2020) reported an area loss of -15% (-1.3% per year) from 

2003 to 2015/2016 for glaciers in the Alps. 

Regarding the equilibrium line altitude, we found a significant correlation between the 

potential annual solar radiation received by the glaciers and their average ELA (r=0.90; 

p=0.039) (Fig. 10). No statistically significant correlation was found between the average ELA 

and average annual mean temperature, average summer mean temperature (June-August), 

average of the total annual precipitation or average of the total precipitation in the 

accumulation season (October-May), suggesting that the spatial variability of the ELA is most 

influenced by the topographic factors that determine the solar radiation received by glaciers 

than by climatic factors. In fact, the effective ELA is affected not only by climate but also by 

the local topoclimatic factors and therefore it differs from the regional environmental ELA 

(Žebre et al., 2021).  

 

 

 

 

 

 

Figure 10 Scatterplot of annual solar adiation (Wh/m2) and mean ELA of the five glaciers.  

The average ELA of the glaciers is also strongly positively correlated with their median (r=0.98; 

p=0.003) and mean elevation (r=0.99; p=0.002). This result is similar to what previously 
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reported in other studies, finding a correlation between ELA and mean elevation (e.g. Leonard 

et al., 2003) or median elevation (e.g. Braithwaite & Raper, 2009).  

The average ELA of the northern exposed glaciers was 3031 m a.s.l., while the average ELA of 

the southern exposed ones was 3371 m a.s.l. This result is comparable to what reported by 

Carturan et al. (2013a), finding an average snowline altitude shortly before the end of the 

ablation season of 3094 m a.s.l. for northern exposed glaciers and 3335 for southern exposed 

ones in the Ortles-Cevedale for the years 1987 and 2009. 

At all the glaciers the ELA showed an interannual variability (Fig. 7). Due to the small altitudinal 

range of small glaciers, the variations in the ELA have important impact on glacier mass 

balance, as they rapidly change the proportion of accumulation and ablation areas (Capt et 

al., 2016). Analysing what causes the temporal variability of the ELA, we tested possible 

correlations between the annual ELA and mean annual air temperature, mean summer 

temperature, mean temperature of the ablation season (June-September), mean temperature 

of July and August (the warmest months) annual precipitation, winter precipitation and 

precipitation in the accumulation season (October-May). Only for Bors glacier a statistically 

significant correlation between mean annual air temperature and the ELA (r=0.96; p=0.009) 

was found and between the mean temperature of July and August and the ELA (r=0.99; 

p=0.001), suggesting a predominance of temperature changes influencing the ELA at this 

glacier. Differently, at the other glaciers a combined effect of summer temperatures and 

precipitation during the accumulation season concur to the interannual variability of the ELA 

(e.g. Scotti & Brardinoni, 2018), but also, as explained before, others factors influence it, as 

wind-drifting, snow avalanching, that influence accumulation (Kuhn et al., 1995), or possibly 

also the cloud cover. 
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Also in this case, it must be considered that the absence of significancy of the correlations is 

probably affected by the small sample size (5 years). Extending the length of the timeseries, 

using remote sensing images of satellites operative before 2017, and increasing the number 

of glaciers investigated could improve the understanding of the topographic and climatic 

factors that influence the evolution of small glaciers.  

 

6. Conclusions 

In this paper we showed that PlanetScope satellite images, thanks to their high temporal 

(daily) and spatial (3 m) resolution are valuable for small glaciers monitoring, offering different 

advantages respect to medium-resolution satellite images. We were able to retrieve the 

glacier area of five small glaciers in the Alps with low uncertainties (1.1-2.5% of the area) and 

to see their evolution from 2017 to 2021. They lost between 5 and 14% of the area, with the 

smallest glacier being the one that retreated most.  As expected the northern-exposed glaciers 

are located at lower elevations (average elevation of 2942 m a.s.l.) than the southern-exposed 

(average 3306 m a.s.l.) and also their ELA is located about 340 m lower on average. The mean 

ELA of the glaciers is significantly correlated with the mean/median altitude and also with the 

annual potential solar radiation. The ELAs showed interannual variability, being probably 

influenced both by temperatures and precipitation, with different temporal trends at the 

different glaciers. Monitoring the evolution of the glacier surface of two of the glaciers during 

the ablation season, we saw differences in the length of the ablation season and in the 

evolution of the snow cover. PlanetScope images, with their daily availability offer an 

increased number of images respect to other commonly used satellites, allowing to monitor 

glacier not only annually but also sub-seasonally. In the future, extending the length of the 
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timeseries to more than five years would improve the understanding of the climatic and 

topographic factors influencing the evolution of small glaciers. 
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6. Conclusions 

In this thesis, different remote sensing applications were used to monitor and study the 

cryosphere. Snow cover and glaciers were investigated in different case studies, both in 

Antactic and Alpine environments, that are among the most impacted by climate change. Our 

results showed that both snow cover and the glacier surfaces can be characterized by a high 

spatial variability, can evolve rapidly and are strictly related to climate and its changes. It is 

therefore of primary importance their monitoring to understand their current state and their 

possible future evolution. In order to capture their variability, techniques that can investigate 

them at high spatial and/or temporal resolution are often needed. In this context, close-range 

and high-resolution satellite remote sensing techniques used in these case studies proved to 

be useful to capture this spatial and temporal variability and to improve our knowledge about 

snow cover and glaciers state and evolution. In particular: 

• In the case study (1) we showed that snow cover can have a really heterogeneous 

distribution even inside a small (~15x20 m) and almost flat area, being influenced by 

the microtopography and by winds and its temporal evolution it is strictly correlated 

to air temperatures, suggesting that a future air warming could impact it.  Time-lapse 

photography capturing daily images of multiple stakes can capture this variability and 

permits to obtain snow depth time series with high accuracy, while measuring snow 

depth at a single point would not be representative.  

• In the case study (2) we used for the first time ground-based thermal imaging to 

estimate debris thickness on a glacier. We showed that surface temperatures and 

debris thicknesses can have an high spatial variability on a glacier.  We demonstrated 

that ground-based thermal imaging can provide very high-resolution maps of glacier 
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surface temperatures and of debris thickness, that can be used for the estimation of 

glacier ablation, with a spatial resolution more suitable than that offered by satellite 

thermal data, especially for glaciers with a small area and with a heterogeneous 

surface. 

• In the case study (3) we showed that the sparse debris cover on a glacier can evolve 

rapidly during the ablation season, with different rates at different glaciers and in 

different areas of the same glacier, depending on the englacial debris concentration 

and on the ablation rates. We found that sparse debris impacts glacier albedo, surface 

temperature and ablation, with different effects depending on the quantity of debris 

present on the surface. The detailed evolution of the sparse debris and its impact can 

be study using ground-based photography and thermal-imaging, integrated with field 

measurements.  

• In the case study (4) we showed that recently launched PlanetScope satellites with 

their high spatial and high temporal resolution are a useful tool for the study and 

monitoring of small glaciers, overcoming the limitations of conventional medium 

resolution satellites. We found that small Alpine glaciers are influenced in their 

evolution by their characteristics, as their dimensions, by their topographic 

characteristics, as aspect and elevation, and by climate. The relation with these 

variables need to be better studied in order to understand their future evolution. 
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6.1. Future perspectives 

Regarding the case study (1), further investigation could involve the study of the impact that 

this high spatial and temporal variability of snow cover have on the ground thermal regime. 

In terms of methodology, a method that automatically detects the snow depth at each stake 

should be applied, in order to significantly reduce the long processing time required to 

measure it manually. 

Regarding supraglacial debris, experiments to assess the critical thickness for the glaciers of 

the Ortles-Cevedale group and how it is influenced by the different lithologies and debris 

characteristics (as granulometry) should be carried out. In fact, as the geology of the Ortles-

Cevedale group is characterized by both metamorphic rocks (of the Campo Nappe) and 

sedimentary rocks (of the Ortler Nappe) and they compose the supraglacial debris, it is 

important to investigate the different effect these different lithologies could have on the 

glaciers ablation, on the albedo and of the surface temperatures of the glaciers.  

In addition, for the case study (2) the use of UAV instead of ground-based thermal imaging 

could increase the spatial resolution of the results both for the temperatures and for the 

debris thickness distribution. Moreover field measurement of temperatures at the same time 

of taking the thermal image would permit to correct the surface temperatures of the thermal 

images, in order to obtain more accurate absolute temperatures.  Also to study the evolution 

of the sparse debris (case study (3)), using repeated UAV flights would help to evaluate the 

evolution of the sparse debris at the scale of the entire glacier instead of only at a limited 

number of sampling areas 

For the case study (4) it should be desirable to increase the number of the investigated 

glaciers, as five is a small sample, and to extend the length of the timeseries to more than five 
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years, to better understand the role of the topographic and climatic factors influencing their 

evolution.  
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